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Résumé

Les ferroélectriques sont des matériaux qui manifestent une polarisation spontanée et inversible.
Les plus célebres représentants de ces matériaux sont les cristaux ioniques ayant une structure de
pérovskite telle que le titanate de baryum et le titanate de zirconate de plomb, qui sont utilisés dans
des capteurs et actionneurs [IH3], dans des applications électro-optiques [4], et dans des applications
spécialisées de technologie de mémoire [5, [6]. Un de ces dispositifs de mémoire émergents est de
type ferroélectrique a jonction de tunnel. Ce dispositif utilise I’état ferroélectrique pour moduler des
courants tunnel entre les deux électrodes, constituant un dispositif de mémoire résistive non volatil
et compact. Malgré le fait que cela a été prédit de fagon théorique par T. Esaki en 1971, d’un point
de vue pratique, le fait qu'un film ferroélectrique doive avoir une épaisseur nanométrique a fait en
sorte que ce n’est aux débuts des années 2000 que cela a été démontré expérimentalement. Un des
plus grands défis reliés aux pérovskites ferroélectriques consiste leur intégration dans les dispositifs
semiconducteurs, particulierement dans des applications telles que des dispositifs de mémoire, des
enjeux de compatibilité avec les procédés de fabrication des semiconducteurs et des restrictions
reliées a leur extensibilité a de plus grandes échelles ont entravé 'application industrielle étendue

des ferroélectriques.

Un nouveau matériau était nécessaire pour atténuer ces obstacles. Une alternative prometteuse
est devenue disponible avec la découverte d’une phase ferroélectrique dans le HfO5 dopé de silicium
en 2011 par T. Boscke [7]. Cela a été une surprise puisque le matériau avait fréquemment été utilité
comme diélectrique dans I’industrie des semiconducteurs. Cependant, une multitude de conditions

de traitement et de transformation devaient étre satisfaites pour obtenir une phase ferroélectrique.
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Tandis que la plupart des ferroélectriques perdent leurs caractéristiques a 1’échelle nanométrique,
des dimensions nanométriques sont nécessaires pour le HfOs dopé pour la formation d’une phase
ferroélectrique suffisante, ce qui fait de ce matériau un candidat idéal pour la construction de
minces couches de cellules de mémoire, notamment le type ferroélectrique a jonction de tunnel.
Cependant, malgré les progres significatifs, la compréhension actuelle de cette structure métastable

et polycristalline demeure incompléte.

Ce travail se penche sur certaines des exigences de conception théoriques et pratiques de la
jonction de tunnel ferroélectrique & base de Hfy 5Zrg.502. Nous évaluons ce dispositif de mémoire
a deux terminaux & la lumiere de ce nouveau matériau dans le but de comprendre et d’optimiser
ses fonctionnalités et ses défauts en fonction de 'application d’une mémoire ou d’une configuration
de réseau neutre. En fonction de sa polarisation, le film ferroélectrique induit des charges image
dans les électrodes ce qui module la hauteur effective de la barriére de potentiel. En utilisant des
matériaux avec des propriétés d’écrantage différentes, la barriere de potentiel effective est abaissée
ou élevée, selon la polarisation. Pour fixer le dispositif & un certain état résistif, une tension est

appliqué au-dessus du seuil du champ coercitif. L’état est lu a I'aide des voltages sous-coercitifs.

Malgré ses excellentes propriétés prédites par la théorie, notamment une longue rétention, un
affichage non-destructif, une adaptabilité excellente a grande échelle, une compatibilité aux CMOS
et des vitesses d’écriture élevées prédites par la théorie, il existe plusieurs défis tels que la dégra-
dation des électrodes, I'induction de sites vacants et des variations dans la performance électrique.
Le dernier point est partiellement inhérent aux films polycristallins dans lesquels la hauteur des
structures approche la taille du grain. A cause de sa capacité & commuter graduellement, le disposi-
tif peut aussi étre utilisé comme synapse pour le calcul neuromorphique. Dans ce contexte, nous

étudions et quantifions la réponse d’apprentissage de la jonction tunnel ferroélectrique (FTJ).

Mots-clés jonction tunnel ferroélectrique, mémoire résistive, couche mince de hafnia, change-

ment de valence, modélisation numérique, synapse artificielle.
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Abstract

Ferroelectrics are materials that exhibit spontaneous, switchable polarization. Their most promi-
nent representatives are ionic crystals with perovskite structure such as barium titanate and lead
zirconate titanate, which are used in sensors and actuators [IH3], electrooptical applications [4],
as well as in specialized applications of memory technology [5), [6]. One of these emerging memory
devices is the ferroelectric tunnel junction type. This device uses the ferroelectric state to modulate
tunneling currents between two electrodes, constituting a compact, non-volatile resistive memory
device. Despite being theoretically predicted by T. Esaki in 1971, the practical requirement of a
ferroelectric film with a nanometer thickness meant that it was not experimentally demonstrated
until the early 2000s. One of the biggest challenges of the ferroelectric perovskites is their integra-
tion into semiconductor devices. Especially in applications such as memory devices, compatibility
issues with the semiconductor manufacturing process, as well as scalability limitations impeded
ferroelectrics from widespread industrial application.

A new material was required to alleviate these roadblocks. A promising alternative became available
with T. Boscke’s discovery of a ferroelectric phase in Si-doped HfO9 in 2011 [7]. This came as a
surprise, since the material had frequently been used as a dielectric in the semiconductor industry.
However, a number of processing conditions must be met in order to obtain the ferroelectric phase.
While most ferroelectrics lose their characteristics at the nanoscale, scales in the nanometer region
are required for doped HfO2 to build up significant amounts of ferroelectric phase, which makes it
a prime candidate to construct thin film memory cells, including the ferroelectric tunnel junction
type. However, despite significant progress, the current understanding of this metastable, polycrys-
talline structure is still incomplete.

This work investigates some of the theoretical and practical design requirements of the Hfy 5Zrg 502



based ferroelectric tunnel junction. We evaluate this two-terminal memory device in light of the
new material in order to understand and optimize its features and shortcomings with respect to
applications in a memory or neural network configuration. Depending on its polarization, the ferro-
electric film induces mirror charges within the electrodes which modulate the effective height of the
potential barrier. Using materials with different shielding properties, the effective potential barrier
is lowered or raised, depending on the polarization. To set the device to a certain resistive state,
a voltage above the coercive field threshold is applied. The state is then read using sub-coercive
voltages.

Despite its theoretically excellent properties, such as long retention, non-destructive readout, excel-
lent scalability, CMOS compatibility and high write speeds, there exist a number of challenges in the
form of electrode degradation, induced vacancies, and variations in electrical performance. The last
point is partially inherent to polycrystalline films where structure heights approach the grain size.
Due to its ability to switch gradually, the device can also be used as a synapse for neuromorphic

computing. In this context, we investigate and quantify the learning response of the FTJ.

Keywords Ferroelectric Tunnel Junction, Resistive Memory, Thin Film Hafnia, Valency Switch-

ing, Numerical Modeling, Artificial Synapse
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Chapter 1

Introduction

The historically exponential increase in electronic device performance in information technology is
beginning to slow down. In the past decades, both power consumption and production costs were
improved with smaller feature sizes, a correlation that is no longer true with classical transistor
technology. This makes the exponential predictions of Moore’s law increasingly difficult to keep
up with. Generally, there are two orthogonal ways to alleviate this situation: Either by improving
the classical silicon-based logic units, or by finding architectural solutions to the Von Neumann
bottleneck. The Ferroelectric Tunnel Junction (FTJ) is a type of resistive switching unit that

shows favorable characteristics which apply to both scenarios.

1.1 The Search for Alternative Memories

Ferroelectric thin films are a prime research area, offering a wide array of technological applications
in the microelectronics and semiconductor industry. However, up to recently, there were limits

either with regards to scalability (e.g. thin films losing their ferroelectric phase) or compatibility

with [complementary metal-oxide semiconductor (CMOS)| manufacturing technology, amongst them

the requirements of moderate processing temperatures and process-compatible formation gas. With
the discovery of a ferroelectric phase in Hafnium-Oxide films by Boscke et al. [7] in 2011, a material
that is already widely used as a dielectric now became available that could potentially overcome

these limitations.



This new material has sparked renewed interest in [ferroelectric tunnel junctions (FTJs)l The the-

oretical concept of the was first proposed by Esaki et al. in 1971 [8], who predicted tunneling
currents through this junction could depend on polarization. The simple design layers a ferroelec-
tric thin film between two electrodes and relies on the interaction between the polarization and
asymmetric mirror charges induced in the electrodes to modulate the effective tunneling barrier.
With nanometer scales being a requirement for practical FTJs, the newly discovered HfO5 phase
fits this requirement well.

The switching between resistive states is also known as the TER effect. It was first experimentally
demonstrated on ultrathin ferroelectric BaTiOg films in 2009 by Garcia et al. [9]. Their findings
sparked extensive research efforts, which found that the FTJ concept shows a series of promising
features for memory applications, such as good endurance ( 10° cycles), [T0, IT] high write speeds
(<10 ns), [12] excellent scalability, [I3] and simple architecture [14].

However, several limitations have so far prevented [FTJ] memory from being adopted in commercial
devices. The perovskite ferroelectrics (BTiOg3, BiFeOs or Pb(Zr;_,Ti,)O3) are difficult to process
on silicon, because of their elevated crystallization temperatures (over 650°C) and the incompatibil-
ity of forming gases with silicon [I5H2I]. The discovery of ferroelectricity in HfOy by Boscke et al.
[7] was both unexpected and astonishing for two reasons: First, both hafnium and zirconium oxides
have long been studied and used in the semiconductor industry with no indications of ferroelectric-
ity [22]. Second, its simple stoichiometry is exceptional in forming a ferroelectric structure. With
respect to this novel material allows a [CMOS]| compatible manufacturing, while maintaining
the excellent scalability which allows for a sufficiently large tunneling effect for memory applications.
Since both ZrOg and HfOq are already used in semiconductor memories as dielectrics, [22H25], an
Hfy 5Zr0.502-based FTJ memory can easily be integrated into an existing [CMOS] process. The first
experimental demonstration of an HfOo-based FTJ was done by Fujii et al. [26], quickly followed by
Chernikova et al. [27] in 2016, who experimentally demonstrated the scalability of the
film down to 2.5 nm.

Standard computer memory stores information as charge state. The [dynamic random-access mem-|

ory (DRAM)| memory is compact, consisting of a single transistor and capacitor, but requires

periodic refresh cycles. The much bigger [static random-access memory (SRAM)| requires 6 tran-

sistors and requires a constant voltage supply to maintain its information. The non-volatile NOR
and NAND flash memories require high write voltages (5-12V) to inject charges onto the charge
trapping layer and have moderate program/erase durability of typically 103-10° cycles.



Chapter 1. Introduction 3

The FTJ memory is persistent, possesses very high write/erase speeds, and operates on moderate
voltages. Only consisting of a nanometer scale ferroelectric tunneling barrier with two electrodes,
the device is extremely thin and requires few lithographic steps.

Despite its promising features, however, the composition of the ferroelectric Hf;Zr;,O2 phase and
structure exhibits some theoretical and technical challenges which have shunted its application in
industry. For one, the ferroelectric phase depends on its polycrystallinity and other extrinsic fac-
tors, which means that it is not intrinsically stable. Additionally, obtaining reproducible electrical
characteristics of a polycrystalline nanostructure is challenging, as the coercive fields required for
polarization switching represent a significant fraction of the breakdown voltage, which can induce
defects and degradation of the device over time. This thesis investigates the design of a ferro-
electric tunnel junction and attempts to quantify these issues. While we exemplarily study the
TiN/Hfy 5219502 /Pt structure in this thesis, the results mostly generalize to all types of tunnel

junctions.

1.2 FTJ Operation

The resistive switching properties of the HfOo-based is highly sensitive to certain design pa-
rameters. The resistive switching mechanism is a result of the polarization [13], which induces
surface charges at the metal-FE interface. This induces screening charges within the metal, inducing
a depolarization field within the that opposes the polarization [28]. When using electrode
metals with different screening lengths, this modulates the interface potentials in unequal magni-

tudes (see Fig. [1.1). Due to the exponential dependency between tunneling current and potential

barrier, two distinct resistance states, the lhigh resistance state (HRS)|and the |low resistance state|

(LRS)| can be observed. A large difference between these which is beneficial for memory appli-

cations. The ratio of [HRS| and [LRS] resistivities is also known as the [funneling electroresistance]

ratio. Especially reading the state of the device also depends in the magnitude of the [LRS]

Since a certain amount of charge is required to measure resistivity, lower [LRS] resistivities and a
larger tunneling surface improve read speeds, while the voltage must remain below the coercive
field. Compared to that, the write speeds only depend on [FE| switching speeds at the write voltage.
Since switching domains propagate with the speed of the transverse optical phonon, the write speed

is for all practical concerns only limited by the nucleation rate and sideways growth of the domain



wall (see sections [3.3).

HfO, typically starts breaking down at electric fields between 4 to 7 MV /cm [29], depending on its
crystalline structure and interface types. This value is only slightly above the coercive field of at

least 1 MV /cm, which is typically exceeded to improve switching speeds. For this reason, the write

cycle endurance requires a careful selection of the write voltage.

LRS HRS

energy

, . >
barrier thickness

Figure 1.1: The LRS and HRS states of resistive switching (schematic). The solid line is
the tunneling barrier. Left: The ferroelectric layer FE is polarized towards the electrode of
weaker electrostatic shielding M2, causing the potential barrier to significantly drop at the M2
interface, with a smaller, opposite effect at M1. Right: When the polarization is flipped, the
potential barrier increases significantly at M2, with the smaller, opposite effect at M1.

The size of the space charge regions that bend the conduction band inside the electrodes is
extremely exaggerated for visualization purposes in Fig. Their scale is quantified by Thomas-
Fermi screening, which is extremely small in metallic electrodes. We therefore do not include this

effect in our calculations.

1.3 Ferroelectrics

Ferroelectric materials possess a permanent electrical dipole moment that can be reoriented by
application of an external voltage. Ferroelectricity occurs in crystals in which the crystalline sym-

metry allows a polar axis. This spontaneous polarization is due to the relative displacement of
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differently charged ions in the crystal lattice. The electrical polarization in ferroelectrics can be
reversed by applying an external electric field. Ferroelectric materials are intrinsically pyroelectric
and piezoelectric, but become paraelectric at high temperatures. When the paraelectric material
cools down below the ferroelectric Curie temperature, spontaneous polarization occurs and the rel-
ative permittivity increases considerably. The characteristic ferroelectric polarization response can
be obtained from periodic P-E loops. Fig. shows a typical hysteresis curve for Hfy 5Zrg505.
In multigrain structures with varying orientations and grain shapes, the coercive field strength be-
comes a stochastic distribution, which smoothes the switching transition (lowering the curve slopes
at x-axis intersections). The permittivity spikes proportional to the slope of the polarization as the

switching progresses (Fig. [1.2D)).

_ Ps _ Ec
-
| w
Q > |
C =
O 2
© =l
'% _ Ec €
S g1
Ql —_
Q
L L
Pr
electric field E electric field £
(a) Hysteresis loop. (b) Relative permittivity loop.

Figure 1.2: Characteristic ferroelectric hysteresis loop. Initially, randomly oriented FE domains
may exhibit no macroscopic polarization (dashed line). Under the effect of an external electric
field, the crystal becomes increasingly polarized, asymptotically approaching the saturation
limit OP/OF = ¢ox. The remanent polarization Pr remains, which can be toggled by an opposing
electric field. The smoothness of the switching transition depends on the nucleation and growth
behavior of the flipped domains, which depends on the ferroelectric material and parameters,
such as the applied frequency.

Ferroelectric crystals form domains, i.e. regions with similar polarization directions. From do-
main to domain, the direction of polarization changes in the region of a few atomic layers where

the polarization transistions. The ferroelectric Curie-Weiss domain walls are typically only a few



nanometers wide. Therefore, the storable information density can be much higher than on ferro-
magnetic substrates, where the Néel walls are significantly larger. Uniaxial ferroelectrics, such as
[FE] Hf,Zr,_,O2, have one possible polarization axis and can be switched by 180° with an applied
electric field. In some biaxial ferroelectrics, stress can also reorient the polarization [30]. The

evolution of domains during the switching process can be divided into steps as shown in Fig. [I.3]
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Figure 1.3: Domain switching process (schematic). Five states of polarization switching are
presented. (a) Initially fully downwards polarized ferroelectric. (b) When a certain voltage
threshold is exceeded, nucleation of a flipped domain initiates. (c) Driven by charges at the
domain wall, it quickly propagates through the domain. (d) With polarizations mostly oriented
parallel to the domain wall, an energetically much more stable state is formed, resulting in
slow lateral growth. (e) Fully switched domain.

1.4 Electrical Properties of Metallic Oxide Insulators
Resistance changes in ultrathin ferroelectric films may occur for different reasons [31] that need to
be carefully discriminated against each other to control and predict the device operation:

(1) Direct tunneling for which the tunnelling electroresistance effect occurs due to a modulation

of the average barrier height in an asymmetric electrode configuration
(2) Fowler Nordheim tunneling, which dominates for larger fields

(3) Thermionic (Schottky) charge transport across the barrier
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(4) Within the film, variable range hopping between defects

(5) Valency change: local electroforming of extended defects (agglomeration of oxygen vacancies)

is generally possible in oxide-based thin films and yields local semiconductor properties
(6) Conductive bridge effects, where a metal filament is electrochemically driven.

In an FTJ, the direct tunneling mechanism is the desirable conduction regime that forms the
basis of the FTJ operation. While the tunneling mechanisms are only marginally affected by
temperature, thermionic and diffusion-based conduction sharply increases with temperature.

The energy distribution of charge carriers in insulators follows Boltzmann statistics, which is valid if
the conduction band edge for electrons (valence band edge for holes) approaches the Fermi energy.
While nanometer scale films exhibit strong tunneling behavior, preexisting or electrochemically
induced vacancies are also known to contribute to the conduction in thin films, which can lead to

device degradation and breakdown [32H34].

1.5 Thesis Objectives

This work investigates the challenges and characteristic properties of ferroelectric tunnel junctions
(FTJs) based on the recently discovered ferroelectric phase of Hfy 5Zrg502. Specifically, we address
the following questions: First, what degree of structural homogeneity is required in the deposited
thin film is required to create reproducible devices? Second, how can the degradation within the
device, and the resulting resistive switching behavior be understood? And third, to what extent can
the gradual switching characteristic be used in a neural network application? To approach these
questions, We outline the fundamental physical mechanisms and explore the design parameter space.
From this theoretical basis, we develop a model to quantify thin film homogeneity requirements.
Next, we describe the electrochemical durability of the device by approaching breakdown voltages,
including the operation under gradual failure. We aim to describe and quantify the operation under
soft breakdown by developing a simulation model. Suitable models were to be found by the author.
With the resulting insights, the suitability of the FTJs with regards to applications in memory, as

well as in a case study of a spiking neural network were to be investigated.



Chapter 2

Fundamentals

The resistive switching in FTJs, also known as tunneling electroresistance (TER), is a mechanism
that exists in principle in all types of ferroelectric materials interfaced by two electrodes with
asymmetric material properties. This electrode property is the electric field screening which occurs
as a response to the adjacent ferroelectric charge. It is characterized by Thomas-Fermi screening
and its characteristic Debye screening length, which depends exclusively on the Fermi level and

electron density.

This chapter discusses the status quo of research on FTJs. Next, the material properties po-
larization, ferroelectricity and piezoelectricity in crystals are discussed. Traditional perovskite fer-
roelectrics are contrasted to the new fluorite structure Hfjy 5Zrp502 and its phases. We proceed to
describe the XPS measurement to determine interface potentials, and proceed with a presentation
of the Tsu-Esaki description of tunneling currents. A formula to approximate the more realistic,

smooth barrier shape is shown.

2.1 Ferroelectricity

A ferroelectric is defined as a material that exhibits permanent polarization which can be reoriented
by application of an electric field. Contrary to the other groups presented in Fig. the distinction
from the pyroelectrics is not found in its crystal structure, but merely in the feasibility of polarization

switching. This polarization reversal can be visualized by hysteresis loops as shown in Fig. In



Chapter 2. Fundamentals 9

a non-polarized crystal, the polarization is randomly oriented, i.e. the macroscopic polarization is
zero. If one applies a very small electric field, the relationship between polarization P and electric
field E will behave like a normal dielectric, and removing the field will revert the total polarization
to zero. Increasing the electric field sufficiently will cause the polarization to be aligned in one

direction [35]. In this saturation state, the polarization is proportional to the applied electric field
8R = Xijan = (Eij — 1)8Ej (2.1)

The polarization P; describes permanent and induced electric dipole moments in the material. It is
measured in units of surface charge density C/m?. One approach to describe the ferroelectric hys-
teresis loop is derived from the Ginzburg-Landau theory [36] (see section or heuristic models
[37].

2.1.1 Ferroelectric Materials

From a crystallographic point of view, only non-centrosymmetric polar crystals can be ferroelectric.
This is due to the intrinsic polarization axis that is incompatible with inversion symmetry. The
polarization in a ferroelectric develops as a result of charge separation within the crystal phase.
When the polarization is flipped, a relative displacement of atoms between two thermodynamically
stable states occurs.

The most prominent representatives of ferroelectrics are perovskites such as BaTiO3 and Pb(Zr, Ti)Os3,
as well as organic materials, such as polytrifluoroethylene (PVDF) [38]. The orthorhombic fluorite
structure of ferroelectric HfOo and ZrOs is shown in Fig. Closely related to ferroelectrics are
antiferroelectrics, which also exhibit switchable dipoles within the crystal. However, as opposed
to ferroelectrics, adjacent dipoles align in an antiparallel pattern, cancelling out any macroscopic

polarization.
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Figure 2.1: Ferroelectric orthorombic phase (No. 29) as observed in Hfy 5Zrg 502. Grey: Hf/Zr
atoms. Red/blue: Oxygen. Blue: Oxygen in bistable, switchable location. Left: Downward
polarization. Right: Upward polarization. The horizontal axis aligns with lattice parameter b,
the vertical axis is lattice parameter c.

The various transducing properties of ferroelectric materials make them useful in many applica-
tions, such as classical infrared detectors which exploit pyroelectricity, surface acoustic wave (SAW)
devices and microactuators, based on piezoelectricity, high permittivity insulators in integrated ca-
pacitors and [DRAM] optical modulators and frequency doublers, using their electrooptic properties,

and finally the applications that are directly based on the ferroelectric effect.

2.1.2 Kay-Dunn Law

Back in 1962, H. Kay and J. Dunn described the dependence of the coercive field E. on the film

thickness d by a semi-empirical law [39]
BE.ocd?/? (2.2)

The derivation assumes idealized electrodes that induce no internal electric fields in the ferroelectric
film, which makes the measured coercive field through the electrodes identical to that of the sample
Dawber et al. [40] have shown that the law holds true for various materials (PVDF, Pb[Zr,Ti; ;]Os3,
KNO3) for films ranging from 100 pm down to 1 nm (see Fig. . Interface effects, such as screening
charges over finite distances have the effect of altering the measured coercive field. In the case of

large spontaneous polarization compared to the dielectric constant of the film 47 P; > ege. E, the
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effective coercive field is reduced since the depolarization field assists the switching process [40]. In
this case, the Kay-Dunn law can be taken as an upper limit to the coercive field. Recent findings

confirm that this law extends to hafnia-based ferroelectrics [41].
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Figure 2.2: Kay-Dunn law: Coercive field over thickness for various ferroelectric films (loga-
rithmic) [42].

2.2 State of the Art

Various types of FTJ have been investigated in literature. Their TER values are typically found in
the range of 10 to 100 [43H45]. A giant TER ratio has been demonstrated in FTJ memories based
on BiFeOgs,[11] PbTiO3 [46] and BaTiO3 [9].

A crucial condition to fabricate FTJ memory devices is to achieve ferroelectricity in ultrathin
film form [13] 47]. Non-centrosymmetric perovskite materials in their thin film form such as BaTiOs,
[48-50] BiFeOs [51l, [52] and PbTiOgz [46] are well known for their outstanding ferroelectric proper-
ties. However, their ferroelectricity starts to disappear as their layer thickness decreases [13, [47].
For many years, it was believed that ferroelectricity exists only in films with a film thickness above
a certain critical thickness (around 10nm) [53]. Recently, strain engineering studies had proved

that the ferroelectricity is compatible with ultrathin films. This is possible, due to the strain forces
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generated between the film and substrate which distort the crystal structure lattice of the ultra-

thin film [53]. This in turn reduces the symmetry of the crystal structure, which enhances the

ferroelectricity in the ultrathin films. In 2009, Garcia et al. [9] experimentally demonstrated robust

ferroelectricity in a 1 nm thick, highly strained BaTiOj3 film. This discovery allowed the experimen-

tal demonstration of the tunneling electroresistance effect in a metal-ferroelectric-semiconductor

structure. Starting at that point, perovskite materials such as BaTiOs, [9, 45] PbTiOs3, [46] BiFeOs

[11] and Pb(Zr, Ti)O3 [54] have been used successfully as ultrathin ferroelectric barriers in FTJ de-

vices Besides the perovskites and the fluorite structure HfO2, organic ferroelectrics, such as PVDF

[55], have also been demonstrated to show significant TER switching (table [2.1)).

| Bottom/Top EL | FE d T, | Remarks | Ref. |
La0.67SI‘0,33Mn03 BaT103 PLD, 1 nm | 775°C PLD, hlghly strained FE [9]
Cr/Pt 2009
Nb:SrTiO3 BaTiOs 10 u.c. 775°C | PLD, TER demonstration [45] |
Au/Ti 2016
SrRuO3 PbTiO3 3.6nm | 700°C | PLD, Giant TER, 72h reten- | [46] |
AFM tip tion 2010
Lag.675r0.33MnOs3 BaTiOg3 2 nm 700°C | PLD, TER=64, 900 cycles [12] |
Co/Au 2012
Au/Co PbZrg3Tipg03 | 1.6nm | 700°C | PLD, TER=300 at 0.4V, | [54] |
La0.67SI‘0_33Mn03 WKB model 2012
Cag.96Ceg.04MnO3 BiFeO3 4.6 nm 750°C | PLD, TER=10%, cycles=10° | [10] |
Co 2014
Ca0.96060.04Mn03 BiF603 7 u.c. 750°C PLD, TER:104, [1 1]
Co/Pt cycles=103, retention=68 h | [2013
Lag 67510.33MnO3 BaTiO3 6 u.c. 680°C | PLD, TER=6000 at +0.2V | [56] |
graphene 2014
Lag.675r0.33Mn0O3 BaTiO; 3 nm 700°C | PLD, TER=10°, WKB | [57] |
Cu model 2014
Au PVDF 2.2 nm RT | Langmuir-Blodgett, I55] |
W TER=3, monolayer 2016
n"-Si Hfy.5Zr0.509 2.5 nm 400°C | ALD, U.=0.8V, suspected | [27] |
TiN SiO9 formation 2016
TiN Hf 5710502 2.8 nm | 425°C | RF sputtering, TER=15 at | [58] |
Pt +0.2V 2017
TiN Hfy 5Zrg.509 4 nm 600°C | ALD, TER=3 at 0.2V [59] |
Pt 2019

Table 2.1: Survey of FTJs in literature.

thickness of the ferroelectric.

Ts is the substrate deposition temperature, d the
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2.2.1 Conduction in Ferroelectrics

While all ferroelectric materials are insulators, there are a series of mechanisms that permit con-

duction [60]. Here, we summarize some that are relevant for our study of tunnel junctions.

Thermionic Conduction

The Schottky mechanism describes the thermal excitation of charge carriers into the conduction
band of an insulator [61]. An equation describing the thermionic current is given in section
The mechanism depends on barrier height and temperature, but is independent of barrier thickness
and typically becomes negligible at nanometer-scale barrier thicknesses, as tunneling mechanisms

grow exponentially [54].

Direct Tunneling

The direct tunneling mechanism results from the quantum mechanical transmission probability
of charge carriers through potential barriers, and becomes relevant for thin films in the nanome-
ter regime [62]. Direct tunneling directly transports particles between the electrodes, assuming
negligible scattering within the barrier. In case of a trapezoidal potential barrier, the Wentzel-

Kramers-Brillouin (WKB) approximation yields [63]

jpr =C

v \3/2 v \3/2
S (2 el G 0| P o (oW o )] s
|-G~ o+ ]

B dem* . 4dm *
where €' = -5, a = 3h(d1+eV—g2)’ e

is the effective tunneling electron mass, ¢1 and ¢o the

interface potentials.

The equation only depends on the two interface potentials ¢1 2 per polarization and the effective

mass m}, while showing an exponential behavior with thickness d.
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Fowler-Nordheim Tunneling

Compared to direct tunneling, Fowler-Nordheim tunneling requires increased fields [64], 65]. The
applied voltage reduces one interface potential of the insulator below the energy level of electrons
in the opposing electrode. Therefore, the tunneling distance is reduced. The resulting current is

given by [63]

e3m 8m\/2m* ¢:1))/22
S 2 _ e 71, 2.4
JEN 8mhmkor 2 exp 3he E (2.4)

where ¢1 2 is the barrier potential of the interface of negative voltage.

Besides this classical Fowler-Nordheim Tunneling equation, there exist updated variants that
provide improved accuracy, such as Forbes and Deane [66]. Since we operate our device at voltages

below the Fowler-Nordheim Tunneling regime, these equations are not reproduced here.

Defect Mechanisms

Defects locally distort the shape of the potential barrier. These defects can be a result of intrinsic
polycrystallinity, as well as manufacturing or fatigue induced defects due to repeated polarization
switching. Ferroelectric domain walls can also exhibit conductive behavior [67]. Besides degrading
the ferroelectric switching properties, point defects such as oxygen vacancies enable Poole-Frenkel
as well as trap-assisted tunneling (TAT), amongst others [60]. Hopping conduction has previously
been linked to leakage currents in hafnium oxides Hfy 5Zrg 502 [68-72]. A quantitative model based

on the hopping mechanism is developed in section .2

Other Mechanisms

At high voltages, hard dielectric breakdown occurs, which generates additional charge carriers within
the dielectric and rapidly degrades the insulator [73] [74]. This forms semiconductive or metallic

filaments within the insulator, leading to the instant destruction of the device.
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2.2.2 The Ferroelectric Tunnel Junction

A ferroelectric tunnel junction consists of a ferroelectric film of few nanometers thickness, sand-
wiched between two asymmetric metal electrodes, or one metal and one semiconductor electrode
[75]. Depending on its polarization direction, the thin ferroelectric film between the electrodes
modulates the resistance across the electrodes significantly. This effect is known as the tunneling
electroresistance (TER) effect [76]. While theoretically predicted by Esaki in 1971 [g], the first
experimental demonstration was achieved in 2009 by Garcia et al. [9]. While initially ferroelectrics
perovskites, such as BaTiO3 and Pb(Zr, Ti)Os were used, the unique and advantageous properties
of the recently discovered ferroelectric orthorhombic phase in HfO5 in 2011 by Béscke et al. [7] has
sparked new interest in the concept of ferroelectric memories and FTJs.

The physical mechanism of TER switching is based on the effect of the polarization on the tunnel-
ing barrier. The asymmetric nature of the electrodes yields different distributions of mirror charges
building up at the interfaces, depending on the polarization direction. When the polarization points
towards an electrode, a positive space charge region forms, which elevates the interface potential.
The opposite electrode shows an inverse effect, decreasing its interface potential. The asymmetric
shielding properties of the electrodes cause different magnitudes of change, resulting in a change of
average barrier height. The polarization state with lower average barrier height is called the low
resistive state (LRS), the one with higher barrier height is the high resistive state (HRS).

This mechanism is sketched in Fig.

The schematic of Fig. presents the change in the tunneling barrier. Two basic tunneling
regimes can be directly derived from this model: In case of a moderate bias voltage, the direct
tunneling mechanism, where tunneling current traverses a trapezoidal barrier of switchable height.
This mechanism is independent of bias polarity. In case of a large bias voltage, one side of the
barrier drops below the conduction band of the opposite electrode. This effectively reduces the
tunneling barrier to a triangle shape of reduced width, also known as Fowler-Nordheim Tunneling

(FNT).

Besides the FNT mechanism, there exist two additional mechanisms affecting the effective barrier
width: The electrode screening length, and the converse piezoelectric effect.
The ferroelectric polarization is screened over a finite distance by the electrodes, resulting in a space

charge region and a corresponding bending of the conduction band. The bending is downwards in
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case of the polarization pointing towards the interface, and vice versa. Since the screening length
decreases with the free carrier density, it is typically negligible for ideal metallic electrodes. However,
in case of semiconductor electrodes or poor electrode interfaces, this effect can significantly impact
the device [77]. The converse piezoelectric effect directly couples the applied electric field to the
barrier width. Peak values in Si:HfO3 of d3z = 20pm/V [78] and fields of 300 MV /m mean that

this effect remains in the sub-percent range of the initial thickness.

2.2.3 Ionic resistive switching

The ionic resistive switching mechanisms constitute an important part in studying since
their similar nature allows for the [FTJ]|to potentially exhibit this ionic based switching component
simultaneously. The cation-type ReRAM is known as conductive bridge RAM and structured similar
to the FTJ. The oxide-based switching layer is sandwiched between two electrode materials with
uneven electronegativities, one of which forms a Redox pair with the insulator. Using the field-
driven formation and rupture of a metallic conductive filament, an abrupt change of cell resistance
is observed. The anion-type ReRAM mechanism works similarly, but instead of metallic ions,
positively charged oxygen vacancies are created in the Redox reaction that make up the conductive

filaments [79-82].

2.3 Ferroelectric Crystals

Half of the crystal classes which exhibit the piezoelectric effect undergo spontaneous electrical
polarization in the absence of an applied stress or electrical field. The spontaneous polarization
involves a small shift of the positive ions relative to the negative ions, thus creating an electric
dipole in the unit cell. The spontaneous polarization may only occur below a certain temperature

threshold that induces a phase change.
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Figure 2.3: Classification hierarchy of materials exhibiting the ferroelectric effect

A small region in which the adjacent unit cells have an identical polarization axis is called a
domain. In small grains, only a single FE domain is present. Within larger grains or within adjacent
grains, it is energetically favorable to form domains of alternating polarization [83]. In case of a
single ferroelectric axis, the domains align in an anti-parallel pattern, while more ferroelectric axes
yield more complex patterns [84]. By applying an external electric field, the FE domains can be
aligned. This poled state is energetically unfavorable and tends to return to the multidomain state,

in a process that is aided by temperature.

2.3.1 Ferroelectric Domain Walls

Ferroelectric switching progresses through the crystal by expanding or receding domains with a
specific polarization alignment [84]. Domain walls describe the interfaces between these domains.
Depending on the alignment of the domain wall and its neighboring polarizations, different types of
domain walls and domain wall motion can be distinguished [85]. The simplest case of switching in
a uniaxial ferroelectric without defects is shown in Fig. [2:4] In general, domain walls can be seen as
moving elastic surfaces that can be slowed or pinned by charged defects within the crystal [86), [87],

leading to reduced switching capability [85].
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Figure 2.4: Domain switching process (schematic). Five states of polarization switching are
presented. (a) Initially fully downwards polarized ferroelectric. (b) When a certain voltage
threshold is exceeded, nucleation of a flipped domain initiates. (c) Driven by charges at the
domain wall, it quickly propagates through the domain. (d) With polarizations mostly oriented
parallel to the domain wall, an energetically much more stable state is formed, resulting in
slow lateral growth. (e) Fully switched domain.

2.3.2 The Ferroelectric Phase in Doped HfO,

Since the ferroelectric orthorhombic phase in HfOy without modification is unstable, it was not
discovered until 2011. Since then, the main factors affecting the ferroelectric properties have been
identified and comprehensively reviewed. These include doping, interface materials and mechanical
encapsulation, film thickness, grain size, deposition method and process temperatures [88].

Notable dopants in Hf;_,B,O3 films include B = Si, Zr, Y, Al, Gd, Sr, La [89]. Of these, the Zr
dopant has some highly unique features. Its physical and chemical similarity to Hf allows for large

doping concentrations, minimizing relative statistical concentration gradients. In case of [atomid

[layer deposition (ALD), a cyclic Hf:Zr deposition provides an especially homogeneous doping of

equal Hf and Zr content. Another important feature of the Zr doped oxide is that relatively low
processing temperatures (400°C-600°C) suffice to yield a stable orthorhombic phase, making it com-
patible with both[CMOS|front-end-of-line (FEOL)|and [back-end-of-line (BEOL)| manufacturing [89].

Current research indicates that high tensile stresses of 3-b GPa are required to form the ferroelec-
tric phase. This phase exhibits a coercive field of 1-2 MV /cm, and a polarization of up to about
P, = 301C/cm? [89].
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To obtain the ferroelectric [hafnium zirconium oxide (HZO)| phase, several energetic contributions

are required to stabilize this otherwise energetically unfavorable phase. Amongst them, a mixture
with about equal parts of Hf:Zr atoms, combined with substrate and grain boundary contributions
are thought to be key factors for this stabilization. The effects of other dopants and oxygen va-
cancy defects are also being researched for their ability to increase the [FE| phase. Fig. 2.1] shows
the bistable locations of the oxygen atoms. Since oxygen carries negative fractional charge, the
polarization aligns in opposite direction to the oxygen offset.

Compared to the perovskites, there are some notable technological advantages of HfOs-based ferro-
electrics [90]. Most notably, it does not spontaneously form dead layers on interfaces, which limits
the scalability of perovskites. Additionally, an increased breakdown threshold due to a bandgap of
5.6 eV compared to 3-5 €V in perovskites [91]. Finally, its comparatively low dielectric constant [92]

allows switching at lower voltages, despite higher coercive field strengths [93].

2.4 Tunneling Mechanisms

With two electrodes in sufficient proximity, the conduction between them is characterized by the tun-
nel effect. Tunneling conduction can be separated into direct tunneling (DT) and Fowler-Nordheim
(FN) tunneling. In addition, the trap-assisted tunneling mechanism can transport charge carriers
over a wider distance using the tunneling between intermediary defects within the insulator. There
exist two types of trap assisted tunneling (TAT), namely the elastic (energy-conserving) and in-
elastic (phonon-emitting) variant. In case of the metallic electrodes, the relevant charge carriers
are electrons, while semiconductor electrodes could also show hole valency-valency tunneling and

valency-conduction band tunneling.

2.4.1 The Tsu-Esaki Model

The Tsu-Esaki Model describes the tunneling current density between two metallic or semiconduct-
ing electrodes are separated by an insulator with barrier height ¢®p, measured from the Fermi
energy to the conduction band edge of the insulating layer. Electrons tunnel from electrode 1 to

electrode 2. The distribution functions at both sides of the barrier are indicated in Fig.
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Figure 2.5: Potential barrier with distribution functions f;, fo of both electrodes.

According to the Tsu-Esaki model [94], the net current through the interface is

J:%/E. T(E,)N(E,)dE, (2.5)

where F, is the wavevector energy perpendicular to the interface, T'(E,) is the transmission coeffi-

cient, N (E;) is the supply function. This expression approximates the band structure by m. ¢, such

hik?
2Megy

that the dispersion relation is parabolic FF = in the electrodes, and the transition is uniaxial,

which means that only the perpendicular wavevector k is considered in the tunneling process.

2.4.2 Supply Function Modeling
The general form of the supply function can be expressed as [95, 96]

N(B) = [ 51(B) - RAEE, (2.6)

where E, is the wavevector energy component perpendicular to E, and fi, f are the energy
distribution functions near the respective interface.

With energies above the Fermi level, the energy distribution functions f are approximated by the
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well-known Fermi-Dirac statistics

1
f(B) = — (2.7)
1+ exp ( kBTf )
which allows analytic integration of to yield a supply function of
E,—E
1+ exp(—=2—741
N(E,) = kpT'log ( EfB§f2> (2.8)
1 + eXp(—W)

2.4.3 The Energy Barrier

In very small scales, image forces that appear on the metal-insulator interface that smoothen the
barrier shape. This especially affects the trapezoidal and triangular potential barriers [97, 98]. The
question arises whether it is possible to reproduce the image force effect on the tunnel current curves
with only a change in the barrier height, the value of which is usually used as a fitting parameter
in tunneling problems. Studies performed by Jiménez-Molinos et al. [99] show that different oxide
thicknesses yield results that appear to show decreasing barrier potentials with decreasing oxide
thickness, and which are quantitatively explained by considering the interface image energies.

The energy offset within the insulator is [100]

2 o0
q : kl k‘r lekr :|)
Ady = — kiky ) 2.9
d 167r5d;)<(l ) {x+itd+(i+1)td—x+(i+1)td (29)

where z is the position within the dielectric from left to right interface z = 0..t4, t4 being the thick-
ness of the dielectric, £4, £/, is the dielectric and left and right electrode permittivities, respectively.
In the electrodes, we have

2 o
q i _kl kr :|>
Ad) = — kik,
! 1671'5[, ((l ) [itd—x+(i+1)td—x

=0
2o | Lk h (2.10)
Ad, = — kik,)"
" 167TET§(( thr) [(i—i—l)td—:c—i_itd—kx})
The parameters k;, k, are permittivity ratios at the left and right interface
€4 —€
Ry = 4" (2.11)
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which are close to —1 for ideal metallic interfaces.
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Figure 2.6: Potential barrier deviation from idealized trapezoid. The deviation is estimated
assuming a relative permittivity of ¢, = 30 at a potential difference of 1V.

2.5 Ferroelectric Switching Models

A ferroelectric domain is a region of equal polarization. Domains are separated by domain walls.
The interaction between ferroelectric unit cells is governed by two forces: First, a lattice mismatch
between adjacent cells of different polarization. This relatively short-ranged effect reaches an en-
ergetically favorable state by growing domains. Second, the electrostatics of polarization. This
longer-range effect drives the dipoles to align in a heads-to-tails pattern.

When a switching process is initiated, the system has to cross over an intermediary state of higher
energy: The first unit cells that flip will be oriented in a head-to-head or tail-to-tail polarization
pattern, generating a charged region within the crystal. This charged, 180° domain wall propagates
through the ferroelectric at the speed of an optical phonon, thereby transporting charge to the other
side.

In general, the process of polarization reversal requires three steps. First, new domains nucleate at
energetically favorable points. Second, these domains grow along the polarization axis, and third,

the formed pillars expand orthogonally to the applied electric field.
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Mulaosmanovic et al. [I0I] demonstrated that ferroelectric Hfy 5Zrg 502 exhibits multiple fer-
roelectric domains with distinct switching characteristics in the polycrystalline material layer. In
these small ferroelectric crystallites the polarization reversal can be described by a nucleation lim-
ited process [102]. That is, the growth of the ferroelectric domains is not a dominant factor and
hence the individual domains switch very abruptly. From that behavior one might deduce that a
smooth transition between many different resistance states requires the existence of a large number
of domains inside the FTJ, and which will have an influence on the scalability of the polycrystalline
Hfy 571502 based FTJ. Relief could be found by introduction of epitaxial growth of monocrys-
talline ferroelectric layers [103] where a domain might extend over a larger area and where domain
wall motion might allow a more analogue switching behavior even in smaller devices.

In the ferroelectric hafnium oxide layers there exists a trade-off between switching speed and ap-
plied switching voltage [102] to achieve switching of these films in the ns-regime [104]. The typically
measured current density of an FTJ is in the range of 1 yA cm~2. Thus, scaling the FTJ to the
nm?-regime would result in very small read currents in the range below 1 pA. Hence, a very precise
probing operation has to be ensured by the sensing circuitry. Accumulative switching effects might
lead to a degradation of the TER after multiple subsequent read operations [105]. The retention
behavior of the FTJ is limited by the depolarization field that might yield to a back-flipping of
ferroelectric domains. Furthermore, especially in semiconductor electrodes, it was reported that
charge trapping into the interfacial region between the ferroelectric layer and the dielectric layer

can lead to a degradation of the TER.

2.5.1 Landau-Khalatnikov Double Potential Well

The Landau-Khalatnikov (LK) model can be used to describe the energy density of the whole

polycrystalline ferroelectric film according to Hoffmann et al. [I06]. The total energy density u of

a grain can be expressed by a |[Landau-Ginzburg-Devonshire (LGD)| polynomial

u(Q) = a1 P* 4+ a;1 P* + 111 P® — (Ep — E) P (2.12)
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where E}, is the bias field observed within Hfy 57Zr( 502-based ferroelectric thin films (see Schenk
et al. [107]), and Er is the externally applied voltage. Using parameters according to table this

yields the bistable polarization states shown in Fig.
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Figure 2.7: Energy density according to the Landau-Ginzburg-Devonshire model and additional
bias field without external voltage Er = 0 (black), negative and positive voltages (red, blue).

From the total energy of an individual grain can be expressed in terms of the grain charge

Q= PA
U(Vr) = aQ®+ BQ* +9Q° — (Vi — V3) Q (2.13)

where A is the grain area, d its thickness, a = a1d/A, = a11d/A3, v = a111d/A® are the Landau

coefficients normalized to the grain geometry, V; is the bias field observed with Hf,Zr;_,O9-based

ferroelectrics (see Schenk et al. [I07]), and Vr is the externally applied voltage.

Assuming an internal grain resistance p = pgd/A, the grain charge is expressed as the differential

equation
09 _ 9 (20Q+45Q7 + 63Q° — (Vi — W)) = Vie — Vi(Q) (2.14)

Par = "o
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where V;(Q) is the charge-dependent internal voltage component
Vi(Q) = 2aQ +46Q° + 67Q° + Vj (2.15)

The equivalent circuit of the model expressed by Eq. is shown in Fig. The characteristic
model response for a distribution of grains is graphed in Fig. 2.9 For the modeling of an FTJs,
the network of parallel grains is supplemented by a voltage-dependent parallel resistor to describe

leakage currents.
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Figure 2.8: Equivalent circuit diagram model for a single, non-leaking Hf,Zr,_,O5 grain. The
ferroelectrically bound charges are represented by a bistable capacity.
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The capacity of the tunable capacitor (Fig.[2.8)) depends on the amount of charge. Its value can
even be negative when the ferroelectric has passed a certain threshold polarization for which the

polarization flipping process self-reinforces.

Parameter | mean value unit description
ax —8.36 x 10% | mF~'C~2 | polynomial coeff. order 2
a1 1.77 x 1010 | mPF~1C~2 | polynomial coeff. order 4
a1l 0.0 m?F~1C~2 | polynomial coeff. order 6
PG 1.776 x 107 Qm grain internal resistivity
Ep,=Vy/d | 5.67x 10° Vm~! bias field

Table 2.2: Geometry-independent parameters: Landau coefficients, intrinsic bias field and
resistivity, according to Hoffmann et al. [106]

While a single crystal can be described by a single set of model parameters, the polycrystalline

ferroelectric requires a statistical distribution of model parameters across the individual grains [108].



26

— pulse
i | ——grain

-10¢., . j |
0 10 20 30

time (us)

Figure 2.9: MGLK switching dynamics. At the point of ferroelectric switching, a sudden
increase in the time-dependent capacity leads to a voltage drop.

2.5.2 Kolmogorov-Avrami-Ishibashi (KAI) Model

The [Kolmogorov-Avrami-Ishibashi (KAT)| model describes the switching kinetics of ferroelectrics by

a simple Arrhenius expression [T09-I13]:

O[]

where n is the effective dimensionality of the domain growth, 7 is the characteristic time and P; is
the spontaneous polarization. This model differentiates into two cases [I09]: The a-model, where
nucleation occurs with a constant rate during switching (n = D + 1) and the S-model, where nu-
cleation occurs only at t = 0 (n = D). D is the geometrical growth dimensionality of the system.
D =1 for stripe-like domains, D = 2 for circular domains, and D = 3 for spherical domains.

Although the [KAT model gives a good description of the switching kinetics of ferroelectric single
crystals and sometimes epitaxial thin films [113], [114], it encounters problems when it comes to

correctly describing the domain reversal behavior of polycrystalline thin films [TTI5HI17]



Chapter 2. Fundamentals 27

The strong retardation of the switching curves at medium or low fields for these films has been ex-

plained via polarization processes with a broad distribution of relaxation times [115], the

limited switching (NLS)| model, [ITI8] or the Lorentzian distribution of logarithmic switching times

[116].

2.5.3 Nucleation Limited Switching (NLS) Model

The Nucleation limited switching (NLS) model describes the transient behavior in polycrystalline
ferroelectrics using a statistical distribution of grain properties, such as switching times. Both
thin films and bulk materials can be modeled, including effects such as negative capacitance. The
model can be quantified by a parallel and serial network of individual grains with a distribution of

properties.

2.5.4 Inhomogeneous Field Mechanism (IFM) Model

Although the [NLS] and [KA] models are able to describe experimental measurements with high
accuracy, they neglect several crucial physical aspects of the poling problem. A disordered granular
structure in a polarized state is unavoidably accompanied by charge formation on grain boundaries
(GB), therefore giving rise to additional electric fields. Charges on grain boundaries should vary
depending on polarization, therefore depolarization fields should be also time dependent. The latter
fact, however, is omitted in the NLS as well as in the [KAT models.

The IFM model remedies these limitations by replacing the constant electric field by an distribution

of fields within the domain. It is based on Merz’ law to describe the local switching time 7
T(E) = 1exp(Ey./E)" (2.17)

with a characteristic time 1, activation field E, and n = 1 to 2.5. With an applied field £ — F',

and a generalized distribution of the electric field Z(FE, Er), the total polarization is expressed as

AP(Ep,t) = /0 Yt 7(B)), Z(E, Er)) dE (2.18)
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Assuming a Heaviside step function shape p(t,7) = 2PsH(E — Ey,(t)) and the peak polarization
P, the threshold field Ey, is expressed by restating Merz’ law

Ew(t) = Eqlog(t/mo) /" (2.19)

Using a Gaussian distribution of field values E/Ep with standard deviation o to describe the

nonuniform nature of the Hf,Zr; O, film, the polarization from Eq. is solved as [119]

AP(Ep,t) = P, erfc <¢1§U (ng) - 1>) (2.20)

where erfc is the complementary error function. IFM model parameters from literature are summa-

rized in table [2.3] The corresponding switching behavior is shown in Fig. [2.10]

Parameter value unit | description
P, 0.25 Cm~? | ferroelectric polarization
o 0.22 1 standard deviation of local field
E, 3.91 x 108 | Vim~! | activation field
T0 137 x 10712 S characteristic time

Table 2.3: IFM model parameters for Hf,Zr;_,O2, according to Li et al. [119]



Chapter 2. Fundamentals 29

10
—— E=1.5 MV/cm
—— E=1.3 MV/cm
—— E=1.1 MV/cm
—— E=0.9 MV/cm
05 | —— E=0.7 MV/cm
—— E=0.5 MV/cm
=
n 00
&
o
-05F
-10 1 1 1 1 1
108 10°° 10* 10 10°
time (s)

Figure 2.10: IFM switching dynamics. With a constant external field, the polarization switch-
ing initiates slowly. The switching accelerates approximately until half of the domains are
flipped, after which it approaches the opposite polarization asymptotically.

2.6 Resistive Vacancy Switching

The resistive switching effect in transition metal oxides is frequently linked to the [valence change]

imechanism (VCM)l Three physical phenomena are involved in this process: The forming of the

conductive filament, the conduction mechanism and the transient evolution under the Joule heating
effects. Both the filament formation and rupture process are driven by an electrochemical reduction-
oxidation reaction combined with oxygen vacancy migration [I20]. Despite that, the conduction

mechanism substantially depends on the dielectric and electrodes materials. In Hf,Zr;_,O2-based

thin-films that contain sufficient traps, the [phonon-assisted tunneling between traps (PATT )| model

has recently been shown to accurately model these thin-film devices [121], [122].

In the following sections, we extend this model by coupling it with the valency mechanism.
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2.6.1 Valency Model

Besides the idealized, pristine insulator, direct tunneling mechanisms discussed in section [2.4] we
can also observe a voltage and cycle dependent component of the conduction mechanism. This
mechanism is identified in literature [123H126] by electrochemical reactions forming and annihilating
oxygen vacancies at the metal/insulator interfaces.

This phenomenon is used in metal oxide-based ReRAM devices, resistive switching is typically based
on the drift of oxygen vacancies. These vacancies can either be produced during an electroforming
cycle, or initially be present in the insulator [I27H130]. The difference in chemical properties between
the electrodes determines the asymmetry of the device switching behavior.

The reduction within the insulator in terms of the Kroger-Vink-Notation starts with the dislocation
of an oxygen atom at the interface with an externally applied positive voltage U

X U>03 (1] — }

where % O3 denotes the oxygen originating from the insulator, physisorbed to the grain of the elec-
trode. Once vacancies near the interface have formed, they form a migration path for deeper oxygen,
allowing the reaction to continue. With a metallic electrode that is inert and impermeable to oxygen
diffusion, the oxygen accumulates within the interface. Since typical top electrode metals, such as
Pt or Au are relatively soft, thin, and have only weak adhesive characteristics, this recombed oxy-
gen can locally detach the interface [I31], [132]. For this reason, Cr, Ni or Ti intermediary adhesion
layer are sometimes used in thin film electrodes to strengthen the bond[I33] [134]. However, due to
their lower work function, these materials would not form a an effective switching ratio with the
bottom TiN electrode. From this, an irreversible loss of oxygen within the insulator and permanent

degradation of the device is the consequence.

While this mechanism is not based on the ferroelectric switching of FTJs, it must be considered
when describing conductivity and provides a link to device degradation. Besides that, it also offers
a secondary mode of operation for the device. In fact, despite its relatively high bond strength,
HfO9 has also been employed in valency switching devices [123] [135H137].

In case of the simple FTJ structure, we assess the phenomenon as a means to distinguish switching

modes and to predict device parameter drift and breakdown. With the asymmetric electrodes
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required for the ferroelectric switching, this mechanism will be dominated by the electrode with the
lower activation energy. In our case, the TiN structure is relatively inert and highly rigid, which
makes the bottom electrode highly impermeable to oxygen from the insulator, both with respect
to interstitial positions as well as oxygenation. With noble top electrode metals, such as Pt and
Au (electronegativity of 2.28 eV and 2.54 eV, as compared to 1.2 ¢V and 1.3 eV in Hf and Zr),
the accumulation of interstitial oxygen at the Pt-interface is likely the predominant mechanism of

reducing the insulator.

2.6.2 Phonon-Assisted Tunneling between Traps

To determine a relationship between trap density and the leakage currents, we use the [PATT]
model initially proposed by proposed by Makram-Ebeid and Lannoo [I38]. It has been shown
that this transport model offers an accurate description of electrical behavior in both ferroelectric
and non-ferroelectric Hfy 5Zrg 502 [68-72]. The charge transport system can be described by the

Shockley-Read-Hall model, and a potential according to Poisson’s equation [139, [140]

g:: = —V(nv) + n¢Piop, — onv(N — ny) (2.22a)
%7? = onv(N — 1y) — nyPion — aV (ng (1 — ny/N) P) (2.22b)
AU = " and F = —vU (2.22¢)

Eréo

with the electron concentration in the conduction band and traps n, n:, v the electron velocity, and
Pion, Piun the trap ionization and intertrap tunneling rates. The trap capture cross section, trap
density and voltage potential are o, N and U, respectively. The average trap distance isa =1/ VN,
and F' is the electric field.

In deep traps and sufficient trap density, the ionized conduction band transport will be negligible

compared to the hopping transport, and we can reduce Eq. [2.22p into

(55)  =—aV(m—n/m)P) = 2w (22
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where the rightmost identity follows as a result of charge conservation. From this, the stationary

transport equation for a 1D uniform trap distribution N = a3 follows as

%%(1 —n¢/N)P (2.24)

J =

The parameter P is the transmission rate between traps, which is given by [70, [121]:

N he (Q—Qo)* — (@ —qFa/Qo)*\  4v2m* (%2 — (e — qFa)*?)
F= >/0 ma?kTQo " (‘ 2KT ) "3 qFT i
(2.25a)
€= QO(Q - QO) + Wopt
(2.25D)

QO = 2(VVopt - Wt)
(2.25¢)

m™ is the charge carrier effective mass, T is the temperature, Q is the configuration coordinate
of a trapped-electron-phonon system, F is the local electric field, —e is the energy of trapped
electrons below the conduction band, )y is the configuration coordinate quantifying electron-phonon

interaction [121].

The general non-uniform transitions between traps n; is obtained by solving the partial differ-

ential equation [140]

o) —a(x)ag;t) [% (1 _ %) P(t)?] (2.26)

which depends exponentially on the applied voltage and temperature due to P(t) = P(T'(t), F'(t)).
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2.7 Conduction Models

2.7.1 WKB approximation

The WKB method is an approximative semiclassical approach to compute the stationary solution
of the Schrédinger equation without struggling with the difficulties of a second order differential

equation. Taking the time-independent, one-dimensional Schrédinger equation

2
() + (0la) — E)o(a) = 0 (2.27)
with the ansatz function
Y(z) = R(z)exp <z S(;?)) (2.28)

we find the real and imaginary components

R 2me(E —
O2R5(0:5)° + ’”(EQW))R =0 (2.29)
RO2S + 20, R0, S = 0 (2.30)
for Eq. Combining the solution of Eq.
C
0:5 = o (2.31)

into yields
2me(E — ¢(x))

1/RO’R — 1/h2(9,9)* + = = 0. (2.32)
Applying the approximation
1/RO?’R < 1/h*(9,5)* (2.33)
for yields
S(x) ~ / om(E — é(x))dz (2.34)

and the ansatz [2.28 becomes

W(z) = R(z)eap (i/h / Jom(E — qS(:c))dm) (2.35)
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With an energy barrier between points 1 2, the incoming and transmitted waves 11 2 become

Vi (z < 31) ~ eap (i/h [ OO Jom(E — ¢(x/))dm') (2.36)
oz > 79) ~ exp (z’/h /_ ; Jom(E — <Z>(:U/))dx') (2.37)

With this, the transmission T'(E) can be expressed as [14]]

)|’ = exp (—2/71 /;2 2m(p(x’) — E)dx’) (2.38)

1

This formula also applies to classical forbidden regions where the particle energy E lies below
the potential barrier ¢(x). Assuming a negligible amount of charges in the potential barrier, the

potential barrier can be written as a linear function

¢($) =¢1+ (37 - $1) =¢1+ QOFO:I:(‘T - xl) (239)

P2 — P1
T
where ¢1, ¢2 are the edge potentials of the barrier located between z1, x2, which can also be ex-

pressed in terms of an internal electric field F,,.

If the edge potentials ¢12 are higher than the particle energy F, the width of the potential
barrier is fixed by the oxide thickness, yielding a trapezoidal barrier (Fig. left).
For this trapezoidal case, Eq. 2.38] yields

24/2me,
3hqFo:

T(E) = exp (—4 (a2 — E)** = (g6 — B)Y/ 2) (2.40)

When the edge potential ¢o drops below the particle energy F, the barrier effectively becomes

triangular, decreasing the effective barrier width to

qF — ¢y
Ty =21+ ———— 2.41
" ! quom ( )
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This case is called Fowler-Nordheim Tunneling (Fig. middle). Evaluating Eq. with the

upper integral bound of z,, then yields

T«E)::ama<—4§h§£:<q¢l-Eyﬂ2) (2.42)

The case of opposite polarity (Fig. right) follows from interchanging ¢ with ¢s.
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Figure 2.11: Schematic representation of a trapezoidal (left) and a triangular barrier for a
negative (middle) and a positive (right) bias voltage.

Tunneling across a Trapezoidal Barrier: Inserting the Trapezoidal Barrier WKB Approximation

into the Esaki Equation, the tunneling current density can be expressed as [59]

canfo((o2=4)" - (0 9) )|

3eV eV eV
Pl (7o)
a2 |\ = - \Jor + %
(2.43)
where C = — :;Z;fg, a = %éZ * 6251_: 5 m} is the effective electron tunneling mass, ¢; and ¢

are the interface potential barriers. It is noteworthy that this equation only depends only on these

three material parameters, and shows an exponential relationship with the thickness d.
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Tunneling across a Triangular Barrier (Fowler-Nordheim Tunneling): This equation is derived

analogous to the trapezoidal case:

e3m 8m/2m3 332
irN(d) = ——~—F? ——Y—c_B 2.44
TN ) = g ey © P ( 3he  E (2.44)

with the electric field comprising the applied and band components £ = Eq,+FEpgng = —U/ d—i—%
and the potential barrier ® g that the electrons must overcome across the ferroelectric, ¢, for U > 0

and ¢y for U < 0 [142].

The effective tunneling distance decreases with increasing electric field F, creating an even larger

dependence of tunneling currents on the electric field.

2.7.2 Quantum Transmitting Boundary Method

The|Quantum Transmitting Boundary Method (QTBM ){method provides a relatively simple method

to generalize the WKB results from the previous section to potential barriers of arbitrary shape.

Starting from the 1D effective-mass Schrodinger Equation

o1
<_2Vm*(a:) V+ V(ac)) U(z) = EV(x) (2.45)

we build a finite difference approximation

ov

N 1
= Ax?

T

where subscript ¢ is the value at the position of the corresponding lattice point x;. Considering that

W must be differentiable, one obtains diagonal matrix elements

h? 1 1
4Ax® \mi_y +mi  mi+miy,

and off-diagonal symmetric elements

R 1
4Az2 mf | +m?

S

(2.48)
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The boundary elements ¢ = 1 and ¢ = n are described in terms of

Y1 = arexp(—ikix1) + brexp(—ikix)
(2.49)

Uy = apexp(—ikpzy) + biexp(—ikpzy)

where ag,a, are the amplitudes of incoming waves, by, b, amplitudes of outgoing waves. The

boundary conditions are subject to the steady-state constraints

Vi =a;+b

U =ik (a1 + b1)
(2.50)

v, =a, + b,

U =ik, (an + by)

Choosing the incoming waves ag, a,, of our system, we obtain Robin boundary conditions of our

system:

1 .
ap = 5 (\Ifl — Z\Ifll/kl)
(2.51)

1 (U, — W), /ky)

Ay =
2 n

Abbreviating z; := exp(—ik;x;), and solving the Schrodinger Equation at the boundaries, we obtain

E:dlfsl(zleZlil) (2 52)

E=d, — sn(zn +z;1)

This implicit set of equations is used calculate z;, z,, for a given energy E. Choosing the solution

with |z| <=1, im(z) >= 0, we obtain for the Matrix elements for the discretized system as

Uy — ¥
a; = ﬁ = a1V + f1¥y
1
2.53
Uy — 2p W1 ( )

=¥y + BVt

n = 22 +1

which yields the discretized n x n tridiagonal complex-valued system

GI_JI\IIJ = a; (2.54)
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where G is Green’s function for the Schrédinger equation, with additional QTBM boundaries.

Besides transmission, the system’s eigenstates describe the resonant states of the system.
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(a) QTBM transmission coefficient over thickness.
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(b) QTBM tunneling current over thickness. The 4nm thick barrier (green line)
exhibits a slight resonance peak at 1.7V
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2.7.3 Tight Binding Model

The tight binding method allows the calculation of the electronic band structure by describing
valency electrons with wave functions for each atomic site within the lattice [I43]. Essentially, a
tight binding model consists of a graph of vertices and edges that correspond to lattice sites and

hopping transitions. These can be described by onsite and hopping Hamiltonians [144].

The complex band structure in the bandgap region describes the evanescent electron wave. This
allows for efficient device simulations. The Hamiltonian describing the system can be parametrized
by ab initio simulations. Dong et al. [77] demonstrated that the effective mass approximation
using a 2 x 2 k - p Hamiltonian describes the bands contributing to charge transport adequately in

orthorhombic Hf,Zr;_,Os. The Hamiltonian is expressed as

2
B+ 25 hkw

_ 2mc
H(ky, ky) = / P22 (2.55)
hk,v Ey, + STIEe.
, hz kg% ﬁ2 k‘2 , hz k‘% h2 k:2
where B = Eco + smes + Qmny, and By, = Eyg + smes + chyy. MCz, MOy, MVg, MYy are

the fitted effective mass at the I' point along the x- and y-direction, v is a fitting parameter, and
Ecp and Eyg are the minimum and maximum value of conduction band and valence band at the I'
point that provide the minimum decay constant s in the band gap region, and m¢, and my, are
the corresponding fitted effective masses.

We use the Kwant Project tight binding simulator [145] to support the WKB and QTBM solutions.
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Figure 2.13: Tight binding model, 3D lattice of the 6 unit cell insulator (blue) and infinite

electrodes (red)

Using the [Non-Equilibrium Green Function (NEGF)| formalism, the scattering matrix S, ,, and

the wave function ¢,, of the system is calculated by Kwant. The current density is then be obtained

by the energy integral
(2.56)

J Z/(fs — fp)TspdE

where fg, fp are the Fermi functions of the source and drain lead, and Tsp is the transmission

coefficient between the two.
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Figure 2.14: Current density, obtained from 3D Tight binding model. The step structure
indicates discrete energy steps of the quantum system. The resulting current densities are
on the same order of magnitude as obtained from the 1D QTBM approximation, however the
curve shape remains slightly subexponential over the full voltage regime.

Parameter value unit | description

a 4.9619 A | lattice constant

b 5.1695 A | lattice constant

c 4.9749 A | lattice constant
mé 0.4205 mg | eff. mass, conduction band, along x
my, 7.6609 myg | eff. mass, valency band, along x
mY, 0.5785 mg | eff. mass, conduction band, along y
my, 1.2132 mo | eff. mass, valency band, along y
mg 0.4086 mg | eff. mass, conduction band, along z
mi, 0.5914 mg | eff. mass, valency band, along z

v 8.7 x 10° | m/s | coupling factor (off-diagonal 2x2 Hamiltonian)

Table 2.4: Hf, Zr;_,0O5 tight binding model parameters for the orthorhombic phase according
to Yoon et al. [59]. The effective masses are specified with regards to the I" point.
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2.7.4 Thermionic Conduction

Thermionic conduction occurs when the thermal (kinetic) energy of charge carriers suffices to reach
the conduction bands of the insulator. The barrier height is lowered by image force lowering, called
the Schottky effect. For voltage potentials much higher than the thermal energy (>100 mV at RT),
this is described by[142]

1 ¢F
2
== I — @ - .
J(E,T)= AT exp( A ( B 1 605r)) (2.57)

where A is the effective Richardson’s constant, ¢ is the potential barrier facing towards the larger

charge carrier density (side of negative voltage in case of electrons), and 7" is the temperature.
This current scales with temperature, but not with barrier thickness. For this reason, this current
becomes negligible at very small thicknesses. It has been shown that this is typically the case for

devices below 4 nm [54], making it unobservable in practical FT/Js.

2.8 Practical Considerations

Effective Work Function Engineering

The presence of point defects can modulate this dipole and the [Effective Work Function (EWF)|

thus affecting the threshold voltage. Among the HfOo native defects, the O vacancy is a dominant
intrinsic electronic defect [146]. There have been some studies of the EWF computation, and the
effects of O vacancies on the Schottky barrier height and EWF modulation, using the phenomeno-
logical theory of band offset — the so-called Metal Induced Gap States (MIGS) model developed by
Robertson [147H149]. This method describes the charge transfer at the metal-insulator interface in

terms of the alignment of a charge neutrality level with the metal Fermi level.

Dependence on the Crystalline State of the TiN Electrode

According to Sun et al. [I50], it is found that Pt/HfO9/TiN devices with crystallized TiN electrode
exhibited a typical bipolar resistive switching behavior, while the I-V curves of the Pt/HfOq/TiN

devices with amorphous TiN electrode showed the unipolar resistive switching behavior regardless of
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voltage polarity, which is similar to the Pt/HfOy/Pt devices. It is believed that this originates from

the different oxygen reservoir ability of TiN with different fabricating process. Moreover, the

tive random-access memory (ReRAM )|device with the new structure of TiN (amorphous)/HfOq/TiN

(crystallized) exhibited the bipolar resistive switching behavior [I50]. When conductive filaments

are formed, the unipolar mechanism is called fuse-antifuse.
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Materials and Methods

This chapter describes the manufacturing process and requirements to obtain the ferroelectric phase
within the Hf,Zr; ,Os thin film, as well a quantitative estimation of the effect of dead layers on

the metal-insulator interface.

3.1 Hf,Zr,;_,05 Material Characterization

To obtain the ferroelectric Hf,Zr,_,O9 phase, several energetic contributions have been observed
to stabilize this otherwise energetically unfavorable phase. Amongst them, a mixture with about
equal parts of Hf:Zr atoms [I51], combined with substrate and grain boundary contributions are
thought to be key factors for this stabilization. Besides Zr, a range of other dopants [152] [153] and
oxygen vacancies [132] can stabilize this metastable phase. An overview of the crystal phases in
HfOg is shown in Fig. As shown in Fig. the energetically favourable phase depends on grain
radius, and only a small window allows for the formation of the orthorhombic phase, which requires

a consistent annealing process, while pure ZrOs does not form a stable orthorhombic phase.
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Figure 3.1: (a) monoclinic (b) orthorhombic, (c) tetragonal, (d) ferroelectric (down), (e) fer-
roelectric (up) (f) cubic phase. Figure adapted from Materlik [154].
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Figure 3.2: Phase diagram, grain radius over temperature, according to the thermodynamic
model of Park et al. [155]. Left: The ferroelectric, orthorhombic phase of Hfy 5Zro 50 is
stable only in a small window with grains of around 2 nm diameter. For larger grain sizes, the
thermodynamic model predicts the monoclinic phase. However, experiments show significant
amounts of orthorhombic phase. b) With reduced HfO, content, the tetragonal phase region
extends to smaller temperatures and larger grains. For pure ZrOs, there is practically no stable
orthorhombic phase left at temperatures above 25°C. Adapted from [155].
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3.2 Depolarization Field

Besides the ferroelectric tunnel junction where miniaturization is a prerequisite, the demand for
thin film ferroelectrics is to shrink with its incorporating electronics. Various types of ferroelectric
thin-film capacitors are thus required to shrink to the nanometer scale [I56-158].

The continuing requirement for the miniaturization of electronic devices, ferroelectric thin-film ca-
pacitors are required to shrink to nanometer scale [I56HI58]. Generally, this size reduction allows
to achieve a lower operating voltage. However, at a certain size, most materials entail a size effect
which may affect the polarization stability, initially lowering the coercive field, until the ferroelec-
tricity is lost. This size effect limits the practical applications and affects all of the commonly
used perovskite ferroelectrics. This means that the intrinsic ferroelectric polarization exceeds the
coercive field. In this context, the field opposing the intrinsic polarization is called the depolarizing
field, which can be screened to reduce this effect Yang et al. [I59]. For this reason, metallic elec-
trodes that closely mirror the surface charges are used to stabilize the polarization states. In other
words, insufficient screening of the polarization charge at the ferroelectric surface is likely the cause
of this size effect [160, [161], leading to so-called "dead layers" which is effectively non-ferroelectric
and has low permittivity. Even with individual domains in the material remaining ferroelectric,
their stability is dependent on adjacent domains of the opposite polarity, forming a polydomain
structure that effectively diminishes the ferroelectricity. The dead layer is equivalent to an addi-
tional capacitor [162], which is detrimental to the total polarization and capacitance properties.
Besides the formation of polydomains [163], electrical fatigue [117, [164], imprint [165] and leakage
problems [166] are associated with this effect. Consequently, the existence of dead layer greatly
limits the scaling-down of ferroelectric thin films and hinders the miniaturization and integration
of ferroelectric-based electronic devices.

Quantitatively, the potential barrier changes at the interface are

l O S l [0} S
Adop = op®@st Adpor = lhor®@sq (3.1)

Etop Ebot

where [0, and [, are the screening lengths of the top and bottom electrodes

letopk BT cvotkBT
ltop = 05277% and lbOt = O(]T (32)
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and (), is the screening charge density that is derived from the remnant polarization and screening
length [59]

Ptrg
€FE (ltﬂ + @) +tre

Etop Ebot

Qs:

(3.3)

The depolarization field results from the difference between polarization and screening charge

P_Qs

Edepol = - (34)
EFE
with the remnant polarization P and screening charge density Qs from Eq.
The electric field is then within the ferroelectric is then
EFE = Eappl + Edepol (35)

with the externally applied field E,p,y, = Vpg/tre and the depolarization field Egepo from Eq.

3.3 Read and Write Rate

Writing is limited by the domain switching process in the device. Due to its very small thickness,
the nucleation process and domain wall motion are the defining factors in this scenario. While
the domain wall propagation along the polarization direction occurs at the speed of phonon prop-
agation, the sideways motion can be described as a relatively slow, viscous process that can be
stopped ("pinned") at defects. Thus, the switching speed of a polycrystalline ferroelectric thin film
is dominated by nucleation. This is also known as nucleation-limited switching , which can
span several orders of magnitude (see Fig , depending on voltage [105), 167].

Reading the resistive device is done by charge integration at sub-coercive voltages and thus

requires the current density

Q

J:tiA

(3.6)

to acquire the charge Q over time t transported through area A. We can roughly estimate that
reading the resistive state requires on the order of Q = 10% e~ elementary charges [I68, 169]. On a

100 nm x 100 nm device area and a read speed of 100 ns, the required current density is 16 A /cm?.
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This is within the feasible range of FTJ current densities [I4]. A tradeoff between read time and

voltage must be maintained to avoid degrading the polarization state.

3.4 FTJ Manufacturing

The TiN/Hfy 5Z1r¢.502/Pt and TiN /Hfj 5Zr 502/ Au stacks were deposited using a Plasmionique Inc.
(SPT310 model) system. A polycrystalline Hfy 5Zrg502 1” ceramic disc was used as a sputtering
target. Prior to deposition, the chamber was evacuated at a base pressure of 10 mbar. The inert
sputtering gas Ar and is mixed with Og to equal partial pressures (no,/(nar +no,) = 50%) where
an operating pressure of 6 — 40 mbar is maintained. The RF power was fixed to 20 W on the target
and the substrate temperature was maintained at 500°C during deposition. The target surface is
cleaned by pre-sputtering. During deposition, a target-substrate distance of 11 cm is used to reduce

inhomogeneities due to backsputtering. The deposition data is summarized in table

The TiN bottom electrode is deposited on silicon substrate by sputtering Ti in a nitrogen
atmosphere and annealing for 30 min at 650°C. The Hfy57Zrg 502 layer is then deposited, using

sputtering-rate compensated Hf and Zr sputtering in oxygenated gas. To obtain the precise thick-

ness, the deposition rate of this sputtering process is calibrated using [X-ray reflectivity (XRR)|

thickness measurements. Finally, a dot-pattern shadow mask is used to deposit the top electrode.
One of the first surveys of fully-sputtered ferroelectric hafnium-based MIM-device was demonstrated

by Olsen et al. [I70].

e

Hfo.5Zro.502
TiN
Si

Figure 3.3: Sputtering deposited layers on top of the silicon substrate. The top electrode is
structured using a 150 pm diameter dot-pattern shadow mask.
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3.5 Annealing

After deposition of the TiN bottom electrode, a short annealing cycle is required for the TiN to
crystallize and increase conductivity. However, this process should be kept short and at moderate
temperatures, since individual grains grow on the surface, increasing surface roughness.

Typically, after deposition of the top electrode, annealing the Hfy 5Zrg 502 film is required to form
the ferroelectric orthorhombic phase. Previous annealing experiments, as well as literature indi-
cates that temperatures between 500°C and 650°C yield the largest amount of ferroelectric phase
[155], which is consistent with resistive switching experiments previously performed with our setup.
However, depending on the electrode and manufacturing process, significantly lower (370°C [I71])
and higher (800°C [132]) temperatures have been reported.

Since the second annealing step requires higher temperatures, both components in the TiN /Hfy 5Zrg 504
interface undergo recrystallization, likely further degrading the surface planarity and inducing lo-
calized strains. Since both the top and bottom electrodes have higher CTEs than the Hfy 5Zrg 502-
compound, the polycrystalline oxide remains in an in-plane compression state. Theoretical models
suggest that this compression is an important contribution to stabilize the otherwise unstable ferro-
electric phase [90]. Besides the annealing-induced strains and grain interface energies, doping with
the chemically similar Zr or other dopants can improve the thermodynamic stability of the desired

f-phase [172), 173].

3.6 Electrode Materials

The physical principle of FTJ resistive switching requires the structure to be exhibit an asymmetry
in electron potentials when switching polarization. The materials TiN/Pt and TiN/Au are prime
candidates, since they remain stable at elevated temperatures, they exhibit low oxygen affinity, yet
have a significant difference in work functions. Additionally, these materials do not migrate or form
filaments. Since TiN is porous, it can potentially absorb a oxygen from ZrO, at elevated temper-
atures [L07, (I74], especially if the electrode is nitrogen deficient. Probing techniques applicable to
FTJs, such as XPS, XRR and AFM are detailed in Appendix An overview of work functions
is given in Appendix [A24]
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Results

The following sections include the three main research topics: The first section describes our findings
of the theoretical impact of thin film thickness homogeneity on the FTJ electrical parameters [175].
The effects of this parameter is quantified, and its effect on the electrical characteristics analyzed.
The second section investigates switching at elevated voltages in a Au/Hfy 5Zrg 502/ TiN structure.
In this regime, we identify switching that is dominated by the vacancy mechanism and develop a
vacancy hopping model to describe the time-dependent switching behavior. The model describes
the generation of oxygen vacancies and device degradation in the context of trap-assisted tunneling.
This vacancy mechanism exhibits switching behavior that, while it is larger in magnitude, leads
to device degradation upon operation, especially at elevated voltages. An article with our findings

is in preparation. Finally, we investigate TiN/Hfy5Zr502/Pt-based FTJs in a neural network

configuration [176]. Two neuron spikes overlap to produce a time dependent Spike-timing-dependent|

[plasticity (STDP)| at the [FTJ| The response as a synapse is observed. An model is used

to describe the experimentally observed resistivity change. The description of neural switching

behavior defines key parameters, such as the learning rate, switching stability and symmetry.
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4.1 The Effects of Thin Film Homogeneity on the Performance of
FTJs

As the thickness of the ferroelectric thin film applied to a ferroelectric tunnel junction (FTJ) device
reduces to several nanometers, the electron transport behavior, causing two different electrical resis-
tance states known as the tunneling electroresistance (TER) effect, can be predominantly explained
by the direct tunneling mechanism. However, to accurately predict the [TER] ratio, while it is neces-
sary to precisely define the parameters of the Hf,Zr;_,Os-based material applied to the conduction
model, it is still insufficient to fully account for the device operation. In the following section, we
present the theoretical results of thickness variations in an device with a Pt/Hf,Zr;_,O9/TiN
structure, using 3 nm thick Hfy5Zrg 502 tunnel barrier with stochastic thickness inhomogeneities

and the resulting effects on the electrical performance [175].

4.1.1 Hf,Zr, ,0O, Structural Homogeneity

We describe a three-layer TiN/Hfy 57Zrg502/Pt structure with a 3 nm ferroelectric layer that is

operated within the limits of the trapezoidal |Wentzel-Kramer-Brillouin (WKB)| model, which we

separate into analytical small and large voltage approximations. As a basis to quantify the effects
of inhomogeneities in the ferroelectric layer, we derive a statistical, closed form expression for the
distribution of current densities based on the [WKB]| approximation, based on a predefined distri-
bution of tunneling barrier thicknesses. The consistency of these results was numerically checked

using the MonteCarloMeasurements library from the Julia programming language [177, [17§].

The ferroelectric phase in Hf,Zr; ,Os deposited by atomic layer deposition or sputtering pro-
cesses has been attributed to the film’s polycrystalline grain structure [I79]. While Hf,Zr;_,O» films
much thicker than 10 nm are mostly composed of the non-ferroelectric monoclinic and tetragonal
structures, smaller thicknesses increasingly favor the formation of the ferroelectric orthorhombic
phase. A polycrystalline film with a thickness in a range of 2 nm to 4 nm inherently induces
significant relative thickness fluctuations in the ferroelectric layer. Imperfections in the surface ho-

mogeneity of the base electrode may increase this effect. Magnetron-sputtered TiN/Hfy 5Zr 502 /Pt
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heterostructure with an Hfy 5Zr 502 thickness of 3 nm exhibit a root mean square (rms)| interface

roughness of 0.2 nm on the TiN bottom electrode, and 0.1 nm on the thereon deposited Hfy 5719502

[180]. This results in thickness variations in the Hf,Zr; ;O3 film. To understand the impact of this

inhomogeneity, we developed a model that describes the tunneling current behavior in Hf,Zr;_,O9

using the WKB approximation. The WKB approximation across a trapezoidal barrier quantifies

the current density J as a function of barrier thickness d and voltage U. The analytical expression

[57, B9, [88] can be written as

C b x sinh(Ed)

J(d) = ok

with the parameters C, D, E
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(4.2a)

(4.2b)

(4.2¢)

(4.2d)

In this equation, ¢; and ¢- are the trapezoidal interface potential barriers shown in Fig. M

the (effective) electron mass, and U and d the operating voltage and ideally homogeneous thickness,

respectively. Fig. [4.1] shows the resulting LRS, HRS and TER ratio.
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Figure 4.1: Semi-logarithmic plots of the effect of the voltage and the Hfy 5Zrg 502 thickness
on the (a) LRS current density, (b) HRS current density, and (c) linear plot of the TER ratio
of LRS and HRS current densities. Tunneling currents are calculated from Eqn. over
varying thickness and voltages. Increasing voltage and thickness improves the TER.
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Figure 4.2: Modulation of potential barrier for the low resistance state (LRS), where the
polarization is in the direction of the TilN interface (red), and the high resistance state (HRS),
where the polarization is oriented towards of the Pt interface (blue). The barrier heights
represent the mean values from table

Vargas 2018 | Yoon 2019 | mean | change
ob,(eV) 1.86 2.14 2.000
; 0.585
oh(eV) 2.75 2.42 2.535
ot (eV) 2.36 2.33 2.345
-0.110
ol (eV) 2.20 2.27 2.235

Table 4.1: Interface potentials from Ambriz-Vargas et al. [181] and Yoon et al. [59]. The arrows
symbolize the polarization towards the TiN interface (], LRS) and Pt interface (1, HRS). The
rightmost column shows the impact of polarization reversal.

Using ¢1, ¢ as shown in table [£.1] and Eqn. 1] the J-V curves in the HRS and LRS were
reconstructed for a 3 nm Hfy 5Zrp 502 film, as illustrated in Fig. (gray curves). The J-V curve
follows a large exponential slope that tapers off into a shallower exponential. At higher voltages,
the current density increases exponentially with the voltage. To represent these two regions, the

approximations sinh(Ed) ~ Ed and sinh(Ed) ~ $eP

were used, which approximate the regions
for U smaller and larger than log((2)/E)), respectively. The current density of Eqn. is thus

split into the two following equations:
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CE
Jy ~ 7eDd if U < log(2)/E (4.3a)
Jy ~ 2%26<D+E>d if U > log(2)/E (4.3b)
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Figure 4.3: J-V behavior in the HRS (dashed line) and the LRS (full line) according to the
WKB approximation (gray), as well as with the small (green) and large voltage approximations
(red) for an ideally homogeneous insulator with a thickness of 3 nm. The transition point
between the small and large voltage approximation log(2)/E is indicated for each curve by the
blue line.

4.1.2 Results

A comparison between the model Eqn. and the approximations Eqns. a),(b) is shown
in Fig. (gray line with green and red approximations, respectively). The calculations and figures
are shown exemplary for a ferroelectric film thickness of 3 nm. Limiting factors for the thickness
are prohibitively high resistivity for larger thicknesses for acceptable readout speed as discussed
in section and electrical instability /breakdown for smaller thicknesses. A good agreement is
obtained in each region, showing that for a barrier width of d = 3nm, the[WKB|formula is accurately

described by the approximations, as long as each approximation is used within its threshold of
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U =log(2)/E (blue vertical lines). These approximations can be exploited to calculate the current

density distribution in a closed form in the next section.

Using these approximations, the exponential dependency of the current density on both barrier
width and operating currents can be calculated for the [LRS| and [HRS] respectively. For both [LRS]|
and [HRS] the current density increases exponentially when decreasing the Hfp 5Zro 502 thickness.
Also, the current density increases exponentially with the voltage above a certain threshold, con-
sistent with the curves shown in Fig. see also Hyuk Park et al. [I8]. The ratio is critical

for distinguishing the two resistive states. It can be defined as the ratio of current densities

(4.4)

The [TER] ratio grows with voltage and barrier width. A plot of the [LRS| [HRS| and [TER] over

voltage and material thickness is shown in Fig. Higher currents are beneficial for a fast readout
of the resistivity state, which is assisted by lower thicknesses. In addition, the voltage is limited by
the breakdown threshold of the device. Therefore, the TER]ratio can be optimized by adjusting the
Hfy 5Zry.509 thickness while remaining below the device breakdown voltage, neglecting the effect
of roughness induced field enhancement [I82]. In the Eqns. variations of the Hfy5Zr¢509

thickness are not yet taken into consideration.

To account for these effects, we model the device as a series of parallel resistors with
resistances dependent on the local film thickness (see Fig. |4.4). Since the total resistance is pre-
dominantly defined by the smallest parallel resistance, the distribution of thicknesses is crucial

parameter.

The effect of varying local film thicknesses, and therefore the film surface roughness, on the cur-
rent density is thus crucial in understanding the total device conductance. Since the current density
J is a monotone function with respect to d, its probability distribution pdf;(j) for a distribution of

thicknesses pdfy(d) can be expressed as [183]

dJ 1 (j)

i ) (4.5)

pdfs(j) = pdfa (J71(5)) |
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Figure 4.4: Hf,Zr,_,0O2 conductivity model. The local film thickness results in a local current
density at voltage U. (a) Representation of roughness as a distribution of thicknesses. (b)
Parallel resistor model yielding the current density distribution for a fixed voltage.

where J~1(j) is the inverse of function J(d). Using the closed form invertibility of Eqns. 4.3k, b,

this yields the generic distributions

pdfs(j) = pdfs (—Vg) x ‘]D(VVVVM‘ (4.60)
vitni) =t (5% ) * | <5 ) (1.6b)

with Wy, = W (‘%ﬁ) and Wy =W (%\é@), where W is the principal branch Lam-

bert W function [I84]. Assuming a normal distribution of thickness pdf,

7'('0'2 20'2

pdfa(d) = 21 exp (—(d‘dO’> (4.7)
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for small deviations ¢ around the mean thickness dy, the current density distribution is calcu-
lated from Eqn. a) and [4.6(b). Both are shown in Fig. [£.5(a), (b) at voltages according to
their applicable scope. Even for unphysically small values of ¢ = 5pm, the current density proba-
bility shows a visible spread that resembles a Gaussian centered at \170 A/m?. When ¢ increases
to 10 pm, the current density probability peak decreases by half and becomes broader. As the
thickness deviation further increases, the curve becomes broader and the maximum significantly de-
creases, while shifting to lower current densities. Contrary to the visual shift, the mean conductivity
increases in this process, since the distributions increasingly stretch to higher current densities, as
shown in the inset on the right-hand side of Fig. [£.5(b). This shows that for real-world FTJs, much

of the Hfy 5Zrg.502 film will not contribute significantly to the tunneling current.

o=5pm
(@) 0.1V o=20pm
— 30} N\ I
= | [\ 0=40pm

- | \

S Lol [\ 0=80pm
il A~ o=170pm
E 10 _#.‘;'JI—_.,_ k\\ o= 17opm

g r.f‘f'*:“t——%:;—,f’_'—,lé;i =

0 100 200 300 400

1 2 3 4 5
x10°

Figure 4.5: Probability density functions of the current density distribution pdf; for a mean
thickness dy = 3nm at varying standard deviations of thickness 0. Even for unphysically small
values of o = 5 pm, significant variations in current density can be observed. At ¢ = 170 pm for
(a) U =100mV and (b) U =1V in the LRS. While the peak probability moves to lower current
densities with increasing o, the probability distribution increasingly stretches to high current
densities (shown in the magnified inset).
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The mean current density through a distribution of parallel grains can be extracted from Fig.

[45] according to the first moments

i-| = Jpdfs()di. (4.8)

The results of jrrs and jggrs for both LRS and HRS are illustrated in Fig. |4.6(a) over the thick-
ness standard deviation o. It shows that the current densities increase exponentially with thickness
standard deviation o. The thickness of the [FTJ] thus needs to be extremely homogeneous to permit
reproducible conductivities. This requirement occurs as the grains function as a parallel resistor

network. As a result, the resistance of the network is defined by that of the smallest parallel resistors.

S 1010 F ///
E 10?.5 |
.g-_q 105.0
—_ 102.5
(b) 0 100 200 300 400
stable
S0 high
A 40F iti — 01V
] 30F — 1.0V
B~ 20F small TER
10 +
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a(pm)

Figure 4.6: (a) Mean current density of LRS state and HRS state for three voltages at a
thickness of dy = 3nm. (b) Mean TER ratio over standard deviation. The ratio is stable for
small deviations and drops quickly above when ¢ exceeds ~ 0.1nm. The ratio follows a
Gaussian-shaped decay of resistive switching with increasing thickness variations. It can be
seen that the thickness inhomogeneity has a significant impact on the TER ratio. This decay
results from the fact that the smallest resistances determine the TER, which in return exhibits

the lowest ratio (Fig. (c))

Due to a non-epitaxial film growth of Hfy 5Zrg.502 on the bottom electrode, and a crystal struc-

ture with a typical lateral grain size comparable to the film thickness [I5], 103} [I85], ferroelectric
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Hfy 5Zry.509 intrinsically exhibits structural thickness variations between the electrode interfaces.
As shown in the previous section, this can greatly affect the electrical performance of the device.
Another aspect of this analysis is the increased probability of electrical breakdowns. Literature spec-
ifications of breakdown voltages in hafnium and zirconium oxide thin films vary between 7 MV /cm
and 20 MV /cm [73], [186HI8E], whereby typical coercive fields require at least 1 MV /cm to 2.5 MV /cm
[189, [190]. At this point, higher fields allow increased switching speeds and help switching pinned
domains. Switching a 3 nm device by application of 2 V could however already exceed the electric
breakdown threshold. Going by these numbers, just approaching the coercive field could already
reach 13% to 36% of the breakdown field. Defects in the Hfg 5Zrg.502 narrowing the barrier can

thus increase the likelihood of an electrical breakdown as observed by Kracklauer et al. [I91].

Besides the decay of the [TER]ratio, [F'TJs are typically operated at voltages within a significant

percentage of their electrical breakdown threshold. For an individual site of random thickness, the

cumulative probability of failure over the thickness is

E

Ferit pdfa(oy)doy, (4.9)

U
Daite = / Pt pdfa(d)dd = /
0 0

where E.rit is the critical field strength, F = U/dy the mean field strength, and o, = o/dy
the relative thickness standard deviation. Thus, the accumulated breakdown probability py for a

device with NV sites is

pnv =1— (1 - psize)Y (4.10)

This relation is detailed in Fig. showing linear equipotential lines between field £ and

standard deviation o.

We find an increasing chance of breakdown with increasing the operating voltage and decreasing
the mean thickness, as well as with the device area and the surface roughness. When operating
a device with 7% thickness standard deviation at 60% of the critical voltage, 10 out of a million

devices will surpass the critical value.
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Figure 4.7: Probability of an electrical breakdown in a device py, assuming N = 10° statistically
independent sites with independent lattice thicknesses. The x-axis measures the mean electric
field relative to the critical field F/E..; while the y-axis is the relative standard deviation of
the thickness o/dy. The plot corresponds to a 3um x 3um device with an average 3 nm in-plane
grain diameter, assuming one statistically independent height per grain.

Non-Ferroelectric and Pinned Domains

With real ferroelectric switching devices, an effect known as domain pinning is observed. This
pinning effect happens due to the interaction between a charged domain wall and and a charged
defect. This effectively leads to portions of the ferroelectric domain to become "frozen', i.e. exempt
from switching. Here, we present an estimation of the effects of these frozen domains on the total
conductivity and TER ratio. Using Kirchhoff’s circuit laws and assuming domain walls oriented
alongside the thickness of the ferroelectric, the effective TER is the ratio of parallel current density

fractions and can be expressed as:

Rurs _ jursf+jirsg+jirs(l1—f—g) TER—(TER—-1)f (4.11)
Rrrs  jursf+jirsg +jurs(1 — f —g) 1+ (TER-1)g

TERy, =

with a phase fraction f permanently in HRS state, and g permanently in LRS state, and a switchable

remainder. The pristine current densities are jrrs, jors. When we also account for a non-
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ferroelectric phase component e with current density j.onrg, this becomes

. . . . et
TERs,, - JnonFE€ + ].HRSf + JLRSY + J.LRS( e—f—g9) (4.12)
JnonFE€ + juHRSf + jLrsg + jurs(l —e— f —g)

The TER dependence on f and g is shown in Fig. We can conclude that if any pinning in
inevitable, pinning in the HRS state is favourable with respect to its impact on the TER.

Pinned in LRS state: g (%) Sxﬁ\

Pinned in HRS state: f (%) 1 . = -
Non-FE grains: e (%) pinned in LRS state g (%)

Switchable: 1-f-g-e (%) rapid TER decrease with g

? ES] pinned in HRS state
=4 e =),
+ - =1 ——— 1=20.0%
LRS HRS % s e
DRRULIN AN o —
o ———— -
- + o * f=80.0%
3 10
(1]
=
=

Figure 4.8: Left: Model of parallel resistors with domain fractions f, g pinned in LRS and HRS
states, and the non-ferroelectric component e. Right: TER over pinned domain fractions at
e = 0. The tunneling electroresistance ratio degrades rapidly with the fraction g pinned in LRS
state, and linearly with the fraction f pinned in HRS state.

In the model description of Eqn. [£.11} we assume that the non-ferroelectric domains do not
significantly contribute to device conductivity. These regions could be taken into account by adding

another parallel resistor that contributes similarly to the the pinned domains.

Conclusion

We quantitatively estimate the effect of thickness variations on the device performance. From
the high sensitivity of the tunneling process, we can conclude that these statistical variations are
generally significant and cannot be eliminated, especially in a polycrystalline structure. Our TEM
measurements (Appendix figure provide a visual representation of these inhomogeneities. A
comparison with literature shows a surface roughness of sputtered HfOg [192] of 0.2 nm. This means

that most of the tunneling current will tend towards a small area of hotspots, which increases the
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likelihood of device failure by dielectric breakdown. The deposition on a polycrystalline, nonplanar
bottom electrode such as TiN will further increase this issue. For our estimations, we assumed
smooth thickness variations. Local thicknesses of zero are considered to be device failures. The
effects of sharp edges and points in the interface can create significant field enhancements, further
amplifying the tunneling currents[I82 193]. Furthermore, we assume idealized metallic electrodes
and neglect secondary current channels. Quantitatively, we find that thickness standard deviations
of ¢ = 0.2nm halves the TER while increasing current densities by 2 orders of magnitude. A
doubling of ¢ from 0.1 nm to 0.2nm will increase the breakdown probability by a factor of 500, and
LRS-pinned domains can quickly degrade the TER. Since ¢ = 0.2nm corresponds to ca. 1 atomic
defect per 20 surface sites, any application will have to take into tolerate significant inter-device

variations.

4.2 Valency Mechanism and Endurance

When considering voltages considerable above the coercive voltage, the resistive switching mecha-
nism changes to valency switching. This is a form of soft electrical breakdown, initiated when the
electric field strength is large enough to extract significant amounts of oxygen from the insulator.
The thereby created oxygen vacancies propagate within the bulk insulator. We describe this pro-
cess by modeling the drift of the positively charged vacancy by an isotropic diffusion term with a
convection contribution according to the electric field. From this model, a distribution of vacancies

is derived, which is then used to calculate the electrical conductivity.

4.2.1 Drift-Diffusion Valency Change Model

A Finite Difference Model of the Hfy 5Zry 502 domain is constructed. This model is used to solve for
the vacancy distribution. This time-dependent drift-diffusion model encompasses the voltage-driven
vacancy migration in the simulation domain, as well as the chemical vacancy generation/annihilation

mechanism at the boundaries.
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Starting from Eq. to model the FTJ with Au top electrode, the vacancy generating reaction

when a positive voltage is applied to the top electrode is

1
00* % Vo +2e + 502 (4.13)

and the vacancy annihilation at negative voltage is

1
Vo™ +2¢ + 502 = 00" (4.14)

We model the rate equations of this physisorption process with voltage dependent Arrhenius-

type equations

Jgen = —kT (cox — cvy;) exp <f(2 — Blz:(qll”] — SOJF)) (4.15a)
© B
—qU — o~
Jonn = k:_cVO- exp (fﬁ( ZBT 14 )> (4.15Db)
J = Jgen + Jann (4.15¢)

with the rate prefactors k*, k=, vacancy and oxygen concentrations v and Cox and the
applied voltage U working against the activation energies ¢+, ¢~. The parameter 3 allows for
a slight asymmetry between the exponential behaviors, and is approximately one. Finally, f is a
heuristic exponential parameter that is identical for both equations.
Similar to the Au top electrode, the TiN bottom electrode interface is relatively inert. However,
its ionic structure is assumed to be too rigid to incorporate significant amounts of oxygen. This
circumstance is supported experimentally, since a negative applied voltage at the TiN electrode
does not affect resistivity.

The total reaction rate Jyen, + Jann is the boundary condition for a finite difference, voltage driven
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drift diffusion model of vacancies across the insulator domain. The equation and its boundary

conditions are expressed by

dc

5= V (DVe) — Ve (4.16a)
where % = (J(zo) + c(xo)ve) /D (o) (4.16b)
and % . = c(x1)ve/D(x1) (4.16¢)

where ¢ = ¢(x,t) is the vacancy concentration, v; = v;(U) is the voltage dependent drift velocity,
U(t) is the externally applied voltage, D = D(T') is the diffusion coefficient, T" = T'(x) is the
temperature, xo and z; are the locations interface boundary conditions. J(zo) = J(c(xo),U,T) is

the rate equation of the vacancy mechanism at the active interface xg, given by Eq. .

4.2.2 Measurements

A sequence of alternating voltage pulses U, is applied to the FTJ according to Fig. [£.9] The pulses
increase by 0.01 V This sequence rising sequence is repeated multiple times for rising read voltages
U,, shown in Fig. A polar asymmetry in is visible. The currents measured after a write pulse
of positive polarity increase rapidly above 1.5V, while for negative polarity, the resistivity gradually
increases over the full voltage range. This trend continues for the full span of read voltages. As can
be seen in Fig. the current progression transistions to a more noisy transistion which may hint

at the onsetting electrochemical process.
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Figure 4.9: Sequence of alternating write and read pulses. The write pulse voltage is succes-
sively increased. After each write pulse, the current is measured over a constant read pulse
(red lines). Both read and write pulses have a fixed length of 100 ms.

0.75

0.50

Figure 4.10: Pulse sequence for varying write voltages (£0.5V..+2.5V). After each write pulse
of length 100 ms and varying voltage (x-axis), the current is measured at (£0.5V..£1.0V) (y-
axis) over 100 ms. The green lines indicate the measurement progression analogous to Fig.

-9
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4.2.3 Valency Mechanism Model

We describe our measurements with the vacancy model in the following steps: A distribution of

vacancies is calculated by solving the FDM model and Eq.
With this distribution of traps, the fraction of filled traps is calculated by solving the FDM model
Eq. with Eq. From this, the electrical current J through the traps is obtained.

Fitting this model to the measured currents presented in Fig. we obtain a vacancy distri-
bution as shown in Fig. [£.11]

cycle nr.

1
—6
—11
—16
—21

0 1 2 3
thickness (nm)

Figure 4.11: Vacancy convection-diffusion FDM model for the pulse sequence, fitted to the
measured pulse sequence at U, = 0.7V. The left side is the chemically active Hfy 5Zrg.502/Au
interface, while the right TiN electrode is assumed to be inert.

Conclusion

We developed a finite difference model to describe valency-based resistive switching in our devices.

The model describes the formation of oxygen vacancies at the electrodes above 1.5 V, and their field-
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Figure 4.12: Current density from the valency switching model (red) compared to the measured
values of the pulse sequence at a read voltage of U, = 0.7V (Fig. [4.10).

parameter value | unit description
U; 0.445 | nm—3 Initial concentration
kT 0.00338 | s~! Generation rate
k™ 0.560 | s~ Annihilation rate
I6; 0914 | 1 Asymmetry factor
f 0.0120 | 1 Exponential factor
ot 2.94 | eV Vacancy generation barrier
p- 1.11 | eV Vacancy annihilation barrier
D 0.0320 | nm?s~! Diffusion coefficient
Vg 3.77 x 107* | nms~!' V~! | Voltage-induced drift

Table 4.2: Valency mechanism model parameters.

enhanced drift-diffusion within the domain. Coupled with the spatially-resolved phonon-assisted

tunneling between traps (PATT) model [122] [194] and the Shockley-Read-Hall equations [139, [140],

we are able to reproduce the trends observed in our measurements.

This allows us to predict

the gradual drift in electrical parameters and eventual device breakdown. From the model, we

obtain plausible results for the oxygen vacancy density, parameters such as reaction rates, diffusion

and drift coefficient. However, the 1D approximation has certain limitations in accuracy which

can be attributed to the the fact that vacancies cannot agglomerate and dissolve into the two in-

plane dimensions. For further refinement of the model, we suggest the following: Extension to 3D,
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accounting for the discrete nature of the lattice, and considering the formation of oxynitrides in the

bottom electrode.
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4.3 CMOS Compatible Hfy 5Zr¢.502 FTJs for Neuromorphic De-

vices

While machine learning algorithms are becoming increasingly sophisticated, they are in most cases
still based on the binary von Neumann computer architecture. This presents a serious bottleneck
of energy efficiency and data processing speeds. In contrast to that, a neural network combines
processing and storage in a system of gradually switching artificial synapses. We investigate the
viability of Hfy5Zrg 502 ferroelectric tunnel junctions as artificial synapses. The neuromorphic
behavior of an individual synapse level is quantitatively characterized by its spike-timing-dependent
plasticity (STDP). Resistive switching devices, such as the Hfy 5Zrg 502 tunnel junction have been
shown to be able to mimic a similar synaptic behavior [176, 195} [196]. Learning in biological neural

systems can be understood in terms of Hebb’s law: When two neurons fire at once, their connection

becomes stronger. This is also known as [long term potentiation (LTP)| where the amount of

neurotransmitters and postsynaptic receptors is increased (Fig. [4.13]). There are short-term and
long-term modifications in the system, such as the activation of additional receptors, and changes

in protein synthesis and gene expression, as well as the ability to grow new connections [197].

Pre-synaptic neuron Post-synaptic neuron
,~~z<Synapse
/

Figure 4.13: Synapse between neurons. The neurons produce electrical pulses. When both
pulses overlap at the synapse (see Fig. , its conductivity is strengthened or weakened,
depending on a positive or negative delay between the two. This constitutes the "learning" of
a temporal relation between the neurons.

4.3.1 Spike-Timing-Dependent Plasticity

To evaluate the ability of the device to mimic synaptic plasticity, the STDD)] tests are the technique
of choice [198] [199]. The [STDP)|is modeled after the brain’s neuronal activity, where the synapse is
stimulated by two neurons which each apply a voltage pulse [196], 200, 201]. Also known as action

potentials, these pulses and their relative time difference (see Fig. [4.14]) induce a strengthening or
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the weakening of the synapse, analogous to resistive switching in [FTJk. The learning rate is an key
parameter of a neural network, and is directly quantified by [STDP| measurements. This parameter
has a crucial impact on the training efficiency and algorithms during the training process. While
there exist studies investigating the learning behavior of cells using [196), 200, 201],
a quantitative study describing the relationship between action potential and learning rate has yet

to be reported.

2 H 2 I H 2f :
_ —STDP
. 1000 US . 400 US — 200 US == pre-spike
=1 i > 1 A = 17 == post-spike
g \/ g N J2 N
20 \ / 20 i 7— 20t /
1 -1 1t !
-1 0 1 -1 0 1 -1 0 1
time (ms) time (ms) time (ms)
2 T 2 i 2F
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Figure 4.14: Formation of the STDP by two equal spikes on opposite sides of the synapse/FTJ.
Their temporal proximity creates up to twice the amplitude of the individual spikes, with the
time averaged signal remaining zero. For negative relative times, the resulting voltage pulse is
inverted.

A schematic of the STDP mechanism is shown in Fig. Since each action potential (red/blue
curve) is too small to induce a change in resistance, their temporal superposition (black curves) is
required to exceed the threshold voltage (black dashed curve) that allows changing its resistance.
The central plot in Fig. [f.15] shows the STDP, more specifically the relative change in resistance
as a function of At. For a small positive At, the pre-synaptic action potential precedes the post-
synaptic potential, which describes a causal relation between two neurons. In this way, a large
positive superposition of the two spikes (small positive At, right part of Fig. lowers the
resistance of the synapse and enhances future interactions between the neurons. Vice versa, short
negative At increase the resistance. If |At| is too large, no causal relation between the two neurons

can be established, and the superposition voltage is insufficient to alter the synapse (negative At,

left part of Fig. 4.15)).
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Figure 4.15: Schematic of varying time difference At between pre- and post-synaptic action
potential creating synaptic plasticity in STDP. The scatter plot shows the change in resistance
of the FTJ over At (STDP function). For a small positive At, the overlap of the two action
results in a decrease in the resistance. The red and blue curves represent the pre- and post-
synaptic action potential, respectively. The black curve is the superposition of the two action
potentials for a given At. For a larger negative At, the resulting voltage is too small to trigger
a change in resistance.[176]

In the following sections, we investigate the spike-timing-dependent plasticity of Hfg 5Zrg 502
cells. We perform measurements with varying amplitude and width of the action potentials. From
this, we obtain STDP functions that quantitatively show that the learning rate of the synapse
depends exponentially on the action potential amplitudes, while the temporal relation can be con-
trolled linearly by the action potential width. This experimental result is supported with a NLS-
based physical model of the gradual switching behavior, which relies on gradual switching of grain

polarization. The NLS-based IFM model concurs with the experimental results.

The synaptic plasticity in a [spiking neural network (SNN)| i.e. change in the synapse’s resistance,

is a function of the time difference At between pre- and post-synaptic action potentials as shown
in Fig. The key measurement in this setup is the resistivity response %10% for a superposition

of two action potentials with time offset At. We define

ﬁ(At) _ Rafter(At) - Rbefore(At)
Ry min{Rbefore (At) y Rafter (At)}

(4.17)

where Rpefore and Rafer are the synapse resistances measured before and after exposure to the

action potentials. The minimum of both values is used for normalization.
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The STDP measurements AR/Ro(At) are fitted using the STDP functions

A

Rf(At) = Ajexp (At/74) for At >0 (4.18a)

AR

R—(At) = A_exp (At/T_) for At <0 (4.18b)
0

with the two linear scaling factors A,, A_ and the two characteristic times 7, 7. These fitting

parameters allow a quantitative comparison between individual measurements.

4.3.2 Partial Switching and Model of Domain Polarization

To describe our experimental results, we employ a physical model of gradual polarization switching.
We first express the resistance change as a change in ferroelectric polarization. Polarization switch-
ing in the polycrystalline grain structure of Hfy 5Zrg 502 includes certain statistical factors that are
expressed by the IFM model (see section [2.5.4). The model describes the fractional switching of
domains, depending on pulse time and amplitude. We assume a columnar grain structure due to
the small film thickness, since the grain diameters are typically at least as large as the film thickness
[15, 179]. Thus, the structure can be described as a series of parallel resistors, i.e. the total current
is the sum of currents over the individual domains. These individual currents are calculated from
the WKB direct tunneling model through a trapezoidal potential profile [63]. The polarization-
dependent LRS and HRS current densities are calculated from the trapezoidal tunneling function

(section [2.2.1]). The linear combination with fraction g in the LRS polarization state then reads

where j(g) is the current density, and g is the fraction of ferroelectric domains polarized towards the
LRS. The current densities jrrs and jrprs are adjusted to the experimental measurements, using

a common scaling factor. The resistance can be expressed as

R(g) = —— (4.20)
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where A=150 pm? is the FTJ surface area, and U=200mV is the applied voltage. Solving by g
yields
_ U/(RA) — jurs

g(R) . :
JLRS — JHRS

(4.21)

This equation provides the fraction g corresponding to the measured resistivities, as shown in
Fig. |4.19| (green region). This shows that the amount of switched grains initially increases and then

decreases with larger At.

A typical STDP measurement on the TiN/Hfy5Zrg502/Pt FTJ shows a maximum relative
resistance change of approximately +3.5 (see Fig. |4.16)). The STDP curve parameters are obtained
by fitting Eq. (Fig. red curve). We obtain values of -16 and 12 for parameters A and A_,
and —0.034ms and 0.033 ms for parameters 7 and 7_, respectively. The exponential parameters
7+ indicate the dependence between STDP function and At, while the linear factors A+ measure
the peak change in resistance per pulse, and are thus a direct expression of the learning rate. The
heuristic Eq. provides parameters to quantitatively compare individual STDP measurements.
The transistion region between the exponential functions |At| < 0.05ms occurs when the increasing
amplitudes of the can no longer sufficient to compensate for the decreasing time of the effective

superimposed pulse.

4
-0.50 -0.25 0.00 0.25 0.50
At(ms)

Figure 4.16: STDP switching response as measured at an action potential amplitude of 0.9 V
and a width of 2 ms. Red lines are fits of Eq.

The influence of the amplitude of both action potentials on the fitted parameters of the STDP
function is shown in Fig. Fig. depicts the change in scaling parameters with the ac-
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tion potential peak amplitude, which ranges from 0.05 to over 100 for action potential amplitudes
between 0.7V and 1.2V. For each voltage value, three measurements are performed. The three
measurements show good reproducibility over the STDP curve, as shown in Fig. [£.17h. Further-
more, the logarithmic plot reveals an approximately linear correlation up to 1.1V, corresponding
to an exponential dependence of the scaling parameters on the amplitude of the action potentials.
For higher amplitudes, the scaling parameter saturates. Since the superposition scales linear with
its components for a constant At, this induces a larger change in resistance that we attribute to
ferroelectric switching within the FTJ. Analogous, the the relationship between action potential am-
plitude and exponential parameters is shown in Fig. [£.17b. The exponential parameters 7 remain

approximately constant for action potential amplitudes in the 0.7V to 1.2V range.
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Figure 4.17: STDP scaling parameters over maximum action potential amplitude at a constant
action potential width of 1ms. (a) Scaling parameters A over action potential amplitude. (b)
Exponential parameters 7+ over action potential amplitude.

Fig. shows the dependence between the action potential width and the STDP function.
The pulse width is varied between 0.8ms and 2.0ms at a fixed action potential of 0.7V. While
the parameters Ay only show negligible variations (Fig. ), the exponential parameters 7Tt
naturally show a linear dependence on the action potential width (Fig. [4.18p). Thus, the width
of the incoming stimulus does not affect the learning rate, while the change in the exponential

parameters can be used to control the decay of the STDP function.
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Figure 4.18: STDP scaling parameters over action potential width at a constant maximum
action potential amplitude of 0.7V. (a) Scaling parameters Ay over action potential width. (b)
Exponential parameters 7. over action potential width.

4.3.3 Modeling the STDP Switching Behavior

We use the IFM model [202] to describe our measurements from the previous section. The model
provides an analytical description of the time- and field-dependent polarization reversal in ferro-

electric thin films (see section [2.5.4) [119]

E, ]
1/n —1
Ey(t) [log(t/70)]"/™)

AP(t) = P, erfc { l /\/ia} (4.22)

where E¢(t) is the electric field, Ps, E,, 70, n, and o are material parameters and erfc(z) is the

complementary error function.

During the measurements, the F'TJ is probed by a sequence of STDPs with positive and negative
time delays At between 20ps to 320 ps and spike amplitudes ranging from 0.8V to 1.1V. For
small delays At, the resulting signal is approximately a rectangular pulse of width At with an
exponentially decaying voltage amplitude with increasing At. The resistivity is measured before
and after each pulse at 0.2 V. The induced polarization change is determined by Eq. resulting
in a switching range shown in Fig. [4.19| (green area).

While this equation describes the polarization reversal starting from AP(t) = 0 at time t = 0,

our devices possess an intrinsic bias that leaves an initial non-zero mean polarization. Thus, we
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determine the initial time ¢;,;; that corresponds to our device’s initial polarization. Starting from this
value, the part of the STPD pulse that exceeds the threshold can be approximated by a rectangular
pulse, and the evolution of the polarization is simply obtained by solving Eq. with a time step
of At. Due to the asymmetric switching behavior, we determine two sets of parameters as shown

in table [£.:3] The polarization fraction g is then obtained from Eq. [£:22] Fig. [£.19] compares the

model with our experimental data. The figure shows that switching starting from At of 20 us. The
devices is switched between LRS (lower curve) and HRS (upper curve) by +At and —At for each
time step.

Switching to the maximum HRS takes about 60 us. For At above 150 us and action potential
amplitudes of 1.0 and 1.1 V, switching towards the LRS increases. This could indicate that it
takes larger +At to switch certain remaining domains in the LRS, which could indicate a slower
mechanism such as a sideways growth of ferroelectric domains [203]. The asymmetric behavior can
be explained by the different electronic and mechanical properties of the interfaces or contributions

from charged defects.
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Figure 4.19: Resistive switching for varying STDP pulses with amplitudes a) 0.8 V b) 0.9 V
c) 1.0 V, and d) 1.1 V and offsets At. The green area corresponds to the grain orientation
switching induced by two overlapping spikes with At in the positive and negative orientations.
The black line shows the model prediction when starting from the measured value
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P To E, o n
Parameter )
(nC/em?) | (ps) | (MV/em) | (1) | (1)
HRS to LRS 2P, 6.9 3.85 0.60 | 1.72
LRS to HRS 2P, 22 4.53 0.089 | 3.77

Table 4.3: IFM model fitting parameters

Using the polarization switching model from Eq. we are able to reproduce the STDP curves

Fig. [4.20h. This is again done by computing the polarization component g aligned with the LRS,

and using the WKB model to compute the total resistance. Fig. [4.20a shows that the approximate

behavior of our measurements is reproduced.
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Figure 4.20: STDP switching response obtained from NLS model. (a) Switching response at
an action potential amplitude of 0.9 V and a width of 2 ms. Red lines are fits of Eq. (b)
Scaling parameters A, over action potential amplitude. (c) Exponential parameters 71 over
action potential amplitude [132].

4.3.4 Conclusion

We investigate the neuromorphic properties of a TiN/Hfy 5Zrg 502 /Pt ferroelectric tunnel junction
acting as an artificial synapse. The resistive switching properties are determined using Spike-timing-
dependent plasticity measurements with varying amplitude and width of the action potentials. We
find reproducible multilevel switching with a synaptic learning rate that mainly depends on the

voltage amplitude of the applied stimulus. The experimental result is supported by the IFM model
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that describes the nucleation limited ferroelectric switching process (see section [2.5.4]). The model
is capable of reproducing our experimental findings up to spike voltages of 1 V, most notably the
exponential dependence between spike amplitude and learning rate. These results will be useful in

the design of a hardware spiking neural network.
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Summary and Outlook

While FTJs have long been theoretically predicted, they have only been experimentally demon-
strated in 2009 [9]. With the 2011 discovery of a ferroelectric phase in doped HfO [7], a material
with unique characteristics became available. While research into this material is still ongoing,
its advantageous scalability and CMOS compatibility make Hfj 5Zrg 502 an excellent candidate for
FTJ devices. We build on previous works of Vargas [I80], who developed a quantitative model of
the tunneling barrier that has since been supported by Yoon et al. [59]. A metal-insulator-metal
ferroelectric tunnel junction design has been demonstrated. A film thickness of 3nm allows for
significant tunneling currents. The mechanism transitions from direct tunneling to a trap-assisted

tunneling at elevated voltages.

5.1 Summary

First, we have investigated a Pt/Hf;Zr;_,O2/TiN FTJ with regards to its electronic charge trans-
port properties. The polycrystalline nature of the TiN bottom electrode, as well as the polycrys-
talline Hf;Zry_,O9 crystallization inevitably result in inhomogeneities within the ferroelectric layer.
Based on the WKB equation, we have developed an analytical model that estimates the impact
of surface thickness on its electrical performance [I75]. The straightforward analytical expression
describes the impact of thickness inhomogeneities on electrical conductivity, TER switching ratios

which are key to information recovery, and probability of electrical breakdown. From this, man-
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ufacturing requirements for a reproducible design are derived. The results are exemplified on the
TiN/Hfy 5710 502/Pt heterostructure. The exponential nature of tunneling currents with respect
to the thickness makes this effect critical when designing devices and investigating and stability,
where a thickness reduction by a single unit cell in a ~3 nm insulator may increase the conductance
by up to 3 orders of magnitude, and significantly diminishes the [TER] ratio. This critical effect
on the electrical performance is not easily mediated by the averaging effect of a large device area,
but rather increases the chances of electrical breakdown. We estimate the effect of pinned domains,
non-ferroelectric phases and the probability of local short circuits. Our model shows that producing
integrated circuits with large numbers of operational devices with comparable electrical properties

is a major challenge that is partially intrinsic to the polycrystalline nature of the FTJ.

In the second part, we investigate the switching behavior at voltages significantly exceeding the
coercive field on a 3.5 nm Au/Hfj 5Zrg 502/ TiN FTJ. We find that the valency switching mechanism
supersedes ferroelectric switching. Oxygen is ejected from Hfy 5Zrg 502 into the Hfy 5Zrp502/Au in-
terface, leaving positively charged holes that can trap electrons. We develop a numerical model that
describes the generation of these vacancies at the interface, and a drift-diffusion process dispersing
them throughout the insulator. Using the By fitting this model to the experimental data, we obtain
reaction rates, diffusion and a field dependent drift velocity of these vacancies. Combined with the
phonon-assisted tunneling between traps (PATT) model [122, [194], we describe the time-dependent

resistive switching behavior. The resulting model is in good agreement with our experimental results.

Our third study is dedicated to the FTJ application in a spiking neural network [176]. Its gradual
switching characteristic makes the FTJ viable for multilevel or analog applications [I1], 12] and as
such a viable candidate for a spiking neural network [204]. In our setup, the TiN/Hfy5Zro502/Pt
FTJ acts as an artificial synapse. We perform spike-timing-dependent plasticity measurements
[196, 200, 201] over varying amplitudes and widths of the action potential. A quantitative analysis
of the resulting STDP functions shows that the learning rate of the synapse mainly depends on the
amplitude of the action potential. We find the nucleation-limited switching (NLS) model [119] 202]
to be in good agreement with our experimental findings. The gradual switching ability makes the

FTJ a well-suited candidate for this type of application.
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5.2 Conclusion and Outlook

A ferroelectric tunnel junction design was demonstrated. A ferroelectric film thin enough to enable
quantum-mechanical tunneling is stacked between two metal electrodes. This thesis investigates
practical and theoretical design contributions, interactions and physical mechanisms and substan-
tiates models to describe the observed conduction, switching and degradation behavior. Manufac-
turing of these devices proves challenging for two major reasons. The employed sputtering-induced
growth mechanism of TiN forms non-planar surface structures, which are further enhanced by
annealing-induced crystal growth. Based on this, the thereon deposited Hf,Zr;_,O9 layer exhibits
a variation in thickness.

The successful preparation of FTJs is demonstrated, even though the reproducibility remains low
within and between batches. Using ferroelectric conductivity models, direct tunneling is identified
as the dominant conduction mechanism in pristine, sub-3nm devices. This is supported by its mag-
nitude, as well as the measured TER ratio. This also demonstrates that the much more cost-efficient
sputtering process can be used, as opposed to the commonly used ALD approach.

Important model parameters for polarization switching, such as the coercive field, and the resulting
potential profile were determined, as well as time dependent polarization reversal processes, con-
firming a significantly biased switching behavior in our F'TJs.

Future research could address the field device consistency, the effects of electrode interface oxidation
that represent additional screening layers, as well as increasing the long-term stability of the device.
Improved models of both tunneling and electrochemistry should also consider the discrete nature

and quantum properties of the crystal.
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Appendix A

Appendix

A.1 Probing

A.1.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is based on the photoelectric effect to probe the electronic struc-
ture of a material. The binding energies are measured from energy difference between incoming and
scattered photons, as and ejected electrons. Using these binding energies as a fingerprint, chemical
elements and compounds can be identified and quantified within the sample. Additionally, electronic
parameters, such as the valence band minimum, band gap and Fermi level can be determined.

In the context of ferroelectric tunnel junctions, XPS has been successfully used to determine the
interface potentials of a ferroelectric tunnel junctions, as shown by the previous work of Vargas

[180] for TiN/Hfy 5Zrp502/Pt FTJs, see Fig.
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Figure A.1: XPS spectra taken on the (a) thick TiN film, (b) thick Hfy 5Zro 502 /Pt interface.
(c) TiN/Hfy.5Zr¢.502 interface, (d) bulk Pt film, and (e) Hfy.5Zr¢.502/Pt interface. ([180])

A.1.2 X-ray Spectroscopy (XRD)

X-ray spectroscopy is used to observe periodic structures in a sample. Based on Bragg’s law, the
diffracted X-ray beams form interference patterns over angular scanning regions. This allows to
determine various kinds of crystal characteristics, such as lattice parameters, degree of polycrys-
tallinity, as well as crystal orientation. Various scanning methods exist, such as the 2d reciprocal

space maps shown in Fig. |A.2| as well as more basic 2-Theta measurement (Fig. [A.3)).
g
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Figure A.2: XRD maps of the Hf,Zr; ,O; film. (a) Monoclinic phase with (111) parallel to
surface. (b) Orthorhombic phase with (111) plane (red circle). The orthorhombic (111) axis is
parallel to the surface.
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Figure A.3: Grazing incidence XRD measurements on Hf,Zr;_,O, film deposited on TiN. The
spectrum reveals various crystal phases ([180])

A.1.3 X-ray reflectivity (XRR)

The X-ray reflectivity (XRR) is a means to determine properties of ultra-thin films, such as thick-
ness, interface roughness and optical density. The technique allows thickness measurements in the
range between 2 nm and 200 nm with a precision of ~0.2 nm on highly planar surfaces. Even mul-
tilayer films can be characterized, including their interface roughnesses and densities. A numerical

model is fitted to the measured reflectometry profile, thereby determining the model parameters.
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Figure A.4: XRR measurements on Hf,Zr;_,O- film deposited on TiN. The fitting determines
the thickness to be 2.8 nm ([180])

A.1.4 Atomic and Piezoresponse Force Microscopy

Thelatomic force microscopy (AFM )|is a piezoelectric nanopositioner that uses the voltage-displacement

characteristic of piezoelectrics to probe a sample surface using a very fine cantilever with a con-
ductive tip in tunneling distance to the surface. The interaction between the tip and the sample
is controlled by a laser beam that reflects off the back of the cantilever, detecting tiny deflections
using a quadrant photosensitive detector. The XY resolution is typically in the nanometer regime,

the Z resolution in the angstrom regime.

The [AFM] is typically available in the operating modes: contact mode, tapping mode, piezore-
sponse force microscopy and conductive AFM mode. They are valuable techniques to visualize
and probe surfaces with high spatial resolution. The AFM allows topographical imaging of de-
posited and annealed layers, while the PFM permits the probing and manipulation of ferroelectric

domains. A typical PFM scan of the sputtered and annealed Hf,Zr;_,O- film is shown in Fig.
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Especially for FTJ applications, PFM is an important and widely used tool to investigate the

ferroelectric behavior of ultrathin (<3 nm) Hf,Zr;_,;O9 films [27, 58, 205].

(c) PFM measurements of 2.5-nm-thick HZO films (d) Switching behavior
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Figure A.5: PFM measurements on 2.5 nm thick Hf,Zr;_,O; films (image from Kim et al.
[89]). 1: Surface profile. 2: PFM amplitude, 3: PFM phase. 4: PFM phase and amplitude

hysteresis loops
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Figure A.6: PFM endurance measurements on 2.8 nm thick Hfy 5Zrg 50 films (image from

Vargas [180])

A.1.5 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) employs a beam of electrons of sufficiently small wave-
length to transmit through a sample. The sample is prepared as an ultrathin cross-section in the
sub-micron range, in our case by a focused ion beam. The diffraction of the electron beam within

the sample lattice is used to reconstruct the image.
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Figure A.7: TEM images of various Hf,Zr;_,O, films on SiO.. a) Polycrystalline domains
visible, mostly monocline. b) and c¢) Larger domains, mostly orthorhombic phase.
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Figure A.8: TEM image of 3 nm Hf,Zr;_,O; film. (a) Cartesian representation and (b)
Corresponding diffraction pattern.

A.2 Manufacturing methods

A.2.1 Magnetron Sputter deposition

Besides computer hard disks, optical and surface hardening coatings, sputtering is widely used in
the semiconductor industry to deposit thin films of various materials in integrated circuit processing.
Due to the low substrate temperatures used, sputtering is an ideal method to deposit contact metals

for thin-film transistors. A large variety of materials, even with very high melting points are easily

sputtered. Compared to [chemical vapor deposition (CVD)| or [ALD] reactive formation gases are

not required.

The system used in this thesis is a reactive radio frequency magnetron sputtering device. The setup
depicted in Fig. The chamber gas is used to supply oxygen for the Hf,Zr; ,O9 oxide, whilst
nitrogen gas is used in the formation of the TiN bottom electrode. The plasma is created applying
an electrical RF (radio frequency) signal to the magnetron, typically at 13.56 MHz [206], 207]. The

RF sputtering works for non-conductive targets using capacitive currents that maintain the plasma.
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The alternating magnetic field permeates the target and confines

surface, accelerating argon ions towards the surface.
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Figure A.9: Deposition system. SPT310 Plasmionique Inc.
netron sputtering device as used for the manufacturing of FTJs. The stainless steel chamber
has a cylindrical shape with 20 cm in diameter and 31 cm height. The system has three water-
cooled magnetron guns (1 inch diameter) mounted at the top of the chamber. The substrate
holder is a 5 cm diameter plate to which the samples can be mounted and its temperature is
controlled by a type K thermocouple and a PID controller. DC or RF power can be applied

from any of the available power supplies to any of the three guns or substrate.

Reactive radio frequency mag-

Film bottom electrode FE layer top electrode A | top electrode B
Target TiN 17 disk Hfy5Zrg 5042 17 disk Pt 17 disk Au 17 disk
Substrate Si TiN Hf0,5Zr0.502 Hf0_5Zr0.502
Power 100 W 20 W 20 W 20 W
Sputtering medium Ny Ar and Oy* Ar Ar
Chamber pressure 5 mTorr 5 mTorr 5 mTorr 5 mTorr
Substrate temperature 650°C 600°C 25°C 25°C
Pre-sputtering time 15 min 15 min 3 min 3 min
Deposition time 30 min 30 min 5 min 5 min

Table A.1: Summary of sputtering parameters used for the fabrication of FTJs with Pt and
Au top electrodes. The target-substrate distance is 11 cm for all deposition steps.
*: Equal partial pressures
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Figure A.10: Sputtering System (geometric model)

A.2.2 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is an alternative to the sputtering deposition process used in this
work (see table . The cyclic process is carried out by dividing a conventional process into
a series of deposition cycles with self-saturating surface reactions. Each individual step deposits
a single layer at a time. This allows the deposition of highly uniform films. Other deposition
techniques initiate film growth by nucleation, which typically exhibit substantial compressive stress

and a higher number of pinhole defects [208].
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A.3 FTJ Measurement Setup

A measurement microscope was used for the electrical characterization, as shown in Fig. [AT]]

Two adjustable tungsten contact needles were used to contact the individual FTJs in the deposited

pattern (Fig. [A:17} [A.12).

An exemplary resistive switching response of a pristine 3 nm Pt/Hfy 5Zr¢502/TiN FTJ over
pulse duration and amplitude is shown in Fig. The FTJ is exposed to a pulse of increasing
time and voltage. After each pulse, the resistivity is measured at 400 mV, after which the device is
reset to the LRS using a -1.4 V at 500 ms. The same measurement is done with reversed polarity,
showing that the switching threshold for LRS to HRS is 250 mV higher than the inverse process.
As can be seen in Fig. [A7T4] the device shows little time dependence in a largely reversible process,

which is consistent with ferroelectric switching.

A <ar FUEs

Figure A.11: Measurement Microscope
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Figure A.12: Two Tip Measurement

A.3.1 Switching Behavior

Switching behavior of a pristine FTJ, measured over increasing pulse lengths and amplitudes. The
TER switching is highly dependent on the voltage, and shows only marginal dependency on time.
Fig. [A714) was performed directly after manufacturing. High overall current densities indicate

significant deviations from the ideal 3nm ferroelectric layer.

A.3.2 FTJ Valency Switching

A.3.3 Endurance

The endurance of the device is closely coupled to the vacancy mechanism. Although the resis-
tive switching grows significantly during long-term operation of the device at elevated voltages,

the total conductivity increases rapidly. Fig. shows this mode of degradation in a 3.5 nm
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Figure A.13: FTJ, microscope view

Parameter value | unit description
U; 0.445 | nm—3 Initial concentration
kT 0.00338 | s~ ! Generation rate
k™ 0.560 | s~1 Annihilation rate
I6; 0914 | 1 Asymmetry factor
f 0.0120 | 1 Exponential factor
ot 294 | eV Vacancy generation barrier
p- 1.11 | eV Vacancy annihilation barrier
D 0.0320 | nm?s~! Diffusion coefficient
Vg 3.77 x 107* | nms~ !V~ | Voltage-induced drift

Table A.2: Valency mechanism model parameters.
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Figure A.14: Resistive switching over pulse duration and amplitude of a pristine Hfy 5Zry 502
FTJ of a nominal thickness of 3 nm. The small resistivities were measured at 400 mV, indicating
significant leakage current.

TiN/Hfp 5Zr0.502/Au device, operated by pulse sequences as shown in Fig. After long-term
cycling, delamination of the top electrode is observed (Fig. [A.19)).
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Figure A.15: Vacancy convection-diffusion FDM model for the pulse sequence, fitted to the
measured pulse sequence at U, = 0.7V. The left side is the chemically active Hfy 5Zrg 502 /Pt
interface, while the right TiN electrode is assumed to be inert.
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Figure A.16: Current density from the valency switching model (red) compared to the mea-
sured values of the pulse sequence successively increasing write pulse amplitudes between
between U, = +0.6V and +2.5V (Fig. [4.10). The four shown measurements were done in
sqeuence.
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Figure A.19: Delamination of top electrode. Left: Microscopy. Right: SEM image. Over
long-term, high-voltage pulse sequences, the creation of vacancies releases oxygen at the top
electrode interface, producing device failure by electrode delamination.
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Figure A.20: Current over write voltage. Identical sequence as in Fig. but measurements
taken at the write voltages.
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A.4 Work Function in Electrode Materials

An overview of work functions in metals, metal oxides and TiN is found in Halas and Durakiewicz
[209], Greiner et al. [210], Lima et al. [211], respectively. The work function of TiN is given as

4.2 eV, however this can vary with structural and composition parameters [212].
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Figure A.21: Work function over density of free electrons [209]. Pt and Au provide some of
the largest work functions (5.5 €V and 4.9 €V respectively)



Sommaire Récapitulatif
La jonction tunnel ferroélectrique :
Modélisation pour les applications

mémoires et neuromorphiques

1 Introduction

La miniaturisation successive de la taille des structures a indéniablement été une force motrice
pour 'avancée de la nano fabrication ainsi que de la technologie des mémoires et de I'informatique
durant les récentes décennies [213]. Cette progression vers des dispositifs moins coiiteux, puis
rapides et a faible consommation d’énergie avec de plus grandes capacités dans chaque production
de dispositif est en train d’atteindre ses limites physiques et technologiques, de maniére évidente dans
la lithographie de haute résolution, dans les effets de parasites électriques et les interférences, ainsi
que la nécessité de refroidissement qui limite la réduction de taille et I'intégration 3D [214]. D’une
part, ce développement a déclenché les efforts des manufacturiers a concevoir des puces optimisées
pour une application spécifique; d’autre part, la recherche d’un changement de paradigme dans
lequel la technologie de l'information surmonte les défis mentionnés plus haut gagne du terrain.
En plus de la quéte de vouloir remplacer les composants individuels de logique et de mémoire, la
recherche sur l'intelligence artificielle et les réseaux neuronaux inspirés de la biologie a démontré

que l'architecture classique du CPU or du TPU est mal adaptée pour la recréation d’un tel systeme
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[215], principalement & cause de la séparation de la logique et de la mémoire, de la consommation
en puissance, des unités d’opération dédiées, centralisés et synchrones, ainsi que la limitation & des
interconnexions logiques 2D. Tous ces points peuvent étre résolus en principe, tel que démontré par
son homologue biologique, le cerveau. De nouveaux candidats pour la mémoire, qui combinent les

avantages du DRAM, du SRAM et de la mémoire flash sont actuellement a I’étude [31), 216].

1.1 Motivation

Parmi ces mémoires, le type qui utilise la ferroélectricité comme moyen de stocker de I'information
est une variante de dispositif tres prometteuse. Ces dispositifs peuvent étre divisés en deux sous-
types: la mémoire ferroélectrique qui integre des condensateurs ferroélectriques ou des oxydes de
grille et qui fonctionnent en piégeant et en relachant les charges pendant I'inversion de la polarisa-
tion [217, [218], ainsi que des jonctions tunnel ferroélectrique (FTJ) qui modulent leur état résistif en
fonction de la polarisation [31, 219]. Les deux sous-types ont démontré leur capacité a fonctionner
comme des mémoires, mais ont récemment attiré les regards provoqués par la découverte révolution-
naire d’une phase ferroélectrique de 'oxyde de hafnium en 2011 par Boscke et al. [7]. Le dispositif
FTJ a une structure de mémoire extrémement simple qui ne consiste en rien d’autre que de deux
électrodes métalliques séparées par une couche nanométrique ferroélectrique (1 a 4 nm) [13], 14} [47].
Leur fonctionnement s’appuie sur un phénomene physique nommé électrorésistance par effet tunnel
(TER — tunneling electrorésistance). Ce phénomene décrit la dépendance de la résistance électrique
a la polarisation du ferroélectrique (FE). Cet état de la polarisation peut étre commuté par un
champ externe qui dépasse le champ électrique coercitif a I'intérieur du FE. L’asymétrie entre les
deux états résistifs (état résistif élevé (HRS) et état résistif faible (LRS)) est due aux propriétés
différentes des matériaux qui constituent les électrodes, ce qui module la hauteur ou la largeur
effective de la barriére tunnel. Ces états résistifs peuvent alors étre utilisés pour représenter les
états binaires digitaux ‘1’ et ‘0’ pour stocker I'information. Bien que son existence ait été prédite
théoriquement depuis des décennies [§], I'effet TER a été démontré pour la premiére fois sans am-
biguité en 2009 par Garcia et al. [9], en se servant de couches ultra-minces de titanate de baryum

(BaTiOg3) ferroélectrique. Leurs travaux ont initié d’intenses recherches sur les propriétés des mé-
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moires F'TJ. Plusieurs avantages de ces mémoires ont été démontrés, notamment une endurance
élevée (~10° cycles) [10}, [I1], une haute vitesse d’opération (état ON/OFF peuvent étre écrits par
des impulsions), une consommation faible en puissance électrique [12], une densité de données élevée
et une architecture crossbar simple [14} [47]. Malgré les propriétés excellentes dont les mémoires F'TJ
font preuve en théorie, leur intégration comme mémoire commerciale a été freinée par trois facteurs
majeurs : premierement, leur compatibilité avec le procédé CMOS a cause des conditions néces-
saires auxquelles doivent étre soumis le bilan thermique, le gaz azoté (mélange de Hs et de Ny),
et la faible affinité des pérovskites a 'oxygene produit une interface avec le silicium de qualité
pietre [I5HIR, 220]. Deuxiemement, la nécessité d’avoir des films ferroélectriques ultra-minces est
requise par le mécanisme de 'effet tunnel. La diminution de la taille des ferroélectriques méne a la
dégradation de leurs propriétés ferroélectriques. Troisiemement, le défi technologique de fabriquer
des films reproductibles et tres homogenes et les incertitudes qui en résultent dans la récupération
d’informations. Etant donné que la conductivité électrique d’une jonction de tunnel dépend ex-
ponentiellement de sa largeur, méme de légéres variations dans I’homogénéité génerent de grosses
variations dans les propriétés électriques. Les phases ferroélectriques découvertes dernierement des
couches ultraminces de HfOy dopé et de Hf,Zr;_,O2 ont une compatibilité CMOS excellente et un
faible bilan thermique [7} 22], permettant ainsi de satisfaire les exigences du premier point. En effet,
les oxydes individuels HfO2 et ZrOy sont des matériaux diélectriques ayant fait leurs preuves dans
I'industrie des semiconducteurs [23-25, [142]. Bien que le nouveau matériau regle le probléeme de
I'incompatibilité fondamentale aux CMOS, sa nature polycristalline et la nécessité a avoir une phase
ferroélectrique stable ne sont pas pleinement maitrisées. Nous étudions la faisabilité théorique et
pratique d’un tel dispositif FTJ, notamment les deuxiéme et troisieme points sur I'adaptabilité a
grande échelle et les exigences technologiques de production. Dans le but d’établir les F'TJ comme
des dispositifs de mémoires, la compréhension du mécanisme de transport de charges, les exigences
de la production et la durabilité des dispositifs requierent une amélioration. Plus particulierement,
une étude en profondeur des relations entre les propriétés des interfaces ferroélectrique/métal et les
facteurs affectant le transport de charge doivent étre compris dans le but d’optimiser la performance
de ces dispositifs ferroélectriques a couche mince [I4]. Nous nous penchons aussi sur les limitations

de la jonction de tunnel, notamment sa dégradation vers le mode a commutation basée sur les
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lacunes de lacune (vacancy switching mode). Enfin, nous finissons avec un cas d’étude de nos FTJ

dans une configuration de réseaux de neurones a impulsions.

1.2 Objectifs de Recherche

Cet ouvrage se veut une étude des défis et des propriétés caractéristiques des jonctions de tun-
nel ferroélectriques (FTJ) qui sont fondés sur la phase ferroélectrique récemment découverte du
Hfy5Z1r9502. Nous exposons les grandes lignes des mécanismes physiques fondamentaux et ex-
plorons les espaces des paramétres de conception. A partir de cette base théorique, nous soulignons
les défis pratiques de I’épaisseur et de I’homogénéité du film et développons un modeéle pour quan-
tifier ces exigences de conception. Nous fabriquons les FTJ par dépo6t par pulvérisation cathodique
magnétron par condition réactive. Par ce procédé, nous recherchons des dispositifs qui manifestent
une commutation résistive significative. Ensuite, nous caractérisons la durabilité électrochimique
du dispositif en effleurant des voltages de claquage. Le premier mode de défaillance est en confor-
mité avec la commutation de vacance (vacancy switching), un mécanisme qui manifeste encore une
fois une commutation résistive. Nous avons 'intention de créer un modele qui décrit ces claquages
successives. Des modeéles appropriés devaient étre trouvés par Pauteur. A partir de ces modeéles, les
propriétés caractéristiques tels que les comportements ferroélectrique et électrique, la nécessité que
le film soit homogene, la dégradation du dispositif et d’autres comportements intéressants décou-
verts dans des expériences devaient étre étudiés. Avec ces résultats, la pertinence des FTJ au sujet
des applications dans les mémoires, de méme que dans un cas d’étude d’un réseau de neurones a

impulsions devaient étre analysées.

2 Contexte Théorique

Pour comprendre les jonctions tunnel ferroélectriques, il est critique de comprendre les propriétés des
matériaux dans le dispositif, ce qui comprend les interactions électrostatiques entre la polarisation
ferroélectrique et les électrodes. Cela constitue un fondement pour la description de la barriere

de tunnel, qui définit le mécanisme de commutation résistive. Finalement, 1’évolution dans le
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temps de la commutation ferroélectrique nécessite une discussion de la dynamique de commutation

ferroélectrique.

2.1 Le Champ de Déplacement Electrique
Le comportement d’un diélectrique est décrit par
D; = &i; E; (A1)

ou D; est le champ de déplacement électrique dans la direction 4, F; est le champ électrique dans la
direction j et ;;, la permittivité diélectrique. Dans 20 classes de cristaux non-centrosymmeétriques
sur 21, il existe au moins une composante non nulle de la constante piézoélectrique d; ;. Ces cristaux

sont polarisés quand ils sont soumis & un stress mécanique oy, et vice versa. Ainsi, Eq. [AT] devient

D;=¢;;E; + d;kOk (A.2)

Sur les 20 groupes piézoélectriques, il en existe 10 qui ont un axe polaire unique. Ces derniers
sont appelés pyroélectriques. La grandeur de leur polarisation est dépendante de la température.
Elle est quantifiée par le coefficient pyroélectrique p;, qui ajoute une contribution additionnelle au

champ de déplacement électrique:

D; = EijEj + dior + p AT (A3)

Finalement, certains cristaux pyroélectriques ont un état de polarisation qui peut étre commuté
entre au moins deux états stables par I’application d’un champ électrique. Ces cristaux sont appelés
ferroélectriques. Leur polarisation inhérente et spontanée Psi affecte directement le champ de
déplacement électrique:

D; = El'jEj + dipor + p; AT + Ps; (A.4)

Une vue d’ensemble graphique de la classification des cristaux est donnée en Fig. [A22] 11 est

a noter que la piézoélectricité et la pyroélectricité sont seulement des criteres nécessaires, mais pas
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suffisants pour la ferroélectricité. L’orientation de la polarisation spontanée est une contribution

dominante au champ de déplacement électrique dans la plupart des ferroélectriques.

32 Crystallographic Point Groups

LN

21 non-centrosymmetric 11 centrosymmetric

!

20 piezoelectric

N
AN
N

1 non-piezoelectric

10 pyroelectric 10 non-pyroelectric

!

ferroelectric non-ferroelectric

Figure A.22: Classification hiérarchique des matériaux qui démontrent un effet ferroélectrique.
Contrairement aux autres groupes, la propriété ferroélectrique n’est pas uniquement définie
par la classe du cristal.

2.2 Ferroélectricité

Un ferroélectrique est défini comme un matériau qui manifeste une polarisation permanente qui peut
étre réorientée par 'application d’un champ électrique. Contrairement aux autres groupes présentés
en Fig. la différence par rapport aux pyroélectriques ne se trouve pas dans la structure
du cristal, mais seulement dans la capacité des ferroélectriques de changer de polarisation. Ce
changement de polarisation peut étre visualisé par la courbe d’hystérésis présentée sur la Fig.
Dans un cristal non polarisé, la polarisation est orientée aléatoirement, la polarisation macroscopique
est donc nulle. Sil’on applique un tres faible champ électrique, la relation entre la polarisation P et
le champ électrique E aura un comportement similaire a un diélectrique ordinaire, et si I’on retire
le champ, cela aura pour effet de ramener la polarisation totale a zéro. Une augmentation suffisante

du champ électrique ameénera la polarisation a étre alignée dans une direction [35]. Dans cet état
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de saturation, la polarisation est proportionnelle au champ électrique appliqué

OF; = xij0E; = (eij — 1)0E; (A.5)

La polarisation P; englobe les moments électriques dipolaires permanent et induit dans le matériau.
Elle est mesurée en unités de charge surfaciques C/m?. Dans la théorie de Ginzburg-Landau [36],
une approche de la courbe d’hystérésis ferroélectrique est dérivée. En se basant sur un modeéle
d’énergie libre, la théorie peut étre utilisée pour décrire la courbe d’hystérésis ferroélectrique. La

polarisation dans le cas uniaxial est exprimée a ’aide du polyndéme implicite comme suit:

E:ao(T—To)P+a11P3—1—04111P5+... (Aﬁ)

ou les parametres « et Ty peuvent étre obtenus par des méthodes expérimentales ou des calculs
ab initio. Lorsque l'on résout cette équation pour trouver la valeur de P, la courbe d’hystérésis
caractéristique qui a la forme de S peut étre tracée. La section décrit une application de ce
modele. Un modele heuristique qui inclut également un renversement de P incomplet est donné par

Lue et al. [37].

2.3 Matériaux Ferroélectriques

D’un point de vue cristallographique, seuls les cristaux polaires non-centrosymétriques peuvent
étre ferroélectriques. Ceci est dii a 'axe de polarisation intrinseque qui est incompatible avec
Iopérateur de symétrie inversion. La polarisation dans un ferroélectrique se développe comme con-
séquence d’une séparation de charges dans la phase cristalline. Quand la polarisation est inversée, il
se produit un déplacement relatif des atomes entre deux états thermodynamiquement stables. Cela
implique que ledit matériau perd sa propriété ferroélectrique quand il dépasse sa température de
Curie T¢.

Les représentants les plus remarquables des ferroélectriques sont les pérovskites tels que le BaTiOsg,
Pb(Zr, Ti)O3 and LiNbOg, de méme que les matériaux organiques, tel que le polytrifluoroéthyléne

(PVDF) [38]. La structure de la fluorine orthorhombique du ferroélectrique HfOy et ZrOs est mon-
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Figure A.23: La courbe d’hystérésis caractéristique d’un ferroélectrique. Initialement, les
domaines FE orientés aléatoirement peuvent ne pas manifester de polarisation macroscopique
(ligne pointillée). Sous l’effet du champ électrique externe, le cristal devient de plus en plus
polarisé de telle sorte que sa polarisation s’approche asymptotiquement a la limite de saturation
OP/OF = gpx. La polarisation rémanente PR demeure, et peut étre ensuite inversée par un
champ électrique de sens opposé. La facilité avec laquelle la polarisation est inversée dépend
du comportement de nucléation et de croissance des domaines renversés, ce qui dépend du
matériau ferroélectrique et des parameétres tels que la fréquence appliquée.

trée en Fig. Les antiferroélectriques, qui sont intimement reliés aux ferroélectriques, manifes-
tent aussi des dipoles inversibles dans le cristal. Cependant, contrairement aux ferroélectriques, des

dipdles adjacents s’alignent antiparalléles de maniére a annuler toute polarisation macroscopique.
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Figure A.24: Phase orthorhombique d’un ferroélectrique (No. 29) telle qu’observée dans le
Hfy.5Zrp.502. En gris: atomes Hf/Zr. En rouge ou en bleu: atomes d’oxygéne. En bleu: atome
d’oxygéne dans un site bistable ot il peut pivoter. A gauche: polarisation vers le bas. A droite
: polarisation vers le haut. L’axe horizontal est aligné avec le parameétre de maille b, tandis
que ’axe vertical est aligné avec le paramétre de maille c.

2.4 La Loi de Kay-Dunn

En 1962, H. Kay et J. Dunn ont décrit la dépendance du champ coercitif E. a I’épaisseur du film d
par une loi semi-empirique [39]

E.ocd?/? (A7)

La dérivation de I’équation suppose des électrodes parfaites qui n’induisent aucun champ électrique
interne dans le film ferroélectrique, ce qui implique que le champ coercitif mesuré entre les électrodes
est identique & celui de 1’échantillon Dawber et al. [40]. ont démontré que cette loi est vraie pour
divers matériaux (PVDF, Pb[Zr,Ti;_,]O3, KNO3) pour des films ayant une épaisseur de 100 um
jusqu’a aussi peu que 1nm (voir Fig. . Les effets d’interface tel que ’écrantage par des
charges sur des distances finies ont pour effet d’altérer le champ coercitif mesuré. Dans le cas d’une
polarisation spontanée tres grande par rapport a la constante diélectrique du film 47 Ps > gpe, F,
le champ coercitif effectif est réduit étant donné que le champ de dépolarisation aide le processus
de commutation [40]. Dans ce cas, la loi de Kay-Dunn peut étre considérée comme une limite

supérieure au champ coercitif.
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Figure A.25: Loi de Kay-Dunn : Variation du champ coercitif en fonction de 1’épaisseur de
divers films ferroélectriques (échelle logarithmique) [42].

2.5 La Conduction dans les Ferroélectriques

Bien que tous les matériaux ferroélectriques soient des isolants, il existe une série de mécanismes qui
permettent la conduction [60]. Dans cet ouvrage, nous résumons quelques-uns de ces mécanismes

pertinents a notre étude des jonctions de tunnel.

La Conduction Thermoionique

Le mécanisme Schottky décrit l'excitation thermique des porteurs de charge dans la bande de
conduction d’un isolant [61]. Une équation qui décrit le courant thermoionique est donnée dans la
section Le mécanisme dépend de la hauteur de la barriére et de la température, mais est
indépendant de la largeur de la barriére et devient négligeable & des largeurs de barriére qui sont

de l'ordre du nanometre; puisque les mécanismes de tunnel croissent exponentiellement [54].
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Effet Tunnel Direct

Le mécanisme de conduction tunnel direct résulte de la probabilité de transmission mécanique
quantique de porteurs de charge a travers des barrieres potentielles, et devient pertinent pour les
couches minces dans a ’échelle nanométrique [62]. Direct tunneling directly transports particles
between the electrodes, assuming negligible scattering within the barrier. Effet tunnel direct
transporte directement les particules entre les électrodes, en supposant que la diffusion a la barriere
est négligeable. Dans le cas d’une barriere de potentiel trapézoidale, I'approximation Wentzel-

Kramers-Brillouin (WKB) donne [63]

o\ 3/2 o\ 3/2
“p {O‘ <(¢2 %) (0T )] sinh BZVa \/¢2 -5 \/¢1 + e;/)

Jjpr =C > 5 -
o[\ —F - o+ F
(A.8)
A 4d 2 €,0x . 7 N
ou C = —‘éjr@gg, O = T eV —ag) ”Jr:‘l/’_@), Mg est la masse effective des électrons a effet tunnel, ¢ et ¢o

sont les potentiels d’interface.

L’équation ne dépend que des deux potentiels d’interface ¢12 par polarisation et de la masse

effective me oz, tout en présentant un comportement exponentiel avec I’épaisseur d.

Effet Tunnel de Fowler-Nordheim

Par rapport a l'effet tunnel direct, ’effet tunnel de Fowler-Nordheim nécessite des tensions plus
élevées [64] [65]. La tension appliquée réduit le potentiel d’interface de I'isolant en dessous du niveau
d’énergie des électrons en opposition a 1’électrode. Par conséquent, la distance tunnel est réduite.

Le courant qui en résulte est donné par [63]

, e3m e 87/ 2Mog ¢:1)),/22 (A.9)
= — X e — .
TN = R thimondre ¥ She B

ou ¢12 est le potentiel de barriere de 'interface de tension négative.
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Mécanismes de Défauts

Les défauts déforment localement la forme de la barriere potentielle. Ces défauts peuvent étre
le résultat de la polycristallinité, des défauts de fabrication ou de fatigue dus a une polarisation
répétée de commutation. Les parois des domaines ferroélectriques peuvent également présenter un
comportement conducteur [67]. En plus de la dégradation de propriétés de commutation ferroélec-
trique, les défauts ponctuels tels que les lacunes d’oxygene permettent a Poole-Frenkel ainsi qu’a
la conduction par saut de piege a piege (multi piégeage) (trap-to-trap hopping conduction), entre
autres [60]. . La conduction & sauts a précédemment été liée aux courants de fuite dans les oxydes
d’hafnium et zirconium Hfy 5Zro 502 [68-72]. Le modéle quantitatif basé sur le mécanisme de sauts

est développé dans la section

Autres Mécanismes

A haute tension, il se produit une rupture diélectrique qui génére des porteurs de charge supplé-
mentaires dans le diélectrique et dégrade rapidement l'isolant [73] [74]. Un transport de charge de
catégorie spéciale est le courant de déplacement transitoire. Il se produit lors de la commutation
ferroélectrique : la polarisation est dépassée lorsque le champ coercitif bascule, des charges supplé-

mentaires sont libérées. Ce comportement peut étre modélisé par un condensateur variable [10§]

comme indiqué au point

2.6 La Jonction Tunnel Ferroélectrique

Une jonction tunnel ferroélectrique est constituée d’une couche ferroélectrique de quelques nanometres
d’épaisseur, pris en sandwich entre deux électrodes métalliques asymétriques, ou une électrode mé-
tallique et une électrode semi-conductrice [75]. En fonction de la direction de polarisation, la couche
mince ferroélectrique entre les électrodes module la résistance entre les électrodes de maniere sig-
nificative. Cet effet est connu sous le nom d’effet d’électrorésistance & effet tunnel (TER) [76].
Bien que théoriquement prédit par Esaki en 1971 [§], le premier effet expérimental a été réalisé en

2006 par Tsymbal et Kohlstedt Tsymbal and Kohlstedt [13].Alors qu’initialement les pérovskites fer-
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roélectrique, tels que BaTiOs et Pb(Zr, Ti)Og ont été utilisés, les propriétés uniques et avantageuses
de la phase orthorhombique ferroélectrique récemment découverte dans le HfO5 en 2011 par Boscke
et al. [7] a suscité un nouvel intérét pour le concept des mémoires ferroélectrique & jonction tunnel
(FTJ).

Le mécanisme physique de la commutation des TER est basé sur 'effet de la polarisation sur la
barriere tunnel. La nature asymétrique des électrodes produit différentes distributions de charges
miroirs qui s’accumulent aux interfaces, en fonction de la direction de la polarisation. Lorsque
la polarisation pointe vers une électrode, une région de charge spatiale positive se forme, ce qui
augmente le potentiel d’interface. L’électrode opposée présente un effet inverse, diminuant son po-
tentiel d’interface. L’asymétrie des propriétés de blindage des électrodes provoque des changements
d’ampleur différente, ce qui entraine une modification de la hauteur moyenne des barrieres. L’état
de polarisation avec une hauteur de barriére moyenne inférieure est appelé un état de basse résis-

tance (LRS), celui dont la hauteur de la barriére est la plus élevée est un état de haute résistance

(HRS). Ce mécanisme est décrit a la Fig.

LRS HRS

energy

, . >
barrier thickness

Figure A.26: Schémas illustratifs des états LRS et HRS de la commutation résistive (schéma).
La ligne pleine est la barriére tunnel. A gauche : la couche ferroélectrique FE est polarisée
vers ’électrode de faible blindage électrostatique M2, provoquant une baisse significative de
la barriére potentielle & I’interface M2, avec un effet opposé et plus petit &4 M1. A droite :
Lorsque la polarisation est inversée, la barriére de potentiel augmente de maniére significative
a M2, avec un effet opposé et plus faible a M1.
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Le schéma de la Fig. présente le changement de la barriere tunnel. Deux régimes tunnel
de base peuvent étre directement dérivés de ce modele : dans le cas d’une tension de polarisa-
tion modérée, le mécanisme de l'effet tunnel direct, ou le courant de tunnel traverse une barriere
trapézoidale de hauteur commutable aura lieu. Ce mécanisme est indépendant de la polarité de la
polarisation. En cas de tension de polarisation élevée, un c6té de la barriere descend en dessous de
la bande de conduction de I’électrode opposée. Cela réduit efficacement la barriere tunnel & une
forme triangulaire de largeur réduite, également connue sous le nom de tunnel Fowler-Nordheim en
cas de tension de polarisation élevée, un coté de la barriere descend en dessous de la bande de con-
duction de I’électrode opposée. Cela réduit efficacement la barriere tunnel & une forme triangulaire

de largeur réduite, également connue sous le nom de barriére tunnel de Fowler-Nordheim (FNT).

Outre le mécanisme de la FNT, il existe deux mécanismes supplémentaires qui affectent la
largeur de barriere effective : la longueur de I’écran de I’électrode, et 'effet piézoélectrique inverse.
La polarisation ferroélectrique est masquée sur une distance finie par les électrodes, ce qui donne
un espace et une flexion correspondante de la bande de conduction. La flexion est vers le bas dans
cas ou la polarisation pointe vers l'interface, et vice versa. Comme la longueur de ’écran diminue
avec la densité des porteurs libres, elle est généralement négligeable pour les électrodes métalliques
idéales. Cependant, dans le cas d’électrodes semi-conductrices ou d’électrodes de pauvres interfaces,
cet effet peut avoir un impact significatif sur le dispositif [77]. L’effet piézoélectrique inverse couple
directement le champ électrique appliqué a la largeur de la barriere. Les valeurs des pics en Si:HfOo
de d33 = 20pm/V [78] et les champs de 300MV/m signifient que cet effet reste dans la gamme

subpourcentage de I’épaisseur initiale.

2.7 Les Parois des Domaines Ferroélectriques

La commutation ferroélectrique progresse a travers le cristal en étendant ou en diminuant les do-
maines avec une ’alignement spécifique de polarisation [84]. Les parois des domaines décrivent les
interfaces entre ces domaines. Selon l'alignement de la paroi de domaine et les polarisations voisines,
différents types de parois de domaine et de mouvement de domaines peuvent étre distingués [85].

Le cas le plus simple de commutation d’un ferroélectrique uni axial sans défaut est illustré a la
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Fig. En général, les parois de domaine peuvent étre considérées comme des surfaces élas-
tiques en mouvement qui peuvent étre ralenties ou bloquées par des défauts chargés a 'intérieur du

cristal [86] [87], ce qui conduit & une réduction de la capacité de commutation [85].

('B|,(D

;0K G T P

Figure A.27: Processus de commutation de domaine (schéma). Cinq états de commutation
de polarisation sont présentés. (a) Au départ, la polarisation ferroélectrique est entiérement
descendante. (b) Quand un certain seuil de tension est dépassé, la nucléation d’un domaine
inversé est initiée. (c) Poussé par des charges au niveau de la paroi du domaine, il se propage
rapidement a travers le domaine. (d) Avec des polarisations principalement orientées paral-
lelement & la paroi du domaine, un état énergétique beaucoup plus stable est formé, ce qui
entraine une croissance latérale lente. (¢) Complétement commuté domaine.

DE DG DG DD
BG-DG DA DD

3 Résultats

Dans ce travail, nous examinons trois themes principaux : La premiére section décrit l'impact
théorique de I’homogénéité de I’épaisseur de la couche mince sur les propriétés électriques du FTJ.
La deuxiéme section présente le modele de lacune, qui décrit la génération de lacune d’oxygene et la
dégradation du dispositif dans le cadre d’un effet tunnel assisté par piéges (trap-assisted tunneling).
Enfin, nous étudions nos FTJ dans une configuration de réseau de neurones et enfin le mécanisme
de lacunes et le comportement de commutation qui en découle, et qui conduit la dégradation des

dispositifs, en particulier & des tensions élevées. Cela nous permettra de formuler des exigences pour



Appendix A. Appendix 139

la fabrication de couches minces. La description du comportement de commutation des neurones

définit des parametres clés, tels que le taux d’apprentissage, la stabilité et la symétrie.

3.1 Les Effets de ' Homogénéité des Couches Minces

Comme 1’épaisseur d’une couche mince ferroélectrique appliquée a un dispositif ferroélectrique a
jonction de tunnel (FTJ) réduit a plusieurs nanometres, le comportement de transport des élec-
trons, provoquant deux états de résistance connus sous le nom d’effet d’électrorésistance par effet
tunnel (TER), peut étre décrit par le mécanisme de Deffet tunnel direct [I42]. Afin de décrire
les F'TJ fabriqués, il est essentiel de quantifier les variations des caractéristiques électriques avec
I’homogénéité de la structure fabriquée. Nous présentons les résultats théoriques des effets des
variations d’épaisseur dans un dispositif FTJ, en utilisant le systéme Pt/Hf,Zr;_,O2/TiN avec une
structure Hfy5Zrg 502 de 3 nm d’épaisseur comme barriére tunnel, et montrer les effets des inho-
mogénéités d’épaisseur et ce qui en résultent sur la performance du systeme. Le comportement
exponentiel des courants tunnel en fonction de I’épaisseur de la couche est un facteur critique dans
des appareils reproductibles. Vous trouverez des détails supplémentaires dans la section [£.1] et dans
notre article correspondant [221].

L’approximation WKB a travers une barriére trapézoidale quantifie la densité de courant J en
fonction de ’épaisseur de la barriére d et de la tension U. L’expression analytique [57, [59) B8] peut

s’écrire selon ’équation suivante:

J(d) = d%eDd x sinh(Ed) (A.10)

Avec les parametres C', D, E
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Dans cette équation, ¢ and ¢, sont les barriéres potentielles de I'interface trapézoidale (voir Fig.
4.2)), m. est la masse effective des électrons, U et d sont les tensions de fonctionnement et I’épaisseur,

respectivement. On notera que 1’équation ne nécessite que 3 parametres liés au matériau.

En utilisant des approximations pour le petit et le grand régime de tension (voir les équa-
tions , b), leffet de la répartition des épaisseurs sur la densité de courant peut étre exprimé par

les distributions

pdf,(j) = pdfa (— ”]g’) x ‘]D(VVVVM‘ (A122)

2Wn > " ‘ Wi ‘
3

- A.12b
D+E D+ E) Wy +1) ( )

pdfn(j) = pdfs (

avec Wy =W (#) et Wy=W (%\/?FE)), ou W est la branche principale de la fonc-

tion Lambert W [184]. En supposant que la probabilité de distribution de ’épaisseur normale pdfy,

pour les petits écarts o autour de I’épaisseur moyenne dy, la distribution de la densité de courant

est calculée & partir de 'équation [A.12)(a) et [A.12|b). Les deux sont présentés dans la Fig. [4.5(a),
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Figure A.28: Modeéle de conductivité de Hf,Zr;_,0,. L’épaisseur locale de la couche résulte
en une densité de courant locale a tension U. (a) Représentation de la rugosité comme une
distribution des épaisseurs. (b) Modéle de résistance paralléle donnant la distribution de la
densité de courant pour une tension fixe.

b) a des tensions correspondant a leur champ d’application.
1% b Pp

Les résultats de jrrs et jgrs pour la LRS et la HRS sont illustrés dans la Fig. (a) sur ’écart
standard de I’épaisseur o. Il montre que les densités actuelles augmentent de maniére exponentielle
avec écart standard de I’épaisseur o. L’épaisseur du[F'TJdoit donc étre extrémement homogéne pour
permettre des conductances reproductibles. Cette exigence se produit lorsque les grains fonctionnent
comme un réseau de résistances parallele. En conséquence, la résistance du réseau est dominée par

de plus petites résistances paralléles.
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Figure A.29: (a) Densité de courant moyenne de I’état LRS et de I’état HRS pour trois tensions
a une épaisseur de dy = 3nm. (b) Rapport moyen du sur le type d’écart. Le rapport est
stable pour les petits écarts et tombe rapidement au-dessus lorsque ¢ dépasse =~ 0.lnm. Le
rapport TER suit une décroissance de forme gaussienne de commutation résistive avec la
variation croissante de I’épaisseur. On peut constater que I’inhomogénéité de 1’épaisseur a un
impact significatif sur le rapport TER.

En résumé, nous obtenons une estimation analytique simple de I'impact de 'homogénéité de
I’épaisseur sur les résistivités des états LRS et HRS des jonctions tunnel ferroélectriques en nous
basant sur le modele WKB. Ceci est illustré par une hétérostructure TiN/Hfy 5Zrg502/Pt. Une
augmentation exponentielle de la conductance et une probabilité accrue de panne électrique sont
quantitativement prédites. Nous calculons une dégradation du ratio TER avec des inhomogénéités
de surface croissante, qui est la clé d’une récupération fiable des informations. La grande sensibilité
des courants tunnel par rapport a 1’épaisseur rend cet effet critique lors de I’étude de la stabilité du
dispositif. Cela signifie également que la majeure partie du courant sera transférée par une petite
fraction de domaine ferroélectrique. Grands écarts statistiques entre les différents FTJ doivent étre
pris en considération lors de la planification de parametres des appareils individuels et les circuits

globaux.
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3.2 Mécanisme de Valence et Endurance

Dans cette section, nous étudions le fonctionnement du FTJ a des tensions élevées, en exposant un
autre mécanisme de conduction qui s’avere étre responsable de la dégradation et de dysfonction-
nements du dispositif. Plus de détails, sont présentés dans la section [£:2] Contrairement & I’isolant
idéal discuté précédemment, nous pouvons également observer une composante du cycle qui dépende
du mécanisme de conduction a des tensions élevées. Ce mécanisme est identifié dans la littérature
[123H126] par des réactions électrochimiques formées et qui annihilent les lacunes d’oxygene aux
interfaces métal/isolant. Ce phénomene est utilisé dans les dispositifs ReRAM a base d’oxyde mé-
tallique, la commutation résistive étant généralement basée sur la dérive des lacunes d’oxygene. Ces
lacunes peuvent étre produites soit lors d’un cycle d’électroformation ou sont déja dans la structure

de l'isolant [127HI30].

La différence de potentiel redox entre les électrodes détermine la symétrie du comportement
de commutation de l'appareil. La réduction dans I'isolant selon la notation de Kroger-Vink [222]
commence par la dislocation d’'un atome d’oxygene a l'interface [223] avec une tension positive

appliquée de I'extérieur U > 0

U>0 1
00~ ﬁ;UZO Vo®* +2e + 5 Oy (A.13)

ol % O, désigne 'oxygene provenant de I’isolant, physiosorbé au grain de I’électrode. Une fois que les
lacunes se forment pres de l'interface, ils forment une voie de migration pour ’oxygene plus profond,
permettant & la réaction de se poursuivre. Avec une électrode métallique inerte et imperméable a
la diffusion d’oxygene, l'oxygene s’accumule & l'interface [224]. Comme les métaux typiques des
électrodes supérieures, tels que le Pt ou I’Au, sont relativement tendres et minces, cette recombi-
naison peut former des vides, détachant localement l'interface [I31]. De la, une perte irréversible
d’oxygene dans l’isolant et une dégradation permanente de systéme en est la conséquence. Dans le
cas extréme de ce processus a été observé dans des FTJ testés a la fatigue, conduisant finalement

a la délamination de 1'électrode (Fig.|A.19).
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Pour déterminer I’évolution des pieges et les courants de fuite qui en résultent, nous utilisons le
modele PATT (phononassisted tunneling between traps) initialement proposé par Makram-Ebeid
and Lannoo [I38]. Il a été démontré que ce modeéle de transport décrit de maniére adéquate le
comportement électrique dans le Hfy5Zrg 5042 ferroélectrique et non ferroélectrique [68H72]. Le
transport de charges peut étre décrit par le modele Shockley-Read-Hall [139, [140] (voir section
2.6.2)). Dans les profonds pieges et pour une densité de pieges suffisante, le mécanisme de transport

par sauts peut étre exprimé comme suit [68)]

(55)  =—aV(m—n/¥)P) = v (A14)

avec la concentration d’électrons dans la bande de conduction et pieges n, n; et v la vitesse des
électrons, et Pjon, Py le taux d’ionisation des pieges et le taux de l'effet tunnel interpieges. La
section de capture du piege, la densité de piege et le potentiel de tension sont respectivement o, N
et U. La distance moyenne du piege est a = 1/ /N, et F est le champ électrique. Les conditions aux
limites de cette équation différentielle partielle sont données par les taux de réaction de Eq. [A13]
Ils sont décrits par les fonctions d’Arrhenius (équation . En utilisant la densité d’inoccupation
décrite par ’équation [A.14] la densité de courant électrique peut étre calculée par le modele PATT
(équation . Le parametre P est la vitesse de transmission entre les pieges, qui est donnée par

[70, 121]:

(Q—Qv)’ - (Q— qFa/Qo)2> AV WA - (W~ gFa)?)

p_ / W
= ] mrakTQy P 2%%T 3 ¢Fh
W>0
(A.15a)

W = QO(Q - QO) + Wopt
(A.15D)

QO = 2(VVopt - Wt)
(A.15¢)
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m* st la masse effective du porteur de charge, T est la température, () est la coordonnée de
configuration d’un systeme électron-phonon piégé, F' est le champ électrique local, —W est ’énergie
de I’électron piégé en dessous de la bande de conduction, et Qg est la coordonnée de configuration

qui quantifie 'interaction électron-phonon [121].

Dans notre dispositif expérimental, nous étudions des FTJs de 3.5 nm TiN/Hfy 5Zrp502/Au et
les exposons a des cycles répétés d’impulsions, comme le montre la Fig. Nous ajustons le
modele de dérive-diffusion transitoire des lacunes a des mesures périodiques de tension croissante,
comme le montre la Fig. La série complete de mesures est présentée dans la section Un

résultat exemplaire pour la série 0.7 V-2.5 V series est présenté dans la Fig. (la courbe bleue).

En utilisant le modele de dérive-diffusion des lacunes avec la vitesse de réaction a l'interface
comme conditions limites, nous obtenons la distribution des lacunes au sein de I’isolant. A partir de
cette distribution, le PATT est résolu pour calculer le courant. Comme le modéle PATT contient
des parameétres connus pour HfpsZrgs02 [70, [12I], nous ajustons les parametres de 1'équation
différentielle partielle & la mesure. La prédiction du modele est illustrée dans la Fig. (la courbe

rouge). L’évolution résultante correspondant a la population des lacunes est présentée a la Fig.|A.31

A S B
+ WS L2
Q
E _n_i_l _/ - - —read .
2 1
Wyj —_
- rlte HRS -

Figure A.30: Séquence d’alternance des impulsions d’écriture et de lecture. La tension des
impulsions d’écriture augmente successivement. Aprés chaque impulsion d’écriture, le courant
est mesuré sur une impulsion de lecture constante (lignes rouges). Les deux impulsions de
lecture et d’écriture ont une longueur fixe de 100 ms.
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Figure A.31: Modéle FDM de convection-diffusion des lacunes pour la séquence d’impulsions,
adapté a la séquence d’impulsions a U, = 0.7V. Le c6té gauche est I'interface Hfy 5Zrg.502/Au

interface, tandis que le c6té droit est I’électrode TiN qui supposée étre inerte.

Pulse voltage =Uw (V)

Figure A.32: Densité de courant du modéle de commutation de valence (rouge) comparée aux
valeurs mesurées de la séquence d’impulsions a une tension de lecture de U, = 0.7V (Fig. ) .
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Le modele est capable de reproduire I’évolution temporelle des courants mesurés avec des
parametres des modeles physiques. Les courants de 1’état HRS devraient augmenter plus rapi-
dement que les courants mesurés, ce qui signifie que I'état LRS est prédit avec précision. Les
écarts entre le modele et la mesure peuvent étre attribués aux assomptions du modele, telles que
I'approximation 1D. La densité moyenne prévue des lacunes d’oxygene est d’environ 0.5nm=3. 11

s’agit d’une lacune pour 8 cellules unitaires, ce qui est un résultat plausible.

3.3 Jonctions Tunnels Ferroélectriques pour les Dispositifs Neuromorphiques

Dans cette section, nous évaluons les propriétés du FTJ en ce qui concerne sa capacité a émuler
les synapses dans un réseau neuronal. L’influence du potentiel d’action sur le taux d’apprentissage
est étudiée, et un modele basé sur la commutation limitée par la nucléation (NLS) est utilisé pour

décrire expérimentalement le changement de la résistivité observé.

Alors que les algorithmes d’apprentissage machine sont de plus en plus élaborés, leurs réseaux
neuronaux artificiels sous-jacents reposent généralement sur I’architecture informatique binaire de
von Neumann [225]. Par contre, les réseaux neuronaux des matériaux offrent une série d’avantages
en raison de leur étroite ressemblance a leurs homologues biologiques : Lorsqu’ils sont intégrés dans
un systeme de neurones de pointe, la mémoire résistive peut modéliser les synapses biologiques
par commutation progressive, ce qui permet d’unifier mémoire et les opérations logiques [226]. Le
processus d’apprentissage dans un systéme neuronal biologique peut étre compris en termes de la loi
de Hebb: lorsque deux neurones s’allument en méme temps, leurs potentiels de tension chevauchent
dans le temps, en augmentant ou en diminuant leur connexion a la synapse, en fonction de leur ordre

temporel. Ceci peut aussi référer a "potentialisation de long terme (LTP)" et a " une dépression
de & long terme (LTD)" [227]. Le processus comporte des modifications a court et & long terme du
systéme, comme 'activation rapide de récepteurs supplémentaires, et des processus plus lents tels

que les changements dans la syntheése des protéines et ’expression des génes, ainsi que la capacité

pour développer de nouvelles connexions entre les axones et les dendrites [197].
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Les tests de la plasticité fonction du temps d’occurrence des impulsions "Spike-timing-dependent
plasticity (STDP)" sont une technique de choix pour évaluer la capacité du matériau a imiter la
plasticité synaptique [198|, [199]. Le STDP imite 'activité neuronale du cerveau, ot deux neurones
stimulent la synapse qui les interconnecte en appliquant une impulsion de tension [196] 200, 201].
Cette impulsion réfere au potentiel d’action, et le décalage horaire entre les deux potentiels d’action
définit le renforcement ou l’affaiblissement de la synapse, ce qui décrit comme un dispositif de
commutation résistif. Les mesures du STDP révelent directement le taux d’apprentissage de la
synapse, qui est un parametre important pour la formation d’une ANN et, et élargie I'influence
de son algorithme de formation. Il a été démontré que les dispositifs de mémoire résistive peuvent
imiter un comportement synaptique similaire [176} 195, 196]. Les composantes & court et a long
terme de commutation ferroélectrique (Fig. font de la jonction tunnel de Hfy5Zrg502 un

candidat fiable pour la construction d’analogues artificiels aux synapses (voir Fig. |A.33).

resistive

Neuron)\_ napse memory
YIS U cuos O
D C

N
20

Figure A.33: Synapses et neurones. Représentation d’un réseau de neurones biologiques (a
gauche), et sa reconstruction artificielle (4 droite)[228]. Les neurones générent des pics de
potentiel électrique. En fonction de la superposition temporelle des pics d’entrée au niveau de
la mémoire résistive, sa résistance augmente ou diminue.

Dans le cadre d’un réseau de neurones a impulsions "spiking neural network (SNN)", la plasticité
synaptique, c’est-a-dire le changement de la résistance de la synapse, dépend du décalage temporel
At entre I’action pré et post-synaptique [215] comme le montre la Fig.|4.14] La mesure clé dans cette

configuration est la réponse de résistivité %? pour une superposition de deux potentiels d’action
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avec décalage temporel At. Nous définissons

% _ Raftﬂ“ (At> — Rbefore (At)
min{ Rpe fore (At), Rafrer (Al)}

(A.16)

ou Ry fier and Rpefore sont les valeurs de résistance de la synapse mesurées apres et avant ’application
la superposition des potentiels d’action, respectivement. Le dénominateur utilise la valeur minimale
de Rgfter et Rpefore comme le facteur d’échelle.

Pour quantifier et pouvoir comparer les mesures individuelles du STDP entre elles, les fonctions

STDP AR/Ry(At) sont dotées d'un modele exponentiel

éR(At) = Ajexp (At/74) for At >0 (A.17a)

0

AR

R—(At) = A_exp (At/T_) for At <0 (A.17Db)
0

avec les deux facteurs d’échelle linéaires A, , A_ et les deux temps caractéristiques 7, 7_.

Les mesures STDP ont été effectuées avec un testeur de mémoire résistive ArCOne (ArC Instru-
ments), qui est utilisé pour créer deux pics a décroissance exponentielle avec un décalage temporel
relatif At. Les jonctions tunnel étudiées sont des échantillons de TiN/Hfy 5Zrp502/Pt avec une

largeur de barriere de 2.5 nm.

Pendant les mesures, la jonction tunnel ferroélectrique est commutée par une série de STDP pour
les décalages positifs et négatifs de At entre 20 et 320 us. Cette mesure est répétée pour des impul-
sions d’amplitudes entre 0.8 V et 1.1 V, ce qui donne effectivement une impulsion presque rectangu-
laire pour un petit At, et un pic de tension qui diminue de fagon exponentielle avec I’augmentation
de At. Avant et apres chaque impulsion, la résistivité est mesurée a 0.2 V. L’orientation des grains
estimée par ’équation est présentée a la Fig. (zone verte).

La disposition des grains peut étre considérée comme approximativement paralléle [I79] en raison
des diameétres de grains qui sont généralement aussi grands que I’épaisseur de la couche [I5]. Ainsi,
la structure est modélisée comme un réseau de résistance paralléle ou le courant total est donné par

la somme des courants sur les grains individuels. Le mode de ’effet tunnel direct 1D est utilisé pour
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Figure A.34: Schéma de la différence de la variable temps At entre le potentiel d’action pré-
et post-synaptique créer une plasticité synaptique dans le STDP. Le diagramme de dispersion
montre le changement de résistance du FTJ en fonction de At (fonction STDP). Pour un petit
At positif, le chevauchement des deux actions entraine une diminution de la résistance. Les
courbes rouge et bleue représentent respectivement le potentiel d’action pré et post-synaptique.
La courbe noire est la superposition des deux potentiels d’action pour un At donné. Pour un
At largement négatif, la tension résultante est trop faible pour déclencher un changement de
résistance.

modéliser la densité de courant [63]. Les densités de courant des états LRS et HRS sont calculées a
partir des fonctions tunnel trapézoidales. La combinaison linéaire avec la fraction granulaire g dans
I’état LRS se lit alors

J(9) = 9jrrs(U,d) + (1 — 9)jurs(U, d) (A.18)

ou j(g) est la densité de courant d’une fraction g des grains orientée vers I’état faible résistance. Les
densités de courant actuelles jrrs et jrrs sont extraites des mesures expérimentales, en utilisant

un préfactoriel commun. Ainsi, la résistivité est donnée par

R(g) = —— (A.19)

ou A est la surface du FTJ, et U = 200mV est la tension appliquée.

Nous utilisons un modele NLS pour décrire les résultats expérimentaux dans la gamme de tension
observée. Ce modele est une extension du modele classique Kolmogorov-Avrami-Ishibashi (KAI),

qui décrit le la dynamique de commutation ferroélectrique dans les couches minces polycristallines
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[202]. Comme le précisent Li et al. [I19], le modele NLS est applicable au Hfy 5Zr¢ 504 ferroélectrique
et fournit une expression analytique pour le 'inversion de la polarisation en fonction du champ et
du temps. Avec la polarisation initiale entierement polarisée en une direction AP = 0 at t = 0), la

commutation est décrite par [119]

E
AP(t) = Pyerfc a -1 \/ia} A.20
© { [Ef(t) log(t/70)]"™) ] / ( )

olt Ef(t) est le champ électrique appliqué a l'extérieur, Ps, E,, 70, n, et o sont des parametres du
matériau, erfc(x) est la fonction d’erreur complémentaire. Alors que cette équation décrit I'inversion
de polarisation & partir de AP(t) = 0 au temps ¢t = 0, our devices possess an intrinsic bias that
leaves an initial non-zero mean polarization. nos appareils possedent un biais intrinseque qui laisse
une polarisation initiale moyenne non nulle. Par conséquent, nous résolvons d’abord I’équation pour
obtenir le temps initial ¢;,;+ correspondant & la polarisation initiale de notre appareil. Ensuite, les
impulsions STPD peuvent étre traitées comme un rectangle pour un petit At, et ’évolution de la

polarisation est obtenue en résolvant ’équation avec un incrément de temps At.

Comme le comportement de commutation du dispositif est asymétrique, la constante de temps
caractéristique 79, I'activation du champ E,, la déviation standard o de E/Ey, et I'exposant em-
pirique n sont déterminés individuellement pour les deux orientations. L’orientation moyenne du
grain est déterminée par la polarisation AP = 2P;. La comparaison entre le modele et les résultats
expérimentaux est présentée dans la Fig. Dans cette figure, le FTJ commence a un At de
20 us pour I'état LRS. L’appareil passe ensuite de I’état LRS a ’état HRS par +At et —At pour
chaque incrément de temps. La partie inférieure de chaque courbe correspond donc a au HRS,
tandis que la partie supérieure correspond au LRS.

En commencant par un petit At, le passage au HRS maximum prend environ 60 ps. Apres le passage
au HRS, lappareil passe au LRS initial, ce qui permet d’aplatir la partie supérieure des courbes.
Pour At au-dessus de 150 ps et des amplitudes maximales du potentiel d’action de 1.0 V et 1.1 V,
la quantité de grains échangés dans le cadre du SRL augmente. Cela suggere qu’il faut plus de +At
pour la commutation des domaines restants dans le LRS. La commutation rapide observée pour le

faible +At s’explique par la formation de noyaux a polarisation inversée, tandis que le mécanisme
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plus lent (At au-dessus de 150 ps) est un l'expansion successive des parois de domaine existant qui
se produit lorsque le champ électrique est trop faible pour induire la nucléation [203]. L’asymétrie
pourrait étre due a la structure électronique asymétrique des interfaces, de différentes contraintes
interfaciales ou des contributions des défauts chargés.

En utilisant le modele décrit ci-dessus, les courbes STDP sont reproduites, comme l'illustre la
Fig. [£:20h. Pour ce faire, les valeurs de résistance obtenues a partir de lorientation des grains
calculée sont tracées en fonction de At. La Fig. montré un comportement similaire & celui du
STDP expérimental, ou la résistance de FTJ varie en fonction de At. Ces courbes modélisées ont
été ajustées a l'aide de I’équation pour étudier I'effet de 'amplitude du potentiel d’action sur

I’échelle et les parameétres exponentiels comme le montre la Fig. [4.20pb,c.
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Figure A.35: Commutation résistive pour des impulsions STDP variables avec des amplitudes
a) 0.8 Vb)09Vec) 1.0V, etd) 11l V et décalages At. La zone verte correspond a la com-
mutation de l’orientation du grain induite par deux pics qui se chevauchent avec At dans les
orientations positives et négatives. La ligne noire montre le modele de prédiction en com-
mencant par la valeur mesurée.

Nous concluons que le taux d’apprentissage des synapses est défini par 'amplitude de tension

des potentiels d’action. Conformément & nos résultats expérimentaux (figure , le parametre
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d’échelle augmente exponentiellement avec ’amplitude maximale du potentiel d’action, tandis que
les parametres exponentiels restent constants. Entre 0.7 V et 1.0 V, les parametres d’échelle aug-
mentent de 0.01 & 100. Le pic de 1.1 V peut indiquer le début de la commutation de valence, puisque
le LRS commence & dériver de maniere significative. Ce résultat expérimental est supporté par un
modele du comportement de commutation graduelle, qui repose sur un changement progressif de
la polarisation des grains du Hfy 5Zrp502. Ce modele de nucléation de commutation limité (NLS)

[119, 202] confirme nos conclusions expérimentales.

4 Résumé et Conclusions

Alors que les FTJs ont longtemps été discutés théoriquement, ils n’ont été démontrés expérimen-
talement qu’en 2009 [9]. Avec la découverte en 2011 d’une phase ferroélectrique dans le HfOq [7],
un matériau avec des caractéristiques uniques est devenu disponible. Bien que les recherches sur
ce matériau soient toujours en cours, son évolutivité ainsi que sa compatibilité CMOS font du
Hfy 5Zrg.502 un excellent candidat pour les systémes FTJ. Nous nous appuyons sur les travaux
antérieurs Vargas [I80], qui a développé un modéle quantitatif pour le diagramme de bande qui a

depuis été soutenu par Yoon et al. [59].

Tout d’abord, nous avons commencé notre étude des propriétés de transport de charges électron-
iques dans les F'T'Js. Sur la base de I’équation WKB, nous avons développé un modele analytique
qui estime l'effet important de 1’épaisseur de la couche sur les performances électriques du matériau
[175]. L’expression analytique simple décrit I'impact des inhomogénéités d’épaisseur sur la con-
ductivité électrique, les rapports de commutation TER qui sont essentiels pour la récupération des
informations, et la probabilité de panne électrique. De la découlent les exigences de fabrication
pour une conception reproductible. Les résultats ont été déterminés en étudiant les hétérostruc-
tures TiN/Hfp 5Zrp502/Pt. La nature exponentielle des courants tunnel par rapport a I’épaisseur
rend cet effet essentiel lors de la conception des FTJs et I’étude de la stabilité, ou une réduction de

I’épaisseur par une seule cellule unitaire peut augmenter la conductance par 3 ordres de magnitude.
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Dans la deuxieme partie, nous avons étudié la commutation a des champs élevés, ou nous avons
constaté que la commutation TER est remplacée par un processus différent. La dérive de la ré-
sistance sur les cycles de commutation est conforme au mécanisme de commutation de valence.
Nous avons développé un modele d’éléments finis qui décrit la formation des lacunes d’oxygéne aux
électrodes et la diffusion subséquente dans le domaine. Couplé au modele PATT (phonon-assisted
tunneling between traps) [122, 194] et les équations de Shockley-Read-Hall [139, [140], nous avons

réussi a obtenir une description modele en bon accord avec nos résultats expérimentaux.

Notre troisieme étude est consacrée a ’application des FTJs dans un réseau de neurones a
impulsions [I76]. Les caractéristiques de commutation graduelles rendent le FTJ fiable pour des
applications multiniveaux ou analogiques [I1, [12] et un candidat intéressant pour le réseau de
neurones a impulsions [204]. Dans notre configuration, le FTJ TiN/Hfy 5Zrg502/Pt agit comme
une synapse artificielle. Les mesures de la plasticité fonction du temps d’occurrence des impulsions
(STDP) [196] 200, 201] sont effectuées en variant les amplitudes et les largeurs du potentiel d’action.
Une analyse quantitative des fonctions STDP résultantes montre que le taux d’apprentissage de la
synapse dépend principalement de ’amplitude du potentiel d’action. Nous avons démontré que le
modele de commutation limitée par la nucléation (NLS) model [119] 202] est en bon accord avec

nos résultats expérimentaux.
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