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Chapter 1

Introduction

1.1 Basic properties of ferroelectrics

All dielectrics can be electrically polarized and they show a dipole moment per unit
volume (electrical polarization, P) when an external field is applied. Ferroelectrics
are a particular class of crystalline dielectrics with a spontaneous polarization that
can be switched by the application of external electric field and that remains after
the applied field is removed (known as remanent polarization, Pr). This can be ob-
served by placing the ferroelectric in between two metal electrodes and measuring
the ferroelectric hysteresis as shown in Fig. 1.1.

Figure 1.1: Typical ferroelectric hysteresis loop. [1]

The macroscopic polarization (P) arises from collective ionic displacements (unit
cell dipoles) and, therefore, the ferroelectric nature of a material depends crucially
on its crystal symmetry. As shown in Fig. 1.2, among 32 crystal classes, 11 of them
are centro-symmetric and cannot host a dipole moment. Among the remaining 21
asymmetric crystal classes, there are 20 showing a polarization change once mechan-
ical stress is applied, that is showing the piezoelectric effect. Moreover, 10 of these 20
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classes are intrinsically polar, and display a polarization even in the absence of elec-
tric field. If such polarization can be switched by an external electric field, the ma-
terial is ferroelectric. The polarization remains in the material until up to the Curie
temperature (Tc), at which disorder becomes as strong as the dipolar interactions,
destroying the macroscopic polarization. Above Tc, the material becomes paraelec-
tric and centrosymmetric. This temperature-dependent behavior, with a strong de-
crease of P makes ferroelectrics also pyroelectric, that is they can produce a current
through an external circuit due to the electron reorganization that takes place upon
a change in P, in order to adapt to the new conditions for the screening of the surface
polarization charges. However, pyroelectric materials are ferroelectric only if the po-
larization can be switched. As a consequence, from the viewpoint of the structure,
the crystal class of a ferroelectric material must be polar, although not all polar ma-
terials are ferroelectric.[2, 3]

Figure 1.2: Schematic representation of the piezoelectric, pyroelectric and ferroelectric mate-
rials classes on the basis of crystal symmetry. (modified from Ref [4])

A large class of ferroelectrics are those with the perovskite structure, with chemi-
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cal formula ABO3. The structure of a typical perovskite ferroelectric material BaTiO3

is shown in Fig. 1.3. The structure consists of corner-sharing oxygen octahedra and,
for each octahedron, there is a cation B (Ti4+) in the central position and A cations
occupy the spaces between the octahedra. Below Tc, the structure is polar, the shift
of B cations away from the central position will induce a net dipole moment showing
polarization whose direction and magnitude depend on the B cations displacement
(and in some materials also on the displacement of A-cations) with respect to the
center of charges defined by the oxygen octahedra. With increasing temperature,
the cation displacement can change direction and the ferroelectric can go through
different phase transitions. In the case of BaTiO3, the structure changes from rhom-
bohedral, at low temperatures, to orthorhombic and to tetragonal, with polarization
along [111], [011] and [001] directions, respectively, before it reaches the cubic par-
alelectric phase (with no cation displacement) at Tc. As shown in Fig. 1.3, these
transitions are accompanied by anomalies in the dielectric permittivity, being this
the strongest at TC .

Figure 1.3: The dielectric permittivity and structures of a BaTiO3 single crystal with increas-
ing temperature (the transition across Tc is marked in blue region). The schematics of Ti
displacement in the oxygen octahedron of the perovskite structure are also shown.[5]

In terms of the microscopic mechanisms of the phase transition, ferroelectrics can
be classified in two main types: if the macroscopic polarization disappears above Tc
in such a way that the ion displacements that give rise to the polarization vanish
locally, this type of transition is called displacive.[6, 7] If the ionic displacements
persist into the paraelectric phase but they become random, such that the net polar-
ization vanishes, the ferroelectric transition is of the order-disorder type. Fig. 1.4,
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shows three examples of order-disorder ferroelectrics caused by the [Me4N]+ cation
in [Me4N]2ZnI4 and [Me4N]CdBr3 or the H+ in hydrogen-bonded [Hdbco]ReO4

being able to displace along several directions, that are symmetric with respect to
the high symmetry position. Although the local symmetry-breaking distortions are
present in every single unit cell, they are randomly oriented due to the disorder and
the short-range order is destroyed, even though with the long-range order, thus the
net polarization, is zero.[6, 7]

Figure 1.4: Order–disorder-type ferroelectrics: the order-disorder of the [Me4N]+ cation
in [Me4N]2ZnI4 and [Me4N]CdBr3, and the H+ ion order–disorder in hydrogen-bonded
[Hdbco]ReO4, induce a ferroelectric-paraelelctric transition.[7]

Besides cation displacements, other more exotic mechanisms for ferroelectrici-
cty exist. If the driving force for ferroelectricity only involves electronic charge
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displacement, without ionic displacement, the materials are called electronic ferro-
electrics. One typical example is charge ordering induced ferroelectricity, such as
in LuFe2O4.[8], where the Fe ions in each layer display an ordered arrangement of
valence states of Fe2+ and Fe3+, arising from geometrical frustration on a triangle
lattice, inducing ferroelectricity. In addition, magnetic frustration can also induce
ferroelectricity. In 2003, Kimura et al. found that magnetic ordering in TbMnO3 in-
duces electric polarization[9] showing both magnetic and ferroelectric order, which
soon led to the discovery of a dozen of similar materials[10, 11]. However, the po-
larization induced in this way is typically small (< 1µC/cm2) and limited to low
temperatures.

Figure 1.5: Application of ferroelectrics as piezoelectric, pyroelectric, high-κ dielectric and
electro-optical materials. (modified from Ref [4])

Ferroelectrics are of great interest for many different applications. Many of them
do not use the ferroelectricity itself but one of the related properties, since ferro-
electrics are also piezoelectric and pyroelectric.[12] Piezoelectrics (which can gener-
ate electricity in response to applied mechanical stress) are widely applied in micro/nano-
electromechanical systems[13] (MEMS/NEMS), in particular as actuators or sensors,
such as the surface acoustic wave (SAW) sensors that exist in many electronic de-
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vices to allow accurate measurements of pressure, strain, temperature or mass. Py-
roelectrics (which generate electricity in response to temperature changes) are useful
in energy harvesting, thermal imaging (night vision), fire detectors, electro-optics
and so on, as shown in Fig. 1.5. Given the existence of switchable spontaneous po-
larization in ferroelectrics, they can be used in microelectronics as non-volatile Ran-
dom Access Memory (FeRAM) elements[14] or ferroelectric field effect transistors
(FeFETs)[15, 16].

1.2 Issues of conventional ferroelectrics in modern elec-
tronic devices

There are different types of commercially available mainstream memories. For ex-
ample, for high speed processing units (in the ns range), dynamic and static random
access memories (DRAM, SRAM), which are volatile, are widely used. For informa-
tion storage, the low cost, high retention but slow access time (in ms) magnetic hard
drive disk dominated the market until the flash memory and solid state drive (SSD)
appeared. Considering the fast access time in volatile RAM and the slow access time
in non-volatile hard-disk drives, there is a big gap between them, and although flash
and SSD have reduced it, there are still strong demands to fill this gap. The ultimate
purpose is to combine RAM and high density data storage, requiring fast write and
read speed, high endurance and retention, and low energy consumption, which is a
huge challenge to realize.[17–19]

With this background, many promising emerging memories show up, such as re-
sistance random access memory (RRAM), magnetoresistive memory (MRAM), phase
change memory (PCM), ferroelectric memory (FeRAM, FeFET) which is the main
interest in this thesis, and so on. All of them have their specific advantages, and
drawbacks that need to be addressed. It is not our purpose to discuss here which
memory type is more promising for the future market. In fact, the concept of fer-
roelectric memory has come up in the last century.[20–22] The two stable remanent
polarization states of + P and - P could be used as the 1 and 0 bits (binary digits)
used in all modern computers for memory storage and logic operations. Although
they have many advantages, eg. low power and non-volatility, and FeRAM has been
considered as an established technology since the early 1990s, there are still many is-
sues which limit its market. Some of them, which are considered the most limiting
ones by the community, are discussed in the following:

With increasing demand for devices miniaturization to improve information stor-
age, the decreasing size of materials is necessary. In ferromagnets, with decreasing
size of the ferromagnetic nanoparticles, the magnetic anisotropy energy decreases.
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When the energy is overcome by the thermal fluctuation, the magnetic moments
will randomly orient and the material becomes superparamagnetic.[23] In analogy
to ferrromagnets, it brings us the term ”superparaelectric” in ferroelectrics under
size reduction. But the mechanisms are more complicated in ferroelectrics than
in ferromagnets. In principle, ferroelectricity can exist only one unit cell, since its
energy have been reported sufficient to be resistant to thermal fluctuations. How-
ever, in fact, ferroelectricity is also limited by the practical issue of growing high-
quality samples with atomic control and, by the electrical boundary conditions. Thus
the critical size below which ferroic order disappears is usually much bigger in
ferroelectrics.[23, 24] In this case, this type of materials are not suitable for the facile
fabrication of 3D capacitors structures which requires a thickness of only a few tens
of nanometers.[25] In addition, even if current lithographic techniques allow defin-
ing features down to a few nanometers, the crystal structure of complex oxides does
not survive the lithographic steps at the borders of the objects, which makes minia-
turization of ferroelectric devices very challenging.

As mentioned, one of important factors with respect to size limitation is sam-
ple quality, which is strongly dependent on the growth techniques. In ferroelectric
thin films, dead layers, grain boundaries, and defects such as oxygen vacancies all
influence the ferroelectric properties. In addition, the electrostatic boundary condi-
tions play a predominant role, in particular for very thin films. Fig. 1.6(a) depicts a
simple electrostatic model.[23, 26] In a thin film of ferroelectric material sandwiched
between two ideal metal electrodes, the surface charges induced by the polarization,
P, can be completely compensated by the metal. However, with realistic electrodes,
the finite screening length leads to incomplete screening of the polarization charges
as shown in Fig. 1.6(b), with the corresponding charge distribution, electrical poten-
tial and electric field profiles shown in Fig. 1.6(c). Thus, the incomplete screening
induces a depolarization field (Ed), expressed as:

Ed = −2
λeff
dε0

P (1.1)

where λeff is effective screening length of the system, d is the film thickness and P is
polarization of ferroelectric thin film. Accordingly, a smaller λeff , indicating a better
metal, which can better screen the surface charges, the smaller the depolarization
field. In real metals λeff is always finite. In addition, because the Ed arises from the
integral of the electrical potential, V, across the film thickness (Fig. 1.6(c)), the de-
polarization field increases inversely proportional to the thickness, and eventually
suppresses ferroelectricity for ultra thin film.[27, 28] In order to avoid this field, the
material can create domain walls (domains with opposite orientation of the polar-
ization) or other defects.[29–31]



1

8 1. Introduction

Figure 1.6: (a) Sketch of a ferroelectric film sandwiched between two ideal metallic electrodes,
providing full screening of the polarization charges: there is no depolarization field; (b) the
same ferroelectric layer in between two real electrodes, with finite screening length, leading
to incomplete screening of the polarization charges and to depolarization field Ed; (c) charge
distribution, voltage and electric field profile with realistic electrodes[23, 26] corresponding to
(b).

Another issue is the Silicon compatibility. Nowadays most of the electronic de-
vices in our daily life are built on a chip using Si-based technology, often referred
to as CMOS (complementary metal-oxide-semiconductor) technology. Ferroelec-
tric thin films with the largest P and best performances, such as Pb(Zr,Ti)O3 (PZT),
BaTiO3 (BTO) or SrBi2Ta2O9 (SBT), usually have the perovskite structures, which
display poor CMOS-compatibility, hampering its widespread application in the in-
dustry. Although some epitaxial perovskite films have been developed to grow on
a Si substrate[32–34], the interface between the ferroelectric layer and Si substrate is
still often far from perfect.[35] Usually, an interfacial SiO2 dead layer is formed which
will influence the quality of the perovskite films, and easily results in the depolar-
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ization field causing stability problems of the two polarization states of memory or
logic devices.

Last, there are also some environmental problems, such as issues related to the
lead containing materials (lead zirconate titanate, PZT), known to show the best
piezoelectric and ferroelectric properties. Thus, for wider applications of ferroelectrics
in people’s daily life, environmentally-friendly lead-free materials with comparable
excellent properties are urgent to develop as evidenced from the legislation passed
by the European Union.[36]

1.3 A new type of ferroelectrics: HfO2-based thin films

Figure 1.7: P-E hysteresis loops of HfO2-based metal-insulator-metal capacitors, revealing
ferroelectric properties for different dopants in ultra-thin HfO2. The polarization is ranging
from 10-45 µC/cm2. Reprinted from Ref [37].

Searching for ways to solve the issues discussed in the previous section is a ur-
gent task for the future development of ferroelectric memories and other related
devices. Important progress in this direction has been achieved since 2011, when
ferroelectricity in Si-doped HfO2 thin films was firstly reported.[38] Short after,it
was shown that various other dopants, such as Zr, Al, Y, Gd, Sr, La and others can
also induce ferroelectricity in thin HfO2 films, as shown in Fig. 1.7. Some of them
give rise to very large remanent polarization up to 45 µC/cm2, comparable to that
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in the best perovskite ferroelectrics. Furthermore, they can be extremely thin (< 10
nm). A remarkable feature is that With increasing thickness, ferroelectricity in Hf-
based films disappears, which is at odds with the concepts discussed in the previous
section based on the expected trend for the depolarization fields: hafnia-based ferro-
electrics only show ferroelectricity at the nanoscale, where other ferroelectrics loose
it. In addition, HfO2 is a simple oxide and it is Si-compatible (in its amorphous
form, it has been widely used as the gate insulator in FET manufacturing) and has
a large bandgap (> 5 eV), making it less prone to leakage. All of these advantages
compared to the conventional perovskite ferroelectrics are believed to overcome the
barriers for the application of ferroelectrics in memories, including FeFET and 3D
capacitors. Thus, the recent discovery of ferroelectricity in ultrathin layers of HfO2-
based materials represents a real breakthrough in the field.[39, 40]

1.3.1 The origin of ferroelectricity in HfO2-based films

Very similar to HfO2 is ZrO2. The same valance and ionic radius lead to very similar
crystal structure and phase diagram. The higher abundance of Zr in comparison to
Hf, makes ZrO2 substitutions highly desirable. Interestingly, the surface energies of
both materials differ, and so does their phase stability under size reduction,[41–44]
leading to the interesting behaviour of the solid solution.

In bulk, the stable form of HfO2 (ZrO2)-based compounds is a monoclinic phase
(P21/c, m-phase) at room temperature[45, 46]. The high-temperature and high-
pressure phases, namely, tetragonal (P42/nmc, t-phase) and cubic (Fm3m, c-phase)
phases[45, 46], can be stabilized at room temperature via doping[47] or nanostructuring[41,
42]. In addition, rhombohedral phases (r-phase) have also been obtained by doping
and applying mechanical stress[48–50]. The t- and r-phases are distortions from the
fluorite structure (c-phase) and have a significantly lower volume than the m-phase.
None of the above-mentioned phases is reported to be polar.

Recently, several theoretical works have modelled the possible phases that could
give rise to ferroelectricty in this new type of materials.[51–53] There is a polar or-
thorhombic phase (space group Pca21, o-phase) which is consistent with the exper-
iment. This phase was first reported for Mg-doped ZrO2 ceramics when cooled
to cryogenic temperatures[54] and calculations find this phase as the most plau-
sible polar distortion of the tetragonal fluorite phase (relatively close in energy).
Thus this polar phase is believed to be the structural origin for the recently reported
ferroelectricity in HfO2-based thin films[39]. Recent literature has gathered exam-
ples of hafnia-based ferroelectric films with different dopants[55–57], on different
substrates Si[39] and Y-ZrO2[58], with different electrodes (that is, TiN[59], Pt[60],
Ir[61], TaN[62] and Si[63]) and by different growth methods (atomic layer deposition
(ALD)[64], chemical solution deposition[65], pulsed laser deposition (PLD)[58] and
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chemical vapour deposition[66]). Various possible mechanisms, such as stress[67,
68], doping[62], confinement by the top electrode[59] or surface energy[69–71], were
put forward as stabilizing factors for the ferroelectric phase.

Figure 1.8: (a) Current understanding of the origin of ferroelectricity in HfO2-based ferro-
electrics. Structure picture is modified from Ref [38]; (b) GI-XRD diffractograms of 9 nm ZrO2,
Hf0.5Zr0.5O2, and HfO2 thin films (left); In situ GI-XRD measurements during cooling (right).
Reprinted from Ref [71].

As shown in Fig. 1.8(a), the polar o-phase has been postulated as the transforma-
tion phase between the t- and m-phases.[54, 62, 72]. Due to the larger surface energy
of ZrO2 compared to HfO2, for a given particle size of 9 nm, at room temperature,
undoped HfO2 is in its monoclinic ground state, while ZrO2 is transformed to the
low volume tetragonal phase, as shown in Fig. 1.8(b) and reported in ref[71]. Ac-
cording to this, a phase transition between the monoclinic and the tetragonal phases
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should take place at intermediate compositions of the Hf1−xZrxO2 solid solution.
This transition happens through an intermediate bridging phase (with a molecular
volume in between that of the tetragonal and the monoclinic phases), which is the
polar (ferroelectric) orthorhombic phase that can also be stabilized in doped HfO2,
as described previously. In particular, in the case reported in ref.[71], for the given
particle size in 9 nm film, the ferroelectric phase takes place at a Hf0.5Zr0.5O2 com-
position. In short, all the routes described above (doping, confinement and nanos-
tructuring) have the effect of increasing the molar volume with respect of that of
the fluorite phase, stabilizing the intermediate ferroelectric phase. An exhaustive
overview of these findings can be found in the recent monograph ”Ferroelectricity
in doped Hafnium oxide: materials, properties and devices”.[40]

No matter what the route to ferroelectricity is (doping or confinement, the size
of the ferroelectric domains are always around 10 nm. Initially, the best ferroelectric
properties were reported only in ultrathin films (usually around 10 nm thick)[64,
73, 74]. The polarization declined significantly with increasing thickness as a result
of the appearence of the nonpolar m-phase[74]. More recently, ferroelectricity has
been found in thicker films (50 to 390 nm)[65, 75], but in these the average grain
size is still around 10-20 nm. Thus, all reported ferroelectric hafnia-based films have
in common that they are formed by small crystallites, emphasizing the crucial role
played by size effects in stabilizing the ferroelectric phase[71]. Indeed, it is known
that in nanoparticles of radius r, the surface energy (σ) can produce large internal
pressures (P = 2σ/r) of the order of a few GPa[76, 77]. Thus, small crystals will
prefer the room-temperature stability of lower-volume c- or t- phases rather than the
m-phase[78–80]. For thicker films, usually above 10 nm (where the crystals have the
possibility to grow further), the m-phase (bulk) is always present.[40]

Most works report on ALD-grown films, which are polycrystalline and contain
multiple phases (m-, t- and o-phases) as shown in Fig. 1.8(b). In addition, the simi-
larity of these structures and the small size of crystallites make a complete structural
characterization even more challenging. Therefore, well-oriented or epitaxial sam-
ples, preferably in a single phase, are desired to study the factors contributing to
ferroelectricity. By the PLD method, single-crystal, epitaxial Y-doped HfO2 films
have been achieved on yttrium oxide-stabilized zirconium oxide substrates with the
polar o-phase[58], reaching a polarization of 16 µC/cm2. In this thesis, we also ul-
tilize the PLD method to grow epitaxial films on different substrates,[81], which has
enabled more insights into the origin of ferroelectrcity in this type of materials (see
Chapter 3).



1

1.3. A new type of ferroelectrics: HfO2-based thin films 13

1.3.2 Perspectives of ferroelectric HfO2-based films in applications

Since 2011, when ferroelectricity was found in Si-doped HfO2, this material has al-
ready attracted many interest from the scientific community. There are several device
geometries for which ferroelectric HfO2-based films could represent huge progress.
Some of them are listed here:

• Ferroelectric memory

Because of the various advantages mentioned above, such as nanoscale ferroelec-
tricity, CMOS compatibility, HfO2-based ferroelectrics are very promising to be ap-
plied as memories[39, 82] using its bi-stable polarization, and a few works has been
reported towards this direction, using hafnia-based ferroelectrics as random-access
memories (FeRAM),[83] or field-effect transistors (FeFET),[84, 85].

FeRAM was regarded as a promising candidate for the next generation of non-
volatile memories and many works has been reported in this direction,[14, 22], but
FeRAMs have not achieved wide commercial use. One of the disadvantages is that
the read process is destructive and rewrite is needed after every reading pulse.[86]
Thus nondestructive read architectures, which are based on measuring resistance
states upon changes of polarization rather than detecting capacitance changes, are
strongly preferred.[87] For example, in FeFET with the gate oxide being a ferroelec-
tric material, the readout can be nondestructive, with the polarization direction of
the gate changing the magnitude of source-drain channel current.[16] In addition,
based on these two concepts (FeRAM, FeFET), ferroelectric tunnel junctions have
also emerged.[88–91] They are two-terminal devices, similar in geometry to the ca-
pacitor stack in FeRAMs, but (as in FeFET) the measured resistance depends on the
polarization direction of the ferroelectric barrier: the change in the electronic barrier
height or barrier width that take place due to the surface charges generated at the in-
terface with the metal electrodes,[92] results in modifications of the tunnel currents.
This will be further discussed in the following section.

• Tunnel junctions

To miniaturize the ferroelectric memory devices to the size of a few nanome-
ters, ferroelectric tunnel junctions (FTJ) have brought lots of interest. The polariza-
tion direction could control the tunnel current across the ferroelectric barrier on and
off. The challenge is to keep the tunnel barrier ferroelectric and defect-free down
to the 4-5 nm needed for tunneling. The advantages of nanoscale ferroelectricity
and large bandgap of HfO2-based materials compared to conventional perovskite
ferroelectrics, [93–97], make it ideal to be integrated into FTJ devices. In addition, if
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the electrodes are magnetic, multiferroic tunnel junctions (MFTJs) can be developed,
enabling multifunctional device application. The working principles are explained
below:

Ferroelectric tunnel junction is a tunnel junction in which two metal electrodes
are separated by a thin ferroelectric layer as shown in Fig. 1.10(b). The polariza-
tion of the FE layer can be switched by the external electric filed, which results in an
electric resistance change between (Rhigh and Rlow). This phenomenon is known as
tunneling electroresistance (TER). Its origin has been mainly ascribed to three pos-
sible mechanisms as shown in Fig. 1.9[88]: a) incomplete charge screening at ferro-
electric/electrode interfaces affecting the potential barrier profile; b) the change in
the position of ions at the interfaces after polarization reversal, or/and c) the strain
difference induced by the electric field in the ferroelectric barrier.

Figure 1.9: A ferroelectric tunnel junction. The possible mechanisms that induce electroresis-
tance are illustrated. Reprinted from Ref [88].

A magnetic tunnel junction (MTJ) consists of two layers of magnetic metal sep-
arated by an ultrathin layer of insulator, as show in Fig. 1.10(a). Due to such thin
insulating layer, when a bias voltage is applied between two electrodes, electrons
can tunnel through the barrier. And this tunneling current is dependent on the rel-
ative orientation of magnetizations of the two ferromagnetic layers, which can be
manipulated the external magnetic field. Usually, when they are aligned in parallel,
the junction shows low resistance, while in antiparallel configuration, it shows high
resistance. This phenomenon is well known as tunneling magnetoresistance (TMR),
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which is a consequence of spin-dependent tunneling.

Figure 1.10: Schematic drawing of resistive switching in (a) magnetic tunnel junction (MTJ),
(b) ferroelectric tunnel junction (FTJ), and (c) multiferroic tunnel junction (MFTJ). Reproduced
from Ref [98].

According to the simple model by Julliere [99], the electron spin is assumed to be
preserved during tunneling, and the tunnel current of each spin species is propor-
tional to the product of the Fermi level density of state (DOS) of the two electrodes.
As a result, for two ferromagnetic (FM) metals with different DOS at the Fermi level,
the total tunnel current of spin-up and spin-down electrons will depend on the rel-
ative magnetic configuration of these two FM layers, as shown in Fig. 1.11. Hence,
TMR effect depends on the DOS asymmetry of the FM for the two spin channels.

TMR can be understood in terms of Julliere’s model as [99],

∆R

R
=

(RAP −RP )

RP
=

2P1P2

(1 − P1P2)
(1.2)

where RAP :antiparallel resistance; RP : parallel resistance; P1, P2: spin polarization
of two FM layers.
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The magnitude of TMR is determined by the spin polarization P of the DOS at
the Fermi energy of the two ferromagnetic layers, P1 and P2 correspondingly.

P =
(n↑(EF ) − n↓(EF ))

(n↑(EF ) + n↓(EF ))
(1.3)

where n↑(EF ): number of electrons with upward spin polarization; n↓(EF ): number
of electrons with downward spin polarization.

Based on TMR effect, MTJs have been widely used as the read-heads of modern
hard disk drives[100], and magnetoresistive random-access memory (MRAM) [101].

Figure 1.11: Schematic drawing of the TMR effect for parallel (a) and antiparallel (b) con-
figurations. (c) A typical magnetoresistance curve of an MTJ junction with LSMO/HZO/Co
structure. (Data from Ref [102])

Multiferroic tunnel junctions employ a ferroelectric tunneling barrier between
two ferromagnetic electrodes. Given both ferroic orders, the TMR (of MTJs) and
TER (of FTJs) effects can be combined in one system, which produces four resistance
states by magnetic field and electric field switching, as shown in Fig. 1.10(c). More-
over, the interplay among magnetic, electric, and transport properties in this artificial
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multiferroic heterostructures, brings much interest due to its various combinations
for device design and stronger magnetoelectric coupling (ME) compared to single
phase/crystal multiferroics.[103–106] The ME coupling in MFTJs can be quantified
by the tunneling electromagnetoresistance (TEMR) effect[107], which can be defined
as:

TEMR =
(TMRV+ − TMRV−)

TMRV−
(1.4)

where V+: positive electric pulse; V-: negative electric pulse.
MFTJs have already drawn considerate attention, driven by its potential appli-

cation in multilevel memories and electric-field controlled spintronics, promoting
low-power and fast-speed devices.[105, 106, 108, 109] This is the type of devices that
are studied in this thesis (see Chapters 5 and 6).

• Negative capacitance

In metal-oxide-semiconductor field-effect transistor (MOSFETs), the subthresh-
old swing (Ss−th) indicates how much voltage is needed to change the drain current
by one order of magnitude. To improve the energy efficiency of electronics devices,
smaller Ss−th is expected. According to:

Ss−th = ln(10)
κT

q
(1 +

Cd
Cox

) (1.5)

where Cd is the depletion layer capacitance; Cox is the gate-oxide capacitance and
κT
q is the thermal voltage. The minimum Ss−th is limited by ln(10)κT/q due to the

Boltzmann distribution of electrons.[110–114] Thus the concept of negative capaci-
tance provides a solution to push Ss−th beyond the existing limitation (60 mv/dec)
and can promote the super low-power transistors.

It has been shown that ferroelectrics can have negative capacitance. [110, 115,
116] The origin of the negative capacitance in ferroelectrics is the negative slope re-
gion of the energy barrier in a double-well potential landscape.[117] Recently, Hoff-
mann et al. showed that it is possible to stabilize the negative capacitance state with
ferroelectric Hf0.5Zr0.5O2 thin films integrated into a heterostructure capacitor with
a second dielectric layer to slow down the screening of polarization charges during
switching. That is, they could access the unstable S-shape part of the ferroelectric
hysteresis loop that corresponds to the transient negative slope region of the fer-
roelectric Landau potential.[116] Several other works have also reported the advan-
tages and feasibility of negative capacitance with ferroelectric doped-HfO2.[118–120]
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• Energy harvesting

As all ferroelectrics, doped-HfO2 materials are also piezoelectric and pyroelec-
tric and, thus, suitable to transform mechanical or thermal energy into electricity.
Ferroelectrics can generate relatively large potential differences (scaling with their
thickness) when connected to an external circuit, but due to their good insulating
properties, they offer very low currents (scaling with their surface area), resulting
in low power outputs of tens of microwatts to, possibly, miliwatts for highly opti-
mized materials. These low values, compared to other ways of energy harvesting,
such as photovoltaics, have dismissed ferroelectrics as good candidates for energy
harvesting. However, this perception is recently changing, as low power genera-
tion has nowadays a huge potential due to the need for autonomously powering of
sensors (most sensors consume milliwatts or lower power) for the internet of things
(IoT), self-driving cars, smart cities, etc. In addition, microelectronic devices become
smaller and require increasingly lower power (i.e. nowadays it is possible to find
microprocessors that consume as little as microwatts) and it is not unexpected that
the power required for personal electronics will reach the milliwatt level in the not
so far future. Thus, research into ferroelectrics for energy harvesting should be en-
couraged. For such a future, currently optimized lead-containing materials are not
suitable and research on highly sustainable ferroelectrics made of simple oxides and
abundant elements is needed.[121] Thus the recently reported ferroelectric doped-
HfO2 film is a very good candidate.[65, 122–124]

• Synaptic devices

In recent years, artificial intelligence has brought significant breakthroughs in
our daily life[125] However, this is still based on complex algorithms and the han-
dling of large amounts of data and requires the use of supercomputers, which is
very energy-consuming. One way to alleviate that is to think of different computer
architectures and different ways of computing that can deal with big data in a more
efficient manner. For that, inspiration is taken from the human brain, which receives
large amounts of sensory data and can classify data, prioritize information and rec-
ognize complex patterns using a fraction of the power that a supercomputer does to
perform a similar task. For that, the plasticity of the neurons and synapses in the
brain need to be emulated. Thus new brain-inspired materials need to be urgently
developed.[126] These materials are refereed to as memristors. Memristor behavior,
which shows adaptable conductance, is very promising for synaptic devices. Ferro-
electric materials can show memristive behaviour, since their resistance in a capaci-
tor configuration varies with the volume fraction of the switched polarization under
the electrode, thus the polarization domain dynamics by different voltages pulses



1

1.4. Thesis outline 19

can be used to create artificial synapses.[127–129]

1.4 Thesis outline

The work presented in this thesis aims at understanding the origin of ferroelectricity
in this new type of ferroelectric based on HfO2 ultra-thin films. For that, we focus
on the epitaxial growth of these films in order to achieve single phase ferroelectric
materials and to improve the quality of the interfaces. The role played by different
substrates on the stabilization of the ferroelectric phase is then studied. A specific
chemical composition Hf0.5Zr0.5O2 is chosen in most of this work because of its ro-
bust ferroelectric behavior, as reported by others, and its larger Zr content (more
abundant element than Hf). Furthermore, taking advantage of the unique proper-
ties of this material, we integrate it as a tunnel barrier with magnetic electrodes. In
this way, the first multiferroic tunnel junctions with ferroelectric HfO2-based barri-
ers are produced and characterized in this thesis work. This thesis is structured as
follows:

Chapter 2: introduces experimental techniques that are used in this work.

Chapter 3: Compared to the usually reported polycrystalline films, we take ad-
vantage of high kinetic energy of pulsed laser deposition (PLD) to grow ”cleaner”
epitaxial films with single phase on SrTiO3 substrates. A novel ferroelectric rhom-
bohedral phase, different from the usually reported polar o-phase, is found in our
work. With this phase, a large remanent polarization up to 34 µC/cm2 is obtained in
ultrathin film down to 5 nm. In addition, we solved an inconvenient technical prob-
lem: the wake-up effect. According to the results of our work, we propose a model
for the stabilization of this ferroelectric phase, which, as a result, also provides a
method to possibly realize nanoscale ferroelectricity in other binary simple oxides.

Chapter 4: Hf0.5Zr0.5O2 thin films are grown on different substrates, mainly on
perovskite substrates with different lattice parameters for studying the strain effect,
but also on hexagonal substrates with very different chemistry as Al2O3 (sapphire).
The relationship between the film orientation and phases are investigated. This
work provides a rationale to understand the stabilization of the different ferroelec-
tric phases.

Chapter 5: We report for the first time on multiferroic tunnel junction with Hf0.5Zr0.5O2,
using an ultrathin ferroelectric Hf0.5Zr0.5O2 barrier of only 2 nm in thickness. The
importance of this is that we are able to make actual wire-bonded devices with an
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exceptionally large yield. We demonstrate a four resistance states memory due to the
combination of TMR and TER effect by magnetic and electric field switching. This
will be added to the family of phenomena in which Hafnia-based ferroelectrics are
showing to surpass the best classical materials, such as BaTiO3 or PZT.

Chapter 6: Following the work of chapter 5, with electric pulse cycling, a strong
magnetoelectric coupling and huge TER are developed in the tunnel junctions. The
mechanism of reversed spin-polarization and, concomitantly, massively increased
TER are studied in this chapter. We find these effect could be independent from the
ferroelectric polarization switching. This work promotes better understanding of
this multiferroic system and paves the way for the future possible applications.
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