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Abstract

Ferroelectric materials are ideal candidates for the realisation of memristors,

thanks to the non-volatile resistance states and fast resistance switching. Fer-

roelectric memristors are studied as memory units for the fabrication of dense

memory arrays to implement hardware neuromorphic networks. This architec-

ture would satisfy the requests of high process speed of large amount of data

and low power consumption. The latter are the limits of the modern Von-

Neumann architecture, which is experiencing the so-called memory bottleneck.

Among ferroelectric materials, hafnium zirconium oxide (HZO) is characterised

by robust ferroelectricity at a nanometric thickness and is compatible with the

complementary-metal-oxide-semiconductor (CMOS) technology, thus industrially

transferable. The objectives of this work are the realisation and optimisation of

HZO-based ferroelectric tunnel junction (FTJ) memristors for the implementation

of memory arrays, using the crossbar integration method. One of the major chal-

lenges associated to the use of HZO is the degradation of the ferroelectric proper-

ties when its thickness is reduced to very few nanometers. Throughout the thesis,

different approaches to increase the scalability of HZO without compromising its

ferroelectricity are explored. Structural, physical, and chemical properties of HZO-

based heterostructures are investigated by means of spectroscopic techniques and

electrical characterisations are performed to evaluate their ferroelectric behaviour.

The correlation between the structural properties of HZO and of electrode/oxide

interfaces, and the ferroelectric performances is highlighted and used for the opti-

misation of ultra-thin HZO-based devices for neuromorphic applications.
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Résumé

Les matériaux ferroélectriques sont des candidats idéaux pour la réalisation

de memristors grâce aux états de résistance non volatils et à la commutation

rapide de la résistance. Les memristors ferroélectriques sont étudiés comme

unités de mémoire pour la fabrication de réseaux de mémoire denses afin de

mettre en œuvre des réseaux neuromorphiques artificiels. Cette architecture

répondrait aux exigences d’une vitesse de traitement élevée d’une grande quan-

tité de données et d’une faible consommation d’énergie. Ces dernières sont les

limites de l’architecture Von-Neumann moderne, qui connaît le fameux goulot

d’étranglement de la mémoire. Parmi les matériaux ferroélectriques, l’oxyde de

hafnium et de zirconium (HZO) se caractérise par une ferroélectricité robuste

à une épaisseur nanométrique et est compatible avec la technologie des semi-

conducteurs à oxyde métallique complémentaire (CMOS), ce qui permet un trans-

fert industriel. L’objectif de ce travail est la réalisation et l’optimisation de mém-

ristors à jonction tunnel ferroélectrique (FTJ) à base de HZO pour la mise en

œuvre de matrices de mémoire, en utilisant la méthode d’intégration crossbar.

L’un des défis majeurs associés à l’utilisation du HZO est lié à la dégradation

de ses propriétés ferroélectriques lorsque son épaisseur est réduite à quelques

nanomètres. Tout au long de la thèse, différentes approches visant à réduire la

taille du HZO sans compromettre sa ferroélectricité sont explorées. Les propriétés

structurelles, physiques et chimiques des hétérostructures à base de HZO sont

étudiées au moyen de techniques spectroscopiques et des caractérisations élec-

triques sont réalisées pour évaluer leurs propriétés ferroélectriques. La corrélation

xxiii



entre les propriétés structurelles du HZO et des interfaces électrode/oxyde et les

performances ferroélectriques est mise en évidence et utilisée pour l’optimisation

des dispositifs ultra-minces à base de HZO pour les applications neuromorphiques.
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Introduction

The end of Moore’s law has challenged the research to find solutions to the quest

of increase of scalability and reduction of power consumption that characterises

the modern semiconductor industry. The Von-Neumann hardware architecture is

failing in keeping up with growingly diffused power-hungry technologies, such as

artificial intelligence systems. Limitations in terms of the process speed and en-

ergy consumption of the Von-Neumann architecture created the need for novel ap-

proaches beyond the traditional silicon-based technologies. Two examples, which

have been extensively studied in the recent years, are quantum computing and

neuromorphic computing. Quantum computing performs computational tasks ex-

ploiting the phenomena of quantum mechanics, while neuromorphic computing

takes inspiration from the working mechanisms of networks of biological neurons

and synapses. Both these approaches guarantee faster operation speed and poten-

tially demand a lower energy cost compared to modern computers. Despite few

successful demonstrations at a laboratory level and for specific tasks, quantum

and neuromorphic computers remain far from commercialisation. To reduce the

size of this gap, research in this field has been increasingly focused on studying

materials, integration processes, and algorithms to optimise these technologies for

a future vast scale commercialisation.

The development of an artificial neuromorphic system requires the control over

a large number of aspects, such as suitable materials to fabricate the memory

components, efficient ways for their integration, circuit design, and development

of computational algorithms that can reproduce synaptic functionalities. Each of
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these aspects need be optimised to obtain a complete functioning system.

A promising component for the realisation of memory arrays for brain-inspired

computing is the memristor, theorised in 1971 by Leon Chua in Berkely. The word

"memristor" comes from the merge of two words "memory" and "resistor", as it has

memory of the past applied voltage or flowing current. The memristor is defined

as a two terminal non-volatile memory device based on a resistance switching

mechanisms. Over the years, various materials and physical mechanisms, which

provide resistance switching have been investigated. Among them, ferroelectric

materials were shown to be extremely suitable for the realisation of memristors,

thanks to their multiple non-volatile resistance states, which offer the possibil-

ity of analog storage of information. During the second half of the past century,

various non-volatile ferroelectric-based memory devices have been proposed and

studied. However, until recently, ferroelectric materials used for the implementa-

tion of these devices were mainly perovskites, which are not compatible with the

complementary-metal-oxide-semiconductor (CMOS) platforms.

The discovery of ferroelectricity in doped-hafnium oxide in 2011 by Böscke paved

the path towards the integration of ferroelectric-based memory devices into CMOS

industry. Ferroelectric memristors can be organised in specific hardware architec-

tures, such as crossbar, that allow the synthesis of dense memory arrays. In a

first time, this would increase the hardware scalability, through the fabrication

of a more compact memory unit, while the calculations can be performed at the

periphery by the CMOS circuitry. In a second time, the crossbar matrices, thanks

to their non-volatility and low-power programmability, could be used directly to

perform calculations without the necessity of an external process unit. This is

the concept of in-memory computing, which completely eliminates latency and

overcomes power issues related to the transfer of large amount of data between

memory and process units. A major issue linked to the fabrication of the afore-

mentioned memory arrays is the device-to-device variability of the memory com-

ponents, which greatly compromises performances of the system.

This work focuses on the fabrication and optimisation of ferroelectric capacitors

for the synthesis of ferroelectric tunnel junction (FTJ) memristors for neuromor-

phic applications. The material used as ferroelectric layer is the CMOS-compatible

hafnium zirconium oxide (HZO). I investigated the synthesised devices from a

structural, physical, chemical, and electrical point of view. I highlighted the as-
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pects that influence ferroelectricity in ultra-thin HZO films and the issues related

to its scalability that need to be overcome for the development of FTJs, which

could be used to emulate the behaviour of biological synapses.

The manuscript is divided as follow:

• Chapter 1: Ferroelectricity and ICT Applications

Firstly, it describes from a theoretical point of view the concepts of electric

polarisation and ferroelectricity, together with the relevant parameters that

have to be considered for technological applications. Secondly, it introduces

the ferroelectric materials and the main ferroelectric-based memory devices.

Finally, it gives an overview of the neuromorphic systems for the emulation

of biological neurons and synapses.

• Chapter 2: Experimental Techniques

It describes in detail the experimental techniques used for the fabrication of

samples and for their structural, chemical, physical, and electrical character-

isations.

• Chapter 3: HZO Thin Film-Based Devices: Synthesis and Applications

Firstly, it gives an overview on the techniques used for the synthesis of fer-

roelectric thin films, on FTJs state of the art, and on the requisites for their

commercialisation. Secondly, it reports in detail the fabrication conditions,

used materials, and structural and electrical characterisations of the het-

erostructure that was taken as a reference for this work.

• Chapter 4: Reduction of HZO Thickness and Impact of the Bottom Elec-

trode

The first part is dedicated to a study, from the structural and electrical point

of view, of devices characterised by decreasing HZO thickness. The second

part is devoted to the investigation of different materials used as bottom

electrodes, with the aim of optimising the HZO ferroelectric properties.

• Chapter 5: Synthesis and Optimisation of Ultra-Thin HZO-Based Ferro-

electric Tunnel Junctions

It reports two successful approaches for the synthesis of ultra-thin HZO lay-

ers with enhanced ferroelectricity. The structural and electrical properties of

the specimens are analysed, with a special focus on the role played by the
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electrode/HZO interfaces on the ferroelectric performances of 6 nm-thick

HZO-based stacks. Finally, a FTJ device is presented.

• Chapter 6: Advanced Applications of HZO-Based Thin Films: Perspec-

tives

Firstly, it gives an introduction to in-memory and brain-inspired computing.

The crossbar fabrication method is described and a crossbar sample fabri-

cated during the thesis is presented. Secondly, it introduces a test protocol

for the multi-state programming of the polarisation of HZO-based devices.

Finally, preliminary results on the investigation of HZO optical properties are

presented. These are studied from an experimental and theoretical point of

view, to explore the possibility to use HZO for optoelectronic applications.
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CHAPTER I

Ferroelectricity and ICT Applications

The first chapter of the manuscript is divided in three main sections. The first one

recalls the concepts of electric polarisation and ferroelectricity. The second one

is devoted to the presentation of ferroelectric materials, with a special focus on

hafnium zirconium oxide (HZO). Finally, the third one is focused on ferroelectric-

based non-volatile memory devices and neuromorphic systems.

I.1 Electric Polarisation

A system made by two fixed point charges, which are separated by a distance

δr and have equal absolute value and opposite sign, is called electric dipole (p̄).

When an external electric field is applied to a dielectric material, its charges gain

an average non-zero electric dipole (⟨p̄⟩) oriented in the direction of the field

and proportional to it. The phenomenon for which a dielectric, subjected to an

electric field, gains a dipole moment is called electric polarisation and it can be

identified by the macroscopic polarisation vector P̄ , which is defined as electric

dipole moment per unit volume:

P̄ =
dN⟨p̄⟩
dV

(I.1)

Where N is the number of charges of the dielectric in the unit volume V . The
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electric polarisation can be classified in two main contributions: polarisation for

deformation and orientational polarisation.

I.1.1 Polarisation for Deformation

Let us consider an atom, composed by the nucleus with a positive charge Ze and

the electronic cloud, spherically distributed around the nucleus. When a local

electric field is applied, the electronic cloud undergoes a deformation and it gains

a dipole moment p̄. The nucleus experiences a force f = ZeĒ and the center

of gravity of the electronic cloud a force −f = −ZeĒ. Consequently, the nucleus,

heavier than the electronic cloud, is subjected to a displacement r̄ (in the direction

of the field) with respect to the center of gravity of the electronic cloud and, since

they have opposite charge, they attract with a force f̄ ′. The equilibrium condition

is satisfied when | f ′ |= | f |. Since r̄ is proportional to the applied electric field,

also the electric dipole (p̄ = Zer̄) is proportional to it, according to the equation:

p̄ = αdĒ (I.2)

where αd is called electronic polarisability.

I.1.2 Orientational Polarisation

A major part of polyatomic molecules is characterised by an asymmetric spatial

distribution and, consequently, by an intrinsic dipole moment (p̄0) independent

from the presence of an external electric field. However, it manifests only when

an electric field is applied. Indeed, molecules are randomly oriented and the mean

value of the dielectric dipole (⟨p̄0⟩) is equal to zero, but, when an electric field is

applied, the dipoles align in the direction of field and give rise to a non-zero dipole

moment. ⟨p̄0⟩ as a function of Ē can be written as:

⟨p̄⟩ = α0Ē, α0 =
p20

3KT
(I.3)

Where K is the Boltzmann constant and T the temperature. Differently from

the polarisation for deformation, where the dipole moment of each molecule is

proportional to Ē, here it is its mean value to be proportional to Ē. For high

values of Ē, ⟨p̄0⟩ reaches a saturation regime, where all the molecules are aligned
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along the field, and it ceases to be proportional to Ē.

Certain dielectric materials present a permanent spontaneous polarisation Ps,

which means that the electric polarisation is different from zero in the absence of

an external electric field. In this cases the electric polarisation can be expressed

as:

P = ϵ0χE + Ps (I.4)

Where ϵ0 is the vacuum dielectric constant and χ is the electric susceptibility.

For this class of materials, the polarisation as a function of Ē follows an hysteresis

loop, which is discussed in more details later in the chapter. Ferroelectric materials

are characterised by an hysteretic behaviour.

I.2 Ferroelectricity

Ferroelectric crystals exhibit a non-zero value of the spontaneous polarisation even

in absence of an external stimulus. They possess at least two equilibrium orien-

tations of the spontaneous polarisation vector that switches between one another

upon the application of an electric field. Ferroelectricity exists uniquely in ma-

terials with a lattice that lacks an inversion centre, thus ferroelectric properties

are detected only in non-centrosymmetric crystals. Most ferroelectric materials

are characterised by a transition temperature, called Curie temperature, identified

by Tc, at which they are subjected to a structural phase transition. They typi-

cally transit from a high-temperature non-ferroelectric or paraelectric phase into a

low-temperature ferroelectric phase, with a lower symmetry than the former one.

The dielectric permittivity (ϵ) follows the Curie-Weiss law, according to which it

decreases as the temperature increases above the Curie point.

ϵ = ϵ0 +
C

T − T0
≈ C

T − T0
(I.5)

Where C is the Curie constant and T0(≤ TC) the Curie-Weiss temperature.
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I.2.1 Landau Devonshire Theory

The transition into the ferroelectric phase can be a first order phase transition or

a second order phase transition. The former case is associated to a discontinuity

of the value of polarisation at the Curie temperature, while, in the latter case,

the polarisation goes to zero without a discontinuous change as the temperature

increases. Through thermodynamic calculations, it is possible to describe the be-

haviour of a ferroelectric crystal by considering the expansion of the Landau free

energy as a function of the polarisation P. If the one-dimension case is considered,

i.e. long uniform rod, the free energy density F can be expanded as:

F (P ;T ;E) = −EP + g0 +
1

2
g2P

2 +
1

4
g4P

4 +
1

6
g6P

6 + ... (I.6)

where the gn coefficients are temperature dependent. Odd terms do not ap-

pear in the series expansion if the unpolarised crystal is centro-symmetric. At

the thermal equilibrium, the value of the polarisation satisfies the relation ∂F
∂P

=0,

consequently, P is obtained by solving the equation:

∂F

∂P
= −E + g2P + g4P

3 + g6P
5 + ... (I.7)

The transition into the ferroelectric phase implies that the coefficient g2 in eq.

I.6 becomes zero for a certain temperature, called T0.

g2 = γ(T − T0) (I.8)

where γ is a positive constant and T0 is equal or lower than the Curie temper-

ature Tc. The phase transition is of the first order whether g4 is negative, while it

is of second order if g4 is positive. In a first order transition, the negative value of

g4 forces the coefficient g6 to be taken into account, in order to prevent F to go to

-∞. The equilibrium condition, when the applied electric field is zero, is given by:

γ(T − T0)Ps− | g4 | P s
3 + g6P s

5 = 0 (I.9)

To satisfy the previous equation, either Ps=0, or

γ(T − T0)Ps− | g4 | P s
2 + g6P s

4 = 0 (I.10)
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It derives that there are two stable minima for the free energy F, which cor-

respond to the two found solutions. On the contrary, when the transition is of

second order, g4 is positive, thus g6 can be neglected. When E=0, the value of the

polarisation is obtained by solving the equation:

γ(T − T0)Ps − g4P s
3 = 0 (I.11)

which is solved for Ps=0 or for P s
2 = (γ/g4)

1/2(T − T0)
1/2. Since g4 is positive

and γ is chosen to be positive, the only possible solution is found for T<T0, with T0

Curie temperature. The minimum of the Landau free energy at zero applied field

is at | Ps |=(γ/g4)
1/2(T0 − T )1/2. Figure I.1 shows the temperature dependent free

energy vs polarisation for the first order and the second order phase transitions.

I.2.2 Ferroelectric Domains

The spontaneous polarisation, Ps, of a ferroelectric material is usually not aligned

along the same direction throughout the whole crystal. Ferroelectric domains form

to minimise the electrostatic energy associated to the depolarising field, discussed

in section I.2.6, and elastic energy derived from the mechanical stress that fol-

lows the paraelectric-ferroelectric transition. At the Curie point, the onset of the

spontaneous polarisation leads to the formation of a surface charge, which is re-

sponsible for the creation of the depolarising field (Ed). This is oriented opposite

to the spontaneous polarisation and it generates whenever the latter is not ho-

mogeneous. Since Ed can take considerably high values (of the order of MV/m),

the formation of a single ferroelectric domain is energetically unfavourable, and,

to minimise its electrostatic energy, ferroelectric materials split into multiples do-

mains with oppositely oriented polarisation. Regions that separate adjacent ferro-

electric domains are called domain walls and can be identified as ferroelectric and

ferroelastic. Ferroelectric domain walls have a different orientation with respect to

the spontaneous polarisation vector, while, ferroelastic ones differ in orientation

from the spontaneous strain tensor. Domain walls that separate regions where

the polarisation is antiparallel to Ps are called 180◦ walls and the ones that di-

vide domains with perpendicular polarisation are called 90◦ walls. 180◦ walls are

purely ferroelectric, 90◦ are both ferroelectric and ferroelastic, since they differ in

orientation from the polarisation vector and from the spontaneous strain tensor.
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Figure I.1: Free energy versus polarisation for the second-order and the first-order
phase transitions.

Ceramic and polycrystalline ferroelectrics are generally split in many domains due

to the complex elastic and electric boundary conditions at each crystalline grain.

If the spontaneous polarisation vector of each domain is randomly distributed, the

result is a zero net polarisation. However, polycrystalline ferroelectric materials

can be brought into a polar state by the so-called poling process, which consists

on applying a strong electric field that is responsible for the re-orientation of the

domains along the field. The polarisation at zero applied electric field is called

remanent polarisation (Pr).
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I.2.3 Polarisation switching

The most relevant feature of ferroelectric materials is the reversal of the polarisa-

tion upon the application of an electric field (polarisation switching mechanism).

The re-orientation of domains by the electric field is responsible for the occurrence

of the ferroelectric hysteresis loop, in figure I.2. For small values of E, P rises lin-

early with the amplitude of the applied field. In this regime, E is not strong enough

to switch domains with an unfavourable polarisation direction. Large values of E

trigger the switching of P in the direction of E itself, and P response becomes

strongly non linear. Once the domains are all aligned in the direction of E, P turns

back to be linear. A decrease of the applied electric field brings to a back-switching

of some domains, but, when it reaches zero, P still registers a positive value. In

order to bring P to zero, E has to be reversed. A negative increase of the latter

leads to new alignment of dipoles and, eventually, the saturation is reached. To

complete the cycle, E is then reduced once more to zero. The value of the field at

which P=0 is called coercive field (Ec).
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Figure I.2: Ferroelectric hysteresis loop: polarisation versus electric field.

In the ideal case, the hysteresis loop is symmetric, Pr = −Pr and Ec = −Ec,

however, many parameters as defects, thickness of film, mechanical stress, prepa-

ration conditions, and thermal treatment might affect its shape.

The polarisation reversal is not uniquely associated to a single mechanism, but

it is due to many factors, such as the growth of existing anti-parallel domains, the
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domain walls motion, and the nucleation and growth of new anti-parallel domains

[1]. The presence of imperfections and defects is responsible for the inhibition of

domain walls motion and it interferes with the polarisation switching mechanism.

Defects, such as oxygen vacancies or electrons trapped in domain wall areas, are

said to pin or clamp the domains, preventing their switching.

I.2.4 Antiferroelectricity

The antiferroelectricity was firstly discovered in the perovskite lead zirconate

(PbZrO3) in 1950 by Shirane et al. [2] and by Sawaguchi et al. [3] in two inde-

pendent publications. Antiferroelectricity can be described as the ability to induce

a phase transition between an antiferroelectric phase to a ferroelectric phase, with

different physical properties. In an antiferroelectric crystal, the spontaneous po-

larisation of two neighbouring cell points in opposite directions, resulting in a zero

net polarisation. However, if an external electric field is applied, the electric dipole

moments begin to align along the direction of the field and, starting from a certain

value of E > 0, an hysteresis loop forms. Figures I.3 and I.4 show a schematic of

antiferroelectric and ferroelectric phase transitions, and the P-E curve that charac-

terises antiferroelectrics. The same trend is obtained for E < 0. As ferroelectric

materials, also antiferroelectrics are characterised by a Curie temperature, above

which they cease to be antiferroelectric.
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Figure I.3: a) Schematic of the antiferroelectric phase transition. b) Schematic of
the ferroelectric phase transition.

Antiferroelectric materials are of interest for certain technological applications,
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P

E

Figure I.4: Example of the P-E characteristic of antiferroelectric materials.

for instance, super capacitors and high energy storage devices [4], [5]. However,

reasons why antiferroelecricity manifests have not been fully comprehended since

its discovery. More recently, a study by Tagantsev et al. [6] demonstrated that

origin of antiferroelectric state in PbZrO3, which is considered the archetype of

antiferroelectric materials, is related to a single ferroelectric instability that allows

the system into the antiferroelectric phase.

I.2.5 Phonon Contribution to Ferroelectricity

In order to better understand local mechanisms of the phase formation, it is wor-

thy to mention the contribution of the phonons to ferroelectricity. Ferroelectric

polarisation originates from an unbalance of positive and negative charges inside

the crystal, which are responsible for a non-zero dipole moment at no applied

electric field. When the temperature is different from absolute zero, atoms in the

crystal vibrates at a certain frequency around their equilibrium position. The lat-

ter vibrations are described by phonon modes, which are described by phonon

dispersion spectra that characterise a certain material. The local displacement of

atoms, which is responsible for the development of ferroelectricity, is called soft

mode and can be considered as a wave in the crystal. Below the Curie temper-

ature Tc, the wavelength of the optical soft mode increases, becoming infinite in

case of an infinite crystal. The material is then in the polar phase. Above Tc, the

frequency of the soft mode is too high to align the dielectric dipoles, resulting in
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the paraelectric phase. It is straightforward that, in order to sustain the ferroelec-

tric soft mode, it is necessary the presence of multiple unit cells. Consequently, a

minimum number of the latter is necessary to stabilise ferroelectricity, which can

be ultimately considered as the collective response of multiple unit cells. This con-

straint imposes an obvious limit to the scalability of ferroelectric materials, which

is known as intrinsic size effect and which, and, in the case of a semi-infinite crys-

tal, is revealed by a computational research to be three unit cells [7]. Ferroelectric

properties are strongly influenced by the size of the ferroelectric and changes of

the latter are known as scaling effects. They can be identified as a decrease of

the remanent polarisation, a decrease of the dielectric permittivity, a rise of the

coercive field, and a suppression of the phase transition temperature. Further-

more, thin ferroelectric films are affected by the strain induced by electrodes and

more defects with respect to their bulk counterpart [8], since they are often syn-

thesised at lower temperature. The interfaces with electrodes may also influence

the ferroelectric properties, due to the formation of interfacial layers that do not

posses the same properties of the bulk. The role of the electrodes and interface

properties will be extensively discussed in chapters IV and V. Finally, the screening

of the polarisation charges becomes more and more important as thin films are

concerned, since even a metallic electrode is not sufficient to entirely screen the

spontaneous polarisation charges. More difficult task is for conductive nitride and

oxides electrodes [9].

Nevertheless, nowadays the size reduction of ferroelectric devices is of great

importance for technological applications. This means that the optimisation of

the ferroelectric properties of thin films is crucial and it must be achieved through

the optimisation of the fabrication conditions, synthesis techniques, and materials

used as electrodes.

I.2.6 Factors that Affect Ferroelectric Properties

In this section, some of the conditions that could impact the ferroelectricity are

analysed. The properties of a non-ideal ferroelectric are strongly influenced by

micro-structure, defects, compositional inhomogeneity, external field, and domain

wall displacement.
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Depolarising Field

The depolarising field, mentioned in section I.2.2, is generated by uncompensated

charges [10] associated to a dielectric layer (often identified as dead layer) at

the ferroelectric/electrode interfaces. Its effect translates in a tilt of the hysteresis

loop, which indicates the presence of a low-dielectric constant layer in series with

the ferroelectric. The depolarising field associated with a dielectric layer can be

identified as Ed= −Pd/ϵdt, where ϵd and d are the permittivity and the thickness of

the dielectric layer, t is the thickness of the ferroelectric, and P is the polarisation

[11]. If the condition d << t is satisfied, the total electric field Ef across the

ferroelectric is given by the expression:

Ef = E − Pd

ϵdt
(I.12)

With E being the applied field. The tilt of the hysteresis loop, considered as the

slope of the hysteresis at the coercive field Ec, can be described by the equation:

(
∂E

∂P

)
Ec

−
(
∂Ef

∂P

)
Ec

=
d

ϵdt
(I.13)

For a perfectly squared hysteresis loop
(

∂Ef

∂P

)
Ec

= 0, so the tilt enhances as the

ratio d/t increases, since slope of measured loop is d/ϵdt.

Fatigue, Wake-up Effect, Endurance, Retention, and Imprint

Other contributions, which are linked to the ferroelectric behaviour of ferroelec-

tric materials and that are of interests for technological applications are listed

below [11]. Figure I.5 shows the effect of the latter on the performances of a

ferroelectric-based device. Some of these aspects will be discussed more exten-

sively in the following chapters.

• Fatigue

The ferroelectric fatigue, which is defined as a loss of switchable remanent

polarisation as a function of the number of bipolar switching cycles, is gen-

erated by defects. In particular, the elements that are responsible for the

occurrence of this phenomenon are: the presence of surface layers [12],

domain walls pinning by defects in the wall regions [13], charge trapping
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and charge injection [14], clamping of the polarisation switching by vol-

ume defects [15], suppression of nucleation of oppositely oriented domains

at the surface [16], damages at the ferroelectric/electrodes interfaces [17],

and oxygen vacancies [18]. It is worthy to provide more details on the role

of oxygen vacancies on the ferroelectric fatigue. In the literature, several

models are based on the observation that oxygen vacancies accumulate at

the ferroelectric/electrode interfaces during the cycling process [19]. This

results in oxygen deficient regions in the bulk, which partially screens the

ferroelectric film from the applied field, resulting in a polarisation loss [20].

According to this hypothesis, the fatigue is attributed to pinning of domain

walls by the generated oxygen vacancies that are responsible for a high injec-

tion of electronic charges from the electrodes. Consequently, a small number

of oxygen vacancies would reduce injection of charges, thus limiting the do-

main wall pinning and lowering the fatigue.

• Wake-up Effect

The wake-up refers to an increase of the ferroelectric remanent polarisation,

Pr, as a function of voltage cycling. Multiple factors contribute to the wake-

up effect, which is reported in perovskites as well as in fluorite-structure-

based ferroelectrics.

• Endurance

The endurance is the capability of a device to retain a given level of polari-

sation as a function of the accumulated rewriting cycles.

• Retention

The retention is the capability of device to retain a given level of polarisation

after a given period from the write operation.

• Imprint

The imprint is the tendency of a ferroelectric material to develop a prefer-

ential state, once it has been forced to that state over a prolonged period of

time. The consequence of the imprint is that the device might not be able to

maintain a different state for a significantly long time, possibly causing data

loss [21],[22].
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Figure I.5: a) Evolution of the polarisation as a function of the applied voltage
cycles. Wake-up and fatigue states, and the value of the endurance are highlighted.
b) Retention. c) Imprint that implies a right or left shift of the hysteresis loop.

I.3 Ferroelectric Materials

I.3.1 Perovskites

A well-known and extensively investigated class of ferroelectric materials is per-

ovskite oxides [23]. They are identified by the general formula ABO3, where A and

B represent the electropositive elements forming cations, which transfer electrons

to oxygen. For these materials, the ferroelectricity is associated to a displacement

of the B-site ion between the two stable states described in section I.2.1. Figure

I.6 shows the schematic of a unit cell of the perovskite BaTiO3 (BTO).

The most famous and used perovskites are: Pb(Zr,Ti)O3 (PZT), BTO, and

BiFeO3 (BFO). Thanks to their robust ferroelectricity, perovskites have been con-

sidered promising for many kind of applications in the electronic industry, of par-

ticular interest is their use for ferroelectric memory devices. However, these ox-

ides are characterised by important limitations, especially associated to their in-
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Ba2+ O2- Zr4+, Ti4+
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Figure I.6: Schematic of the perovskite BTO unit cell.

tegration into the silicon-based industry [24]. For instance, most of them have

a crystallisation temperature that exceeds 600 ◦C, which is in contrast with the

constrains imposed by CMOS process in back-end-of-line (BEOL) that requires an-

nealing temperatures below 450◦C [25]. Because of these reasons, research has

been focused on studying new materials that could overcome these limits.

I.3.2 Hafnium Oxide

The turning point came with the discovery of ferroelectricity in silicon-doped

hafnium oxide (HfO2) in 2011 by Böscke et al. [26], [27]. Hafnium oxide, HfO2,

is a fluorite-crystal-structure oxide that, prior to the discovery of its ferroelec-

tric properties, had been extensively used in micro- and nano-electronic applica-

tions as high-dielectric constant (high-k) gate material. For the latter applications,

amorphous HfO2 is preferred to crystalline HfO2, because the presence of grain

boundaries promotes leakage currents [28]. Since the discovery of ferroelectricity,

research on HfO2 has attracted great interest, in particular for the implementation

of non-volatile memory devices that are discussed in section I.4.

The phase diagram of bulk HfO2, figure I.7, is characterised by three stable

centro-symmetric phases, which are the monoclinic phase (m-phase), the cubic

phase (c-phase), and the tetragonal phase (t-phase), and by three unstable or-

thorhombic phases, to one of which ferroelectricity is associated. At room temper-

ature, the most stable phase is the monoclinic that is characterised by the space
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Figure I.7: Phase diagram of Hf-O. Reprinted from "Ferroelectricity in Doped
Hafnium Oxide Materials Properties and Devices" [29].

group P21/c, and which consist of a sevenfold oxygen coordination around the

Hf4+ ions with four O−2 at the base of the cube, an O−2 ion at the upper corner,

and two O−2 at the mid point of the cube [30]. Beside the monoclinic phase, other

two centro-symmetric crystal structures, stable at high temperature and high pres-

sure, had been reported. These are the tetragonal phase, space group P42/nmc

[31], and the cubic phase, space group Fm3̄m [31]. The phase transformations

from the monoclinic to the tetragonal and cubic phases occurs above 1700◦C and

2600◦C, respectively [30][32]. The phase transition from the monoclinic to the

tetragonal phase is a martensitic transformation, which occur over a finite temper-

ature range. In addition to centro-symmetric phases, various orthorhombic phases

exist: orthorhombic I phase (o-phase, space group Pca21), orthorhombic II phase

(o-II phase, space group Pnma), and polar orthorhombic III phase (f-phase, space

group Pca21). The phase transition from the m-phase to the o-phase is observed at

a compressive pressure of about 4-12 GPa in bulk [33]. The oII-phase is obtained
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at very high compressive pressure, around 20 GPa [33]. Finally, the f-phase forms

from the m-phase under asymmetric stress conditions [34] or from the t-phase

through a martensitic transformation during cooling. However, f-phase formation

has only been observed in thin films and not in bulk. It is a metastable phase

that exists in the range of thickness of ∼ 10 nm and can only be stabilised under

anisotropic strain conditions [35]. Figure I.8 (A-F) reports unit cells of centrosym-

metric and non-centrosymmetric phases of HfO2. Table I.1 summarises the phases

of HfO2, their symmetry group, and the unit cell parameters [35]. In the reminder

of the manuscript the polar orthorhombic or ferroelectric phase is identified by

f-phase or o-phase.

Figure I.8: Six crystal structures of HfO2. Reprinted from "Ferroelectricity in Doped
Hafnium Oxide Materials Properties and Devices" [29].

Dielectric Properties of Hafnium Oxide

Ferroelectricity in HfO2 was discovered in the frame of the development of thin

films for memory applications, which require high quality crystal structures. As

mentioned before, HfO2 has been widely investigated as high-k gate material,

because of its high dielectric constant (k) and large band-gap (5.6 eV). Prior to

HfO2, other materials had been exploited as gates, such as SiO2, which, however,

is characterised by a small dielectric constant ( 4), and perovskites that have a
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Table I.1: Phases of HfO2.

Phase Phase acronym Space group Nr. H-M notation Unit cell parameter

Monoclinic phase m-phase 14 P21/c a=5.15 Å(x), b=5.20 Å(y), c=5.32 Å(z)

Tetragonal phase t-phase 137 P42/nmc a=c=5.09 Å, b=5.18 Å

Cubic phase c-phase 225 Fm3m a=b=c=5.12 Å

Orthorhombic I phase o-phase 61 Pbca a=2x5.04 Å, b=5.09 Å, c=5.26 Å

Orthorhombic II phase oII-phase 62 Pnma a=3.334 Åb=5.556 Åc=6.505 Å

Orthorhombic III phase f-phase 29 Pca21 a=5.07 Å, b=5.26 Å, c=5.08 Å

large dielectric constants, but small bandgaps (3-5 eV). A computational study by

Zhao and Vanderbilt [36] revealed that values of k for monoclinic, tetragonal, and

cubic phases of HfO2 are 16, 70, and 29 respectively.

Materials Used as Dopants for Hafnium Oxide

To better understand some of the characteristics of the dopant materials compat-

ible with HfO2, it is worthy to recall few rules [37] that are useful to suggest

different metal oxide (MxOy with M metal cation) compound combinations that

could form a continuous solid solution. These are:

• The atomic radius of the solute and the solvent must be no more that ≈15

% different

• The crystal structure of each of the oxides must be similar

• Each of the M ions must have the same valency

• The formation of a new phase can limit the solid solubility

The first dopant that was used in the demonstration of ferroelectricity in HfO2

was Si [26]. The latter was reported to play two important roles, such as to

increase the crystallisation temperature of Si:HfO2, favouring a controlled crys-

tallisation after the deposition of a top electrode, and to reduce the stability of the

monoclinic phase. Afterwards, systematic experimental and theoretical studies on
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the effects of various dopants were performed, in order to optimise the ferroelec-

tric performances of HfO2-based compounds, which are strongly correlated to the

amount of orthorhombic phase [38–40]. Findings showed a dependence of the re-

manent polarisation on the ionic radius of the dopant, in particular, large dopants

(in a certain range [38]) induce a higher remanent polarisation with respect to

small ones. However, other parameters were shown to affect the ferroelectrcity

of doped HfO2, i.e. doping concentration and growth method [39], leading to

quantitative differences in the ferroelectric performances. Table I.2 lists several

materials used as dopants for the synthesis of ferroelectric HfO2 thin films.

Table I.2: Examples of dopant materials used for HfO2.

Dopants Reference

Si [26]

Zr [27]

Y [41], [42]

Al [43]

Gd [44], [45]

Sr [46]

La [47]

Zr [27]

Sm [48]

St [38]

Mg [38]

Ba [38]

Co [38]

Ni [38]

Ga [38]

In [38]

It is worthy to mention that ferroelectric behaviour was demonstrated also in

undoped HfO2 thin layers [49, 50].

Zirconium-doped Hafnium Oxide

Zirconium oxide (ZrO2) was investigated as dopant due to its structural and chem-

ical similarity to HfO2. Its use as dopant results in the formation of a continuous
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monoclinic and fluorite-type solid solution [30, 51]. Moreover, it was shown in

literature that for Zr-doped HfO2 thin films of several nanometres, the phase tran-

sition temperature from monoclinic to tetragonal phase is significantly reduced

[30, 51–53]. The latter aspect is of great interest, because this phase transition is

accompanied by the development of ferroelectricity. A study conducted by Müller

et al. [54] reported the composition- and temperature-dependent ferroelectric

phase transition, covering the full mixing range of HfO2- ZrO2 thin films. The in-

vestigation of structural properties was mainly conducted by glancing incidence

X-ray diffraction (GI-XRD) and revealed a composition-dependent tetragonal to

orthorhombic to monoclinic phase transition in HfO2- ZrO2 thin films, starting

from Zr-rich solid solutions. A non-centrosymmetric polar phase, to which ferro-

electricity is associated, was stabilised at room temperature. The results of this

study showed an evolution from the paraelectric HfO2 to the ferroelectric HfO2-

ZrO2 to the anti-ferroelectric ZrO2. Figure I.9 reports the P-V and C-V curves of

HfO2-ZrO2-based capacitors for different Zr content.

Figure I.9: P − V curves and C − V curves of HfO2-ZrO2-based capacitors at
room temperature, for different Zr content. The curves show an evolution from
the paraelectric HfO2 to the ferroelectric HfO2-ZrO2 to the antiferroelectric ZrO2.
Reprinted from Müller et al., "Ferroelectricity in Simple Binary ZrO2 and HfO2",
Nano lett. 2012, 12, 4318-4323.

This suggests that Hf-rich samples are characterised by a predominantly mono-

clinic structure, while Zr-rich samples crystallise in a tetragonal phase. Ultimately,

the ferroelectric properties observed in HfO2- ZrO2 thin films are the result of

the phase transition from the tetragonal to the polar orthorhombic phase during

cooling. Many works have shown that the 1:1 Hf:Zr substitution compound is of

particular interest for its high value of the remanent polarisation [54, 55]. Finally,
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in 2018 Wei et al. [56] reported the stabilisation of a ferroelectric rhombohedral

phase (r-phase) of space group R3m in epitaxial Hf0.5Zr0.5O2. The formation of the

r-phase implies the growth of highly oriented cubic phase crystallites, which can

be synthesised during the epitaxial growth. Thanks to epitaxial strain, the crystal-

lites can be deformed into a rhombohedral polar structure.

Because of its high value of remanent polarisation and low crystallisation temper-

ature [27], in this work Hf0.5Zr0.5O2 was used as ferroelectric material for the

synthesis of ferroelectric capacitors and ferroelectric tunnel junctions.

I.4 Ferroelectric Non-volatile Memory Devices

Ferroelectric materials have been considered very promising for non-volatile mem-

ory applications, in particular the advantages that they offer are related to low

energy and high operation speed. In this section some examples of non-volatile

ferroelectric-based memory devices are presented, with a special focus on ferro-

electric tunnel junctions (FTJs).

I.4.1 Ferroelectric Random Access Memory

The concept of ferroelectric random access memory (FRAM) was firstly proposed

by Dudley Allen Buck, a researcher at MIT, who used BTO as ferroelectric material

[57]. The development of FRAMs began in the late 1980s and their commercial-

isation based on PZT took place at the beginning of the 1990s. However, both

perovskites, BTO and PZT, suffer from issues related to the scaling of the layer

thickness and compatibility with the CMOS process [58]. The working principle

of FRAMs is based on the Landau theory of the phase transition, discussed in sec-

tion I.2.1, for which, below the Curie temperature, two stable states of polarisation

exist: -Pr and Pr, which represents logic-low "0" and logic-high "1", respectively.

The architecture of a FRAM memory cell is similar to the one of a dynamic ran-

dom access memory, except for the use of the ferroelectric material, instead of the

dielectric to achieve the non-volatility. In a FRAM cell, the storage ferroelectric

capacitor is connected in series to a transistor in 1 Transistor - 1 Capacitor ar-

chitecture. During the write operation of a "1" or "0", the word line is pulsed to

enable the access to the storage capacitor, while during read operation, a voltage
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is applied to the plate line and the word line is simultaneously pulsed. Since the

read operation is destructive, a further rewriting step is required to bring back the

memory cell in the initial state. Figure I.10 illustrates the working principle of a

FRAM.

P+

P-

-Vc Vc

P

V

"1"

"0"
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Bit line

Ferroelectric
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Figure I.10: a) Architecture of a 1T-1C memory cell. b) Readout operation of a
FRAM, P-V loop.

Hafnium Oxide-Based FRAM

Because of the scalability issues and the high crystallisation temperature, the syn-

thesis of PZT-based FRAM was not pursued, but the discovery of ferroelectricity

in CMOS-compatible hafnia-based compounds retrieved the interest for ferroelec-

tric memory devices. Contrary to perovskites, which limit the FRAM to a planar

structure [59], HfO2-based ferroelectrics can be integrated in 3D capacitors. More-

over, they are characterised by a value of remanent polarisation similar to the one

of PZT and by a larger coercive field, which results in a longer retention time.

Because of the existence of ferroelectricity in HfO2-based thin films, HfO2-based

FRAMs are eligible for scaling and integration in capacitors structures with high

aspect ratio. Nevertheless, work has still to be done to improve their endurance

and reliability.

I.4.2 Ferroelectric Field Effect Transistor

Ferroelectric field effect transistors (FeFET) can be related to conventional metal-

oxide-semiconductor FETs, where the insulating layer is replaced by the ferroelec-
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tric material in a metal-ferroelectric-insulator structure. A buffer layer is often

inserted between the semiconductor substrate and the ferroelectric, in order to

facilitate the growth of the latter onto the silicon substrate. To write the logic-

high "1" or logic-low "0", a tension (Vg), higher than coercive voltage (Vc) of the

ferroelectric, is applied to the gate. When Vg > Vc, the logic value "1" is written,

when Vg < -Vc, the logic value "0" is written, figure I.11. The read operation is

performed by applying a tension -Vc < Vg > Vc, in order to not write any bit at the

same time as the reading process. The read current depends on resistance state of

the channel, which increases or decreases as a function of the ferroelectric polari-

sation state. The performances of a FeFET are evaluated according to the so-called

memory window (equation I.14), which can be defined as the difference between

the voltage necessary to induce the polarisation state associated to the logic "1"

and the one associated to the logic "0".
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Figure I.11: Operation principle of a FeFET. a) On the left, the FeFET in the "ON"
state, on the right the corresponding state in the hysteresis loop. b) On the left
the FeFET in the "OFF" state, on the right the corresponding state in the hysteresis
loop.

MW =| Vth(”1”) | − | Vth(”0”) | (I.14)

Equation I.14 can also be rewritten as a function of the flat-band voltage, VFB:
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MW = VFB+ − VFB− = 2EctFE = ∆VFB (I.15)

Where Ec is the coercive field of the ferroelectric and tFE its thickness.

Hafnium Oxide-Based FeFET

Perovskite-based FeFETs experienced the same issues as FRAM systems, but FeFETs

based on HfO2 are considered promising candidates for embedded non-volatile

memory devices, thanks to their high coercive field that enables their scalability

and improves the data retention. However, a drawback of the use of HfO2 is linked

with the presence of defects, especially at the substrate/electrode interface, which

cause low endurance and data losses [60, 61].

I.4.3 Negative Capacitance Field Effect Transistor

The concept of negative capacitance (NC) was first proposed by Salahuddin and

Datta in 2008 [62]. The idea was to use a ferroelectric layer as a gate insulator in a

FET and then stabilise it in a negative capacitance state below a critical thickness of

the film. In the latter state, the ferroelectric would be completely depolarised and

it would not show any hysteretic behaviour of the polarisation, figure I.12. This

state enables an amplification of the surface potential of the semiconductor with

respect to the gate voltage, meaning that the sub-threshold swing of this NCFET

could be lower than the fundamental Boltzmann limit, ln(10)kbT/e (kb Boltzmann

constant, T temperature, e elementary charge) [63]. The interest of this aspect

is associated to a reduction of the supply voltage and so of the power consump-

tion, which increases exponentially for decreasing dimensions of the device, if the

Boltzmann limit is not overcome. As far as negative capacitance effects are con-

cerned, it is important to make a distinction between two experimental findings

that have a different physical origin and characteristics: transient NC effect and

stabilised NC effect. The transient NC effect [64] can be measured during the po-

larisation switching and is accompanied by a P-E hysteresis, which might not be of

use in low-power logic transistors. In this case small-signal voltage amplification

is not possible [62]. The stabilised NC effect does not show any hysteresis and

could allow small-signal voltage amplification. Even though they would be ideal
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for the implementation of devices based on stabilised NC effect, only transient NC

effect was demonstrated in HfO2-based ferroelectrics [65].

P

V V

Pa) b)

Figure I.12: a) P-V characteristic of ferroelectric-based devices. b) P-V characteris-
tic of negative capacitance-based devices.

I.4.4 Ferroelectric Tunnel Junctions

This section gives an exhaustive presentation of the ferroelectric tunnel junction

(FTJ) device, object of this thesis, including the physical principle on which it is

based and an overview on the state of the art. FTJs, which consist in a three-layer

structure where two electrodes sandwich an ultra-thin ferroelectric film, have been

the subject of an intense research for their promising application in nanoelectronic

[66]. The concept of FTJ was first proposed by Esaki et al. [67] in 1971, pointing

out the possibility of a change in the tunnel resistance thanks to the polarisation

reversal. The polarisation of a ferroelectric layer, pointing towards an electrode

or the other, can be switched by the application of an external voltage across the

barrier. However, experimental studies on FTJs were neglected for few decades,

due to the belief that ferroelectricity would not be possible below a critical thick-

ness required for electrons to tunnel. More recently, thanks to improvements of

available experimental techniques, such as growth conditions and advanced char-

acterisation tools, FTJs regained the interest of the scientific community, as ferro-

electricity is being demonstrated in thinner and thinner layers [68].

Physical Mechanism

The physical mechanism on which FTJs rely on is the tunnel electroresistance ef-

fect (TER): the reversal of spontaneous polarisation of the tunnel barrier modifies
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the internal electric field, which alters the potential profile inside the barrier. The

resulting resistance change is written as:

TER =
RP→ −RP←

RP←
× 100%. (I.16)

The polarisation charges present at the surface of the ferroelectric, depending

on their sign, attract or repel electrons over a short distance (few nm for metals,

tens of nm for semiconductors) inside the electrodes. The distance over which

the electrons screen the polarisation charges, screening length, is defined by the

Thomas-Fermi theory and it is a function of the electron density at the Fermi level.

However, the screening distance strongly depends on the physical properties of

the ferroelectric/electrode interface and can be rather different from the predic-

tion of the Thomas-Fermi model [69]. This is particularly true for semiconductor

electrodes, where imperfect screening of the polarisation charges is responsible for

an additional electrostatic potential at the interface, which is proportional to the

screening length and modifies the tunnel barrier profile. For a better insight, let us

first consider a rectangular potential barrier (same barrier heights on both sides).

The effect of the polarisation charges is to produce an asymmetry of the electronic

potential profile, and, once the polarisation is reversed by an external voltage, the

asymmetry is also reversed. Since the tunnel probability depends exponentially

on the barrier height, the resistance of the junction depends on the polarisation

direction, figure I.13.

One of the main consequences of this principle is that the asymmetry of the

structure is a fundamental requirement to modulate the current transmission

across the ferroelectric barrier. That does not necessarily mean that the electrodes

must be made of different materials, since this asymmetry can rise also from fac-

tors, such as defects or different interface terminations.

Electronic Tunnelling Mechanisms

The electronic conduction across the ferroelectric layer in FTJs should mainly de-

pend on the following transport mechanisms:

• Direct Tunnelling

Direct tunnelling is a quantum-mechanical phenomenon, which occurs be-

low a certain thickness of few nanometers. The electrons can flow from one
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Figure I.13: Modulation of a rectangular potential barrier due to polarisation
charges in a FTJ. δ1 and δ2 are the screening lengths of electrode 1 and electrode
2, ϕ+ is the high barrier height, and ϕ− is the low barrier height.

electrode through the other, even though the ferroelectric layer is insulating

by definition. Direct tunnelling dominates at low voltages and exponentially

decreases as the barrier thickness increases. The equation of the current

density for direct tunnelling is:

jDT (V ) = C

exp

[
α(V )
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2

)3/2

−
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eV
2

)3/2}]
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(I.17)

Where C is a constant that depends on the effective mass (m∗) of the tun-

nelling electrons, and alpha a constant that depends on the same effective

mass and on the potential barriers ϕB,1 and ϕB,2.

• Fowler-Nordheim Tunnelling

Fowler-Nordheim tunnelling is prominent at high voltages. This mechanism

rises when the voltage at the ferroelectric/electrode interface exceeds the

height of the potential barrier. This happens because part of the energy

profile of the potential barrier in the ferroelectric lies below the Fermi level

of the electrode. This phenomenon has been described as cold field electrons
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emission from a metal into vacuum. The equation of the current density for

Fowler-Nordheim tunnelling is:

jFNT (E) = C
e3

16π2ℏm∗ϕB

E2exp

[
−4

√
2mem∗

3ℏe
ϕ
3/2
B

E

]
(I.18)

Where ϕB is the potential barrier.

• Thermionic or Schottky Emission

At high temperatures, the electrons have a finite possibility to overcome the

potential barrier by thermal excitation. The thermionic emission mechanism

dominates at large ferroelectric thickness and it is described by the equation:

jTI(E) = A∗T 2exp

[
− 1

kBT

(
ϕB −

√
e3E

4πϵ0ϵr

)]
(I.19)

Where A∗ is the Richardson constant and ϵr is the relative permittivity of the

ferroelectric.

• Poole-Frenkel Emission

It is very similar to the Schottky emission, but the conduction occurs between

trap states in the ferroelectric. The thermal excitation allows the trapped

electrons to be promoted in the conduction band of the ferroelectric, and the

application of an electric field further enhances the probability of the latter

transition by lowering the Coulomb potential of those electrons. The Poole-

Frenkel emission is dominant at high temperature and high electric field,

and the most relevant parameter which characterises it is the trap depth. It

is described by the equation:

jPF (E) = qµNCEexp

−q
(
ϕT −

√
qE/πϵrϵ0

)
kbT

 (I.20)

Where µ is the electron mobility, NC is the density of states in the conduction

band, and ϕT the trap depth. In the case where the electronic transport is

dominated by the Poole-Frenkel emission, the trend of ln(j/E) as a function

of
√
E is linear, and the trap depth can be extracted from the intercept at the

origin.
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Even though the features of each transport mechanism can be identified

through voltage and temperature dependencies of the electronic current, the sep-

aration between different mechanisms is hard to define. It depends on various pa-

rameters, such as dielectric constant, screening distance, interface barrier height,

and effective mass of the electrons.

I.4.5 Ferroelectric Tunnel Junctions: State of the Art

Perovskites-Based Ferroelectric Tunnel Junctions

Ferroelectric tunnel junctions (FTJs) are extremely promising components for non-

volatile memory applications, because they offer the possibility to increase the

device scalability for its integration into dense memory arrays [66]. A detailed de-

scription of FTJs and their physical principle are given in sections I.4.4 and I.4.4.

This paragraph is devoted to the presentation of FTJ devices and their evolution

during the past few decades. A first demonstration of TER ratio in a FTJ-like

structure dates back to 2003, when Rodriguez Contreras et al. [70] measured

an ON/OFF ratio (ratio between the current in low resistance state and high re-

sistance state) of 4 at room temperature in a Pt/PZT/SrRuO3 structure. Lately,

however, they concluded that the resistive switching was most likely due to ion

movement rather than ferroelectric polarisation reversal [71]. First demonstration

of resistive switching due to the reversal of the ferroelectric polarisation was given

by Gajek et al. [72] in 2007. The structure they presented was a La0.1Bi0.9MnO3-

based multiferroic junction. They were able to differentiate between magnetic

and ferroelectric contributions to the resistance variation, measuring a TER of

5% at room temperature. Afterwards, in 2009, two groups, Garcia et al. [73]

and Gruverman et al. [74], published the first proper results of TER ratio in a

BTO-based structure. They reported an ON/OFF ratio of 750 and 80, respectively.

The first FTJ was synthesised by Pantel et al. [75], who showed an ON/OFF ra-

tio superior to 1500 at room temperature in a La0.7Sr0.3MnO3/Pb(Zr0.2Ti0.8)O3/Cu

FTJ. In 2019, Wang et al. [76] found that, by modulating the thickness of BTO

in a Pt/BTO/LaNiO3 stack, the ON/OFF ratio increased of two orders of magni-

tude. Subsequently, the research on FTJs rapidly grew with various combination

of electrodes and ferroelectric materials being published, with a particular interest

for BTO. The highest difference in resistance was obtained by Xi et al. [77] and
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again improved by Li et al. [78] in a Pt/BTO/Nb:SrTiO3 structure, where it was

6× 106 and 5.1× 107 respectively at room temperature. A further relevant result

was obtained by Chanthbouala et al. [79], who exploited the partial switching of

domains in Au/Co/BTO/LSMO/NGO stack to demonstrate memristive and multi-

state behaviour in FTJs. Beside BTO, other excellent candidates for the synthesis

of FTJs were PZT and BFO, as well as other exotic materials. In 2013, Yoon et

al. [80] reached an ON/OFF ratio of 107, using Ag cation migration through a

Ag/PZT/LSMO FTJ for synaptic learning mechanisms. In 2016, Bruno et al. [81]

reported an ON/OFF ratio of 104 in a Pt/Co/BFO/LNO stack.

HZO-Based Ferroelectric Tunnel Junctions

As already explained in section I.3, perovskite-based FTJs share a major issue re-

lated to the too high deposition and/or annealing temperatures required to crys-

tallise the ferroelectric phase. For this reason, HfO2-based ferroelectrics became

increasingly attractive, although perovskites allow ferroelectricity at lower thick-

nesses and a considerably higher ON/OFF ratio, with respect to HfO2-based com-

pounds [66, 82]. However, the latter ones are compatible with the thermal budget

required by the CMOS process. In 2017, Ambriz Vargas et al. [83] firstly reported

a HZO-based FTJ with a Pt/HZO/Pt structure and a ON/OFF ratio of 20. They

attributed the measured ON/OFF ratio to direct tunnelling. A year later, Goh and

Jeon [84] studied the impact of different bottom electrodes on HZO ferroelectric

performances, using titanium nitride (TiN) as top electrode. They found a TER

of 30 when germanium (Ge) was used as bottom electrode. The high TER value

was ascribed to a depletion region in the Ge semiconductor, which acted as an

additional barrier to the tunnel one. In 2019, Yoon et al. [85] studied the varia-

tion of the TER ratio in Pt/HZO/TiN FTJs depending on HZO thickness, showing

that the main mechanism responsible for the TER effect was direct tunnelling. In

2020, Goh et al. [86] reported a TER ratio of 16 and synaptic behaviour in ultra-

thin HZO-based FTJ. Sulzbach et al. showed a TER ratio of 450 % and 210 %,

attributed to ferroelectric switching, in a Pt/HZO/LSMO structure with 4.6 nm-

thick and 2 nm-thick epitaxial HZO, respectively [87, 88]. Finally, Jiao et al. [89]

obtained an ON/OFF ratio of 800 in a Pt/HZO/Nb:SrTiO3 FTJ. In this case as well,

the HZO was grown by epitaxy and the ON/OFF ratio was attributed to direct
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tunnelling. More recently, other strategies have been explored to improve the fer-

roelectric properties of Zr doped-HfO2, such as the use of ultra-thin oxide layers

placed at the interface between the electrodes and HZO. The latter solution will

be investigated in chapter V.

I.5 Neuromorphic Devices

The request of miniaturisation and increase of capacity of the modern semicon-

ductor technology asks for new computation paradigms and efficient architectures

that can satisfy these demands. Indeed, the Von Neumann architecture is reaching

its limits in terms of operation speed and energy consumption [90]. A possible so-

lution to this problem is the implementation of a novel hardware architecture that

takes inspiration from the biological networks of neuron and synapses in the brain.

The branch of research that is devoted to this task is called neuromorphic engineer-

ing and its goal is to realise artificial neuromorphic networks (ANNs) composed by

two fundamental units: artificial neuron and synapse. Aim of ANNs is to process

large amount of information in parallel, as the brain does, substantially increasing

the operation speed and reducing the energy cost. A brief description of the oper-

ation principle of ANNs is given in Chapter VI. So far, the most promising method

for the implementation of this kind of architectures is the use of the memristor,

an electronic component theorised in 1971 in Berkeley by Leon Chua [91]. Mem-

ristors thanks to their multiple states of resistance have been considered the best

approach for emulating synaptic plasticity mechanisms [92]. Up to date, multiple

memristive devices based on different materials and physical principles have been

demonstrated. This section provides an overview of various neuromorphic devices

other than ferroelectric-based ones, which are the focus of this work. Finally, a

brief description of the biology of neurons and synapses will be given.

I.5.1 Mechanisms and Materials for Neuromorphic Devices

Emerging neuromorphic devices can be classified according to their operation

principle into nine categories:

• Ferroelectric devices
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• Anion migration based devices

• Metal ion migration based devices

• Phase change devices

• Magnetic devices

• Metal-insulator-transition (MIT) based devices

• Photo-tunable devices

• Electrolyte-gated devices

• Purely electronic devices

These have been widely investigated and used for neuromorphic applications

and for other machine learning tasks, thanks to their ability to realise some of the

functions typical of biological neurons and synapses. More details on this topic

can be found in the review by Zhu et al. [93].

Anion Migration-Based Devices

The anion migration-based devices rely on a measurable change in material prop-

erties, i.e. resistance, induced by the migration of anions inside the material when

an external stimulus is applied, such as an electric field or a temperature gradient

[94],[95]. Depending on the material structure during and after application of the

external stimulus, anion migration-based devices can be classified into filamentary

type and non-filamentary type.

Filamentary Type

Filamentary type devices consist on a metal/insulator/metal sandwich structure.

When an external voltage is applied to the anode, the conductivity of the insulat-

ing layer significantly changes. Such a change in resistance can be sustained even

in absence of voltage and it makes these kind of structures suitable for memory

devices, i.e. resistive random access memories [96]. The working principle of fil-

amentary type-devices is based on: forming or SET process, to initiate the device

from the original state to the low resistance state (LRS), and a RESET step, to

switch back the device from LRS to high resistance state (HRS), figure I.14. The

electronic conduction inside the insulating layer is rather complex and it results
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in the combination of three electrode-limited conduction mechanisms: Schottky

emission, Fowler-Nordheim tunnelling, and direct tunnelling and six bulk-limited:

Poole-Frenkel emission, ohmic conduction, space-charge-limited conduction, ionic

conduction, hopping conduction, and trap-assisted tunnelling. During the SET

step, the application of an external high electric field knocks the oxygen atoms out

of the lattice of the insulating layer, which drift towards the anode and leave oxy-

gen vacancies near the cathode. These form a conductive filament that connects

the two electrodes, resulting in a resistance switch from HRS to LRS. The RE-

SET process, represented by the rupture of the conductive filament, is not unique.

A possible way to implement it could be the application of an inverse voltage

pulse with respect to the SET, which triggers an opposite ion migration. The in-

sulating layer of metal-insulator-metal structure, employed as a building block

for memristor-based artificial synapses, can be made of different materials, such

as metal oxides, two-dimension transition metal dichalcogenides (TDMC), per-

ovskites, and organic materials.

Non-Filamentary Type

To face the issues related to the stochastic nature of formation and rupture of

the filament in filamentary-type devices, research focused on more reliable non-

filamentary-type ones. As part of the latter category, it is worthy to mention de-

vices based on interfacial reactions, i.e. redox. They occur at the electrode/oxide

interfaces, leading to a variation of the oxide layer thickness and, consequently,

to the creation of multiple states of resistance [97], figure I.15. The redox reac-

tion is uniform along the interface, ensuring a higher reliability compared to the

stochastic filament formation process. An increase in the device conductivity is

induced by the application of a positive voltage, which triggers the redox reac-

tion. The reverse process is obtained by applying a negative voltage. A further

way to achieve the resistive switching in non-filamentary type devices is by anion

migration through grain boundaries, which can be observed in 2D materials [98].

Metal-Ion Migration-Based Devices

The metal-ion migration devices are based on a metal/electrolyte/metal structure

and the resistive switching is realised by migration of metal ions and formation

of a metallic conductive filament between the anode and the cathode, figure I.16.
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Figure I.14: a)Schematic illustration of the switching process in simple binary
anion-migration-based devices. b) Switching I-V curves that represent multiple
resistive states of the device. Reprinted from J. Zhu et al. "A Comprehensive review
on emerging artificial neuromorphic devices" Applied Physics Reviews (2020) [93].

Also called "electrochemical metallisation cells" (ECM) [99], since they base their

operation on redox reactions, these devices are promising for neuromorphic ap-

plications thanks to their ultra-low operation voltage, high ON/OFF ratio, and

potential for large scale integration. The general working principle consists of: a

forming process to incorporate the metal ions into the electrolyte layer -the an-

ode undergoes an oxidation that turns the active metal atoms into ions-, a SET

step that ensures the ion migration, thus formation of conductive filament, and

a RESET process to dissolute the filament. The main conduction mechanisms in

metal-ion-migration-based devices are ohmic and space charge limited conduction
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Figure I.15: Schematic illustration of the change of the oxide thickness in a redox
reaction in non-filamentary type devices. a)-d) Snapshot TEM images showing
the evolution of the TiOxNy layer at TiN/PCMO interface. The thickness of the
a-TiOxNy layer is marked by red arrows. Reprinted from J. Zhu et al. "A Com-
prehensive review on emerging artificial neuromorphic devices" Applied Physics Re-
views(2020) [93].

(SCLC) [100].

Figure I.16: Schematic of ionic dynamic during the negative SET process. a)
Initial state. b) The conductive filament formed after SET process. c) Rupture of
the conductive filament after the RESET process, the filament is not fully dissolved
and parts of it remains inside the bottom electrode. d) Ag atoms inside the BE,
when a negative voltage continuously applied on the anode. Reprinted from J.
Zhu et al. "A Comprehensive review on emerging artificial neuromorphic devices"
Applied Physics Reviews (2020) [93].

Phase Change Materials-Based Devices

Characterised by a good stability and potential to be integrated with a high density

and in a very large scale, phase change material (PCM)-based devices constitute

the most mature technology in terms of neuromorphic design and few kinds have

been already commercialised [101, 102]. PCM devices are characterised by a

high-resistance state (HRS) and a low-resistance state (LRS), and the SET and

RESET processes rely on the PCM crystallisation and amorphisation. The SET step

is realised by the application of a low and wide voltage pulse, which promotes

the crystallisation of the material and so the change from HRS to LRS. The RESET

process is based on the application of a high and short voltage pulse that melts part

of the PCM, which, by cooling down very quickly, forms an amorphous region.

The latter is characterised by a lower electron density that brings to a resistive
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transition from LRS to HRS, figure I.17. In PCM systems, the control of the degree

of disorder of the crystal structure enables multiple resistance states for the storage

of information [103, 104]. Ge2Sb2Te5 (GST) based-devices were considered for

brain-inspired computing [105], thanks to their good stability and capability of

scaling and integration. The main issues for the use of PCMs are low switching

speed and high energy consumption.

Figure I.17: Model configurations demonstrating the atomic rearrangements
during the phase transition in PCM, with and without pre-structural ordering.
Reprinted from J. Zhu et al. "A Comprehensive review on emerging artificial neuro-
morphic devices" Applied Physics Reviews (2020) [93].

Magnetic Mechanisms-Based Devices

Spintronic devices have been developed and used since the end on the nineties for

artificial neuromorphic systems thanks to their extreme precision, fast switching

speed, and low energy cost [106]. An example of these type of systems is the spin-

transfer torque magnetic tunnel junction (MTJ) device [107]. A MJT, based on the

principle of the spin transfer torque [108], consists of two ferromagnetic layers

separated by a paraelectric insulating tunnel layer. The resistance depends on the

spin orientation of the two ferromagnets. The LRS corresponds to the parallel

orientation and the HRS to the antiparallel one. Tunnel magnetoresistance ratio

(TMR), similarly to TER ratio for FTJ, is defined by:
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TMR =
RAP −RP

RP

× 100% (I.21)

In the LRS, electrons with a certain spin orientation can easily tunnel through

the barrier, since the filled states in band structure of one contact matches to the

empty states for the same spin orientation of the other. Further ways to imple-

ment the magnetic switching are the spin-orbit torque, based on the spin-orbit

coupling for the manipulation of spins, and the domain-wall-motion, which ex-

ploit the control of magnetic domain walls. These kind of devices have opened

a wide range of possibilities for the implementation of neural and synaptic func-

tionalities [109, 110]. Figure I.18 shows the working principle of few magnetic

mechanisms-based devices.

Figure I.18: a) Vertical spin-valve. b) The magnetisation dynamic evolves under
the influence of a damping torque, precession torque, and spin-torque, due to an
input spin current. c) Spin-orbit torque. d) Schematics of domain wall motion-
based devices. Reprinted from J. Zhu et al. "A Comprehensive review on emerging
artificial neuromorphic devices" Applied Physics Reviews (2020) [93].
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Metal-Insulator-Transition-Based Devices

The metal-insulator transition (MIT) is a phenomenon that characterises many

transition metal oxides with a partially filled d-band, which behave as insulators

despite the expectation to be metallic. In these systems, the transformation of

the electron states from itinerant to localised can be led by several mechanisms,

for instance the Mott transition [111]. An example of the resistive switching in

these kind of systems is the thermally induced MIT, where the LRS is generated

by the creation of granular conductive filaments, upon an electronic avalanche

breakdown. The process can be reversed by means of Joule heating. Figure I.19

shows an example of a material that undergo a MIT.

Figure I.19: Vanadium sublattice of the: a) tetragonal (metallic), b) monoclinic
crystal structure of VO2. c) Schematic band structure of the undistorted metallic
phase of VO2. d) Schematic of the altered band structure, upon transition, of the
distorted insulating phase of VO2. Reprinted from J. Zhu et al. "A Comprehensive
review on emerging artificial neuromorphic devices" Applied Physics Reviews (2020)
[93].

41



Section I.5

Photo-tunable Mechanisms-Based Devices

Similarity between biological neurons and synapses, and optoelectronic devices

has brought to the investigation of photonic systems for neuromorphic applica-

tions [112]. Up to now, there are three main mechanisms on which photo-tunable

devices rely on: photo-generated carriers, structural change of materials, tun-

ing of optical cavities with waveguides. The main advantages of photo-tunable

mechanisms-based systems are a high transmission speed and energy efficiency,

while the major drawback is their integration in small scale. Two examples of the

operation mechanisms of photonic neuromorphic devices are reported below.

• Trapping

The conductivity is controlled by photo-generated carriers. Photons, gen-

erated by photo stimuli, create electron-hole pairs inside the device. The

carriers migrate into the trap sites, switching the device to state "1". The

RESET step is obtained by applying a negative voltage to the anode, so that

the trapped carriers are released and the conductance can switch back to

the original state. The most suitable candidates for the construction of such

photo-tunable devices are oxide materials with intrinsic traps or metal/oxide

hetero-junctions with interface traps, figure I.20.

• Phase Change Material Assisted

They rely on the phase change of specific materials due to the heat gen-

erated by absorption of photons. The grade of crystallisation corresponds

to a different refractive index, which can change in a wide range depend-

ing on the crystallisation rate. Hence the state of device can be defined

by its optical transmission. Neuronal and synaptic behaviour has already

been demonstrated for this systems [113], which are characterised by an

extremely energy efficient modulation enabled by light-matter interaction.
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Figure I.20: Schematics of: a) heterojunction for optical applications. b) Band di-
agram at oxide/semiconductor interface with interface charges. c) Band diagram
at a semiconductor interface. Reprinted from J. Zhu et al. "A Comprehensive review
on emerging artificial neuromorphic devices" Applied Physics Reviews (2020) [93].

Electrolyte-Gated Mechanisms-Based Devices

As an example of electrolyte-gated devices, the resistance change based on the

formation of an electric double layer (EDL) [114] is described, figure I.21. A

constant gate voltage or a low-frequency gate pulse drive ions with positive charge

in the electrolyte towards the interface with the channel material, leading to an

accumulation of cations. Due to electrostatics, the latter induces a thin layer of

electron near the surface of the channel material, which form, with the cations,

an ultra-thin capacitor (figure I.21b). The ion-induced electron layer acts as a

conductive path and changes the conductance of the channel material. The main

advantage of this method is the creation of a very intense electric field (≈ 10

MV/cm) that leads to a decrease of the device operation voltage. Finally, once the

external voltage is switched off, the accumulated ions quickly diffuse back inside

the electrolyte and the system goes back to the original state. An example of an

electrolyte-gated synaptic transistor is given by Ling et al. [115].

Figure I.21: Schematics of: a) Electric control. b) Formation of the electrical
double layer. c) Intercalation. Reprinted from J. Zhu et al. "A Comprehensive
review on emerging artificial neuromorphic devices" Applied Physics Reviews (2020)
[93].
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Electronic-Based Devices

Purely electronic systems have been object of research in this field thanks to their

stability, fast rate response, and CMOS compatibility. They rely on three main

mechanisms: I. Trapping and de-trapping mechanism, figure I.22, which is based

on a transistor-like structure and uses traps in the dielectric layer to control the

device conductance (the LRS corresponds to filled traps) [116]. II. Quantum dots,

which rely on the change of the quantised conductance caused by the formation

of atomic-scale conductive filaments [117]. III. Field-effect electron transport, in

which the conventional working principle of FETs is improved in various ways

to achieve better performances for the implementation of neuromorphic devices

[118].

Figure I.22: Schematic of the band diagram during the: a) set process. b) Reset
process. c) LRS conduction process. Reprinted from J. Zhu et al. "A Comprehensive
review on emerging artificial neuromorphic devices" Applied Physics Reviews (2020)
[93].

I.5.2 Artificial Synapses

The similarity between the behaviour of memristive devices and biological

synapses makes them able to emulate various synaptic plasticities. Synaptic plas-

ticity is defined as an activity-dependent modification of the strength (or effi-

cacy) of the synaptic transmission that controls the communication between neu-

rons, figure I.23. Examples of synaptic plasticities are: long-term potentiation

and depression (LTP/LTD), short-term potentiation and depression (STP/STD),

and spike-timing dependent plasticity (STDP). A brief description of LTP/LTD,

STP/STD, and STDP mechanisms is provided below.
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Figure I.23: Schematic of the working principle of a synaptic junction. Reprinted
from Mohan et al., "Neuromorphic Low-Power Inference on Memristive Crossbars
With On-Chip Offset Calibration", IEEE Access, 2021 [119].

Synaptic Plasticity Mechanisms

• Long-Term Potentiation and Depression

The long-term potentiation (LTP) and depression (LTD) identifies an increase

and decrease, respectively, in the synaptic efficacy and it is thought to be

related to the learning memory functions. The basic requirement to imple-

ment the synaptic long-term plasticity is that the connection strength, which

is represented by a change in the resistance of the synaptic device, can be

controlled by an external stimulus and it is non-volatile. The same require-

ment concerns electronic synapses in ANNs, where the synaptic weights that

connect two neurons need to be regularly adjusted. The main issues for the

implementation of long-term plasticity are linked to a non-linear behaviour

of memristive devices, as in case of filamentary-type ones, which generates

a lack of correspondence between the current and the number of applied

programming pluses.

• Short-Term Potentiation and Depression

The short-term plasticity represents a temporary potentiation/depression of

the neural connections. Contrarily to the long-term one, which can last even
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days, the short-term potentiation/depression has a maximum duration of

tens of minutes and is likely related to the spatio-temporal information pro-

cesses in biological neural systems. This mechanism exploits the volatility of

memristors, for instance, the instability of the conductive filament.

• Spike-Timing Dependent Plasticity

STDP is the capability of a synapse to increase or decrease exponentially

its connecting strength depending on the delay time between the pre- and

post-synaptic pulses. The pre-synaptic spike is the impulse send by a neu-

ron called pre-synaptic neuron, the post-synaptic one is the impulse that

the post-synaptic neuron receives by the synapse. In particular, the synaptic

strength varies according to the time at which pre- and post- spikes occur.

The STDP mechanism can be implemented in ANNs by designing the width,

the number, and the voltage amplitude of the programming pulses.

I.5.3 Artificial Neurons

A critical aspect to account for in the development of neuromorphic architectures

is the implementation of artificial neurons at a hardware level. The basic com-

ponents of a biological neuron are: the cell body, the axons, the nerve fibres that

conduct the electrical pulses, and the dendrites that propagate the electrochemical

stimulations from other neurons to the cell body (figure I.24). The information,

encoded as a spike, is received by the body cell as a change in its voltage poten-

tial and, once the latter achieved a certain threshold, the body cell generates an

action potential that transmits the information through the axon. Based on this

process, the basic requirement for an artificial neuron is to achieve the potential

accumulation process and the spike generation functions. Depending on the appli-

cations, artificial neurons can be classified as: I. bio-mimetic, the design of which

is inspired by the functionalities of the biological neurons. II. Mathematical, which

do not consider the biology, but only the way the neurons perform calculations.

III. Neurons for specific networks, the characteristics of which vary according to

the application. An example of the latter category is the oscillation neurons for

oscillatory neural networks, inspired by the oscillatory behaviour of some parts of

the brain [120]. To implement artificial neurons, the same devices and physical

mechanisms listed at the beginning of section I.5.1 are considered.
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axon 

dendrites

synapse

Figure I.24: Illustration of a neuron. Science Photo Library - KTSDESIGN/Getty
Images

In conclusion, for the development of an artificial neuromorphic system it is

important to consider not only the single device, but also the general picture that

includes other types of tasks to implement, such as the reproduction of central ner-

vous system. In order to reproduce its functionalities, various learning methods

have been proposed, i.e. supervised learning, unsupervised learning and rein-

forcement learning [121–123]. It is worthy to mention that these functions can

be implemented through the crossbar integration of memory components [124].

This architecture, which is described in chapter VI, allows the synthesis of dense

matrices of devices, high operation speed, and scaling of the system dimensions.

Neuromorphic devices have been object of an intensive research for more than a

decade and some of them have already been commercialised. Nevertheless, there

are still some issues to overcome, for instance, the stochasticity of filament for-

mation in filament-based devices and the complex synthesis of MTJ in spintronic-

based devices. These concerns oriented the researches towards the use of other

more reliable devices, such as ferroelectric-based ones [125]. However, at a hard-

ware level, the complications are linked to the linearity and symmetry issues that

rise from the implementation of synaptic plasticity. The ultimate challenges are

the development of new fabrication methods, algorithms, and efficient ways of

integration of these devices for the realisation of functioning neuromorphic net-
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works.

I.6 Ferroelectric Tunnel Junctions for Neuromorphic

Computing

Ferroelectric-based devices represent a promising solution for the implementation

of artificial neurons and synapses for the realisation of ANNs and, over the past

few years, research has been increasingly focused on demonstrating synaptic plas-

ticity mechanisms in ferroelectric-based structures. This paragraph elucidates the

operating principle of FTJs for neuromorphic applications and gives an insight

on the current state of these devices. To begin, a brief recall on the structure

and the physical mechanism of FTJs. A FTJ is a two terminal device, where the

ferroelectric layer is sandwiched between two electrodes. The application of an

external voltage promotes the polarisation switching and a modulation of the po-

tential profile, which leads to the generation of a high and a low resistance states.

The change of the polarisation state, thus the variation of the device resistance, is

used to store the information. The read operation can be non-destructive, if the

applied electric field is lower than the coercive field (Ec). The switching, which

alters the polarisation state, is extremely high energy-efficient compared to other

resistive switching mechanisms, such as PCM-based, or spin-transfer torque-based.

Switching currents below the nA [126] and a write energy per bit of 500 aJ were

demonstrated [127]. This features made FTJs the most power-efficient switching

devices [128]. Beside the non-volatile behaviour, FTJs allow analog switching,

which opens the possibility of storing multiple weights in the same device, thus in-

creasing the density of the networks. Analog switching is achieved by controlling

the polarisation state of the ferroelectric domains by voltage pulses. A different

voltage amplitude and pulse time lead to a different portion of switched domains

and, by consequence, to different resistance states of the device [129]. To sim-

plify the circuitry for the implementation of CMOS technology, a train of identical

pulses should be applied in order to change the polarisation state. However, if

non-identical pulses are used to change the resistance, it is necessary to know the

previous state of the device in order to apply the correct programming pulse. This

generates two main disadvantages: a more complex circuit and an increased la-
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tency before the following programming operation. A possible solution to these

issues is represented by the use of the accumulative switching behaviour, which

involves the gradual change of the device state by the integration of the effect of

multiple pulses, sum of which is lower than Ec. As far as concerns the synaptic

learning capability of FTJs, the learning algorithms that were demonstrated so far

are mostly Hebbian, among which the most common is STDP, section I.5.2. In the

literature, an accuracy of 96 % for pattern classification in FTJ-based synapses

trained with STDP algorithms, is reported [130]. More details on this topic can

be found in the review paper by Covi et al. [131]. A further relevant feature

that characterises FTJs is their extremely fast response time. The switching time

of a FTJ is of the order of nanoseconds, hence it could allow the processing of

events that occurs almost simultaneously in time, for instance, biological STDP.

By spike-engineering, the plastic behaviour of artificial synapses can be tuned to

reproduce several learning mechanisms [132]. At last, another important aspect

to consider is the possibility of 3D integration of FTJs, which is crucial for parallel

and dense neuromorphic systems. To conclude the section, a brief overview on

the state of art of HZO-based FTJ for the emulation of synaptic functionalities is

given. In 2018, Chen et al. [133] published their results on a HZO-based FTJ for

hardware neuromorphic network implementation, which exhibited high integra-

tion density. However, the endurance and the ON/OFF ratio were rather low, 3

and 103, respectively. In 2020, Max et al. [129] demonstrated the long term po-

tentiation/depression and STDP behaviour in a HZO-based FTJ synapse, showing

an ON/OFF ratio of 10. In 2021, Luo et al. [134] fabricated a HZO-based FTJ

for the realisation of a FTJ crossbar array, found to be a promising candidate for

neuro-inspired computing. In 2022, Zhu et al. [135] presented a capacitive artifi-

cial synapse that could be trained to reconstruct incomplete images. Nevertheless,

many aspects have still to be improved for these devices to reach maturity. In par-

ticular, FTJ structures have to be optimised in terms of high remanent polarisation,

high endurance, and good retention. The research, in this increasingly explored

field, is still focused in finding the optimal fabrication conditions and facing the

challenges of device integration to make this technology industrially transferable.
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I.6.1 FTJs Industrial Requisites for Neuromorphic Applications

As conclusion to the first part of the chapter, it is important to mention the con-

straints that neuromorphic memories, in particular FTJs, have to meet in order to

be commercialised. International Roadmap for Design and Systems (IRDS) pro-

vided a range of values for some of the most important parameters that define

neuromorphic memories. These indications are based on the restrictions imposed

by the CMOS industry and on the necessity to equalise the biological processes

of the brain [136]. According to IRDS, the device lateral dimension should not

exceed 10 nm, the energy consumption for each programming event should be

limited to 10 pJ, the programming speed should be below 10 ns/switch, the oper-

ation voltage should not surpass 1 V, the minimum value for ON/OFF ratio should

be 106, and 10 years for the retention, finally, the endurance should reach at least

109 cycles. Table I.3 reports the state of art of values for the above mentioned

parameters obtained for FTJs and HZO-based FTJs.

Table I.3: State of the art of FTJs and HZO-based FTJs performances.

Performances FTJ Reference HZO-FTJ Reference

Dimensions 20 nm [137] 60 nm [133]

Energetic Consumption 0.1 pJ [138] 1.8 pJ/spike [133]

Speed 0.6 ns [127] 100 ns [133]

ON/OFF ratio 5× 107 [78] 180 [139]

Operation Voltage 1.5 V [140] 2.5 V [139]

Retention 10 y [84] 10 y [84]

Endurance 2× 107 [141] 2× 107 [141]

Although some of the indications are respected, there are few parameters as

dimensions, operation voltage, and endurance that still need to be optimised.
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I.7 Conclusion of the Chapter

The beginning of the chapter was dedicated to an introduction of the physical

concepts at the basis of ferroelectricity. In a first place, the notion of electric po-

larisation was presented, followed by a detailed discussion on the ferroelectricity

and the phenomena that impact it. In a second place, ferroelectric materials were

introduced, with a special focus on HZO.

HZO is a promising material for non-volatile memory applications and compati-

ble with the CMOS technology. Eventually, the last part of the chapter gave an

overview on non-volatile memory devices based on ferroelectric HZO, in particu-

lar on FTJs that are the devices that this work aims to develop, and on various

neuromorphic systems.

The objectives of this thesis are:

• Synthesis of ultra-thin HZO layers to implement ferroelectric tunnel junc-

tions. One of challenges related to use of HZO is its scalability below 8 nm,

where ferroelectricity significantly degrades.

• Engineering of ultra-thin HZO-based stacks and optimisation of their ferro-

electric performances. The aim is to develop high-quality thin layers char-

acterised by robust ferroelectric properties, which include maximisation of

endurance, minimisation of wake-up, and achievement of a large ON/OFF

ratio for FTJ devices. To do so, several aspects have to be considered to opti-

mise the device structure and performances, i.e. the choice of the electrode

material, and the interface properties, the effect of which is dominant at low

thickness of the ferroelectric. The latter points are discussed in chapters IV

and V.

• Realisation of crossbar arrays and emulation of synaptic plasticity using the

synthesised structures. The ultimate goal of this PhD project would be to

contribute to the development of reliable and scalable HZO-based devices for

artificial neuromorphic networks, using industrially transferable methods.

.
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CHAPTER II

Experimental Techniques

This chapter is dedicated to the fabrication process and experimental techniques

employed for the synthesis and characterisation of the specimens presented in

chapters III, IV, and V. Figure II.1 gives a schematic of the structure of the sam-

ples realised in this work. The first part of the chapter describes the steps of the

sample fabrication. Firstly, sputtering is used for the growth of the HZO layer,

electrodes, and top conductive layer, secondly, UV photolithography is employed

to obtain the capacitive patterns, and finally, an annealing process is performed to

crystallise the HZO film. The second part of the chapter illustrates the techniques

used for structural, chemical, and physical characterisations of the specimens. To

conclude, the third part provides a description of the protocols used for their elec-

trical characterisations.

Substrate

Bottom electrode

HZO 

Top electrode 

Conductive layer 

Figure II.1: Schematic of the structure of a sample synthesised in this work.
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II.1 Sputtering Techniques

Sputtering is a physical vapour deposition technique used to produce coatings in

a vacuum environment. Among the different types of sputtering processes, mag-

netron is of particular interest for technological applications in the microelectronic

industry. It is an ionic sputtering method where high-energy ions strike on a solid

target, knocking-off surface atoms. In cathodic sputtering, including magnetron,

ions are derived from a plasma, formed in a low-pressure gas between two elec-

trodes. Magnetron sputtering emerged in the mid-seventies to overcome the limi-

tations related to the low deposition rate of cathodic sputtering. It is considered a

high-rate vacuum coating technique extremely efficient for the deposition of met-

als, alloys, and compound up to 5 µm. Other than high deposition rate, magnetron

sputtering has further advantages, such as the synthesis of high-purity films, the

high adhesion of the films, the easy deposition of metals, alloys, and compounds, a

very good coverage of small surface features, an excellent uniformity on large-area

samples, and the room temperature and carbon-free deposition.

II.1.1 Physical Mechanism

In sputtering, molecules or atoms of a target, made of the material that is intended

to be used as coating, are ejected from the surface by the bombardment of high-

energy particles. In cathodic sputtering these particles are positive ions generated

by an electrical discharge in the gas used to induce the plasma. The ejected atoms

form the coating directly on the substrate. A vacuum environment is required in

order to guarantee ions with a sufficient high energy, adequate mean free path,

and low collision rate. The operation pressure must be 10−2 mbar or lower. The

plasma is generated by a direct-current (DC) or a radio-frequency (RF) power sup-

ply. At stable conditions, the electrons are emitted by the cathode and accelerated

towards the anode, when they have an energy sufficient to ionise the atoms of the

gas, a glow, characteristic of its electronic transition, appears. The created posi-

tive ions are then accelerated towards the cathode, and, once they have impinged

on its surface, secondary electrons and sputtered atoms are produced. Also the

secondary electrons are accelerated and capable to ionise other atoms of gas, so

that the process is able to sustain itself. Figure II.2 reports a schematic represen-
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tation of a sputtering chamber. For pressures lower that 10−2 mbar the process

stops, as the plasma extinguishes. Indeed, at this pressure, the mean free path of

the sputtered atoms is too little to ensure a proper coating of the substrate. Mag-

netron sputtering is design to overcome these constraints, by guaranteeing a more

efficient ionisation at low pressures.

Target/Electrode

Substrate

Glow region

Sputtered atoms

Ejected atoms 
flux ions+

ions- hot e-

Ejected atoms 
flux

e-
ions hot neutrals photons

Figure II.2: Schematic representation of a sputtering chamber.

The most important parameter that characterises the sputtering process is the

sputtering yields S, eq. II.1, defined as the number of atoms or molecules ejected

from a target surface per incident ion. S is a measure of the efficiency of the

process.

S =
Ē

Et

{
1 +

(
lnĒ/Eb

ln2

)}
σ0nA (II.1)

From equation II.1, it is possible to establish that S is proportional to the fol-

lowing terms:

• Number of atoms displaced towards the surface per primary collision: Ē
2Et

,

where Ē is the mean energy of the struck target atom and Et is the threshold

energy required to displace an atom. The factor 2 indicates that only half of

the displaced atoms moves toward the surface.

• Number of atomic layers that contribute to sputtering. The number of col-

lisions necessary to slow down an atom from the initial energy Ē to the
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surface binding energy Eb is: N = lnĒ/Eb

ln2
.

• Number of target atoms per unit area, nA.

• Cross section σ0.

II.1.2 Magnetron Sputtering: Set Up and Operation Modes

A magnetron source consists on the application of a specially shaped magnetic field

to a sputtering target, so that the cathode surface is immersed in a magnetic field

that traps the emitted electrons. In this way the primary and secondary electrons

are confined by magnetic field in the region of cathode, rising their chances to

produce a higher number of ionisation events. This latter phenomenon has as a

consequence a high ion current impinging on the target. To achieve an efficient

electron trap, permanent magnets are used with a field strength of 20 mT or more.

Figure II.3 shows the configuration of a magnetron source.

PLASMAPLASMA

Substrate

Target

Iron Pole Piece

Permanent
Magnets

Sputtered atomsSputtered atoms

B B

N

S

S

N

S

N

N

S

Anode Anode

Anode DC 
Supply

Catode DC 
Supply

Gas: Argon

Figure II.3: Schematic of the magnetron sputtering configuration.

DC Magnetron Sputtering

The DC magnetron sputtering is the least expensive and simplest sputtering tech-

nique, thanks to the easy manufacturing of the DC power supplies. Its design

guarantees high deposition speed and makes it suitable for high-production-rate
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processes. The DC magnetron sputtering is mainly used for the deposition of met-

als for microelectronic applications, where film uniformity, compositional control,

and step coverage are required. It does not work with insulating targets, since no

current can flow through them.

RF Magnetron Sputtering

RF magnetron sputtering was developed to sputter insulating targets, by using an

alternate current at a high frequency. When an AC signal lower than 50 kHz is

applied to the electrodes, the DC sputtering conditions prevail and they behave

alternately as cathode and anode. On the contrary, above 50 kHz, the electrons

that oscillates in plasma (glow region) are able to sustain the discharge, because

they have enough energy to create ionising collisions. This would reduce the need

for secondary electrons. Moreover, RF voltages make possible to sputter any mate-

rial independently from its resistivity, since it can be coupled through any kind of

impedance. Typically the range of frequencies employed for the RF sputtering is

5 to 30 MHz, but the most common one is 13.56 MHz. The advantages of the RF

sputtering over the DC one are: the diffusion of the plasma throughout the whole

chamber, rather than being confined in the region around the cathode, and the

possibility of sustaining a plasma at low pressure, resulting in a low collision-rate

and in a more efficient deposition. Examples of RF sputtering applications are the

synthesis of superconductive films, hard coatings, and dielectric films for optics.

Nevertheless, the deposition rates of the RF sputtering are generally lower with

respect to the DC one.

Reactive Magnetron Sputtering

In reactive magnetron sputtering, thin films of compounds are deposited on the

substrates by sputtering of metallic targets in the presence of a reactive gas, which

is usually mixed with the inert working gas (Ar). The most common compounds

deposited by means of reactive sputtering are:

• Oxides

• Nitrides

• Sulfides
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• Carbides

• Oxynitrides and Oxycarbides

The resulting sputtered films can be: solid solution alloys of the metal target

doped with the reactive element, compounds, or mixtures of the two. Moreover,

by controlling the flow rate of the reactive gas, it is possible to control the sto-

ichiometry of the deposited film. However, a drawback of this technique is the

"poisoning" of target by atoms of reactive gas.

Pre-sputtering

Pre-sputtering or conditioning is a necessary step to perform when a target is

first pumped down into the sputtering chamber. In this phase, the contaminants

present on the surface of the targets are removed and deposited onto the shutters,

placed between the target and the substrate.

II.1.3 Equipment Used for Experiments

Magnetron sputtering system was used for the synthesis of the HZO layer, elec-

trodes, and top electrical contact. The set up used for the growth of samples

presented in this work consisted of: a deposition chamber, a lock-down chamber,

a RF generator, a DC generator, four target holders of 4 inch, situated above sub-

strate holder (3 inch), and connections with gas lines of Ar, N2, O2, H2, and Ar/O2.

The distance between the target and the substrate was 8 cm.

II.2 UV Photolithography

The UV photolithography is a technique used to pattern the surface of samples to

obtain circuit components at the nanoscale. In this work, UV photolithography

with a negative mask was employed to fabricate the top electrodes and the top

electrical contacts. The first step of the photolithographic process consists on the

application of a photoresist (or resist) on the surface of the sample that is then

irradiated by the UV light. The resist can be positive, negative, or reversal. If a

positive resist is used, once the sample is exposed to UV radiation, any portion of

it touched by the light dissolves in the resist developer and the obtained pattern
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Figure II.4: Magnetron sputtering system available at INL: AC-450 by Alliance
Concept.

resembles the one on the photo-mask. When a negative resist is employed, the

parts exposed to the UV radiation become insoluble in the developer and resultant

pattern is the inverse of the one on the photo-mask. Eventually, the reversal resist,

used in this work, consists on a positive resist, which after a further treatment

that includes a second exposition and annealing, behaves as a negative resist. The

advantage of such a resist is related to the fact that its sidewalls form an undercut

profile, which avoids damages to the adjacent electrodes during the development

step. Furthermore, this process allows local depositions by "lift-off" procedure.

The resist used in this work was the AZ5214, the developer the MIF726, and the

lift-off procedure was performed in acetone. Figure II.5 describes step by step the

UV photolithography process [142].

II.3 Fabrication Process of Capacitors

The samples described in this thesis were synthesised following the procedure here

illustrated. N-doped silicon substrates, doped with P atoms and with a resistivity

> 200 Ω/cm, were initially cleaned by acetone and ethanol, and freed from the

native oxide by a buffer oxide etching process (BOE). The bottom electrode and

the HZO were deposited without breaking the vacuum and on the full surface of
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Figure II.5: Reversal photolithography procedure for the deposition of top elec-
trodes and top contacts.

the sample by magnetron sputtering at room temperature. The deposition condi-

tions and process are explained in chapter III. Prior to the top electrode and top

electrical contact deposition, the UV photolithography was performed, using the

mask depicted in figure II.6.

The top electrodes and top electrical contacts were deposited by magnetron

sputtering, and, finally, the lift-off was performed to obtain the pattern of capaci-

tors. The structure of a finished sample is represented in figure II.7, together with

optical image of a portion of the sample surface.

II.4 Rapid Thermal Annealing

The rapid thermal annealing (RTA) is a semiconductor manufacturing process,

which allows to rapidly heat samples in a short period of time, usually few min-

utes, in order to modify their chemical and structural properties. Rapid heating

process is performed by high-intensity lamps controlled by a pyrometer and ther-

mocouples that measure the temperature of the samples. The cooling step has to
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The dimensions 

corresponds 

to diameters in µm

Total surface: 4045021 µm2

Surface of capacitors: 2837450 µm2

Figure II.6: Photo-mask used during the UV photolithography for the fabrication
of capacitors.

1000 µm

Top contact
Top electrode

HZO layer

a) b)

Bo�om electrode

n+Si substrate

Figure II.7: a) Structure of a finished sample. b) Optical image of a portion of the
sample surface, where the pattern of capacitors is visible.

be perfectly controlled in order to avoid damages to the sample. The RTA anneal-

ing was fundamental to achieve specific structural properties for the specimens

presented in this work. It was performed using a RTA furnace JetStar 100SR by

JIPELEC in a N2 atmosphere.

61



Section II.5

II.5 Characterisation Techniques: Structural, Physi-

cal, and Chemical Characterisation

II.5.1 X-Ray Diffraction

X-ray diffraction is a powerful and non-destructive technique for the structural

characterisation of crystalline materials. It provides information on several param-

eters such as, the crystal structure, the crystal phase, the crystallographic orienta-

tion, the grain size, the strain, and the crystal defects. It relies on the constructive

interference of monochromatic X-rays and a crystalline sample. The X-rays are

used because their wavelength is of the same order of magnitude of the distance

between the atoms in a lattice. In this section the physical principle of XRD and

its applications are illustrated, together with a description of the XRD equipment

used for the experiments.

Physical Principle

Diffraction is defined as any deviation from geometrical optics that is caused by

the obstruction of a wave front of light. For instance, it occurs when a light beam

is scattered by a periodic lattice with a long-range order and generates construc-

tive interference at specific angles. In a periodic crystal lattice, the electrons of the

atoms coherently scatter the radiation and the scattering strength is directly pro-

portional to the number of electrons around each atom. Each diffraction pattern

is unique of the crystal structure of a material and materials that are not crys-

talline over a long-range, such as amorphous ones or glass, do not produce any

diffraction pattern.

Bragg’s Law

In 1913, the physicists W.H. Bragg and his son W.L. Bragg derived an equation,

eq. II.2, to explain how the cleavage faces of crystals reflect the X-rays at certain

angles. Figure II.8 illustrates the Bragg’s law.

nλ = 2dsinθ (II.2)
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d

Incident rays Diffracted rays

Figure II.8: Illustration of the Bragg’s law.

where n is an integer, λ the X-ray wavelength, d the distance between two

crystalline planes, identified by the Miller indexes hkl, and θ the incidence angle

of light beam on the sample surface. The Bragg’s law is used to obtain the angle

at which the constructive interference from X-rays, scattered by parallel planes,

generates the diffraction peaks. Since in most of the cases λ is fixed, a family of

planes will produce a diffraction peak only at a specific angle 2θ. The intensity

of the diffraction peaks is determined by the arrangement of the atoms in the

crystal and it is proportional to the squared modulus of the structure factor Fhkl,

according to the relation:

Ihkl =| Fhkl |2 (II.3)

The structure factor sums the results of the scattering from all the atoms inside

the unit cell to obtain a diffraction peak from the (hkl) planes of atoms.

Fhkl =
m∑
j=1

Njfjexp [2πi (hxj + kyj + lzj)] (II.4)

where m is the number of atoms in the unit cell and Nj is the fraction of every

equivalent position that is occupied by an atom j.

II.5.2 Glancing Incidence X-ray Diffraction

Structural study of the specimens presented in this thesis was performed by

glancing-incidence X-ray diffraction (GI-XRD). GI-XRD is a surface selective tech-
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nique useful for the structural characterisation of thin films. It is based on the

fact that, at X-rays energy, most of the materials are characterised by a refractive

index approximatively equal to 1, so the total external reflection from the surface

is possible at small enough incidence angles. In these conditions, the substrate is

mostly invisible to the X-rays and only an evanescent wave penetrates and scatters

from it. As a consequence, the X-rays intensity is maximum in the region of the

surface. The GI-XRD technique in the configuration 2θ/ω, figure II.9, was used.

The latter consists on moving the mechanical arms, where source and detector are

placed, to permanently obtain θ=ω, where ω is incidence angle and θ diffraction

one. Initially, ω=ωc with ωc being the measured critical angle.

Figure II.9: 2θ/ω configuration of a Smartlab Rigaku Diffractometer [143].

Diffractometer

A X-ray diffractometer is composed by a X-ray generator, a sample holder, and

a X-ray detector. The diffractometer used for the experiments was a five-circle

goniometer Smartlab Rigaku, equipped with a 9 kW copper rotating anode, and

shown in figure II.10.

II.5.3 X-Ray Reflectometry

X-ray reflectometry (XRR) is a technique used to determine the thickness, density,

and roughness of a single layer or a multilayer structure, which can be crystalline
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Figure II.10: Diffractometer by Rigaku available at INL.

or amorphous. This technique is performed in a 2θ/ω configuration. When the X-

rays impinge on the flat surface of the sample, if angle of incidence ω is lower than

ωc, the X-rays are totally reflected. While, if ω > ωc, the radiation penetrates in the

sample and the reflectivity suddenly decreases. A rough surface is responsible for a

sharper decrease in reflectivity. In the case of a multilayer structure with different

electronic density, the X-rays reflected at the interface between layers and the ones

reflected at free surface of the film interfere and generate an oscillation pattern.

These oscillation are called Kiessig fringes. From the periodicity of the oscillations

it is possible to deduce the thickness of films, while from the angular dependency

of the amplitude of the oscillation patterns, information on the surface and on the

interfaces are obtained. Figure II.11 reports an example of an oscillation patter

obtained by XRR and the parameters of interest that can be extracted.

II.5.4 Transmission Electron Microscopy

Transmission electron microscopy is a technique of primary importance in the

characterisation of microstructural properties of materials. It exploits an electron

beam that, focused on a microscopic region of sample, gives a diffraction pattern.

The "Diffraction contrast" mode can be used to take images of defects, dislocations,
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Figure II.11: Oscillation pattern obtained by means of XRR. In evidence the pa-
rameters of interest that can be extracted from the oscillations.

and interfaces, by measuring the variation of the intensity of electron diffraction

in thin specimens. High-resolution transmission electron microscopy allows to ob-

tain atomically resolved images, with information on the crystal structure and the

lattice parameter. A further method, named "high-angle annular dark-field imag-

ing", is used to obtain high-resolution images. In this case, electron nanobeams

impinge on the sample and electrons are scattered at high-angles to minimise the

interference. Beside the diffraction and spatial imaging, TEM technique is used to

acquire information on the chemical properties of specimens, through electronic

excitations of atoms, generated by high-energy electrons. This latter configuration

is called "Analytical TEM" and it divides in two types of spectrometry:

• Energy-dispersive X-ray spectrometry (EDS)

A X-ray spectrum is acquired from small regions of the sample illuminated

by a focused electron beam. The characteristic X-rays from the chemical

elements are used to determine the concentration of the chemical species.

• Electron energy-loss spectroscopy (EELS)

The energy losses of electrons are measured once the high-energy electrons

have crossed the specimen. Information on the structure and local chemistry

are obtained from the features of EELS spectra, caused by the core electron
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and plasmon excitations.

A further mode in which TEM can operate is scanning transmission electron

microscopy (STEM), where a narrow (≈ 10 Angstrom) and focused electron beam

scans in a raster pattern the surface of the specimen. In synchronisation with the

scan, various data from the sample are acquired, such as emitted X-rays, secondary

electrons, and backscattered electrons. The transmitted electrons are collected by

a detector placed at the bottom of the microscope column. The STEM mode is of

interest for spectroscopy work, since it provides a sort of "chemical-map" of the

sample. An annular dark-field detector can be used in STEM mode for high-angle

annular dark-field imaging.

To conclude the main operation modes of a TEM microscope are listed below:

• Conventional imaging (bright-field and dark-field TEM)

• Electron diffraction (selected area electron diffraction SAD)

• Convergent-beam electron diffraction (CBED)

• Phase-contrast imaging (high-resolution TEM, HRTEM)

• Z-contrast imaging

• Energy-dispersive X-ray spectroscopy (EDS)

• Electron energy-loss spectroscopy

Figure II.12 show a schematic of a TEM microscope that include the STEM

functionality.

In this work, mainly HR-TEM and EELS were used to analyse the microstruc-

ture and the chemical properties of the specimens presented in chapters III, IV,

and V. A more detailed explanation of the latter operation modes is given below.

High-Resolution TEM

High-resolution (HR) TEM microscopy allows to obtain atomically resolved TEM

images. An HR-TEM pattern is generated by the interference of an electron wave

function with itself after being diffracted from the specimen. In order to better

understand HR-TEM images, the Fourier transform method is used. The wave

67



Section II.5

electron gun 

C1 lens

C2 lens

Deflec�on coils

SED

EDSBSE
Specimen 
goniometer stage

Obec�ve lens

illumina�on 

system

Diffrac�on lens

Intermediate lens

Projector lens

Viewing screen 

STEM Detector

CCD Camera

EELS

High
Voltage

In
p

u
ts

R
as

te
r 

o
u

t

STEM 
control

EDS 
System

EELS 
System

C
o

m
p

u
te

r 
n

et
w

o
rk

 

Figure II.12: Schematic of a TEM microscope equipped with the STEM mode.

function of the diffracted electrons, ψ(∆̄k), is the Fourier transform of the scatter-

ing factor distribution f(r) in the material, which follows the atoms arrangement.

∆̄k is the diffraction vector. The Fourier transform of the arrangement of atoms in

the specimen in the real space is:

ψ(∆̄k) = F [f(r)] (II.5)

and

f(r) = F−1
[
ψ(∆̄k)

]
(II.6)

The explicit forms of the forward and inverse Fourier transforms are:

ψ(∆̄k) =
1√
2π

� +∞

−∞
f(r)e−∆̄k · rd3r (II.7)

and
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f(r) =
1√
2π

� +∞

−∞
ψ(∆̄k)e+∆̄k · rd3∆̄k (II.8)

Evidently to obtain full spatial details, the Fourier transform has to be per-

formed considering as limits for ∆̄k −∞ and +∞. Since the latter condition can-

not be satisfied, the limits of ∆̄k are imposed by the objective aperture in the back

focal plane of objective lens. For instance, an image formed with a small range of

∆̄k shows only long range spatial features. Consequently, for an objective aperture

that selects a range δk, smallest spatial feature in the image has a size δx, where:

δx ≈ 2π

δk
(II.9)

δk is the reciprocal lattice vector or separation in reciprocal space of two first

diffraction spots from the transmitted beam. In order to resolves the atomic ar-

rangement, the aperture needs to span over a range δk ≈ 2π/d, with d being the

distance between atoms. In scanning mode (HR-STEM), the microscope lenses

create a focused electron beam, which is scanned across sample surface and the

signal is collected point-by-point, allowing higher contrast.

HR-TEM data were collected at RMIT Microscopy and Microanalysis Facility

(RMMF) at RMIT University, with a JEOL JEM-200F microscope, figure II.13.

Figure II.13: TEM microscope JEOL JEM-200F used for HR-TEM experiments.

Electron-Energy Loss Spectroscopy

Once the electrons have traversed the TEM sample, a part of them lost its energy

to core or plasmon excitations, so the energy at which they reach the detector is
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lower than the initial one. The EELS spectrometer measures the energy spectrum

of these losses. The spectrometer includes a magnetic sector used to disperse

electrons according to their energy, for instance, electrons of the same energy

are bent by Lorentz force into arcs of equal curvature. The spectrometer can be

of two types: serial or parallel. In a serial spectrometer, a slit is placed on the

focal plane of the magnetic sector and a scintillation counter is mounted after

the slit. Only the intensity corresponding to the electrons bent at an angle that

allows them to enter the slit is recorded. The range of energy losses is selected by

varying the intensity of the magnetic field. A parallel spectrometer covers the focal

plane of the magnetic sector with a scintillator and a position-sensitive photon

detector, for instance a photodiode array. The post-field lenses magnify the energy

dispersion before the electron reaches the scintillator. Nowadays, the best EELS

spectrometers can reach a energy resolution of 0.1 eV.

The EELS data presented in this work were collected at the "Consortium Lyon

Saint-Etienne de microscopy (CLYM)", using a JEM-ARM200F NeoARM micro-

scope by JEOL, in figure II.14, and at RMIT Microscopy and Microanalysis Facility

(RMMF) at RMIT University with a JEOL JEM-200F microscope, in figure II.13.

Figure II.14: TEM microscope JEM-ARM200F NeoARM by JEOL used for EELS
and HR-STEM experiments.
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II.5.5 Atomic Force Microscopy

Atomic force microscopy (AFM) is part of the scanning probe microscopy tech-

niques characterised by a resolution below the nanometer. It is used to probe the

morphology of a surface and its magnetic properties. An AFM measurement con-

sists on a cantilever equipped with a sharp tip, which serves as a probe, that is

used to scan the surface of the specimens. Once the probe approaches the sample,

the forces between the latter and surface lead to a deflection of cantilever mea-

sured by a laser beam. Figure II.15 shows a schematic of an AFM measurement.

A feedback mechanisms is employed to adjust the distance between probe and

sample, in order to maintain constant the force between the two. The probe tip

is mounted on a piezoelectric system that allows to scan the surface along x, y,

and z directions. An AFM microscope can operate in three modes: static, dynamic

(or tapping), and non-contact. In static mode, the scanning tip is kept in contact

with the surface of the specimen. In this case, the tip exerts a repulsive force

on the surface, which can result in the application of a rather high pressure that

might damage the sample. In dynamic mode, the cantilever oscillates close to its

resonance frequency, and it "taps" on the surface of the sample in an intermittent

manner. Finally, in non-contact mode, the tip vibrates at its resonance frequency

close to the sample and without touching it. The forces that generate between

tip and surface are attractive. This latter method is commonly used to scan soft

surfaces.

Cantilever

Laser source

Tip

Surface

Photodetector

Force

Surface atoms

Tip atoms

Figure II.15: Schematic of AFM technique.

AFM images were acquired at INL by means of a Park NX10 AFM, in figure
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II.16.

Figure II.16: Park NX10 AFM.

II.5.6 Rutherford Backscattering Spectrometry

RBS technique is a thin-films analysis technique used to investigate the structure

and composition of materials. It relies on the elastic scattering of α particles of

few MeV emitted by a radioactive source. The first experimental evidence of such

phenomenon refers to the well-known Rutherford’s experiments in 1909. In this

case the α particles had an energy of 5 MeV and target was a 0.6 µm-thick gold

foil. By using the scintillation method, the scattering pattern was obtained on a

fluorescent screen. This scattering phenomenon was attributed to the repulsive

Coulomb interaction between α particles and atomic nuclei. From 1950 Ruther-

ford scattering begun to be used as a surface analysis technique, under the name

of Rutherford Backscattering Spectrometry (RBS).

Physical Principle

The most important parameter to define is the kinematic factor K, which is the

ratio between the initial energy (E0) of the incident ions and the energy they

have after the scattering event. Figure II.17 represents the large-angle scattering

phenomenon.

The expression of the kinematic factor K is given by:
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Figure II.17: Representation of large-angle scattering.

K =

[
m1cosθ +

√
m2

2 −m2
1sin

2θ

m1 +m2

]2
(II.10)

With m1, E0, and θ fixed, K is unique function of m2. This means that, from

the measure of energy of the scattered ions, it is possible to determine the atomic

mass of the atoms of sample surface. From the evolution of the kinematic factor

as a function of atomic mass of target atoms it is possible to conclude that:

• For a given incident ion, the selectivity of the RBS analysis, which is its

capability to discriminate between two species with similar atomic numbers,

is improved for lower values of m2.

• For a given atomic species of the target, the selectivity increases as m1 in-

creases.

• The selectivity decreases as the diffusion angle, θ, decreases. It can be con-

sidered constant for values of θ between 150◦ and 180◦.

RBS Experimental Equipment

The experimental equipment used to perform the RBS analysis consists of:

• An accelerator, which, through the application of a high voltage (1-4 MV),

accelerates the ions (for instance H+, He+). The ions are produced by a

source where the plasma is generated by means of a RF power supply.

• A mass spectrometer, which sorts ions according to their mass/charge ratio

and allows only the ones characterised by the correct ratio.
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• Electromagnetic lenses used to focus the ion beam. The flux is typically 1013

ions.cm−2.s−1.

• A chamber that contains the sample to be analysed and the detectors for scat-

tered ions. The chamber is kept under vacuum at a pressure of ≈ 10−6 mbar.

The vacuum is generated by a pumping system, usually a turbo-molecular

pump.

The experiments were performed using 4He+ ions of 2 MeV energy delivered by

the 2 MV Van de Graaff accelerator, in figure II.18, of the SAFIR platform located

at Paris Institute of Nanosciences.

Figure II.18: Schematic of a Van de Graaff accelerator used for RBS analy-
sis. Reprinted from: https://www.britannica.com/science/electricity/Conductors-
insulators-and-semiconductors.

II.6 Characterisation Techniques: Electrical Charac-

terisation

The electrical characterisations of the synthesised samples were performed at the

micro-scale by means of different techniques, which gave information about the

electrical properties of the specimens. The measurements that were performed

are: current vs voltage measurements, capacitance vs voltage measurements, and
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polarisation vs voltage measurements, by means of the positive-up-negative-down

(PUND) technique. The electrical characterisation were carried out by means of

a manual probe station, where the samples were kept in a closed environment

and the electrical contact was made with two tungsten-tip probes. The voltage

was applied by contacting the top electrical contact of each device with one probe,

while the other was kept on the common bottom electrode. I-V, C-V, and P-V

curves were acquired on a single capacitor structure, where the Pt layer was used

as electrical contact, reference to the structure in figure II.7.

II.6.1 Current vs Voltage Measurements

The measure of the leakage current is a fundamental parameter for the character-

isation of ferroelectric-based devices. This aspect is treated in the following with

a special focus on the importance of this mechanism for FTJs. The largest part

of technological applications, for instance ferroelectric random access memory, re-

quire the leakage current to be minimised [144]. Indeed, the latter is responsible

for the fragility of ferroelectric materials, which is among the causes that provoke

an early electrical breakdown [145], [146]. On the contrary, for the synthesis of

FTJs, the leakage current becomes an important parameter to take into account

for the maximisation of TER ratio, introduced in section I.4.4. I-V characteristics

were acquired by means of a Agilent 4156B Semiconductor parameter analyser, in

figure II.19, and the measure was performed by the application of a step-shaped

voltage waveform, represented in figure II.20, from 0 to Vmax/−Vmax, in this work

the used delay time (td) was ≈ 0 [142]. The current response was then recorded

by applying a voltage of the same shape, in order to avoid the response generated

by the back-switching of ferroelectric domains. Figure II.21 [142] shows an exam-

ple of the characteristic curve of the leakage current of a ferroelectric capacitor.

An insight on the nature of leakage current can be extrapolated by fitting experi-

mental curves with charge transport mechanisms that occur inside a ferroelectric,

section III.4.2, to find the dominant one.
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Figure II.19: Agilent 4156B semiconductor parameter analyser.

Figure II.20: Voltage waveform used to acquire I-V characteristics.

Figure II.21: Typical curve that represents the logarithm of the current density vs
the applied electric field of a ferroelectric-based device.

II.6.2 Capacitance vs Voltage Measurements

Ferroelectric materials are characterised by a non-linear dielectric permittivity ϵr,

which varies according to the applied field, temperature, and frequency. In the
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case of an ideal ferroelectric, ϵr as a function of frequency shows two peaks ap-

proximately in correspondence of the the coercive field, ± Ec, figure II.22 [142].

Figure II.22: Dielectric permittivity ϵr as a function of the electric field for a ferro-
electric material.

The explanation for this trending refers to the fact that, during polarisation

switching, small changes in the electric field are responsible for a sharp increase

of the dielectric permittivity [147]. For high quality ferroelectric films, the height

of the peaks can exceed 5000 [148]. However, as previously mentioned, the peak

value of ϵr depends on the frequency and, as it increases, the latter reaches a con-

stant limiting value. This result is explained by the dipole movements, indeed, as

frequency increases the response of the domains to changes in the electric field

is delayed and the charge accumulation at the metal/ferroelectric interface di-

minishes [149]. The set up used to perform C-V measurements was a HP 4284A

Precision LCR meter, in figure II.23.

Figure II.23: HP 4284A Precision LCR meter.

A bias DC voltage, with a waveform similar to the signal in figure II.20, was

applied to the ferroelectric and a small AC signal was used to measure the ca-

77



Section II.6

pacitance [142]. The experimental curve obtained from a C-V measurement of a

ferroelectric device resembles the one in figure II.24. The curve is composed by a

linear part (in green) independent from the frequency and voltage, a non-linear

part (in red) with two peaks, due to the ferroelectric switching behaviour of the

material, and a further linear part (in blue) which corresponds to the paraelectric

contribution. The latter refers to those dipoles that displace under the action of

the electric field and that regain the original position once the field is removed.

Figure II.24: C-V curve typical of ferroelectric materials

II.6.3 Polarisation vs Voltage Measurements: Hysteresis Cycle

The experimental set up employed to measure the polarisation as a function of the

applied voltage consisted in a NF WF1966 2-channel generator, a Nicolet INTEGRA-

40 oscilloscope, and a KEITHLEY 4200A-SCS semiconductor parameter analyser.

The generator sends specified train of voltage pulses and oscilloscope registers the

current response, previously amplified by the signal amplifier. Figure II.25 outlines

the circuit used for P-V curves acquisition.

The pulse train that was found optimal for the acquisition of the P-V charac-

teristics was the PUND schema, which consists on a train of five triangular pulses

with the same amplitude (±V max) and rise and fall time (trise, tfall), figure II.26

[143].

• Pre-switch pulse: it aligns the domains along one direction.
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Figure II.25: Schema of the circuit used to measure the polarisation as a function
of the applied voltage.

• First positive pulse (P): to switch domains upward, it includes other contri-

butions due to domain motion and leakage current.

• Second positive pulse (U): to measure other contributions to the current,

which are not due to the domain switching.

• First negative pulse (N): it switches domains downward, it includes other

contributions due to the domains motion and leakage current in the opposite

sense.

• Second negative pulse (D): as for the U pulse, it is used to measure other

contributions to the current, which are not due to the domain switching.

By the integration of the current response recorded during each pulse of PUND

train, the hysteresis loop is extracted according to the following equations:

D̄ = ϵ0Ē + P̄ = ϵ0ϵrĒ (II.11)

where D is the displacement vector and ϵr relative dielectric constant. Recalling

that the current is defined as dI/dt, it is possible to express the charge as a function

of the displacement vector D, II.12:

Q =

�
I · dt =

�
s

D̄dS̄ (II.12)

Where dS̄ is the δ surface crossed by current I in time δt.
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Figure II.26: PUND pulse train.

D̄ =
1

S

�
Idt (II.13)

For the case of pulses P and U:

D̄ =
1

S

� tpulse

0

I(P )− I(U)dt =
1

S

[� tpulse

0

I(P )dt

]
−
[� tpulse

0

I(U)dt

]
(II.14)

D̄ = D̄(P )− D̄(U) (II.15)

From equation II.11, D can be expressed as a function of the polarisation.

D̄ = ϵ0Ē + P̄ (P )− [ϵ0Ē + P̄ (U)] (II.16)

D̄ = P̄ (P )− P̄ (U) (II.17)

As it was previously mentioned, the pulse P includes the current response due

to the switching of ferroelectric domains and other current contributions, such

as leakage, while the second upward pulse U only contributions due to leakage
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currents. In the ideal case:

DPU = PPU,ferroelectric (II.18)

If the same procedure is repeated for the two negative pulses N and D, the

obtained P-E hysteresis loop will only correspond to ferroelectric effects. On the

contrary, if only the integral of current response of the pulses P and N is consid-

ered, the contributions due to leakage current would lead to a overestimated value

of the remanent polarisation and the coercive field.

II.6.4 Endurance Test

The endurance test was performed by submitting the samples to multiple pulse

trains until it reached the electrical breakdown. The samples underwent a pro-

cedure composed by two sequences: the "cycling" and the "measure". During the

former, the properties of the samples evolved, this evolution was due to the present

of defects in the ferroelectric layer (section I.2.6), while the aim of the latter was to

extract the P-V hysteresis loop. The endurance test, as it is explained later, is often

responsible for a change of material ferroelectric properties. The used sequence

for the "measure" was PUND pulse train that was described in section II.26.

II.7 Conclusion of the Chapter

This chapter provided a description of the equipment employed for the synthe-

sis and characterisation of the specimens made during the thesis. Sputtering, UV

photolithography, and rapid thermal annealing were used for sample fabrication.

The structural, physical, and chemical characterisations were performed by XRR,

GI-XRD, TEM, HR-TEM, EELS, AFM, and RBS. Finally, I-V measurements, C-V mea-

surements, and PUND were carried out to test the electrical properties of devices.

In chapters III, IV, and V the experimental results acquired by means of the afore-

mentioned techniques are presented.
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CHAPTER III

HZO Thin Films-Based Devices: Synthesis and

Applications

Chapter III is divided in two main sections. The first part is dedicated to the fab-

rication techniques used to grow thin HZO films for non-volatile memory appli-

cations and to the technological constrains related to their synthesis. The second

section describes the fabrication process and the structural, physical, and electrical

properties of the heterostructure taken as reference for this work.

III.1 HZO Thin Films: State of the Art

The growth technique used for the synthesis of HZO and the post-deposition an-

nealing play a fundamental role in understanding the ferroelectric behaviour of

thin films. Different techniques, such as atomic layer deposition (ALD), plasma-

enhanced ALD (PE-ALD), sputtering, and pulsed laser deposition (PLD), have been

reported in literature. The following paragraphs provide a brief analysis of each

of the mentioned techniques and of the impact of post-deposition annealing tem-

perature and conditions. As a conclusion for the first section, a description of

technological issues and limitations related to the synthesis of HZO thin films is

given.
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III.1.1 Deposition Techniques of HZO Thin Films

Atomic Layer Deposition

Atomic layer deposition (ALD) is a thin film deposition technique that allows to

reach atomic-scale control. Reactants (or precursors) of elements or alloys, which

will constitute the thin film, are pulsed in a reactor, placed under vacuum, al-

ternately and cycle-wise. H2O is often used as reactant for the deposition of ox-

ides. Precursors react with each other thanks to saturative surface reactions and

sub-monolayers of material are deposited during each cycle. ALD is widely used

for deposition of HfO2, ZrO2, and HZO films with robust ferroelectric properties

[27, 54, 150–152].

Plasma-enhanced ALD

A variant of ALD is plasma enhanced ALD (PE-ALD). Here, a radio-frequency

plasma facilitates the chemical reactions through the creation of reactive oxygen

ions, allowing a lower processing temperature compared to ALD. In the litera-

ture, several works showed ferroelectric HfO2-based thin films realised by PE-ALD

[153, 154].

Sputtering

Sputtering, as a method for the synthesis of HfO2-based films, has gained interest

only in recent years. Indeed, before 2015, there were no example in the litera-

ture of HfO2-based thin films grown by sputtering. The use of this technique for

the deposition of thin films presents several benefits compared to others methods.

Sputtering is a low-cost process, it reduces risks of carbon contamination com-

pared to ALD, it allows fast, room temperature, and large scale depositions, and

it is reproducible. Furthermore, by sputtering, it is possible to grow high quality

ferroelectric thin films [22, 83, 155–160]. Finally, it allows the control of many

degrees of freedom, such as deposition pressure, temperature, and power.

Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a powerful technique for the synthesis of

monocrystalline thin films. It consists of a target holder and a substrate holder
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placed in a vacuum chamber, a high-power laser beam is focused, through optical

components, over the target that is vaporised and the thin film grown. The advan-

tages of this technique are the ability to preserve the stoichiometry of compounds

materials -the thin film has the same chemical composition of the target material-

and capability to synthesise films with complex chemistry. On the contrary, a draw-

back of PLD is related to the time cost required for the deposition process. Exam-

ples of PLD for deposition of HfO2-based thin films are reported in the literature

[56, 87, 161–165]. As an example, Sulzbach et al. demonstrated ferroelectricity

in epitaxial HZO layers down to 2 nm [88]. However, even though ultra-thin epi-

taxial ferroelectric films grown on matched substrates are often characterised by

better electrical properties than the ones synthesised by other methods, up to now,

there is no viable manner for the integration of such layers into dense networks

for neuromorphic applications.

III.1.2 Impact of Annealing Conditions

The annealing process is crucial for the formation of the ferroelectric phase in

HZO. The annealing method and the temperature heavily impact the performances

of the final device. As mentioned in section I.3, the crystallisation temperature

(450 ◦C) of the ferroelectric phase in HfO2-based materials is compatible with the

back-end-of-line integration process. Furthermore, the Hf0.5Zr0.5O2 compound,

through Hf:Zr 1:1 substitution, allows the lowest crystallisation temperature. The

annealing process influences the electrical properties of HfO2-based devices, in-

cluding remanent polarisation, wake-up, and endurance. In the literature, sev-

eral groups reported the impact of the annealing conditions on the device per-

formances. Bouaziz et al. compared the electrical characteristics of samples an-

nealed at different temperatures and showed that, at high annealing temperature

(600 ◦C), the remanent polarisation increased, while, at low temperature (450
◦C), samples showed higher endurance [159]. Kim et al. managed to suppress

the leakage current and reduce the wake-up effect in HZO-based capacitors by an-

nealing at 850 ◦C [166]. Finally, Jeon et al. compared the effect of high-pressure

post-deposition annealing (HPPMA) at different temperatures with rapid thermal

annealing (RTA). They showed a strong increase of the value of remanent po-

larisation for samples annealed by HPPMA at 550 ◦C and achieved a maximum
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dielectric constant at 350 ◦C [167].

III.1.3 Oxygen Vacancies

Section I.2.6 of chapter I listed the main issues that influence the ferroelectric

properties of HfO2-based devices and more in general of ferroelectric materials.

One of the major causes of such issues, which is of fundamental interest in this

work, is the concentration of oxygen vacancies (OVs) in the HZO layer. OVs can

be considered as point defects, which could be pre-existing in the film, generated

during its synthesis process, or during electric field cycling. OVs were demon-

strated to be responsible for the wake-up effect [168, 169] and for an early elec-

trical breakdown. The movement of OVs has been exploited for resistive random

access memory (RRAM). Indeed, the control of their displacement inside the fer-

roelectric film leads to a change in its resistance, through a filament formation

process that is responsible for the occurrence of two states of resistance. When

the filament is formed, the device is in a low resistance state, while the high re-

sistance state is achieved after the rupture of the latter [170]. Nevertheless, OVs

play different roles as other types of devices are concerned. For instance, for ferro-

electric tunnel junctions, they constitute a crucial parameter for the control of the

TER ratio, discussed in section I.4.4. In this case, the difference in flowing current

between the low and the high resistance states has to be maximised, in order to

increase TER ratio, and OVs act as trap states for electrons in the trap-assisted tun-

nel mechanism [171, 172]. Furthermore, several studies conducted by Mittmann

et al. [173, 174] showed that, at very low HZO thickness (typically below 8 nm),

OVs help the stabilisation of the ferroelectric phase, favouring the formation of

the t-phase, which, through annealing, transforms into o-phase [45]. Moreover, it

was shown by Schroeder et al. that OVs help reducing the annealing temperature

for the formation of the f-phase in HfO2-based compounds (reference to "From

fundamentals aspects of ferroelectricity to devices based on HfO2-ferroelectrics", IEEE

FerroSchool Lyon 2022).

Depending on the employed fabrication technique, the concentration of OVs gen-

erated during the synthesis process of HfO2-based films might vary. For instance, in

ALD-manufactured thin films, the average concentration of OVs is usually higher

compared to the other fabrication methods, because of the high oxygen rate used
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during the deposition. For each synthesis and annealing techniques, different fab-

rication specifications allow a certain degree of control over the OVs concentration

for the optimisation of the device ferroelectric properties [174–176].

III.1.4 Formation of Dead Layers

At the interface between the ferroelectric layer and the electrodes, it is common

to observe the so-called dead layer. This is a dielectric layer that do not contribute

to the polarisation reversal and which is responsible for the generation of a de-

polarising field that leads to a degradation of the ferroelectric properties [177].

Its effect is substantially to reduce the active thickness of the ferroelectric film,

by decreasing the amount of the switching domains. The effect of the dead-layer

becomes more evident when the thickness of the active layer is low. Interface en-

gineering is of extreme importance to limit this phenomenon [178, 179]. Below

a more detailed explanation of the link between the dead-layer and the depolar-

ising field. If a ferroelectric capacitor is considered, the total capacitance can be

expressed as:

CT =
CFECdl

CFE + Cdl

=
ϵ0ϵFEϵdl

ϵFEdFE + ϵdlddl
(III.1)

Where CFE is the capacitance of the ferroelectric layer, Cdl capacitance of the

dead layer, and ϵdl dielectric permittivity of the dead layer. The voltage across the

ferroelectric and the dead layer results in:

V = EFEdFE + Edlddl (III.2)

With Edl being the field across the dead layer, and EFE the one across the

ferroelectric. The displacement fields of the ferroelectric and the dead layer are

equal to:

DFE = ϵ0ϵFEEFE + P (III.3)

Ddl = ϵ0ϵFEEdl (III.4)

If short circuit conditions are considered (V=0), DFE=Dint, the depolarising
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field can be expressed as:

Edep =
−Pddl

ϵ0(ϵFEddl + ϵdldFE)
(III.5)

Meaning that the thicker the dead layer and the lower its dielectric permittivity,

the higher the depolarisation field, which is also inversely proportional to the

thickness of ferroelectric. The field across dead layer results in:

Edl =
PdFE

ϵ0(ϵFEddl + ϵdldFE)
(III.6)

When ϵFE/ϵdl > 1 and dFE/ddl > 1, charge injection occurs from the dead layer

to the ferroelectric. This phenomenon was shown to be one of the causes of the

imprint I.2.6.

III.2 Synthesis of the Reference Structure

III.2.1 Fabrication Process

n+Si(100) substrates were used for the growth of the stacks. Prior to the de-

position of titanium nitride (TiN) bottom electrode, n-doped Si substrates were

cleaned in acetone and ethanol and freed from the native oxide layer by a buffer

oxide etching process. A pre-sputtering II.1.2 procedure was carried out to clean

the surface of the Ti target form the TiO2 contamination and to improve the vac-

uum in the deposition chamber down to 10−6 mbar. As bottom electrode, a 50

nm-thick TiN layer was grown by reactive magnetron sputtering from a Ti target

at a pressure of 5× 10−3 mbar, in a mixture of Ar:50 sccm and N2:30 sccm. With-

out breaking the vacuum, 12 nm-thick HZO film was deposited on TiN bottom

electrode by magnetron sputtering from a Hf0.5Zr0.5O2 ceramic target at a pressure

of 5 × 10−2 mbar. Afterwards, UV photolithography was performed to obtain the

electrical contacts. The top electrode consisted of a 50 nm-thick TiN layer, de-

posited in the same conditions as bottom one. Following the deposition of the top

electrode, a protective conductive film made of few nm-thick Ti adhesive layer and

a 50-nm thick Pt layer was grown. Once the last deposition step was completed,

the sample underwent a lift-off procedure with acetone. Figure III.1 schematises

the fabrication process of the reference structure. Prior to the growth of the stack,
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the deposition speed of HZO, TiN, Ti, and Pt was calibrated, in order to ensure the

deposition of the right thickness. The latter was checked by profilometer, inside

the cleanroom facility, or, for synthesis of ultra-thin films, by X-ray reflectometry

(XRR). The growth and the capacitors processing conditions are reported in table

III.1. More details on the fabrication process of the reference structure can be

found in the thesis work of J. Bouaziz [143].

n+Si(100) n+Si(100)/TiN n+Si(100)/TiN/HZO

n+Si(100)/TiN/HZO

Photoresist

n+Si(100)/TiN/HZO/TiN/Ti/Pt n+Si(100)/TiN/HZO/TiN/Ti/Pt

UV lithography lift-off

Figure III.1: Schema of the fabrication process of the reference structure.

III.2.2 Post-Metallisation Annealing

The last step of sample fabrication was the annealing, performed to obtain crys-

talline HZO. GI-XRD analysis revealed that, before the annealing process, HZO was

amorphous. Annealing was carried out mostly by RTA and after the deposition of

the top electrode and electrical contact (post-metallisation annealing (PMA)). RTA

was carried out in a N2 atmosphere for 30 seconds. As far as the temperature is

concerned, the majority of the specimens were annealed at 450 ◦C, to respect the

constrains imposed by the CMOS technology. However, samples annealed at 600
◦C were tested for comparison. Another used annealing method was the tubular

furnace annealing in a N2 atmosphere and for 30 minutes. In this case as well,

temperatures of 450 ◦C and 600 ◦C were tested. However, the furnace annealing

required a higher thermal budget compared to the RTA. Experimental results ob-

tained on samples annealed by RTA or tubular furnace are presented later in the

chapter. Annealing conditions are reported in table III.1.
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Table III.1: Film growth, annealing, and capacitor fabrication conditions.

Sputtering Process

Target-substrate distance 8 cm

Base pressure < 5× 10−7 mbar

Ignition pressure 5× 10−2 mbar

Pre-sputtering of Ti

Power (W) 290 W DC

Time (min) 30 min

Gas (sccm) Ar 50 sccm

Working pressure (mbar) 5× 10−3 mbar

Deposited elements TiN Hf0.5Zr0.5O2 Ti Pt

Substrate n+Si(100) n+Si(100)/TiN n+Si(100)/TiN/HZO n+Si(100)/TiN/HZO/TiN

Target (purity) Ti (99,995 %) ZrO2/HfO2 (50%/50%) Ti(99,995 %) Pt (99.95 %)

Target RF power/voltage (W/V) 300 W 100 W 100 W 137 V

Holder DC bias voltage (V) 60 V None None None

Gas (sccm) Ar 50 sccm; N2 3 sccm Ar 50 sccm Ar 50 sccm Ar 50 sccm

Working pressure (mbar) 5× 10−3 mbar 5× 10−2 mbar 5× 10−2 mbar 5× 10−3 mbar

Deposition rate ≈ 5 nm/min ≈ 4 nm/min ≈ 3.5 nm/min ≈ 17 nm/min

UV Lithography Conditions

Photoresist Positive AZ5214

Exposure time (s) 5 s

Flood exposure time (s) 25 s

Power per units area (mW cm−2) 20 mW cm−2 at 405 nm

Rapid Thermal Annealing Conditions

Temperature (◦) 450 ◦C/600 ◦C

Atmosphere (1 atm) N2

Time (s) 30 s

Ramp (◦C/s) 9 ◦C/s

Tubular Furnace Annealing Conditions

Temperature (◦C) 450 ◦C/600 ◦C

Atmosphere (1 atm) N2

Time (s) 30 min

Ramp (◦C/min) 7 ◦C/min

III.2.3 Characteristics of the Reference Structure

Thickness of the HZO layer

The thickness of HZO chosen to synthesise the reference structure was 12 nm.

At this thickness, a robust ferroelectricity and reproducible results were obtained.

A reference structure, figure III.2, fabricated according to previously mentioned

conditions, was synthesised before the fabrication each batch of samples, in order

to probe the quality of the HZO layer. Structural characterisations by XRR and

GI-XRD, and electrical characterisation by PUND were performed on the reference

sample to ensure the presence of the o-phase. Once the good quality of the struc-

ture was confirmed, other parameters were changed, such as the thickness of HZO

film, the thickness of electrodes, and the material of electrodes.
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TiN (BE) 50 nm
HZO 12 nm

TiN (TE) 50 nm

Ti/Pt 50 nm

n+Si(100)

Figure III.2: Schematic of the reference structure.

Effect of the Top Electrode

The top electrode, TiN in the presented case (and for the most part of structures

analysed in this work), plays a fundamental role in the o-phase formation in HZO

during the post-annealing phase. Indeed, it exerts a mechanical confinement that

inhibits the t-phase to m-phase transition, favouring the t-phase to o-phase one

[180]. This phenomenon had been reported in the literature by several studies

and it is know as "capping layer" effect. Ferroelectric properties of HZO can be

modified by the in-plane strain induced by the top electrode, which promotes a

phase transformation. The strength of the strain and its nature, tensile or com-

pressive, depend on the thermal expansion coefficient (TEC) of the considered

materials. Cao et al. [181] studied the effect of different top electrodes on the

ferroelectric properties of a 10 nm-thick HZO-based capacitors. As TEC decreases,

the tensile strain increases and the fraction of ferroelectric phase rises accordingly.

Furthermore, it was shown by Lee et al. [182] that the capping layer increases

the activation energy for the t- to m-phase transition, reducing its probability with

respect to structures without top electrode. A significant number of works re-

ported devices, in which TiN was used as top electrode, suggesting its efficiency

as a capping layer. Although, it was demonstrated by Athle et al. [183] that tex-

turing of the TiN film might considerably influence the ferroelectricity of HZO. For

a majority of (002) texture, they observed a sharp degradation of the remanent

polarisation, which increased up to 30 µC.cm−2 for a majority of (111) texture.

This result shows that the conditions in which samples are fabricated, in this case

the deposition process of TiN top electrode, play a crucial role in the modulation

of HZO ferroelectric properties. This was confirmed also by J. Bouaziz [143]. In
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this work, the texture of TiN, which is polycrystalline, does not seem to affect HZO

ferroelectricity. This could be due to multiple factors strictly related to the exper-

imental conditions, such as, in case of magnetron sputtering, the composition of

target, the RF power, the pressure, and the N2 flow. The physical properties of TiN

electrodes, grown in the same conditions as here reported, as a function of various

parameters are extensively examined in the work of J. Bouaziz [143].

Titanium Nitride Electrodes

TiN was used as bottom and top electrodes for reference structures. There are

multiple reasons behind this choice. First, rather practical, motivation is related

to the fact that this type of capacitive stack was object of a previous PhD project at

INL. It was extensively studied and optimised for non-volatile memory applications

by J. Bouaziz [143]. In particular, in his work, Bouaziz investigated the physical

properties of TiN depending on several factors, such as the sputtering power, the

nitrogen flow, the deposition temperature, and the deposition pressure. Further

reasons are related to the abundance of nitrogen and titanium in nature and to

its physical characteristics. TiN is characterised by low resistivity, ∼ 3 × 10−8

Ω.m−1(measured by four probe method), which makes it a good conductor, is

a hard material, and has a good adherence. The TiN synthesised by sputtering

throughout this thesis was polycrystalline and it presented mainly (200) and (111)

orientations.

Titanium Nitride Oxidation Mechanisms

The oxidation of TiN is a further relevant aspect to take into account for struc-

tural and electrical analysis of the reference structures and of samples that include

TiN as electrode. TiN oxidation phenomenon has a remarkable impact on the mi-

crostructure of the TiN/HZO interface and it can influence the ferroelectricity of

the HZO layer, also in relation to its thickness. This oxidation mechanism has been

described by Esaka et al. [184], figure III.3. TiN shows an intermediate oxidation

state of the form Nx-Ti-Oy. Ti-N bond is a mix between a covalent, metallic, and

ionic bond, and, when Ti-O bond forms, the ionic bond Ti-N is strengthened. The

consequence is a charge transfer from Ti to N atoms. TiN(O) might originate from

the residual oxygen in the sputtering chamber or from the oxygen present in the
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oxide target during HZO growth. Moreover, the presence of TiN(O) at the in-

terface electrode/HZO can be associated to the oxygen redistribution that occurs

during the annealing process. TiN(O) interfacial layer is revealed by compositional

analysis by EELS, presented in chapter V, and it is confirmed in the in the works

of Bouaziz et al. [22, 158, 159].

Figure III.3: Schema of the TiN oxidation process proposed by Esaka [184].

III.3 Structural Characterisations

III.3.1 XRR Measurements

The structural characterisations were carried out by means of X-ray reflectometry

(XRR) and glancing-incidence X-ray diffraction (GI-XRD). Figure III.4 represents

the XRR spectra of 50 nm-thick TiN layer deposited on n+Si(100), figure III.4a, of

12 nm-thick HZO layer on n+Si(100), figure III.4b, and of n+Si(100)/TiN/HZO,

figure III.4c. XRR was performed prior to synthesis of the finished samples to

check the thickness of deposited layers and calibrate deposition time of each used

material. In figure III.4a, the number of oscillations reveals a rather thick de-

posited layer, which corresponds to the 50 nm-thick TiN electrode. On the con-
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trary, broader oscillations in figure III.4b are characteristics of the 12 nm-thick

HZO layer. Figure III.4c shows both the presence of TiN, denser oscillations, and

HZO, broader oscillations.
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Figure III.4: XRR patterns acquired for: a) n+Si(100)/TiN with TiN 50 nm. b)
n+Si(100)/HZO with HZO 12 nm. c) n+Si(100)/TiN/HZO with TiN 50 nm and
HZO 12 nm.

III.3.2 GI-XRD Analysis

Crystalline phase of HZO was investigated by means of GI-XRD experiments. The

latter allows to verify the presence of the f-phase. Figure III.5 shows GI-XRD
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pattern of the reference structure, taken in the range of incidence angle (2θ) 15-

100◦. This angular range allows to identify the whole set of peaks associated to

HZO, TiN, Pt, and Si substrate. For phase study of HZO, 2θ range of interest was

between 25◦ and 45◦. Figure III.6a reports GI-XRD pattern of reference structure

with a label for each peak. The reference XRD patterns, used to label the peaks, are

from ICDD01-97 083-0808 for HZO o-phase, ICDD00-034-0104 for HZO m-phase,

ICDD00-038-1420 for TiN, and ICDD00-004-0802 for Pt. In figure III.6b, the red

dotted line represents the experimental data and the straight blue line the fit. The

fitting function is a pseudovoigt that accounts for Cu K alpha 1 and Cu K alpha

2 radiations, a description can be found in annex B VI.5. The position of the o-/t-

peak at 30.5◦ corresponds to the (111) family of planes. Monoclinic components

are detected at 28.4◦ (m-HZO(11-1)), at 31.6◦ (m-HZO(111)), and at 35.5◦ (m-

HZO(200)). TiN peaks are identified at 36.6◦ (TiN(111)) and at 42.6◦ (TiN(200),

and a Pt peak at 39.8◦. A further small Pt peak at ∼ 40.2◦ is distinguishable and

corresponds to the K alpha 2 radiation. The appearance of two peaks of Pt, of

the Cu K alpha 1 and Cu K alpha 2 radiations, suggests that Pt is characterised

by large crystallites. The result of fit of o-HZO(111) diffraction peak, at 30.5◦,

was considered for evaluation of the average out-of-plane crystallite size of o-HZO

crystallites by means of Scherrer equation [185]:

D =
Kλ

βcos2θ
2

(III.7)

Where K=0.9 is shape factor, λ=0.154060, β full width at half maximum

(FWHM) of diffraction peak o-HZO(111) at 30.5◦, extracted from the fit, and 2θ

scattering angle of o-HZO(111) reflection. The average o-phase crystallite size in

a 12 nm-thick HZO layer was found to be ∼ 8.6 nm. Scherrer equation was also

used to evaluate average out-of-plane crystallite size of the m-phase crystallites.

FWHM of m-peak(11-1) at 28.6 ◦ was considered and D was found to be ∼ 9 nm.

From this analysis, it seems that average size of o-phase and m-phase crystallites

is similar.
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Figure III.5: GI-XRD pattern of the reference structure taken over a 2θ range 15◦-
100◦.
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Figure III.6: a) GI-XRD pattern of the reference structure taken over a 2θ range
25◦-45◦. b) Fit performed using a pseudovoigt function accounting for Cu K alpha
1 and Cu K alpha 2 radiations.

Figure III.7 reports the GI-XRD pattern of the reference structure and the fit,

together with the difference between the two. The yellow line represents the result

of the fit for the o-HZO(111) peak.
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Figure III.7: GI-XRD pattern of the reference structure taken over 2θ range 25◦-
45◦. The dashed red line represents the experimental data, the straight blue line
the fit. The yellow line represents the result of the fit, if only the pseudovoigt of the
o-HZO(111) peak is considered. Below, the difference between the experimental
data and the fit.

III.3.3 RBS Analysis

The stoichiometry of the reference structure was evaluated by RBS spectroscopy,

figure III.8. The analysis was performed with 4He+ ions of 2 MeV energy. Backscat-

tered ions were detected with a 13 keV resolution implanted junction set at an an-

gle of 165° with respect to the beam axis. RBS data confirmed the stoichiometry

1:1:4 for Hf0.5Zr0.5O2 deposited by sputtering.
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Figure III.8: RBS spectrum of the reference structure.

III.3.4 AFM Analysis

To study the surface morphology of HZO deposited on the TiN bottom electrode,

AFM analysis was performed in tapping mode. Figure III.9 shows the surface of a

12 nm-thick HZO layer deposited on a 50 nm-thick TiN bottom electrode, before

RTA (figure III.9a) and after (figure III.9b). The results indicate that the surface

is rather flat, either before or after the annealing. Indeed, RMS roughness was

measured to be ∼ 0.42 nm and ∼ 0.33 nm, respectively. The area over which the

scan was performed was 2×2 µm2.

z-scale = 3.7 nm z-scale = 5.8 nm

Before RTA

n+Si(100)/TiN/HZO n+Si(100)/TiN/HZO

After RTA

a) b)

Figure III.9: AFM images of the surface of the reference structure. a) Before RTA
procedure. b) After RTA procedure.
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III.3.5 TEM and HR-TEM Analysis

TEM measurements where acquired to probe the morphological and structural

properties of the HZO layer, and of the interfaces between the oxide and the elec-

trodes. The TEM cross-section of the specimens was prepared by mechanical thin-

ning followed by Ar+ ion milling on a Gatan PIPS machine, with an acceleration

voltage of 4 kV, and at a 6◦ incident angle. TEM analysis was performed at the

National Institute of Material Physics in Romania, in the frame of the H2020 Euro-

pean project 3ϵFERRO. Figure III.10a shows low magnification TEM image of the

reference sample, where it is noticeable the contrast of the 12 nm-thick HZO layer

on the TiN bottom electrode. The electron diffraction pattern, in figure III.10b,

was obtained on a selected area that includes the Si substrate and the deposited

films.

Figure III.10: a) TEM image at low magnification of the reference structure. b)
SAED pattern performed on the TEM image at low magnification.

Figure III.11a reports HR-TEM image of reference structure, where it is possible

to identify two different HZO crystallites corresponding to the o-phase and to the

m-phase. Figure III.11b shows a magnified view of the two crystal structures. To

determine the crystal structure of HZO, fast Fourier transform (FFT) on HR-TEM

image was performed. FFT allowed to assign the two spots of the pattern in figure

III.11c to o-HZO(111) planes and to m-HZO(111) planes. Obtained results suggest

that there is a coexistence of o- and m- phase in HZO. Figure III.11d represents a

mixed-color image obtained by filtering out all FFT intensities except HZO(111)

peaks, to better highlight the spatial relationship between HZO crystallites with

different structure.
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Figure III.11: a) HR-TEM image of the reference structure. b) Magnified view of
HZO crystallites with different crystal structures, from the area marked by the two
blue circles in a). c) FFT performed on a). d) Reconstructed image of the HZO
crystallites using the two spots marked on c).

To have a better insight on the mixture of crystalline phases that characterise

HZO layer, another area of the cross-section was analysed. Figure III.12a shows

the HR-TEM image of reference sample, the area highlighted in blue was used to

perform the FFT in figure III.12b. The inset in figure III.12b offers a magnified

view of selected area, together with a schematic of the orthorhombic unit cell,

simulated by the VESTA software in the [uvw]=[01-1] zone axis. From the FFT

image, it is possible to assign the spots to the (111), (-1-1-1), and (200) planes of

the o-phase.

In conclusion, TEM and HR-TEM study revealed that the o-phase is dominant

in a 12 nm-thick HZO layer and only isolated monoclinic crystallites are identified.

However, some areas of the sample could not be analysed because they were not

transparent to the electron beam. This analysis confirmed the coexistence of o-

phase and m-phase crystallites that was already found by GI-XRD presented in

section III.3.2.
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Figure III.12: a) HR-TEM image of the reference structure. Highlighted in blue,
the area over which the FFT was performed. b) FFT of the area highlighted in
blue in a). Inset: magnified view of the area highlighted in blue together with the
o-HZO unit cell in the [uvw]=[01-1] zone axis.

III.4 Electrical Characterisations

In order to validate the presence of the ferroelectric phase in the reference struc-

ture, electrical characterisations were performed. The specimens were analysed

by PUND, I-V, and C-V measurements, as explained in chapter II.

III.4.1 PUND

The polarisation vs voltage P-V measurements were performed at room tempera-

ture on 20 µm-diameter capacitors. The set up employed for the electrical char-

acterisation consisted in a manual probe station, where the samples were kept in

a close environment and the electrical contact was made with two tungsten-tip

probes. The voltage was applied by contacting the Pt contact of each device with

one probe, while the other was kept on common bottom electrode. The protocol

used for the voltage cycling consisted on the application of trapezoidal bipolar

signals at a frequency of 2.5 kHz and a voltage amplitude between 2 V to 5 V,

depending on samples, followed by a PUND sequence (section II.6.3) at the same

frequency. The results presented in this section were obtained after 103 voltage

cycles. Figure III.13a shows the P-V characteristic of the reference structure. The

blue curve represents the P(V) extracted from the PN sequence, while the red and

yellow curves the P(V) extracted from the PUND one. The latter, as explained in

section II.6.3, is corrected by subtracting the contributions of the leakage and dis-
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placement currents. Double remanent polarisation (Pr), considered as 2| P± |, was

∼ 26 µC/cm2, in line with the values reported in the literature [151, 155, 186–

188]. It is noticeable, in figure III.13a, a slight right shift with respect to the 0 V of

the hysteresis loop due to the imprint (section I.2.6). Since the reference structure

was symmetric (bottom and top electrode are made of the same material), the im-

print was probably due to a different surface reconstruction at the top and bottom

interfaces, considering that the sample was exposed to air before the deposition

of the top electrode [189–191]. A further reason for the presence of the imprint

could be associated to electron de-trapping from oxygen vacancies, as Yuan et al.

recently proposed [192]. The wake-up (figure III.13) effect is responsible for the

increase of Pr as a function of applied voltage cycles.

Endurance tests were performed on pristine capacitors, usually until the electri-

cal breakdown occurred. Figure III.14 shows evolution of P− and P+ as a function

of the number of cycles. The initial increase of the Pr is associated to wake-up

effect. The Pr reaches its maximum value after approximately 103 cycles, after-

words it slightly falls until electrical breakdown occurs at ∼ 5 × 105. As for the

value of the 2Pr, also the value of the endurance is similar to what can be found

in the literature [159, 170]. Decrease of Pr is associated to a fatigue state, I.2.6,

that precedes the electrical breakdown.

In figure III.15, the red curve corresponds to the PN current, which includes the

switching, leakage, and displacement currents. The yellow curve represents the

UD current, which groups the contributions of leakage and displacement current.

Finally, the blue line corresponds to the signal obtained by subtracting UD form

PN currents.

Further reference samples were characterised during this thesis and it was pos-

sible to conclude that a stack with 12 nm-thick HZO layer, which was synthesised

in previously presented conditions, showed a robust ferroelectricity. The Pr oscil-

lated in a range between 10 and 20 µC/cm2. In most of the analysed cases, the

electrical breakdown occurred after 106 cycles, but some of the structure showed

an endurance up to 108 cycles.
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Figure III.13: a) P-V curve of the reference structure after 103 cycles. The hysteresis
loop in blue accounts only for the current contributions recorded for pulses P and
N, thus the leakage current contributions are not subtracted. The hysteresis loop in
red corresponds to the application of the PUND correction, thus only ferroelectric
effects are considered (section II.6.3) b) Evolution of Pr as a function of voltage
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C-V Measurements

The values of the relative dielectric constant (ϵr) and capacitance (C) of HZO can

be extracted from the equation:

ϵr =
C × d

ϵ0 × A
(III.8)

where C is the maximum value of the capacitance, d the thickness of HZO

layer, ϵ0 the vacuum dielectric constant, and A the area of capacitor. Considering a

circular capacitor with 10 µm radius and a HZO thickness of 12 nm, the maximum

value of ϵr was ∼ 38, in accordance with the literature, for which the value of ϵr
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for HZO is ∼ 35 [158, 193, 194]. If the maximum value of ϵr is considered, figure

III.16, C is found to be ∼ 10 pF. ϵr is described by a butterfly-shaped curve, figure

III.16, characteristic of ferroelectric materials.

III.4.2 Current Transport Mechanisms in the Reference Struc-

ture

To investigate which current transport mechanism was dominant in the reference

structure, J/V measurements were performed. Prior to the presentation of the ex-

perimental results, table III.3 reminds which are the main conduction mechanisms

that can characterise ferroelectric capacitors [142].

J/V plots were obtained at different temperatures, ranging from 4 K to 300
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Table III.2: Current transport mechanisms in ferroelectric capacitors.

Mechanism Equation Dominated by

Schottky Emission jSE(E) = A∗T 2exp

[
−q(ϕB−

√
qE/4πϵ0ϵr)

kbT

]
Interface

Fowler-Nordheim Tunnelling jFNT (E) = C e3

16π2ℏm∗ϕB
E2exp

[
−4
√
2mem∗

3ℏe
ϕ
3/2
B

E

]
Interface

Ohmic Conduction jOC = Eexp
(
−∆Eac

kbT

)
Bulk

Thermionic Emission jTI(E) = A∗T 2exp
[
− 1

kBT

(
ϕB −

√
e3E

4πϵ0ϵr

)]
Bulk

Poole-Frenkel Emission jP−F (E) ∝ Eexp

[
−q(ϕB−

√
qE/πϵ0ϵr)

kbT

]
Bulk

Space Charge Limited Current (SCLC) jSCLS = A0
V n

dm
Bulk

A∗ Richardson constant, ϕB ferroelectric/electrode barrier, ϵr relative permittivity of the ferroelectric, kb Boltzmann
constant, m∗ effective mass, me mass of the electron, Eac activation field of electrons, A0, m, and n are positive
constants.

K. In figure III.17a, the significant reduction of current as a function of the tem-

perature indicates that the thermionic emission plays an important role at high

temperature. By fitting the experimental results with the different conduction

mechanisms, it was found that the dominant one in reference structure was the

Poole-Frenkel emission, figure III.17b, with an extracted trap depth of 0.21 eV.

These results are in accordance to what is reported in the literature concerning

the current conduction mechanisms in HfO2/HZO-based capacitors [195, 196].
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Figure III.17: a) J/V curves of the reference sample at different temperatures. b)
Fit of the experimental results according to the Poole-Frenkel conduction mecha-
nism.

III.5 Furnace Annealing

This section is dedicated to a rapid presentation of results of the structural and

electrical characterisation of two reference samples annealed by tubular furnace

annealing. The two presented stacks were prepared under the same conditions,

but annealed at 450◦C and 600◦, respectively. They are called sample 1 and sample

2, for simplicity. Figure III.19a reports the GI-XRD pattern of sample 1, together

with the fit, and figure III.19b the GI-XRD patterns sample 2 and corresponding

fit. The average out-of-plane crystalline size of o-phase and m-phase crystallites

of HZO was calculated by Shrerrer equation III.7. Sample 1 was characterised

by an average o-phase and m-phase crystalline size of ∼ 8 nm and ∼ 10 nm,

respectively. For sample 2, they were ∼ 11 nm and ∼ 8, respectively. Latter result

suggests that a high annealing temperature promoted the formation of larger o-

phase crystallites and smaller m-phase crystallites compared to low temperature.

However, a high annealing temperature might also be responsible for the creation

of structural defects that alter the bandgap of HZO, as the change of the color

of the sample surface indicated in Figure III.18. It is important to mention that

the GI-XRD analysis is qualitative, due to the slight different area of the samples

and a different surface patter of capacitors. For this reason, the comparison of the

intensity of the o-peak would not be meaningful.

The electrical characterisation shows that sample 1 is marked with a higher
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Annealing at 450 °C Annealing at 600 °C

Figure III.18: On the left a photo of a sample annealed at 450 ◦C, on the right of
a sample annealed at 600 ◦C.
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Figure III.19: a) GI-XRD pattern of the reference structure annealed by tubular
furnace at a) 450°C. b) 600°C.

2Pr, of ∼ 39 µC/cm2, compared to sample 2, for which the 2Pr is ∼ 29 µC/cm2,

figures III.20a and b. Both samples are characterised by imprint, slightly more

evident in sample 1. The endurance test is shown in figures III.21a and b. The

endurance of sample 1 is 5 × 105 cycles, slightly higher than the one of sample 2,

for which the electrical breakdown occurs after 105 cycles. However, sample 2 is

characterised by almost null wake-up, meaning that value of Pr does not change

as a function of cycling. The latter is an extremely important feature for optimised

ferroelectric-based devices.

If compared to the properties of the reference structure annealed by RTA, these

results seem to be better either in terms of remanent polarisation or endurance.

However, use of the tubular furnace as annealing method was not pursued along

the thesis, because of a lack of reproducibility of results. The RTA process was

found to be a more reliable technique to obtain structures characterised by robust

ferroelectric properties and it required a lower thermal budget compared to the

furnace.
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Figure III.20: P-V curve of: a) sample 1, extracted after 103 cycles. b) Sample 2,
extracted after 103 cycles.
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Figure III.21: Endurance test of: a) sample 1. b) Sample 2.

III.6 Scaling Down the HZO Thickness

The ferroelectric phase in HfO2 is not considered as stable phase. If bulk free en-

ergy is considered, no polar phases are present in phase diagram of neither HfO2

nor ZrO2, figure I.7. Although, its stabilisation through surface energy effects

was theoretically suggested by Materlik et al. in 2015 [35]. In 2019, Park et al.

[197] proposed a kinetic model to complete the previously proposed and less ac-

curate thermodynamic model. Over past years, several works have demonstrated

ferroelectricity in HfO2-based alloys and especially in HZO, in a thickness range

between ∼ 8 nm to 25 nm. However, it becomes challenging to obtain robust fer-

roelectric properties when the HZO thickness is further scaled. Nevertheless, the

synthesis of ultra-thin HZO layers is of great interest to satisfy the request of minia-

turisation for various technological applications. For this reason, the research has

extensively investigated how to fabricate ultra-thin HZO-based devices with robust

ferroelectricity. Previous to presentation of our experimental results, it is worthy
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to revise briefly the parameters that could influence the o-phase formation in HZO

thin films. In the literature, several studies reported a dependence of the o-phase

formation on fabrication conditions and on other physical parameters, as the ma-

terial used for the electrodes, the concentration of oxygen vacancies (III.1.3), and

the grain size. Park et al. [198] investigated the evolution of the o-phase fraction

of HZO layer of different thicknesses grown on TiN or Ir bottom electrodes. They

demonstrated that the o-phase formation depends on the grain size and a critical

value of ∼ 18 nm was found. Large grains favoured the formation of the m-phase,

which was responsible for a degradation of the 2Pr, above an HZO thickness of

∼ 20 nm. The same group [199] observed a degradation of the 2Pr in HZO films

below 8 nm, due to a lower surface energy of the t-phase compared to the o-phase.

Lee et al. [144], in their study of the optimal fabrication conditions for an 11 nm-

thick HZO-based structure, showed that a high deposition speed of HZO favoured

the o-phase, thanks to the suppression of the grain growth. Furthermore, when

HZO is few nm-thick, interface effects become non-negligible. Depolarising field

generated by dead-layers becomes stronger and leads to a degradation of the fer-

roelectricity and a reduction of the coercive field. However, ferroelectricity has

been demonstrated in ultra-thin films. For instance, Chernikova et al. [200] de-

tected ferroelectric behaviour in a n+Si/HZO/TiN structure, where the HZO layer

was 2.5 nm-thick. At this thickness, 2Pr is rather low, and, in order to obtain a

satisfactory resistive switching, they concluded that the optimisation of interface

properties was crucial. Other articles reported the existence of ferroelectricity in

ultra-thin region in epitaxial HZO [68, 87, 162]. Nevertheless, the stabilisation of

the o-phase at very low thickness is still under investigation, due to the multiple

factors that take part to this process, such as the fabrication conditions, the surface

energy effects, and the role of the electrodes.

III.7 Conclusion of the Chapter

The first part of this chapter gave an overview on the fabrication methods of HZO

thin films and defects formed during the synthesis process, which can affect the

device performances. The second section was dedicated to the state of art and the

requisites for FTJs commercialisation. At last, the structure used as a reference

for this work was presented, together with the structural and electrical charac-
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terisations by means of XRR, GI-XRD, AFM, RBS, TEM, HR-TEM, PUND, I-V, and

C-V measurements. Reference structures based on 12 nm-thick HZO layer showed

robust ferroelectric behaviour. However, for synthesis of FTJs, the thickness of the

HZO layer should be reduced to allow the electrons to tunnel between the elec-

trodes. As mentioned in section III.6, this is a challenging task, which requires

the control of several parameters. Chapters IV and V are dedicated to exploration

of ways to stabilise the ferroelectric phase in ultra-thin HZO films and to enhance

their ferroelectric performances. At first, we explored impact of different bottom

electrodes (chapter IV), afterwards we focused on the use of interface engineering

to optimise the FTJ stacks (chapter V).
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CHAPTER IV

Reduction of HZO Thickness and Impact of the Bottom

Electrode

One of the challenges associated to the use of HZO as a ferroelectric material for

the realisation of FTJs is related to obtaining robust ferroelectricity at a thickness

of few nanometers. The structure presented in chapter III was characterised by

good ferroelectric properties, but it was not suitable to serve as a FTJ, because of

the HZO layer was too thick. Indeed, a 12 nm-thick ferroelectric film does not al-

low the tunnelling of electrons between the electrodes. The first part of this chap-

ter is dedicated to the study of n+Si(100)/TiN/HZO/TiN/Ti/Pt heterostructures

characterised by decreasing HZO thickness, from 12 nm to 6 nm. The second part

is devoted to the presentation of different bottom electrode materials and their

impact on the o-phase formation and stabilisation in the HZO layer. This in the

frame of looking for solutions to improve the ferroelectric properties of ultra-thin

HZO films for FTJ applications.

IV.1 Analysis of the Effect of Thickness Reduction

The reference structure of chapter III was considered as a starting point for the

reduction of the HZO thickness. In this section, stacks based on 8 nm-thick, 7 nm-

thick, and 6 nm-thick HZO are investigated with the purpose of understanding,
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through structural and electrical characterisations, how ferroelectricity evolves

with decreasing HZO thickness. The here presented samples were fabricated in

the same conditions reported in table III.1 and annealed by RTA at 450 ◦C.

IV.1.1 Structural Characterisations: GI-XRD and HR-TEM

Figure IV.1 shows the GI-XRD patterns of four samples with 12 nm-thick, 8 nm-

thick, 7 nm-thick, and 6 nm-thick HZO layer. It is clearly noticeable the evo-

lution of the orthorhombic and monoclinic peaks when the thickness of HZO is

thinned down. In figure IV.1a, the m-phase peaks at ∼ 28.4 ◦ (m(11-1)), ∼ 31.6 ◦

(m(111)), and ∼ 35.5 ◦ ((m(200)) are distinguishable and suggest a more signif-

icant component of m-phase crystallites. Figures IV.1b, c, and d show the GI-XRD

patterns of the samples with 8 nm-thick, 7 nm-thick, and 6 nm-thick HZO layer.

For the former case, the monoclinic contributions at ∼ 28.4 ◦, ∼ 31.6 ◦, and ∼

35.5 ◦ appear to be less important compared to the orthorhombic one at ∼ 30.5 ◦.

For the latter cases, they are almost non-existent (figure IV.1c and d), but only a

small m-peak was detected at 35.5 ◦.

The progressive disappearance of the m-phase with decreasing HZO thickness

is also confirmed by the HR-TEM analysis. Figures IV.2a and b report the HR-TEM

images of the n+Si/TiN/HZO/TiN/Ti/Pt heterostructure with a ∼ 8 nm-thick and

a magnified view of an o-phase crystallite. The FFT pattern in figure IV.2c was

performed on the entire area represented in figure IV.2a and used to extract the

reconstructed image of o-HZO crystallites of (111) orientation, in figure IV.2d.

These findings revealed that, for a thin HZO layer, the amount of o-phase crystal-

lites increases with respect to the reference structure described in section III.11.

The results of the fit of GI-XRD patterns of the four samples and the Sherrer

equation III.7 were used to determine average out-of-plane o-phase crystallite size

of the HZO layer. Figures IV.3a, b, c, and d show the GI-XRD experimental data,

the fits, and difference between the two for the four considered structures. The

FWHM of the yellow curve, which corresponds to result of the fit of only the o-

HZO(111)-peak, was used to determine the crystallite size.
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Figure IV.1: GI-XRD experimental data, dashed red line, and fit, straight blue line,
of the structure n+Si(100)/TiN/HZO/TiN/Ti/Pt with: a) 12 nm-thick HZO layer.
b) 8 nm-thick HZO layer. c) 7 nm-thick HZO layer. d)6 nm-thick HZO layer.
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Figure IV.2: a) HR-TEM image of n+Si/TiN/HZO/TiN/Ti/Pt, HZO ∼ 8 nm. b)
Magnified view of a o-HZO crystallite from the area marked by the blue square
in a). c) FFT pattern performed on a). d) Reconstructed image of the two HZO
crystallites using the two spots marked in c).
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Figure IV.3: GI-XRD pattern, fit, and difference between experimental data and fit
of the structure n+Si(100)/TiN/HZO/TiN/Ti/Pt with: a) HZO ∼ 12 nm. b) HZO
∼ 8 nm. c) HZO ∼ 7 nm. d) HZO ∼ 6 nm.

Table IV.1 reports the average out-of-plane o-phase crystallite size for different

HZO thicknesses. The latter decreases proportionally with the thickness up to 7

nm, to increase again slightly for the 6 nm-thick HZO layer. This is characterised

by the lowest HZO thickness/crystallite size ratio, while the 12 nm-thick HZO film

by the highest. This suggests that as the thickness of the layer decreases the o-

phase crystallites tend to increase in size, even though the values obtained for the

8 nm-thick, 7 nm-thick, and 6 nm-thick HZO layer are very similar. Figure IV.4

gives the trend of the value of the average crystallite size as a function of the HZO

thickness.

Table IV.1: Average o-phase out-of-plane crystallite size for different HZO thick-
nesses.

HZO thickness (nm) HZO crystallite size (nm)

12 8.6

8 5.8

7 5.5

6 5.7

IV.1.2 Electrical Characterisations

PUND

To validate existence of the ferroelectric phase in HZO, detected by GI-XRD, PUND

was performed by means of the same protocol described in section III.4.1. Figures

IV.5a, b, c, and d report the hysteresis cycles associated to the devices with 12

nm-thick, 8 nm-thick, 7 nm-thick, and 6 nm-thick HZO layer. The PUND measure

to extract the hysteresis curves was performed after wake-up. At first glance, it

is possible to confirm the presence of ferroelectricity for all the probed structures.

A more detailed analysis of the P-V curves reveals that the highest 2Pr is reached

with the 7 nm-thick HZO layer, ∼ 32 µC/cm2. Similar values are obtained for 12
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Figure IV.4: Crystallite size vs HZO thickness.

nm-thick, and 8 nm-thick HZO, for which it is ∼ 26 µC/cm2 and 31 µC/cm2, re-

spectively. However, when the HZO thickness is scaled down to 6 nm, 2Pr notably

decreases to ∼ 10 µC/cm2, in line with what was discussed in section III.6. This

might indicate a threshold, in our case established to be ∼ 6 nm, below which

the ferroelectric performances of the devices steadily worsen. It is important to

mention that this conclusion was drawn on the basis of the experimental findings

related to this work, on used fabrication method, and conditions. Samples with a

thickness ⩽ 6 nm were often characterised by a degraded ferroelectricity and low

endurance. The imprint is evident in the 12 nm-thick, 7 nm-thick, and 6 nm-thick

HZO-based devices, while, it is more moderate in the 8 nm-thick one. Once again,

for symmetric structures, the imprint is most probably linked to the presence of

defects at the HZO/electrode interfaces that promotes the pinning of ferroelectric

domains. As far as the coercive field (Ec) is concerned, the highest value is as-

sociated to the 12 nm-thick HZO film and the smallest to 6 nm-thick one. When

Ec increases the amount of domains that contribute to the ferroelectric switching

increases as well. For FTJs, a high coercive field is desirable in order to detect

enough current before the switching of the polarisation.

A fundamental aspect to consider for the optimisation of ferroelectric HZO thin

films is the endurance that corresponds to the change of 2Pr as a function of the

voltage cycling. Figures IV.6a, b, c, and d show the endurance test of the structures
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Figure IV.5: P-V curve of structure n+Si(100)/TiN/HZO/TiN/Ti/Pt with: a) ∼ 12
nm-thick HZO layer, extracted after 5 × 102 cycles. b) ∼ 8 nm-thick HZO layer,
extracted after 5 × 103 cycles. c) ∼ 7 nm-thick HZO layer, extracted after 5 × 102

cycles. d) ∼ 6 nm-thick HZO layer, extracted after 5× 104 cycles.

with 12 nm-thick, 8 nm-thick, 7 nm-thick, and 6 nm-thick HZO layer. If the wake-

up is considered, samples with 12 nm-thick, 8 nm-thick, and 7 nm-thick HZO film

are characterised by a less marked wake-up than the 6 nm-thick HZO one and they

are ferroelectric in their pristine state. The 12 nm-thick and the 6 nm-thick HZO

structures entered in a fatigue state before electrical breakdown that occurred at

∼ 5 × 105 cycles and 107 cycles, respectively. On the contrary, the samples with 8

nm-thick and 7 nm-thick HZO underwent electrical breakdown, at ∼ 104 and at

105 cycles, before fatigue. The thinnest specimen presents the highest endurance,

but also highest wake-up, while the specimen that has the lowest wake-up, in

figure IV.6c, has also the lowest endurance. Ideally, wake-up should be minimised

and endurance maximised. Consequently, in the frame of the optimisation process

of the stack, it is important to fabricate a device that shows a good ferroelectric

behaviour even in the pristine state.
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Figure IV.6: Endurance test of structure n+Si(100)/TiN/HZO/TiN/Ti/Pt with: a)
∼ 12 nm-thick HZO layer. b) ∼ 8 nm-thick HZO layer. c) ∼ 7 nm-thick HZO layer.
d) ∼ 6 nm-thick HZO layer.

I-V measurements

Figure IV.7 reports the leakage current, represented in semi-logarithmic scale,

measured for samples with different HZO thicknesses. The highest current cor-

responds to the 6 nm-thick HZO sample, for which it is of the order of µA when ±

1.5 V is applied. As the HZO thickness decreases, the leakage current increases and

it reaches the minimum for the 12 nm-thick HZO specimen. For positive voltages,

a slight difference between the current measured for the two polarisation states

is noticeable only in the case of the 7 nm-thick HZO sample. A further reason for

which the leakage current is higher for the thin samples might be related to the

size of the crystallites in HZO. Small crystallites mean higher density of crystalline

boundaries between nano-grains, which could favour a high leakage current.

C-V measurements

C-V curves of samples with different HZO thicknesses were performed on pristine

capacitors and are shown in figure IV.8. As expected, the capacitance increases

with decreasing ferroelectric thickness, because of their inverse proportionality,
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Figure IV.7: I-V curves in semi-log scale, for applied voltage ±1.5 V, of samples
n+Si(100)/TiN/HZO/TiN/Ti/Pt with: HZO ∼ 12 nm, HZO ∼ 8 nm, HZO ∼ 7 nm,
and HZO ∼ 6 nm.

equation III.8. Its trend as a function of the voltage shows, for each sample, the

butterfly shape typical of ferroelectric materials. The maximum value of C is ∼

7.5 pF for the 12 nm-thick HZO sample, ∼ 9 pF for the 8 nm-thick and the 7

nm-thick ones, and ∼ 10.5 pF in the case of the 6 nm-thick HZO structure. The

irregular shape of the butterfly, specially for the 12 nm-thick and the 6 nm-thick

HZO samples, and the slight asymmetry of the curves with respect to the 0 V can be

attributed to defects at electrode/HZO interfaces and domain pinning [146, 201].

Table IV.2 reports the calculated values of the relative dielectric constant (ϵr)for

the four samples, using the maximum value of C in reference to figure IV.8.

Table IV.2: Value of ϵr for different HZO thicknesses.

HZO thickness (nm) Relative dielectric permittivity

12 ∼ 32.4

8 ∼ 26

7 ∼ 23

6 ∼ 23
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Figure IV.8: C-V measurements, for applied voltage of ±3.5 V, of samples
n+Si(100)/TiN/HZO/TiN/Ti/Pt with: HZO ∼ 12 nm, HZO ∼ 8 nm, HZO ∼ 7
nm, and HZO ∼ 6 nm.

IV.2 Bottom Electrode: State of the Art

The electrode material strongly impacts the physical, chemical, and electrical

properties of the ferroelectric layer. For instance, the choice of the materials and

the ferroelectric/electrode interface properties affect the leakage current density,

the electric field characteristics across the ferroelectric, and the imprint that can be

influenced by a top and bottom electrodes with different work functions. The bot-

tom electrode plays a crucial role on initial state of the oxide growth and it serves

as a nucleation layer. On the contrary, the top electrode does not affect the growth

behaviour, but it applies a residual stress on the already formed oxide layer, im-

pacting its ferroelectric properties as discussed in section III.2.3. This paragraph is

dedicated to the investigation of various materials used as bottom electrode and

their impact on the device performances. For fluorite-type ferroelectrics, several

bottom electrode materials have been explored, such as elemental metals, metal

nitrides, metal oxides, and semiconductors. This section gives an overview on the

state of art of HZO-based and HfO2-based structure with different bottom elec-

trodes. The most used material as electrode for fluorite-type structures is TiN, as

it is a standard material in CMOS technology [202]. The use of TiN was initially

reported by Böscke et al. in 2011, in their first study on ferroelectricity in HfO2-
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based thin films. Since then, TiN has been and it still remains widely used as a

bottom electrode. Nevertheless, other metals and compounds have been explored

and reported in the literature, few of them being very promising. In 2017, Ambriz-

Vargas et al. [83] proposed a FTJ device, where HZO was sandwiched between

Pt electrodes. Pt, as electrode material, could favour the deposition of highly ori-

ented ferroelectric thin films [203]. In 2018, Goh et al. [84] studied effect of TiN,

Si, SiGe, and Ge on HfO2-based FTJs. They showed that devices with Ge bottom

electrode exhibited high remanent polarisation and TER ratio. They attributed this

result to the in-plane tensile strain exerted by the Ge bottom electrode on the HZO

layer. In 2020, Chernikova et al. [204] compared the ferroelectric performances

of capacitive structures using TiN and Ru bottom electrodes. They reported a

more stable ferroelectric response using Ru bottom electrode rather that TiN, but

an earlier breakdown. They attributed the first finding to the bottom interface

properties and the second to a higher surface roughness of Ru bottom electrode

with respect to TiN. Structures with Ru bottom electrode were demonstrated to

guarantee a good ferroelectricity also by Cao et al. [205]. They showed high

endurance, low leakage current, and high breakdown field. The obtained results

were ascribed to a lower concentration of defects and oxygen vacancies in HZO

with Ru electrodes. Ruthenium oxide (RuO2) used as bottom electrode was shown

to be very promising also for ferroelectric PZT, because it guarantees a very little

inter-diffusion of PZT and a sharp interface [206]. Zacharacki et al. [207] re-

ported a very large Pr in ferroelectric Hf1−xZrxO2 grown on Ge substrates. The

o-phase formation was assigned to the residual thermal tensile strain applied by

the Ge substrate and quality of ferroelectricity to the absence of an interfacial dead

layer. The cited works are only few examples and other materials were explored

as bottom electrode, such as TaN [45], Si [68, 187, 208], and Ir [198]. However,

the film growth and the annealing conditions strongly affect the ferroelectric per-

formances of HZO- and HfO2-based devices, sometimes leading to very different

results with respect to what is reported in the literature.

IV.3 Investigated Structures

The use of bottom electrodes other than TiN was pursued also in this work with

the aim of finding a capacitive structure based on ultra-thin HZO with robust fer-
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roelectric properties. As first, a reference thickness of 12 nm was employed to test

the ferroelectricity of HZO grown on different bottom electrodes and the repro-

ducibility of the results. Four bottom electrode materials were considered: n+Si,

p+Ge, Pt, and TiN as reference for comparison. Figure IV.9 shows a schematic of

samples that were analysed. The thickness of electrodes was 50 nm, except for

n+Si, and p+ Ge substrates. For each sample RTA annealing was performed at 450
◦C. In the following paragraphs the structural and electrical characterisations are

presented and, finally, a critical analysis of results is given.

HZO

TiNPt
n+Sin+Sin+Si

p+Ge

TiN
Ti/Pt

n+Si

Figure IV.9: Schematics of the analysed samples with different bottom electrodes.

IV.3.1 Structural Characterisation: GI-XRD

The GI-XRD analysis was used to determine the presence of the o-peak at ∼ 30.5◦

for structures with different bottom electrode materials. Figure IV.10 reports the

superimposed GI-XRD patterns for the four probed samples. The o-phase peak was

present in all the patterns, suggesting the existence of ferroelectric behaviour. In

all cases, the m-peaks at ∼ 28.4 ◦, ∼ 31.6 ◦ ∼ 35.5 ◦ were detected, confirming

the presence of monoclinic crystallites in 12 nm-thick HZO layer deposited on

electrodes other than TiN.

Figures IV.11a, b, c, and d show the fit for each pattern and, below, the difference

with experimental data. Once again, Sherrer equation was used to determine the

average out-of-plane o-phase crystallites size of HZO, reported in table IV.3.

Smallest crystallites correspond to HZO grown on a Pt bottom electrode, whilst

largest to HZO grown on p+Ge. The difference in average crystallite size could

be due to the fact that each electrode acts as a different nucleation layer for the
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Figure IV.10: Superimposed experimental GI-XRD patterns of samples with
different bottom electrodes: n+Si/TiN/HZO/TiN/Ti/Pt, n+Si/HZO/TiN/Ti/Pt,
p+Ge/HZO/TiN/Ti/Pt, and n+Si/Pt/HZO/TiN/Ti/Pt.

Table IV.3: Average out-of-plane o-phase crystallite size of a 12 nm-thick HZO
layer deposited on different bottom electrodes.

Bottom Electrode HZO crystallite size (nm)

n+Si 8.4

p+Ge 9.4

n+Si/Pt 7.2

n+Si/TiN 8.6

HZO. Moreover, the mechanical stress due to lattice mismatch, thermal stress due

to different thermal expansion coefficients (TECs), and electrode surface condi-

tions significantly affect the ferroelectricity. Firstly, impact of lattice mismatch is

considered. HZO is characterised by a lattice parameter of ∼ 5.12 Å, close in value

to the one of Si, which is ∼ 5.43 Å. The lattice constant of Ge is ∼ 5.66 Å, larger

with respect to the HZO one. On the contrary, lattice parameters of TiN and Pt
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Figure IV.11: GI-XRD pattern, fit, and difference between experimental data and
fit of: a) n+Si/HZO. b) of p+Ge/HZO. c) n+Si/TiN/HZO. d) n+Si/Pt/HZO.

are considerably smaller, ∼ 4.24 Å, and ∼ 3.94 Å, respectively. From these val-

ues, it is possible to hypothesise that TiN and Pt might influence the nucleation

of HZO crystallites by exerting a mechanical compressive strain, while Si and Ge

a tensile strain. Although, in a first approximation and without considering the

crystal orientation of Si, the similarity between lattice constant of Si and the once

of HZO could make this effect negligible. Secondly, the thermal strain can be con-

sidered as a possible contribution to the HZO ferroelectric properties. Table IV.4

reports the TECs of HZO and of the used bottom electrode materials. Pt should be

responsible for the largest thermal tensile strain, while Si for the largest compres-

sive strain. TECs of TiN and Ge are rather similar in value to HZO and so their

effect is more attenuated with respect to the other bottom electrodes. The ther-

mal strain exerted by the bottom electrode should have a more moderate impact

on the ferroelectric properties of HZO than the one of the top electrode, which,

post-annealing, acts as a capping layer. The evaluation of the HZO ferroelectricity

by the electrical characterisation add more elements for a better understanding of
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a possible effect of strain on HZO ferroelectric behaviour.

Table IV.4: Thermal expansion coefficients (TECs) of HZO and of different bottom
electrodes.

Material TEC (K−1)

HZO 7× 10−6

TiN 8× 10−6

Pt 27× 10−6

Ge 6.1× 10−6

Si 2.56× 10−6

IV.3.2 Electrical Characterisation: PUND

The electrical characterisation was performed by PUND. Figures IV.12a, b, and c

report the P-V curves of HZO deposited on TiN, n+Si, and Pt bottom electrodes.

The structure with the p+Ge bottom electrode did not show any ferroelectric be-

haviour, reason for which it is not here reported. Furthermore, the analysis of the

latter sample was made difficult by the poor electrical conductivity of the p+Ge

substrate, despite the high doping level. The highest 2Pr is associated to the refer-

ence sample (with TiN bottom electrode), ∼ 26 µC/cm2. When HZO was grown

on n+Si, the 2Pr was ∼ 8 µC/cm2, while, for case of Pt bottom electrode, it was

∼ 18 µC/cm2. The imprint is evident in the structures with n+Si and Pt bottom

electrodes, left and right shift with respect to the 0 V, respectively. In these cases,

the imprint is generated by the different work function of the bottom and top elec-

trodes. This phenomenon has already been described in the literature [209]. In

the case of n+Si substrate, the asymmetric shape of the hysteresis curve for neg-

ative and positive applied voltages is related to a higher contribution of leakage

current for a certain polarisation direction compared to the other, when a nega-

tive voltage is applied. Moreover, it is possible to notice that, for the Pt bottom

electrode, the voltage used for the extraction of P-V characteristic was lower, ± 3V,

with respect to the other two cases, indicating a higher fragility.

The endurance test was performed on the different HZO-based structures and it
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Figure IV.12: P-V curves of 12 nm-thick HZO-based devices with different bottom
electrodes: a) n+Si/TiN, extracted after 5 × 102 cycles. b) n+Si, extracted after
5× 102 cycles. c) n+Si/Pt/HZO, extracted after 104 cycles.

is reported in figure IV.13a, b, c. The obtained values of endurance are similar

for the three cases, the highest being one of HZO grown on n+Si substrate, 106

cycles. For TiN/HZO and Pt/HZO samples, the endurance is 5×105 and 105 cycles,

respectively. TiN/HZO is characterised by a moderate wake-up and its Pr reaches

the maximum after 103 cycles and it enters in a fatigue state before the electrical

breakdown. Pt/HZO is marked with a stronger wake-up. The Pr is ∼ 0 µC/cm2 in

the pristine state, hits the maximum after 104 cycles, and slightly decreases before

the electrical breakdown. N+Si/HZO presents an unusual trending for the Pr as

function of cycling, indeed, the Pr oscillates before reaching breakdown, although,

it is characterised by a rather low wake-up. This trend of Pr might be due to the

defects redistribution and the domain pinning/unpinning during voltage cycling.

From the previous analysis, we concluded that HZO deposited on TiN bottom elec-

trode had the best ferroelectric performances. The reason why the results obtained

for the other analysed electrodes were not satisfactory might be associated to the

nature of the bottom electrode/HZO interface and to the state of the bottom elec-
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Figure IV.13: Endurance test of 12 nm-thick HZO-based devices with different
bottom electrodes: a) of n+Si/TiN . b) of n+Si. c) n+Si/Pt/HZO.

trode surface. For instance, Pt bottom electrode was previously investigated by our

group and a possible explanation for which it does not favour a robust ferroelec-

tricity in HZO was related to the metallic nature of the HZO/Pt interface rather

than oxide one, as is the case of HZO/TiN interface [143]. In the literature it was

shown that Pt has a negative impact also on the ferroelectric properties of PZT

[210, 211]. Further causes could be linked to the recipes and the experimental

conditions employed for the fabrication of samples.

IV.4 Thickness of TiN Bottom Electrode

The study of different bottom electrodes revealed that the HZO shows its best

ferroelectricity when grown on TiN. In the frame of the optimisation of HZO fer-

roelectric performances, the influence of the thickness of TiN bottom electrode

was studied. Its thickness was increased from 50 nm to 100 nm and structural

and electrical characterisations were performed on a 12 nm-thick and a 6 nm-

thick HZO-based structures. The obtained results were not satisfactory, a minor

enhancement of the remanent polarisation and a higher wake-up were recorded.
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Overall, a 100 nm-thick TiN bottom electrode had a better impact on a 6 nm-thick

HZO sample compared to the 12 nm-thick one. In conclusion, it was decided to

maintain a top and bottom electrode thickness of 50 nm. However, increasing the

electrode thickness might still be a promising approach to improve the ferroelectric

behaviour of HZO thin films and it requires further investigations. For instance, in

the literature, few works claimed that thick TiN electrodes improve HZO ferroelec-

tricity [212]. In particular, the strain induced by a thick top electrode promotes

an enhanced stress-induced crystallisation of HZO o-phase.

IV.5 Conclusion of the Chapter

This chapter was dedicated to the study of n+Si/TiN/HZO/TiN/ti/Pt structures

to evaluate the evolution of the HZO ferroelectric behaviour as a function of its

thickness. The findings revealed a good ferroelectricity for a HZO thickness

⩾ 7 nm. This allowed us to determine a threshold below which a degradation

of ferroelectricity was obtained with the used fabrication conditions. However,

one of the objectives of this thesis requires a thickness of HZO < 7 nm for FTJ

applications. A first approach to improve ferroelectricity at low HZO thickness

was the investigation of bottom electrode materials other that TiN. N+Si, n+Ge,

and Pt were studied, but the results were not satisfactory for a 12 nm-thick HZO-

based stack and consequently the HZO thickness was not further reduced. TiN

bottom electrode was shown to be the best option with a thickness of 50 nm. It

is clear that other ways to scale down the HZO thickness without compromise

its ferroelectricity have to be explored. In chapter V, interface engineering was

employed to this purpose and the effect of the insertion of Ti and Al interfacial

layers was probed. Furthermore, tungsten (W) is presented in chapter V as an

option for the synthesis of bottom and top electrode. The related results were not

presented in this chapter, because they are part of a study of optimised HZO-based

capacitors and FTJs with enhanced ferroelectricity.
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CHAPTER V

Synthesis and Optimisation of Ultra-Thin HZO-based

Ferroelectric Tunnel Junctions

This chapter is devoted to the exploration of two successful approaches for the

development of 6 nm-thick HZO-based heterostructures with enhanced ferroelec-

tricity. As it was seen in chapter IV, the use of n+Si, p+Ge, and n+Si/Pt as bottom

electrodes was not a viable solution for the synthesis of ultra-thin HZO films with

robust ferroelectricity. The first part of this chapter is dedicated to an analysis

of the effect of interfacial layers inserted at the top electrode/HZO interface on

the ferroelectric properties of HZO-based capacitors. The second part is focused

on the study of stacks with tungsten (W) electrodes. W was used as bottom and

top electrode, or as bottom or top electrode in combination with TiN. These two

studies highlight the importance of the structural and compositional properties of

HZO/electrode interfaces on the device ferroelectric behaviour.

V.1 Ultra-Thin Interfacial Layers: State of the Art

The insertion of ultra-thin dielectric layers at electrode/ferroelectric interfaces was

proved to be beneficial to improve the ferroelectric performances of HZO-based

capacitors and FTJs. Table V.1 provides an overview on the state of art of HZO-

based heterostructures with the addition of an interfacial layer at the top or bottom
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interface, together with some relevant parameters, such as remanent polarisation

and endurance.

Table V.1: State of art: thin-HZO-based structure with the addition of the interfa-
cial layers

Reference HZO thickness (nm) Interfacial Layer Position Interface 2Pr (µC.cm−2) Endurance

[213] 10 TiO2 1 nm Top 16 108

[214] 10 HfO2 1 nm Bottom 22.1 1010

Top 19.6 1010

[215] 8.4 Al2O3 1 nm Bottom 15 105

1.8 12 105

2.2 7 between 105 and 106

[216] 10 TiO2 2 nm Bottom and top 8 (as deposited and after wake-up) NA

[187] 12 Al2O3 3 nm Top 21 106

[141] 12 Al2O3 2.5 nm Top NA NA

[217] 20 Al2O3 1.6 nm Top 30 NA

[218] 9.5 ZrO2 2 nm Bottom 32 NA

All the works reported here recorded a relevant improvement of HZO ferroelec-

tric properties when an interfacial layer was added at the top, bottom, or both

interfaces. In some cases, for metal-ferroelectric-insulator-metal (MFIM) FTJs, an

ultra-thin dielectric layer was used to serve as tunnel barrier, while HZO provided

the polarisation switching [141, 215, 219]. This approach allowed to measure an

ON/OFF ratio for devices with HZO ∼ 10 nm-thick, thus avoiding issues related

to its scalability.

V.2 Ultra-Thin Interfacial Layers: Experimental Re-

sults

This section presents the experimental results obtained for HZO-based capacitors

with the insertion of a Ti or Al metallic layers at the top electrode/HZO interface.

Samples with a Ti interlayer at the top interface are characterised by a HZO thick-

ness of 6 nm, suitable for FTJ applications. Both Ti and Al layers were grown at

room temperature by RF sputtering of pure Ti and Al targets just prior to the top

electrode deposition. Table V.2 reports the growth conditions of the interfacial

layers.
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Table V.2: Growth conditions of the interfacial layers.

Material Target RF power (W) Gas (sccm) Working pressure (mbar)

Ti 100 50 5× 10−2

Al 100 50 5× 10−2

V.3 Titanium Interfacial Layer

The impact of the insertion of a Ti interfacial layer with a thickness of 1, 2, and

3 nm was explored. Figure V.1 reports a schematic of the two heterostructures,

with (figure V.1a) and without (figure V.1b) the Ti interfacial layer, together with

STEM-HAADF images of the bottom electrode/HZO/top electrode cross-section.
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Figure V.1: Schematic of the samples. a) Without Ti interfacial layer, on the right
the STEM-HAADF image of the TE/HZO/BE cross-section. b) With Ti interfacial
layer, on the right the STEM-HAADF image of the TE/HZO/BE cross-section.

V.3.1 Structural Characterisations: GI-XRD, and EELS

GI-XRD Analysis

Four samples, labelled sample 0, 1, 2, and 3 for simplicity, were studied. For sam-

ple 0, the HZO layer was sandwiched between TiN bottom and top electrodes,

while for samples 1, 2, and 3 an ultra-thin layer of Ti, of 1, 2, and 3 nm, respec-

tively, was inserted at the top interface. The GI-XRD patterns obtained for the four

samples are shown in figure V.2. Reference XRD patterns for TiN, HZO o-/t-phase,

and HZO m-phase, respectively and are overlaid in figure V.2. The position of the

o-/t- peak at ∼ 30.5◦, which corresponds to the (111) planes, coincides with the

expected value [157]. No m-phase components at ∼ 28.4◦ (m-HZO (11-1)) and

at ∼ 31.6◦(m-HZO(111)) were detected. The intensity of o-/t-peak, which was

similar for the four cases, was not correlated to the presence of the Ti layer nor to
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its thickness. This analysis validates the existence of the ferroelectric o-HZO phase

for the analysed samples. The diffraction peak of o-HZO(111) family of planes,

at ∼ 30.5◦, was considered for evaluation of the out-of-plane average crystalline

size of the HZO layer by means of the Scherrer equation, equation III.7. Overall,

crystalline sizes around 5 nm were found for all samples. From a first analysis,

the crystalline size was not correlated neither to the thickness of the Ti interfacial

layer nor to its presence.
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Figure V.2: GI-XRD patterns of the four considered samples. From the bottom:
sample 0 with Ti 0 nm, sample 1 with Ti 1 nm, sample 2 with Ti 2 nm, sample 3
with Ti 3 nm. Below, the expected peak positions for orthorhombic HZO, mono-
clinic HZO, and TiN.
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EELS Analysis

The structure and composition of the TiN/HZO top interface in sample 0 and the

Ti/HZO top interface in sample 2 were investigated at nanoscale by STEM-EELS

on pristine capacitors of 10 µm-diameter, as shown in figure V.3 and figure V.4,

respectively. The spatial distribution of N (N-K edge at ∼ 400 eV), Ti (Ti-L2,3

edges at ∼ 455 eV), and O (O-K edge at ∼ 530 eV) across TE/HZO interfaces are

shown in figure V.3a and V.4a. For TiN/HZO top interface of sample 0, a TiN(O)

layer is evidenced from the simultaneous presence of N-K, Ti-L2,3 and O-K edges,

resulting from the oxidation of TiN layer. This oxidation is localised over ∼ 2

nm, as indicated by O-K edge fine structures, which decreases remarkably from

HZO to TiN and is accompanied with a shift of O-K edge onset to lower energy,

as shown in figure V.3d. The TiN oxidation phenomenon is also described in a

previous work by Bouaziz et al. [159], in a structure synthesised in the same

experimental conditions as the ones considered here. The N-K edge fine structures

in the TiN layer are similar to the ones reported in the literature [220], with some

fine structure variations and an overall decrease of the N-K edge intensity in the

TiN(O) layer, potentially resulting from oxidation [184] (figure V.3b). In addition,

the constant energy and shape of Ti-L2,3 fine structures across the interface, shown

in figure V.3c, suggest a low oxidation. For Ti/HZO top interface of sample 2,

a TiOz layer is evidenced over a couple of nanometers, from the simultaneous

presence of O-K and Ti-L2,3 edges and the absence of N-K edge, as shown in figures

V.4a and V.4b, thus indicating the oxidation of Ti layer. Specifically, Ti-L2,3 fine

structures split (figure V.4c), as expected in TiO2, where the L3, and L2 peaks

split under influence of the crystal field [221]. L3, and L2 peaks also shift to

higher energy compared to TiN. The O-K edge fine structures change across the

HZO/TiOz interface and the edge onset shifts to lower energy in the TiN(O) layer,

as shown in figure V.4d. TiN layer deposited on top of Ti is thus partially oxidised

over a very narrow range, as exemplified from simultaneous presence of N-K, Ti-

L2,3, and O-K edges. N-K edge fine structures at Ti/TiN interface are different

from TiN, as a result of oxidation and subsequent chemical bonding between Ti

d and O p states. Finally, O-K near edge structures of HZO are different in both

samples. In sample 2 (figure V.4d), two distinct peaks are visible within 10 eV

above edge onset, as expected in HZO polymorphs [222, 223], contrary to sample
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0 (Figure V.3). Near-edge structures reflect local electronic structure around O

atoms, which are covalently bonded to Hf and Zr atoms. Several parameters could

be the cause of these spectral variations, such as local changes of crystal field [68],

presence of oxygen vacancies [224–227], or local inhomogeneities in Hf versus Zr

contents [228] integrated over the spectra displayed in figures V.3 and V.4. The

EELS analysis demonstrates that the Ti layer is fully oxidised (sample 2), whereas

in absence of Ti, TiN layer is only partially oxidised. The oxygen redistribution

induced by Ti layer is meant to produce oxygen vacancies inside HZO film by

pulling oxygen atoms towards the top interface. The oxidation phenomenon of the

Ti layer explains the contrast difference at TE/HZO interface in the cross-section

HAADF images in figures V.1a and b. In sample 2, TE/HZO interface appears dark

from the presence of TiOz interfacial layer.
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Figure V.3: STEM-EELS analysis of sample 0. a) EELS spectra acquired across the
TE/HZO interface. Each spectrum is the average of 81 spectra projected horizon-
tally along the interface, and is shifted vertically for clarity. The HAADF image
acquired simultaneously is shown in inset. A spectrum image dataset of 16 × 81
pixels was acquired with a step size of 3.9 Å, over an area of ∼ 6.3× 32 nm2. b),
c), d) Display over a narrower energy range of the N-K, Ti-L2,3, and O-K edges,
respectively.
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Figure V.4: STEM-EELS analysis of sample 2. a) EELS spectra acquired across the
TE/HZO interface. Each spectrum is the average of 81 spectra projected horizon-
tally along the interface, and is shifted vertically for clarity. The HAADF image
acquired simultaneously is shown in inset. A spectrum image dataset of 16 × 81
pixels was acquired with a step size of 3.9 Å, over an area of ∼ 6.3× 32 nm2. b),
c), d) Display over a narrower energy range of the N-K, Ti-L2,3, and O-K edges,
respectively.

V.3.2 Electrical Characterisation: PUND

P-V measurements were performed on the four samples. Figure V.5 shows the

P-V curves extracted at ∼ 105 cycles of samples 0, 1, 2, and 3. For an applied

voltage of ± 2.5 V, the value of 2Pr ranges between 10 µC/cm2 for sample 0

and 25 µC/cm2 for sample 2. Samples 1 and 3 show a 2Pr of 23 µC/cm2 and

20 µC/cm2, respectively. The P-V curves indicate the presence of the ferroelectric

imprint. For sample 0, it can be traced back to a different surface reconstruction

at the top and bottom interfaces and to domain pinning by defects, as discussed

in section III.4.1. In the case of sample 1, 2, and 3, the imprint could be induced

by the Ti layer, which modifies the work function of the top electrode, as seen in

section IV.3.2. This asymmetry between the two electrodes is responsible for a

built-in field. The obtained results showed that presence of Ti clearly increases the

value of 2Pr. The highest 2Pr was obtained for sample 2 and lowest for sample 0.

This could be attributed to two factors: I) The chemical properties of the Ti/HZO

interface, which are different from the ones of interface TiN/HZO and promote the

formation of o-phase grains. The TECs of Ti and TiN have close values, 9.410−6 K−1

and 810−6 K−1, respectively [229, 230]. Because of the similarity between the TECs

of Ti and TiN, we proposed that the main cause of the ferroelectricity enhancement
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in HZO for samples with Ti could arise from different chemical reconstructions of

the top interface. II) The increased number of oxygen vacancies in HZO, which

is induced by the Ti layer [231] and takes part in stabilisation of the o-phase in

the HZO film [173, 174]. For a thicker interfacial layer, the polarisation inverts

its positive trend, dropping to 20 µC/cm2 for sample 3. This behaviour can be

explained by the increasing depolarising field produced at the interface by the

TiOz dielectric layer, which is responsible for the lower remanent polarisation of

sample 3 [178, 232]. This tendency is also confirmed in the literature, Si et al.

[233], Qu et al. [234], and Shekhawat et al. [215] reported a suppression of

ferroelectricity when the thickness of the interfacial dielectric layer was increased.

Furthermore, samples 1, 2, and 3 show a positive 2Pr in the pristine state, contrary

to the null value of sample 0. This result was explained by the hypothesis that

the interfacial properties of Ti/HZO promote the formation of o-phase crystallites,

while the ones of TiN/HZO could be responsible for the stabilisation of a non-

ferroelectric tetragonal phase, which might undergo a field-induced phase change

during cycling [235]. The endurance curves in figure V.6 show that 2Pr increases

for samples 1, 2, and 3 until breakdown occurs, while sample 0 enters in a fatigue

state after ∼ 5 × 105 cycles, where 2Pr decreases to ∼ 9 µC/cm2. The increase of

remanent polarisation is associated to the wake-up effect, which is partly due to

the redistribution of defects, typically oxygen vacancies, during the cycling process

[168, 236].
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Figure V.5: Electrical characterisation of samples 0, 1, 2, and 3: P-V curves taken
on woken up capacitors after ∼ 105 cycles.

The endurance tests were performed on the four samples until the electrical break-
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down. At 2.5 V, the value of |P+| and |P−| starts at ∼ 5 µC/cm2 for samples 1, 2,

and 3, and at ∼ 0 µC/cm2 in the case of sample 0, for which it starts rising after

5 × 102 cycles. In sample 0, Pr reaches its maximum after 105 cycles. For samples

1, 2, and 3, Pr rises until electrical breakdown, which occurs after 106, 105, and

5× 106 cycles, respectively. On average, these results indicated that the endurance

value of the here tested devices is comparable to what is reported in the literature

[141, 158].
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Figure V.6: Electrical characterisation of samples 0, 1, 2, and 3: endurance tests.
Circles are drawn at the number of cycles at which the PUND measure was ex-
tracted, black stars indicate the breakdown point.

Table V.3 gives the values of endurance and 2Pr in pristine state, after ∼ 105 cycles,

and at electrical breakdown of samples 0, 1, 2, and 3.

Table V.3: Values of endurance, in number of cycles, and 2Pr, in µC.cm−2, in
pristine state, after ∼ 105 cycles, and at breakdown of samples 0, 1, 2, and 3.

2Pr pristine state 2Pr after 105 cycles 2Pr at breakdown Endurance

Sample 0 (Ti 0 nm) 0 10 9 ∼ 107

Sample 1 (Ti 1 nm) 9 23 25 ∼ 106

Sample 2 (Ti 2 nm) 10 25 30 105

Sample 3 (Ti 3 nm) 11 20 22 5× 106

From the analysis of the presented results, we formulated an hypothesis that could

explain the obtained trends for Pr and endurance as a function of the thickness of

the Ti layer. A 2 or 3 nm-thick Ti interfacial layer is enough to ensure the bulk-like

chemistry of titanium and titanium oxide, favouring o-phase formation through

oxygen vacancy generation and providing a higher remanent polarisation. This is
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true in the case of the pristine state as well. The decrease of Pr of sample 3 can

be ascribed to the increased depolarising field that is induced by a thick dielectric

layer. We can suppose that a 3 nm-thick Ti layer is not as beneficial as a 2 nm-

thick one, as far as Pr is concerned. Furthermore, in sample 1, the Ti layer is too

thin to provide the same interface conditions as in samples 2 and 3, and so to

increase Pr at the value of sample 2. This might be due to the fact that a 1 nm-

thick Ti layer is not enough to have the same chemical properties as bulk Ti. As

mentioned, Ti scavenges oxygen from HZO, thus creating oxygen vacancies at top

interface. Besides stabilising the ferroelectric phase at low HZO thickness, a high

amount of oxygen vacancies is responsible for an increased leakage current that

could make the specimen more fragile [172]. About the endurance, the highest

value corresponds to sample 0, which can be considered satisfying for a 6-nm thick

HZO film. For sample 1, we mentioned that 1 nm-thick Ti layer is not sufficient to

increase Pr as for sample 2. However, it might produce more oxygen vacancies that

can impact endurance, which decreases with respect to sample 0. In sample 3, a

3 nm-thick Ti layer is sufficient to efficiently scavenge oxygen from HZO film, but

since the formed dielectric layer is thicker with respect of samples 1 and 2, it might

result in a more resistant sample than samples 1 and 2. Eventually, for sample 2,

the chemical properties of the Ti/HZO interface promote the o-phase formation

and Ti layer is thin enough to limit effects of the depolarising field, compared to

sample 3. Nevertheless, these benefits could be impacted by a low endurance of

the sample, where an increased number of oxygen vacancies is responsible for an

electrical breakdown after a low number of cycles [172].

In conclusion, these findings confirmed that the addition of a Ti interfacial layer

is a very promising approach to obtain a robust ferroelectric phase in ultra-thin

HZO films. However, its thickness is a crucial parameter to control, in order to

avoid the degradation of the ferroelectric properties. I-V measurements, not here

reported, were performed on these samples to test the leakage current, thus the

FTJ behaviour. Despite their robust ferroelectric properties, a negligible ON/OFF

ratio was measured on samples with the Ti interfacial layer. A study on structures

with the addition of a Ti interlayer at the bottom electrode/HZO interface can be

found in Annex VI.5.
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V.4 Aluminium Interfacial Layer

The same analyses were performed using Al instead of Ti as interfacial layer. How-

ever, the results did not reveal an improvement of HZO ferroelectricity, but rather

a degradation. Table V.4 lists the values of remanent polarisation of four samples

with the structure n+Si/TiN/HZO/Al/TiN/Ti/Pt, where the HZO was 6 nm-thick

and the thickness of Al interlayer was 0, 1, 2, and 3 nm.

Table V.4: Values of the remanent polarisation and endurance for structures with
Al interfacial layer.

Al thickness 2Pr (µC.cm−2) Endurance (cycles)

Sample 0 (Al 0 nm) 10 (extracted after 5× 104 cycles) 107

Sample 1 (Al 1 nm) Not ferroelectric NA

Sample 2 (Al 2 nm) 1.2 (extracted after 5× 102 cycles) 103

Sample 3 (Al 3 nm) 6 (extracted after 5× 102 cycles) 104

The findings showed that Al does not act as Ti to improve ferroelectricity of HZO

thin films. This could be due to multiple factors that influence the the chemistry

of Al/HZO interface. For instance, a less efficient redistribution of oxygen atoms

and oxygen vacancies creation. A further reason could be associated to a milder

mechanical strain exerted by the Al layer compared to a Ti one. The lattice param-

eters of Al and Ti are ∼ 4 Å, and Ti ∼ 3 Å, respectively. However, it was noticed

that adding an Al interlayer at the top interface of a structure with an 11 nm-

thick HZO layer promoted an enhancement of the 2Pr, form ∼ 40 µC/cm2 to ∼44

µC/cm2, and a ON/OFF ratio of 2.4 was measured [237]. A possible conclusion

could be that the Al interlayer is beneficial to the ferroelectricity of thick HZO films

(∼ 12 nm), while the Ti one improves the ferroelectric behaviour of thin HZO (∼

6 nm). This trend can be verified in the literature [217, 218].

To conclude on effect of Ti and Al interfacial layers, different thicknesses and

configurations (top or bottom interface) were tested. A beneficial effect on HZO

ferroelectric properties was recorded when the interlayer was inserted at the top

interface.
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V.5 Tungsten Electrodes

Very good results on ferroelectricity in ultra-thin HZO were obtained with tungsten

(W) electrodes. In the literature, several groups reported exceptional ferroelectric

properties of HZO-based structures with W electrodes [178, 238–241]. Tungsten,

as top electrode, was proved to be a very effective capping layer, providing a strong

in-plane tensile strain that favours the o-phase formation in HZO. Furthermore,

the lower diffusion of W atoms into the HZO film inhibits the formation of dead

layers at ferroelectric/electrode interfaces. Tungsten was investigated as bottom,

top, and both electrodes. Figure V.7 shows the heterostructures that were stud-

ied. Tungsten was deposited at room temperature by RF sputtering at 200 W, at a

pressure of 5 × 103 mbar, and using Ar as support gas with a flow of 50 sccm. Its

thickness as electrode was 50 nm. A reference sample n+Si/TiN/HZO/TiN/Ti/Pt

was considered for comparison. The thickness of HZO was 6 nm for all the struc-

tures. For simplicity, in the following the four specimens are called TiN/HZO/TiN,

TiN/HZO/W, W/HZO/TiN, and W/HZO/W.
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Figure V.7: Schematic of the studied samples.
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V.5.1 Electrical Characterisations: PUND and I-V Measure-

ments

PUND

The P-E curves of samples TiN/HZO/TiN, TiN/HZO/W, W/HZO/W, and W/H-

ZO/TiN, are shown in figure V.8. The 2Pr of sample TiN/HZO/TiN is ∼ 4 µC/cm2.

It is notably higher for samples TiN/HZO/W and W/HZO/W, for which it is ∼ 30

µC/cm2, and ∼ 40 µC/cm2 respectively. On the contrary, the 2Pr does not reach

1 µC/cm2 in the case of sample W/HZO/TiN. Sample TiN/HZO/TiN is charac-

terised by the largest coercive field (Ec), ∼ ±1.5 MV/cm. Ec values of samples

TiN/HZO/W and W/HZO/W are ∼ ±1 MV/cm and ∼ ±0.8 MV/cm, respectively.

An imprint was detected in TiN/HZO/TiN and TiN/HZO/W specimens. For the

former, the imprint could be induced by structural and chemical differences be-

tween the bottom and top interfaces, such as different surface terminations and

atomic arrangement (reference to section III.4.1). For the latter, a shift towards

higher values of Ec of the P-E loop is most likely associated with different work

functions of bottom and top electrodes (reference to sections IV.3.2 and V.3.2).
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Figure V.8: P-E measurements of the four samples: TiN/HZO/TiN extracted at 105

cycles, TiN/HZO/W extracted at 104 cycles, W/HZO/TiN extracted at 105 cycles,
and W/HZO/W extracted at 104 cycles.

The evolution of the polarisation as a function of the applied voltage cycles of

samples TiN/HZO/TiN, TiN/HZO/W, W/HZO/W, and W/HZO/TiN is reported in

figure V.9. Sample TiN/HZO/TiN is characterised by the highest value of en-

durance, 5 × 106 cycles. Instead, for samples TiN/HZO/W and W/HZO/W the

electrical breakdown occurs at 5 × 105 and 104 cycles, respectively. Sample W/H-
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ZO/TiN breaks down at ∼ 105 cycles. Contrary to TiN/HZO/TiN, the TiN/HZO/W

and W/HZO/W heterostructures show ferroelectricity in their pristine state. How-

ever, they are characterised by a significant wake-up compared to TiN/HZO/TiN

sample. For TiN/HZO/W, Pr reaches its maximum after 104 cycles. Finally, sam-

ple W/HZO/TiN depicts an incipient ferroelectric behaviour with an undetectable

wake-up before electrical breakdown occurs.
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Figure V.9: Endurance tests performed on samples: TiN/HZO/TiN, TiN/HZO/W,
W/HZO/TiN, and W/HZO/W. Circles are drawn at the number of cycles at which
the PUND measure was extracted (where the Pr was at the maximum), black stars
indicate the breakdown point.

I-V Measurements

For sample W/HZO/W, it was possible to measure an ON/OFF ratio and demon-

strate the FTJ behaviour. Static I-V measurements were carried out on pristine

capacitors according to the following protocol. A first I-V, back-forth, was per-

formed from 0 V to -2 V to polarise the device. Afterwards, two I-V (back-forth)

between 0 V to 2 V and other two between 0 V to -2 V were applied alternatively.

The first segment, between 0 V and 2 V, was used to measure the conductance of

the device in a polarisation state opposite with respect to the current one. The

polarisation was then switched during the segment 2 V - 0 V. The second I-V was

used to verify that the measured hysteresis did not depend on the previous state

of the device. Figures V.10a and b show the two first I-V for positive and negative

voltages. It is noticeable that in first segment (0 V to 2 V, in blue) in figure V.10b

and a, the current is lower in the region below 1 V than in segment 2 V - 0 V. On the

contrary, the second I-V (in red) does not show any hysteresis and superimposes to
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the second segment (2 V - 0 V) of the first I-V. This trend, suggest that the device

behaved as a FTJ and an ON/OFF ratio was calculated (inset in figures V.10a and

V.10b)). For negative voltages, the ON/OFF ratio is maximum at -0.7 V, with a

value of 2, and for positive voltages, it reaches a maximum of 2.5 at 0.5 V. Five

alternate I-V measurements were performed for positive and negative voltages to

test the reproducibility of the results. The extracted ON/OFF ratios are reported

in figure V.10c and d, respectively. The ON/OFF ratio is better reproduced in the

case of negative voltages, while for positive voltages it decreases, from red to blue

curve, as the number of applied I-V tests increases. The values of the ON/OFF

ratio could be limited by the endurance of the sample, which underwent electrical

breakdown before a complete wake-up.
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Figure V.10: a) I-V curves for negative applied voltage, inset shows the maxi-
mum value of ON/OFF ratio. b) I-V curves for positive voltage, inset shows the
maximum value of ON/OFF ratio. c) Extracted ON/OFF ratio for I-V measures per-
formed at negative applied voltage. d) Extracted ON/OFF ratio for I-V measures
performed at positive applied voltage.

V.5.2 Structural Characterisations: GI-XRD, EELS, and HR-TEM

Structural and chemical analyses were performed at different lengthscales, using

GI-XRD for the whole stack, STEM-EELS for individual interfaces, and HRTEM for
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the HZO film. This multiscale approach was performed to study the HZO/elec-

trode interfacial characteristics and the nanostructure of HZO.

GI-XRD

Figure V.11 shows the GI-XRD patterns and the fits of the four specimens. For

samples TiN/HZO/TiN, TiN/HZO/W, and W/HZO/W, the position of o-peak at

∼ 30.5◦, corresponding to o-HZO(111) planes, coincides with the expected value

[144]. For the four structures a monoclinic component is detectable at ∼ 35.5 ◦

(m-HZO(200)), while the reflections m-HZO(11-1) (∼ 28.4◦) and m-HZO(111)

(∼ 31.6◦) are absent.

2 (°)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

o-HZO(111)/t-HZO(101)

TiN/HZO/TiN

TiN/HZO/W

W/HZO/TiN

W/HZO/W

26 30 36

m-HZO(200)

Experimental data
Fit 

28 32 34 38

TiN(111)
a)

b)

c)

d)

Figure V.11: GI-XRD pattern and fit of samples -from top- TiN/HZO/TiN, TiN/H-
ZO/W, W/HZO/TiN, and W/HZO/W.

Finally, HZO o-/t-peak at ∼ 30.5◦ was used to evaluate the average o-HZO out-of-

plane crystallite size, reported in table V.5. Samples TiN/HZO/W and W/HZO/W

are characterised by smaller crystallites of ∼ 4.9 nm compared to samples W/T-

iN/HZO and TiN/HZO/TiN, for which the average crystallite size is ∼ 5.7 nm and

∼ 5.4 nm, respectively.

EELS

The microstructure and chemistry of the interfaces were investigated at high res-

olution using STEM-EELS on 10 µm-diameter pristine capacitors. Figure V.12
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Table V.5: Average o-phase out-of-plane crystallite size of the studied structures.

Structure o-HZO crystallite size (nm)

n+Si/TiN/HZO/TiN/Ti/Pt 5.4

n+Si/TiN/HZO/W/Ti/Pt 4.9

n+Si/W/HZO/TiN/Ti/Pt 5.7

n+Si/W/HZO/W/Ti/Pt 4.9

reports the evolution of the O-K edge along the cross-section bottom electrode

(BE)/HZO/top electrode (TE), shown in the HAADF image, of the four studied

structures. The O-K edges, in figures V.12a, c, e, and g, were extracted from the

bottom interface, top interface, HZO, and from TiN for samples TiN/HZO/TiN,

TiN/HZO/W, and W/HZO/TiN. Corresponding contour plots of the projected O-K

edge intensity along interfaces are shown in figure V.12b, d, f, h. For the structure

TiN/HZO/TiN (figure V.12a, b), the presence of an O-K pre-edge in HZO at bottom

and top interfaces is in contrast with the center of the HZO film, where the edge

onset is sharper and without pre-edge peaks. The similarity of the O-K near-edge

fine structure (ELNES) at the bottom and top interfaces suggests that the chem-

istry is similar at both interfaces. The coexistence of N-K, Ti-L2,3, and O-K edges

over few nm at bottom and top interfaces indicates oxidation of TiN into TiN(O)

[158, 242], which is in agreement with earlier reports that the O-K pre-edge fea-

tures suggest the presence of defects, such as oxygen vacancies in HZO, HfO2, or

ZrO2 [68, 224, 225, 227, 243]. The same O-K edge fine structure variations are

observed at the TiN/HZO interfaces in samples W/HZO/TiN (figure V.12c, d) and

TiN/HZO/W (figure V.12e, f). However, the difference between the W/HZO and

TiN/HZO interfaces is remarkable, as highlighted in the extracted edges V.12c, e,

and in the contour plots in figure V.12d, f. The O-K ELNES in HZO at W/HZO

interface is comparable to the centre of the HZO film and fades once W is reached.

This observation indicates that the creation of oxygen vacancies in HZO at the

W/HZO interface is much less prominent than at the TiN/HZO interface. Similar

conclusions are reached for the sample W/HZO/W. The fine structure of the O-K

edge, which reflects the local electronic structure around oxygen atoms, of the

HZO layer is characterised by two distinct peaks, lightblue line in figures V.12a, c,
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e, g. These are due to metal eg-t2g splitting of the Hf 5d bands [224, 244]. The

ratio between high-energy peak (∼ 537 eV) and low-energy peak (∼ 533 eV), and

the peak splitting differs for each specimen. Samples TiN/HZO/W and W/HZO/W

are characterised by a lower peak ratio and a distinct splitting. On the contrary,

a higher peak ratio and less defined peak splitting mark structures TiN/HZO/TiN

and W/HZO/TiN. The latter features can be associated with a oxygen-deficient

HZO [152, 245]. In conclusion, TiN as a top electrode seems to be responsible

for a more efficient oxygen scavenging from the HZO layer with respect to W to

electrode. This result acts as a further explanation for the appearance of a TiN(O)

interlayer at HZO/TiN (TE) interface.
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Figure V.12: EELS analysis: a) EELS O-K edge of sample TiN/HZO/TiN extracted
in HZO, TiN electrode, at bottom interface, and top interface, b) On the left, STEM-
HAADF image of the cross-section BE/HZO/TE, dashed color lines correspond to
the positions where spectra in a) were extracted. On the right, EELS O-K edges
represented as contour plot extracted along the cross-section BE/HZO/TE. c) and
d) EELS analysis of sample TiN/HZO/W. e) and f) EELS analysis of sample W/H-
ZO/TiN. g) and h) EELS analysis of sample W/HZO/W.

HR-TEM

HR-TEM was employed to investigate the nanostructure of the cross-section BE/H-

ZO/TE and the local in-plane crystallite size of the HZO layer. HR-TEM images

of structures TiN/HZO/TiN, TiN/HZO/W, W/HZO/TiN, and W/HZO/W are dis-

played in figures V.13, b, c, and d, respectively. Samples TiN/HZO/TiN, and

W/HZO/TiN are characterised by larger in-plane crystallite size, figures V.13a,

c, compared to samples TiN/HZO/W and W/HZO/W, figures V.13b, d. The con-

tours of the crystallites are marked with dashed red boxes in figure V.13d. The

latter samples are also characterised by a smaller out-of-plane average crystallite

size with respect to the other two specimens, determined by GI-XRD and shown

in table V.5. Large in-plane and out-of-plane crystallite sizes seem to be correlated

with poor ferroelectric performances, which were discussed in section V.5.1. In

the literature, it has was that large crystallites negatively impact the ferroelectric-

ity in HZO-based structures [144]. Regarding the electrodes/HZO interfaces, the

W/HZO interface appears sharper than the TiN/HZO interface, where the interfa-

cial layer is more evident (see figure V.13b, c). This observation corroborates the

evolution of the O-K edge fine structures (Figures V.12c, e), which confirms the

low oxidation of the W electrode at the W/HZO interface.

This study revealed the importance of chemistry and structure of interfaces on the

ferroelectric properties of ultra-thin HZO films. Tungsten as top electrode guaran-

tees better ferroelectric performances compared to TiN top electrode, when ultra-

thin HZO films (< 7 nm) are considered. This result confirms some reports in

literature [178, 233, 239–241]. Several reasons exist to explain this behaviour.

W is characterised by a smaller lattice parameter (∼ 3.6 Å) than TiN (∼ 4.24 Å),

which might induce a larger mechanical strain. Furthermore, the lower thermal

expansion coefficient (TEC) of W (∼ 4.16×10−6 K−1) compared to the one of HZO
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Figure V.13: HR-TEM images of samples: a) TiN/HZO/TiN. b) TiN/HZO/W. c)
W/HZO/TiN. d) W/HZO/W, the red dashed boxes specifies the contours of the
crystallites.

(∼ 7×10−6 K−1) could generate a strong in-plane tensile strain on HZO layer dur-

ing cooling [241]. The TEC of TiN is ∼ 8×10−6 K−1, which is a much closer value

to the TEC of HZO, hence suggesting lower induced in-plane tensile strain in HZO

in the latter case. The strain components might facilitate the o-phase formation

in HZO ultra-thin films [241]. An additional aspect that could contribute to the

high 2Pr of samples TiN/HZO/W and W/HZO/W is the lower oxidation of HZO/W

top interface compared to HZO/TiN one, as demonstrated by EELS. This implies

a reduction of the dead-layer thickness, which is among the first causes of ferro-

electricity degradation in HZO [178]. When W is used as bottom electrode, no

ferroelectricity was detected. We hypothesised that W changes the nucleation of

HZO o-phase from the point of view of the nanostructure. The two main reasons

the could justify this hypothesis are the larger out-of-plane and in-plane crystallite

size compared to the other samples, extracted from GIXRD and HR-TEM, and the

small shift towards larger values of 2θ of the o-/t-peak in figure V.11. The latter

aspect might indicate the predominance of HZO t-phase, since the position of the

t-HZO(111) is expected at ∼ 30.8◦ in the bulk [188]. Despite high value of re-

manent polarisation, the endurance of samples TiN/HZO/W and W/HZO/W was

lower than that of TiN/HZO/TiN. This is supported by the smaller out-of-plane

and in-plane average crystallite size in the TiN/HZO/W and W/HZO/W samples,

extracted from GIXRD and HRTEM. Indeed, smaller crystallites suggest a higher

density of crystalline boundaries between nano-grains, which could be responsible

for high leakage current (figure V.10), thus enhanced fragility of samples.
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V.6 Summary of the Ferroelectric Performances of

the Analysed Samples

Table V.6: Summary of the ferroelectric performances of the analysed samples
with a 6 nm-thick HZO layer.

Sample Interlayer thickness (nm) 2Pr (µC.cm−2) Endurance (cycles) ON/OFF ratio

TiN/HZO/TiN NA 9 (at breakdown) 107 NA

TiN/HZO/Ti/TiN 1 25 (at breakdown) 106 NA

TiN/HZO/Ti/TiN 2 30 (at breakdown) 105 NA

TiN/HZO/Ti/TiN 3 22 (at breakdown) 5× 106 NA

TiN/HZO/Al/TiN 1 NA NA NA

TiN/HZO/Al/TiN 2 1.2 (at 5× 102) 103 NA

TiN/HZO/Al/TiN 3 6 (at 5× 102) 104 NA

TiN/HZO/TiN NA 4 (at 105 cycles) 5× 106 NA

TiN/HZO/W NA 30 (at 104 cycles) 5× 105 NA

W/HZO/TiN NA 1 (at 104 cycles) 105 NA

W/HZO/W NA 40 (at 104 cycles) 104 2.5

V.7 Conclusion of the Chapter

Scaling down the HZO thickness without compromising its ferroelectricicty is an

extremely delicate task. In the previous sections two approaches were proposed.

The insertion of a Ti interfacial layer and use of W electrodes were very promis-

ing to improve 2Pr of ultra-thin HZO films, however some issue have still to be

faced. For both cases, the samples presented a non-negligible wake-up and the

endurance did not match the value required by the industry, mentioned in table

I.3. In this chapter, two effective ways to develop ultra-thin HZO-based devices

with enhanced ferroelectric properties were shown and the FTJ-like behaviour

demonstrated. The main focus of the analysis is on the extreme importance of the

quality of electrode/HZO interfaces to obtain functioning devices. The structural

properties of the interfaces greatly influence the HZO ferroelectricity, especially

at very low thickness, where interface effects become dominant. An appropriate

control over the interfacial properties is fundamental for achieving reliable HZO-

based devices and for reducing the HZO thickness, for the synthesis of tunnelling
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devices to be used in beyond-Von Neumann computing. In chapter VI in-memory

and brain-inspired computing will be presented, together with the description of

the crossbar architecture. The latter is a promising method for the integration of

ferroelectric-based memristors in dense memory array for neuromorphic applica-

tions.

153



Section V.7

154



CHAPTER VI

Advanced Applications of HZO-based Thin Films:

Perspectives

This chapter gives an overview of the concept of in-memory and brain-inspired

computing as solutions to overcome the limits of the Von-Neumann hardware ar-

chitecture, in terms of the treatment of large amount of data. Here, preliminary

results on the fabrication of crossbar matrices and protocol to demonstrate multi-

state programming of devices developed throughout the thesis are presented. Fi-

nally, very first results of a study on HZO optical properties of different crystalline

phases are shown. This could represent an interesting and promising perspective

for the use of HZO for silicon-based optoelectronic applications.

VI.1 In-memory Computing

The recent exponential development of artificial intelligence (AI) technologies has

massively increased demand of computing power for the implementation of ma-

chine learning algorithms. Simultaneously, Moore’s law has significantly slowed

down and classic Von-Neumann architecture is showing its inefficiency in terms

of the process of large quantity of information. The latter aspects indicate that

the scaling down of CMOS components is reaching its limits and novel hardware

architectures beyond Von-Neumann have to be explored. The Von-Neumann ar-
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chitecture physically dissociates the memory unit and process unit, consequently

the data have to be transferred from one to another when the computational tasks

occur. For certain applications, among which AI systems, this feature constitutes a

constraint in terms of latency and energy cost. A solution is offered by in-memory

computing, which allows to store data and perform certain computational tasks in

the same physical site, thus entirely eliminating latency, figure VI.1. The computa-

tions are performed by exploiting the physical properties of memory components,

i.e. non-volatile resistance states of memristors, their array-level organisation,

logic control, and peripheral circuitry. This approach consistently improves also

the time consumption and the efficiency of certain operations, by exploiting the

parallelism offered by arrays of millions of nanoscale memory devices serving as

computing units.

Figure VI.1: Schematic of the working principle of in-memory and conventional
computing. In conventional computing if an operation f is performed on data
D, D has to be moved into a processing unit. In in-memory computing, f(D) is
performed within the computational memory unit, through exploitation of phys-
ical properties of memory devices. Reprinted from "Memristors: From In-Memory
Computing, Deep Learning Acceleration, and Spiking Neural Networks to the Future
of Neuromorphic and Bio-Inspired Computing", Mehonic et al., Advanced Intelligent
Systems, 2020.

The peculiar physical properties of memristors make them extremely promising as

memory units for in-memory computing. The high resistance state (HRS) and low

resistance state (LRS) could represent logic states "0" and "1", respectively. More-

over, certain memristive devices can be programmed in a continuum of states to

allow analog storage. Memristors can be programmed into a desired resistance

state upon the application of certain pulse schemes of a specific order and am-

plitude. This characteristic is fundamental for artificial neural networks (ANNs)

training. Furthermore, in-memory computing can greatly reduce the complexity
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of the matrix vector multiplications (MVM), briefly described in section VI.2, at

the basis of ANNs working principle.

VI.1.1 Brain-inspired In-memory Computing

In-memory computing with memristors would be a turning point solution to re-

duce the power consumption requested by ANNs trainings in brain-inspired com-

puting. ANNs significantly evolved over the past years and can be classified in

three generations according to the characteristic neural transfer function, as it is

schematised in figure VI.2 [246]. The first generation neurons, which are called

perceptrons, had a step function response to the neuronal input. Deep neural

networks (DNNs) are based on the second generation neurons, which rely on a

continuous neuronal output with non-linear characteristic functions, such as the

Rectified Linear Unit (ReLU). Finally, the third generation neurons, on which spike

neural networks (SNNs) are based, are characterised by a bio-plausible neural

behaviour [247] and communicate through discrete spikes.

Below a brief description of DNNs and SNNs is given, together with a simple ex-

planation of their working principle. More details can be found in the review by

Mehonic et al. [248].

• Deep Neural Networks (DNN)

Are made of parallel process units, neurons, connected by plastic synapses.

The weight of synapses is tuned, i.e. programming the state of resistance, by

millions of labelled examples. These kind of networks are trained by super-

vised learning algorithms and are demonstrated to perform extremely well

certain supervised learning tasks. During the training, inputs are forward

propagated throughout the neuron layers, meanwhile the synaptic networks

perform multiply accumulate operations. The results of the final neuron

layer are compared with the inputs and the errors are back propagated.

The synaptic weight is then updated to reduce these errors. With mod-

ern hardware architectures, the movements of millions of synaptic weights

from process to memory units is the cause of a performance bottleneck, thus

in-memory computing is explored as solution to overcome this issue. The

in-memory approach consists of mapping the neuron layers into a memory

computing unit, where the memristive devices are organised according to a
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Figure VI.2: The three generation of neural networks. The first generation (Gen-
I) uses a step transfer functions. The second generation (Gen-II) uses non-linear
transfer functions such as ReLU. The third generation (Gen-III) uses the spiking
behaviour of biological neurons. The three components of SNNs are neurons,
synapses, and learning, which can be supervised or unsupervised. Reprinted from
"Pathways to efficient neuromorphic computing with non-volatile memory technolo-
gies", Chakraborty et al., Applied Physics Reviews, 2022.

crossbar configuration, described in section VI.2. The synaptic weights are

stored in the resistance state of the memristor, and data propagation is car-

ried out by input the data to the crossbar array rows and deciphering the

results at the columns through MVMs. However, challenges related to this

approach are the inaccuracies linked to programming of memristors into a
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certain synaptic weight, the drift, and the noise associated to the conduc-

tance values. Figure VI.3 shows a schematic of DNN working principle for

image recognition.

Figure VI.3: Example of DL based on in-memory computing. The various layers of
a neural network are mapped into a computational memory unit where memristive
devices are integrated in a crossbar structure. Synaptic weights are stored in the
conductance state of the memristive devices. A common communication network
is used to send data from one array to another. Reprinted from "Memristors: From
In-Memory Computing, Deep Learning Acceleration, and Spiking Neural Networks to
the Future of Neuromorphic and Bio-Inspired Computing", Mehonic et al., Advanced
Intelligent Systems, 2020.

• Spike Neural Networks (SNN)

Are modelled on integrate-fire behaviour of neurons in the brain. According

to this model, the neurons communicate between each others through binary

signals or spikes. When a spike arrives to a synapse, it triggers a current flow

into the post-synaptic neuron, with a magnitude of the current weighted by

the effective conductance of the synapse. The latter current is integrated by

the neuron to determine its membrane potential and a spike is issued when

it exceeds a certain threshold. SNNs can be integrated into CMOS processes

and the use of memristive devices could consistently increase the compu-

tational efficiency. Indeed, memristors that represent the synaptic weight

can be organised in a crossbar configuration and the CMOS circuitry at the

periphery can be designed to implement neuronal integration and learning
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logic. Currently, several devices have been explored for the realisation of

neuronal integration and firing characteristics, however there exits of only

few proofs of concept all-memristor SNNs.

Despite memristors represent an highly promising approach for in-memory and

brain-inspired computing, thanks to their stable non-volatile resistance state, fast

resistance switching, and excellent energy efficiency, there are still some chal-

lenges related to their fabrication and integration that need to be faced. These

are mainly related to device reliability, fabrication, uniformity, and scalability. One

of the main issues of memristive technologies is non-linearity in current/voltage

characteristic, due to the leakage currents. This non-linear dependence of output

current from input voltage prevents accurate matrix-vector computations. A fur-

ther issue concerns the device-to-device variability proper to nanoscale devices.

For this aspect, it is crucial to improve the material engineering and optimisation

of the device structure, including oxide/metal interfaces, and oxide microstructure

that are the focus of this thesis. This would lead to a great improvements in the

stability of operating characteristics. Finally, it is worthy to mention that, at the

current state, most of non-idealities that characterise memristors are studied on

the single devices or small arrays, and consequently a great work has still to be

done for more extensive reliability studies for memristors to gain full maturity.

VI.1.2 Ferroelectric Memristors for Brain-inspired Computing

Ferroelectric-based memristors exploit partial polarisation switching of their do-

mains to achieve multiple intermediate polarisation states and they can serve as

synaptic weight cells for neural networks. The literature offers various examples

of use of ferroelectric-based devices for the implementation of brain-inspired com-

puting [133, 249, 250]. Here, few works are reported, with a special focus on

FTJs. Berdan et al. [251] presented low-power linear computation using FTJs

crossbar, where the tunnel barrier was made of 4 nm of Si:HfO2. They demon-

strated a linear vector multiplication at ultra-low current in a 5× 5 crossbar array.

Ultra-low current computations would open the possibility of integration of large

arrays in hardware and enable neural networks operation in the range of hundred

of tera-operations per second per watt. A further example of FTJ-based cross-

bar structure is given by Luo et al. [134]. They evaluated performances of a
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1024 × 1024 array using as memory devices Al2O3/HZO-based FTJs, where Al2O3

tunnel barrier was modulated by the polarisation switching of HZO. Finally, Zhu

et al. [135] fabricated a crossbar array of HZO-based capacitive synapses with

ultra-low weight updating energy for the image reconstruction, highlighting the

great potential of ferroelectric-based memristive arrays for high-efficiency neu-

romorphic systems. Contrary to the conventional linear memristors, tunnelling

devices are characterised by a non-linear I-V behaviour, but they operate at very

low current, offering possibility to further reduce the power consumption. Upon

the linearisation of the I-V characteristic, FTJs provide ultra-low conductance and

operating current and enable selectorless crossbar array. Indeed, in linear resis-

tive memories arrays, the leakage current has to be blocked by a selector or a

transistor in series to the memory device. In non-linear FTJs, the high difference

between currents biased with a different voltage eliminates the need of selectors.

This aspect further increases the interest for FTJs in this fast-developing field.

VI.2 Crossbar Architecture

This section is dedicated to the presentation of the crossbar architecture and of the

fabrication procedure that was used to synthesised HZO-based crossbar arrays.

Figure VI.4 shows an example of a crossbar configuration. At each cross point,

the current is the product of the input voltage and conductance (I=GV) of the

memristor, according to the Ohm’s law for multiplication. At each column, the

total current is the sum of the currents at each cross point according to Kirchhoff’s

current law. The latter operations implement a vector matrix multiplication that

is the basis for computation in ANNs, but very resource-expensive for traditional

computing systems.

In the frame of this thesis, the fabrication of crossbar matrices was carried out

by sputtering, UV photolithography, and rapid thermal annealing by following

a recipe developed at RMIT. Three lithography masks, optimised for a 3 inches

wafer, were used for the synthesis of bottom electrode, HZO, top electrode, and

protective conductive layer. The substrate used for the growth was i-Si(100)/SiO2,

the oxide being 200 nm-thick. The procedure followed for the fabrication of cross-

bar samples is illustrated below.
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Figure VI.4: Schematic of the crossbar architecture.

1. Cleaning of the substrate in acetone and ethanol

2. Dehydration bake at 120 ◦C

3. Application of positive photoresist AZ5214

4. Soft bake at 90 ◦C

5. UV exposure

6. Post-exposure bake at 120 ◦C

7. UV flood exposure

8. Development to remove the photoresist

9. Deposition of TiN bottom electrode

10. Lift-off in acetone

11. Alignment of mask for the deposition of HZO

12. Repetition of procedure of steps 1-9

13. Alignment of mask for the deposition of TiN top electrode and Pt conductive

layer

14. Repetition of procedure of steps 1-9

The TiN bottom and top electrodes were 50 nm-thick, the HZO layer was 12 nm-

thick, and the Pt conductive layer was 100 nm-thick. The synthesis of crossbar
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samples was carried out only at the end of the project, so to test the fabrication

procedure a reference HZO thickness of 12 nm was chosen. Figure VI.5a shows

the image taken by optical microscope of a series of memristors, where the squares

represent the electrical contacts. The top electrode is characterised by the lighter

color, given by the Pt layer deposited onto the TiN top electrode. Figure VI.5b

reports a detail of a single memristor, where the HZO layer is distinguishable as

the square in the middle of the cross made by the bottom and top electrodes,

which are 5 µm in width. Finally, figure VI.5c shows the crossbar structure, where

vertical lines represent the bottom electrodes and the horizontal lines the top ones.

In this case, the bottom and top electrodes are 10 µm-wide. Figure VI.6 shows the

image of a finished sample.

a) b) c)

500 µm 100 µm 500 µm

Figure VI.5: Images taken by optical microscope that show details of: a) a series
of memristors. b)A single memristor. c) A Crossbar array.

1 cm

Figure VI.6: Image taken by optical microscope of a crossbar sample.
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VI.3 Multi-state Programming

One of the objectives of this thesis was the demonstration of the usability of the

here synthesised structures for the emulation of certain synaptic plasticity mech-

anisms. In this context, few introductory test protocols for the multi-state pro-

gramming of the ferroelectric polarisation were developed. The measurements

were carried out on a the reference structure with a 12 nm-thick HZO layer and

on 10µm-diameter capacitors by means of the probe station described in section

III.4.1. At first, the possibility to program at least ten states of polarisation was

tested. The procedure consisted on the application of a single writing pulse at time

and the aim was to switch the polarisation between 0 and 1, where 0 represents

a null fraction of switched polarisation and 1 a full polarisation switching, with

a step of 0.1. Figure VI.7a shows the fraction of switched polarisation as a func-

tion of the pulse duration, for a fixed positive voltage of 1.66 V (on the left) and

a fixed negative voltage of -1.36 V (on the right). Figure VI.7b report the same

measure performed by fixing the pulse duration at 10 µs and varying the applied

voltage between -4 V and 0 V (on the left) and 0 V and 4 V (on the right). The

measurements were repeated five times to test the reproducibility of the results,

which was confirmed by the superimposed and well distinguished coloured dots

in figures VI.7a and b.

A second approach that was explored consisted on the application of multiple iden-

tical pulses with the aim of emulating the potentiation/depression characteristic

of the synapses. In this case, the single pulse was replaced by a series of pulses,

each one with a duration of 20 ns. Figures VI.8a and b represent the polarisation

switching as a function of the number of applied pulses for different writing volt-

ages. In the case of an applied voltage of 1.6 V, after the first pulse the fraction

of the switched polarisation was 20 % and after 105 pulses it was ∼ 80 %. On the

contrary, when ∼ 4 V were used, the fraction of switched polarisation after the first

few pulses was > 80 %, while, for a voltage of ∼ 1.5 V, it did not reach the 20 %

after 105 pulses. It is clear that for a correct control of the polarisation switching,

which includes the exploitation of the maximum number of polarisation states,

the duration, the shape, and the number of pulses have to be optimised.

However, it was possible to give a very first demonstration of the potentiation/de-
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Figure VI.7: Demonstration of multi-state programming of the polarisation. a)
Pulses with fixed writing voltage and variable duration. b) Pulses with fixed dura-
tion and variable writing voltage. The measurements were repeated five times.
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Figure VI.8: Switching of the polarisation as a function of the number of writing
pulses and of the writing voltage. a) For a positive applied voltage. b) For a
negative applied voltage.

pression behaviour in the here fabricated devices. Figure VI.9 shows the potentia-

tion/depression characteristic as a function of the number of applied pulses. The

curve was reconstructed from figure VI.8 by extracting the curves at 2 V and at

-1.8 V.
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Figure VI.9: Demonstration of a potentiation/depression characteristic measured
on one of the here synthesised devices.

The results presented here represent the last part of the thesis project and are only

preliminary. To obtain a functioning device, further studies should be performed

on optimised protocols for the implementation of synaptic plasticity mechanisms.

VI.4 Study of HZO Optical Properties for Optoelec-

tronic Applications

Thanks to its compatibility with CMOS technology, HZO could be an interesting

material also for optoelectronic applications. Probing the optical properties of

HZO-based devices might open a path for the developing novel concepts to face

the request of low energy consumption. In this section, preliminary experiments

of the investigation of HZO optical properties are reported. The analysis is per-

formed with the aim of studying differences in HZO optical response as a function

of the crystalline phase and the orientation of the polarisation. This study, which

is currently in progress, is conducted from an experimental and a theoretical point

of view, in the framework of a collaboration with the University of Connecticut

(UConn). The experiments are carried out by ellipsometry and valence electron

energy-loss spectroscopy (V-EELS). Ab initio quantum mechanical calculations for

monoclinic, orthorhombic, and tetragonal HZO phases are performed using VASP

package at UConn. The density functional theory was used to calculate the re-

fractive index, extinction coefficient, absorption coefficient, and low-energy-loss

spectrum of the different HZO phases in the range 0 - 50 eV, in order to compare it
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with experimental data. The ellipsometry was performed on two samples with the

structure p+Si/HZO, where HZO, synthesised by sputtering, was 27 nm-thick and

6 nm-thick, respectively. These two reference thicknesses were chosen based on

the fact that, after annealing, the 27 nm-thick HZO layer shows mainly monoclinic

phase, while the 6 nm-thick one is orthorhombic. The crystalline phase analysis

was conducted by GI-XRD. Figure VI.10 shows the refractive index and the extinc-

tion coefficient as a function of the photon energy collected by ellipsometry on

the monoclinic sample, in figure VI.10a, and on the orthorhombic one, in figure

VI.10b. Preliminary DFT calculations, not reported here, showed a good match

between experimental and theoretical values of the aforementioned quantities.
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Figure VI.10: Refractive index and extinction coefficient obtained with ellipsom-
etry on a p+Si/HZO sample: a) HZO was 27 nm-thick, and showed a monoclinic
crystal structure. b) HZO was 6 nm-thick, and showed an orthorhombic crystal
structure.

Valence low-energy electron spectroscopy (V-EELS) was performed on the or-

thorhombic sample in the range 0 - 50 eV, in figure VI.11. From the low-loss

region of the EEL spectrum, it is possible to acquire information on the electronic

structure and optical properties of a material, by correlating the spatial intensity

to the complex dielectric function (Im(ϵ)). The obtained results are consistent

to what has been reported in the literature by Guedj et al. and Hung et al. for

HfO2 [252, 253]. They simulated the low-absorption spectra of HfO2 using time-

dependent DFT. According to these works, the first shoulder at ∼ 10 eV, in figure

VI.11, corresponds to particle transitions between the highest valence band (O2p)

and the lowest conduction band (Hf5d), like the peak at ∼ 35 eV, which is ascribed

to a single-particle transitions of Hf5p electrons. The spectral features at ∼ 13 eV
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and at ∼ 38 eV are representative of a bulk plasmon caused by the collective ex-

citation of O2p, Hf5d, and 6s electrons, and of a local-field (LF)-damped plasmon,

respectively. Finally, the features of the spectral region between 16 eV and 30 eV

are attributed to the collective excitation of Hf4f and O2s electrons.
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Figure VI.11: VEELS spectrum of orthorhombic HZO.

The here presented are only introductory results of a study that could be promis-

ing for opening new paths for the use of HZO as optoelectronic material, and

further experiments and theoretical computations should be performed. Despite

the presence of few theoretical and experimental works [254, 255], which studied

the HZO optical properties, this topic has been scarcely investigated in the liter-

ature. However, the demonstration of a dependence of HZO optical response on

its crystalline phase and polarisation orientation would unfold interesting ways

for a fast and completely non-disruptive reading operation of HZO-based memory

components.

VI.5 Conclusion of the Chapter

In-memory and brain-inspired computing were presented as solutions for the Von-

Neumann memory bottleneck. For the implementation of the latter, specific hard-

ware architectures are required in order to limit the power consumption for the

process of large amount of information. This chapter gave an introduction to the

fabrication of HZO-based crossbar arrays and to the multi-state programming of

the devices realised in this work. The protocol used for the demonstration of
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multi-state programming was described and a very first demonstration of synaptic

potentiation/depression characteristic was reported. Despite the here presented

results were only preliminary and not extensively developed throughout the thesis,

they highlighted the possibility for the integration of HZO in crossbar structures

synthesised by sputtering and the potential of these devices to mimic synaptic be-

haviour. Finally, an initial study of HZO optical properties was introduced as very

promising for the realisation low-power optoelectronic devices, and for the use of

HZO in other CMOS-compatible platforms.
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Conclusion and Perspectives

To overcome the Von-Neumann memory bottleneck, new paradigms of computa-

tion and novel hardware architectures were proposed, and became object of an

extensive research over the past few decades. In this context, brain-inspired com-

puting has gain a considerable interest. The latter, which takes inspiration from

the way biological networks of neuron and synapses perform computations, allows

the treatment of massive amount of data at low energy cost. An extremely promis-

ing approach for the realisation of memory units in neuromorphic architectures

is the memristor. In non-volatile memristors, the stable resistance corresponds to

the stored information. Ferroelectric-based memristors allow non-volatile multi-

level memory effect and analog storage of information, thanks to the continuum

of resistance states into which they can be induced. However, one of the major

challenges for the development of these kind of architectures concerns the real-

isation of high quality, reliable, and scalable layers of ferroelectric materials for

the implementation of the single memory unit. The discovery of ferroelectricity

in doped HfO2 in 2011 opened the path for the development of a wide range of

memory devices based on ferroelectric CMOS-compatible HfO2. Since then, HfO2

has been used for the development of ferroelectric field-effect transistors, ferro-

electric random access memory, negative capacitance field-effect transistors, and

ferroelectric tunnel junctions. Different chemical substitutions and processing con-

ditions have been explored to stabilise ferroelectric polymorphs, based on HfO2,

in polycrystalline thin films. Among different strategies, which exploit compounds

from the solid solution of the physically and chemically compatible ZrO2 and HfO2,
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the Hf:Zr 1:1 substitution compound is of particular interest, due to its high po-

larisation value. Hf0.5Zr0.5O2 shows robust ferroelectricity and low-temperature

preparation, which is crucial for its transfer into the semiconductor-based indus-

try. Among HfO2/HZO-based non-volatile memory devices, ferroelectric tunnel

junctions offer the possibility to perform low-current operations and to increase

the device scalability for their integration into dense memory arrays. This work

had as objectives the realisation, investigation, and optimisation of the structural,

chemical, physical, and ferroelectric properties of ultra-thin HZO films for the syn-

thesis of FTJs, which could be used as memory units for neuromorphic hardware

architectures. In detail, we presented:

• The fabrication process by sputtering, the structural, and the electrical

characterisations of n+Si(100)/TiN/HZO/TiN/Ti/Pt heterostructure, with

12 nm-thick HZO layer, that was used as a reference for this work. The

structural characterisations were carried out by X-ray reflectometry, X-ray

diffraction, transmission electron microscopy, and high-resolution transmis-

sion electron microscopy. The stoichiometry of the HZO was established by

means of Rutherford backscattering spectrometry and the morphology of its

surface was investigated by atomic force microscopy. The ferroelectricity

was confirmed by positive-up-negative-down technique. Capacitance vs volt-

age and current vs voltage measurements were performed to evaluate the

dielectric properties of the stack and the electronic conduction mechanisms

through the ferroelectric layer. We demonstrated a robust ferroelectricity

and the reproducibility of the results for the reference structure. Finally, the

issues related to the scalability of the HZO thickness for the synthesis of FTJs

were addressed.

• The study of HZO-based heterostructures characterised by decreasing HZO

thickness. We showed how the ferroelectric properties evolved when HZO

was scaled down to 6 nm and how they degraded when its thickness was <7

nm. For the realisation of FTJs, the synthesis of high-quality ultra-thin HZO

films was crucial. For this reason, we studied different approaches in order

to enhance the ferroelectric behaviour of ultra-thin HZO. As first, we studied

the impact of different bottom electrode materials other than TiN, such as

n-doped Si, p-doped Ge, and Pt on a 12 nm-thick HZO film. We concluded
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that the best ferroelectric properties were obtained when TiN was used as

bottom electrode, with a thickness of 50 nm.

• The presentation of two successful methods for the synthesis of high-quality

6 nm-thick HZO films. The first one consisted on the insertion of a Ti in-

terfacial layer at the top electrode/HZO interface. This promoted an oxy-

gen redistribution that contributed to a significant improvement of the HZO

ferroelectricity. The second one involved the use of W as bottom and top

electrode or in combination with TiN. Devices with W electrodes showed ex-

ceptional ferroelectric properties. For both studies, a particular focus was

dedicated to the role played by the structural and compositional character-

istics of the electrode/ferroelectric interfaces on the device performances.

We underlined how crucial was the quality of the interfaces when the HZO

thickness was few nm. We managed to synthesised by sputtering ultra-thin

HZO layers with enhanced ferroelectrcity competitive with the state of the

art.

• The realisation of a FTJ based on a 6 nm-thick HZO layer with W bottom and

top electrodes. We measured an ON/OFF ratio of 2.5 that was reproducible.

For the optimisation of FTJs, work has still to be done to improve the en-

durance and minimise the wake-up effect. A future step in this direction is

the further reduction of the thickness of the HZO layer, in order to enhance

the tunnel contribution to the current, and thus the ON/OFF ratio.

• The description of the recipe for the fabrication of crossbar arrays and the

presentation of a protocol for multi-state programming of HZO-based de-

vices, with a very first demonstration of synaptic potentiation/depression

behaviour. Finally, we presented new perspectives for a potential use of

HZO in optoelectronic applications. We investigated the optical properties of

HZO experimentally, by means of ellipsometry and valence electron energy-

loss spectroscopy, and theoretically, by density functional theory. This study

could open new ways towards the optical reading of HZO-based memory

devices for a completely non disruptive and fast read-out operation.

An overview of the perspectives to continue the work presented in this thesis was

given in chapter VI. The fabrication of crossbar arrays should be further investi-
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gated and developed, in order to realise matrices where each HZO-based memory

unit is characterised by robust ferroelectric properties. Here, we presented only

one crossbar sample with TiN electrodes and a 12 nm-thick HZO layer. It would

be interesting, to reduce the HZO thickness, for instance to 6 nm, and replace the

TiN electrodes by W ones. However, the synthesis process of crossbar matrices

requires the optimisation of various aspects, among which the crossbar size of the

synaptic elements, in order to minimise non-idealities, such as device variations

and non-ideal resistances. These are currently some of the main challenges related

to the development crossbar architectures. A further aspect, which was only intro-

duced in this work and which should be explored further, is the development of

protocols for the demonstration of synaptic plasticity mechanisms. In section VI.3,

we gave only a first evidence of the synaptic potentiation/depression behaviour of

a 12 nm-thick HZO-based capacitor. A step forward could be the demonstration of

the latter characteristic in FTJ devices, with a HZO thickness of 6 nm. In addition,

the study of other pulse schemes for the implementation of synaptic plasticities,

as spike-timing-dependent plasticity (STDP), should be investigated. Finally, the

analysis of the HZO optical properties from a fundamental point of view could lead

to novel platforms for the use of ferroelectric HZO in optoelectronic. Currently, this

field is scarcely explored, although it should be object of further studies.
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Annex B: GI-XRD Fitting Procedure

To evaluate the crystalline phase components of the materials that composed the

heterostructures presented in this work, a fitting procedure was implemented in

Matlab. The results obtained from the fit of X-ray diffraction patterns were useful

to evaluate the average out-of-plane crystallite size for different HZO phases, to

investigate their dependence on the electrode materials and on the presence of

interfacial layers. The fitting function was the sum of two pseudovoigt functions

accounting for the Cu Kalpha1 and Cu Kalpha2 radiations and is reported below:
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Where h is the height of the peak, c is the center, FWHM is the full width at half

maximum of the considered peak, λ = 1.54433
1.54056

is the ratio between the Cu Kalpha1

and Cu Kalpha2 radiations, and γ = Gaussian
Lorenzian

is the ratio between the Gaussian

and Lorentzian profile that compose the pseudovoigt function, in this case it was

half Gaussian, and half Lorentzian. In red, the pseudovoigt that represents the

Kalpha1 radiation and, in blue, the one corresponding to the Cu Kalpha2 one. The

function coded to fit all the peaks that appeared in the GI-XRD pattern was a sum
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of pseudovoigt functions, each one corresponding to a certain peak. The fit was

accounting only for the contribution of pseudovoigts corresponding to the peaks

that were present in the XRD patter, otherwise it was put equal to zero.
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Annex C: Samples with Ti Interfacial layer Inserted at

the Top Interface and Different HZO Thickness

In this annex, other results obtained on insertion of Ti at the top electrode/HZO

interface are presented. A study on the effect of Ti interlayer at different HZO

thicknesses was performed. Figure C1 shows the GI-XRD patterns of 12 nm-thick,

8 nm-thick, and 7 nm-thick HZO samples with 2 nm-thick Ti layer inserted at

top interface and table C1 reports the ou-of-plane average o-phase crystallite size.

Figures C2a, b, c, and C3a, b, c show the P-V measurements and the endurance

tests.

The GI-XRD patterns in figure C1 resemble the ones reported in section III.3.2

for structures without interlayer. In the 12 nm-thick HZO sample, the monoclinic

peaks at 28.7 ◦, and at 31.6 ◦ are clearly distinguishable, while they fade as the

HZO thickness decreases. M-peak at 35.5 ◦ is present in the three patterns, al-

though it drops consistently for the 7 nm-thick HZO sample. O-phase out-of-plane

average crystallite size of 12 nm-thick HZO sample is smaller compared to refer-

ence structure IV.1, on the contrary for 8 nm-thick and 7 nm-thick samples, it is

slightly larger.

P-V curves show that the Ti layer is beneficial to the remanent polarisation for low

HZO thickness, in particular to the 6 nm-thick HZO structure, studied in section

V.3.2. For the 7 nm-thick and 8-nm thick samples, the Ti interlayer does not seem

to have a particular influence on Pr, which degrades consistently in the case of the

12 nm-thick HZO sample. A slight imprint is present for the three structures. For
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Figure C1: GI-XRD pattern and fit of the structure with Ti interfacial layer at
the top interface n+Si(100)/TiN/Ti/HZO/TiN/Ti/Pt, from top: 12 nm-thick HZO
layer, 8 nm-thick HZO layer, and 7 nm-thick HZO layer.

Table C1: Average out-of-plane o-phase crystallite size of HZO for different thick-
nesses and Ti interfacial layer deposited at the top interface.

HZO thickness (nm) o-HZO crystallite size (nm)

12 7.9

8 6.3

7 5.8

these samples, the endurance is not impacted by the presence of Ti. It is ∼ 105

cycles, similar to the one of the samples without interlayer, in section IV.1.2.

Table C2 reports the values of 2Pr and endurance of samples with 3 nm-thick and 1

nm-thick Ti interlayer with different HZO thicknesses. The results related to the 6

nm-thick HZO samples with different thicknesses of Ti interfacial layer, deposited

at top electrode/HZO interface, were presented in chapter V.
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Figure C2: P-V measures of samples n+Si(100)/TiN/HZO/Ti/TiN/Ti/Pt with a)
12 nm-thick HZO layer, extracted after 5 × 102 cycles. b) 8 nm-thick HZO layer,
extracted after 5 × 102 cycles. c) 7 nm-thick HZO layer, extracted after 5 × 102

cycles.

Table C2: Remanent polarisation and endurance of samples with different HZO
thicknesses, and with a 3 nm- and 1 nm-thick Ti interfacial layer at the top inter-
face.

Ti thickness (nm) HZO thickness (nm) 2Pr (µC/cm2) Endurance (cycles)

1 12 ∼ 8 5× 105

1 8 ∼ 22 104

1 7 ∼ 9 5× 105

3 12 ∼ 11 106

3 8 ∼ 26 104

3 7 ∼ 32 105
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Figure C3: Endurance test of samples n+Si(100)/TiN/HZO/Ti/TiN/Ti/Pt with: a)
12 nm-thick HZO layer. b) 8 nm-thick HZO layer. c) 7 nm-thick HZO layer.
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Annex D: Ti Interfacial Layer at the Bottom

Electrode/HZO Interface

The effect of the Ti interfacial layer, presented in chapter V, was investigated also

when it was deposited at the bottom electrode/HZO interface. The impact of

the interlayer on the structural and electrical properties of HZO was studied on

samples with different HZO thicknesses, ranging between 12 nm and 6 nm. The

Ti layer was 2 nm-thick and was growth by RF sputtering after the deposition

of the TiN bottom electrode, and prior to deposition of the HZO layer, without

braking the vacuum. Figure D1 shows a schematic of the sample structure.

Figure D1: Schematic of the structure n+Si(100)/TiN/Ti/HZO/TiN/Ti/Pt, with Ti
interfacial layer deposited at the bottom interface.

The GI-XRD patterns, in figure D2, confirm the presence of the o-/t-peak at ∼

30.5 ◦. As it was the case for structures with different HZO thicknesses and with

Ti interlayer at top electrode/HZO interface, described in section IV.1.1 and VI.5

respectively, the monoclinic components at ∼ 28.7 ◦ and at 31.6 ◦ vanish as the
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HZO thickness decreases. However, the average out-of-plane o-phase crystallite

size of these samples, reported in table D1, is larger compared to the one mea-

sured for samples without the interfacial layer and with the 2 nm-thick Ti at top

electrode/HZO interface, shown in table IV.1 and C1, respectively. In the case of

the 6 nm-thick HZO sample, the crystallite size with the Ti at the bottom interface

is also bigger compared to the case of Ti at the top interface, where it was ∼ 4.8

nm.
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Figure D2: GI-XRD pattern and fit of the structure with Ti interfacial layer at the
bottom interface n+Si(100)/TiN/Ti/HZO/TiN/Ti/Pt, from top: 12 nm-thick HZO
layer, 8 nm-thick HZO layer, 7 nm-thick HZO layer, 6 nm-thick HZO layer.

Table D1: Average out-of-plane o-phase crystallite size of HZO with different thick-
nesses and a Ti interfacial layer at the bottom interface.

HZO thickness (nm) o-HZO crystallite size (nm)

12 9.5

8 7.2

7 6.5

6 6

The P-V curves and endurance tests are reported in figures D3a, b, c, and D4a, b,
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c, respectively. In the case of the 12 nm-thick sample, the value of 2Pr is similar

to the reference structure (section IV.1.2). On the contrary, the 2Pr of the 8 nm-

thick and 7 nm-thick HZO samples is consistently lower. For the 6 nm-thick HZO

structure, no ferroelectric behaviour was observed. For these samples, the imprint

is more evident with respect to the structures without Ti and with Ti at the top

interface.
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Figure D3: P-V measures of samples n+Si(100)/TiN/Ti/HZO/TiN/Ti/Pt with a)
12 nm-thick HZO layer, extracted after 5 × 102 cycles. b) 8 nm-thick HZO layer,
extracted after 5 × 102 cycles. c) 7 nm-thick HZO layer, extracted after 5 × 102

cycles.

The 12 nm-thick HZO sample is characterised by an endurance of 105 cycles, while

for samples with 8 nm-thick and 7 nm-thick HZO layer, it is 5 × 105 cycles. Ti

inserted at the bottom interface seems to reduce the wake-up effect compared to

cases without interfacial layer and with Ti at the top interface.

Indeed, the Ti layer might influence the nucleation of the HZO at growth stage.

The absence of ferroelectricity in the 6 nm-thick HZO sample could be related to

the presence of the non-ferroelectric tetragonal phase. Furthermore, the crystal-

lite size was shown to have an impact on the nucleation of the t-phase at low HZO

thickness [256]. In conclusion, from the obtained results, it seems that the Ti
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Figure D4: Endurance test of samples n+Si(100)/TiN/Ti/HZO/TiN/Ti/Pt with: a)
12 nm-thick HZO layer. b) 8 nm-thick HZO layer. c) 7 nm-thick HZO layer.

layer at the top interface promoted the stabilisation of the o-phase when the HZO

thickness was reduced, while the Ti at the bottom interface helped to reduce the

wake-up. Figure D5 shows the average out-of-plane o-phase crystallite size calcu-

lated for samples with different HZO thicknesses without interfacial layer, with a

2 nm-thick Ti layer at the top interface, and at the bottom interface.

6 8 10 12

HZO thickness (nm)

4

5

6

7

8

9

10

o-
ph

as
e 

cr
ys

ta
lli

te
 s

iz
e 

(n
m

)

HZO
HZO/Ti
Ti/HZO

Figure D5: Average out-of-plane o-phase crystallite size vs HZO thickness for sam-
ples without Ti interlayer, with Ti at top interface, and with Ti at bottom interface.
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Annex E: XPS Analysis of the HZO/Top Electrode

Interface

To investigate the chemistry of the top electrode/HZO interface, X-ray photoelec-

tron (XPS) spectroscopy was used as a complement to electron energy-loss spec-

troscopy (EELS) to study the effect of the Ti interfacial layer. In this annex XPS

data of samples with and without Ti are presented, preceded by a brief description

of the XPS technique and the set up used for the experiments.

X-ray Photoelectron Spectroscopy

XPS is a technique that belongs to the family of photoemission or photoelectron

spectroscopies (PES). These techniques are used to investigate the energy distribu-

tion of electrons emitted from a sample by photoelectric effect (photoelectrons),

according to the Einstein’s equation hν =| EB | +ϕ+Ekin, where EB is the binding

energy of the electrons and Ekin is the kinetic energy of photoelectrons. XPS takes

its name from the energy range of the impinging electrons that is between 100

and 2000 eV (X region). Since the X radiation is responsible for the excitation of

the core electrons, XPS is mainly used to study core levels, the analysis of which

allows the identification of the single chemical element. Figure E1 schematises

the main components of a PES experiment, which are a monochromatic photon

source, the sample to analyse, the electron energy analyser, and the detector. The

sample is placed in a vacuum chamber.
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Photoelectrons

Sample
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Figure E1: Scheme of an experiment of photoemission spectroscopy.

Physical Principle

The volume of the sample where photoelectrons are generated by the X-ray source

is considerably larger compared to the number of photoelectrons that reach the

detector. This is due, from an experimental point of view, by the fact that the area

of the sample excited by the photon beam is generally larger compared to the one

seen by the analyser, and, from a fundamental point of view, by the fact that the

generation depth of photoelectrons is much higher than their escape depth. For

instance, for 105 generated photoelectrons, only one is experimentally revealed

by the detector, leading to a process efficiency of approximately 10−7. The es-

cape depth of photoelectrons depends on their kinetic energy, figure E2a reports

the universal curve that describes the inelastic mean free path of electrons as a

function of the kinetic energy and figure E2b the process of the generation of a

photoelectron inside a metal.

Electron Energy Analyser

The electron energy analyser used for XPS is characterised by an hemispherical

geometry, as it is depicted if figure E3. The pass energy E0 is the kinetic energy

that correspond to an ideal trajectory inside the hemisphere, a voltage VD < 0 is

adjusted in order to make the energy of the analysed electrons equal to E0.

XPS data were collected at RMMF facility of RMIT, using a Kratos AXIS Supra XPS

represented in figure E4.
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Figure E2: a) Inelastic mean free path as a function of the kinetic energy of elec-
trons. Reprinted from: https://www.kratos.com/applications/high-energy-xps. b)
Scheme of the generation process of a photoelectron.
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Figure E3: Scheme of an hemispherical electron energy analyser.

Experimental Results

The XPS analysis was performed on 6 nm-thick HZO samples with the Ti interfacial

layer and without, for investigation of the top electrode/HZO interface. In order

to probe the top interface, the TiN top electrode was 2 nm-thick and it covered the

whole surface of the samples. The Ti interlayer, grown prior to the deposition of

the top electrode, was also 2 nm-thick. Figure E5a shows the XPS Hf peaks of the

sample without the Ti interlayer and figure E5b refers to the sample with the Ti. As

it is possible to notice, the doublet that appears at ∼ 16.2 eV, which corresponds

to Hf 3+ [257], is more evident in figure E5b than in figure E5a. This feature

is attributed to an increase number of oxygen vacancies at the HZO/Ti interface
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Figure E4: Kratos AXIS Supra XPS.

with respect to the HZO/TiN one. We could not conclude anything regarding the

stoichiometry of the Ti(O). In the case of sample with Ti, the latter was deposited

just below TiN and, by consequence, it was not possible to determine if the signal

of Ti was actually corresponding to the Ti interlayer. The XPS study was a further

confirmation of the oxygen scavenging of the Ti from the HZO layer underneath.
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Figure E5: a) Hf XPS peaks of sample n+Si/TiN/HZO/TiN, with TiN top electrode
∼ 2 nm, b) Hf XPS peaks of sample n+Si/TiN/HZO/TiN, with TiN top electrode ∼
2 nm, and Ti interlayer ∼ 2 nm.
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