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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]
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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).
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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),



1

1.3. A new type of ferroelectrics: HfO2-based thin films 15

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
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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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hafnium oxide thin films,” Applied Physics Letters 99(10), p. 102903, 2011.

[65] S. Starschich, T. Schenk, U. Schroeder, and U. Boettger, “Ferroelectric and piezoelectric
properties of hf1-xzrxo2 and pure zro2 films,” Applied Physics Letters 110(18), p. 182905,
2017.

[66] T. Shimizu, T. Yokouchi, T. Shiraishi, T. Oikawa, P. S. R. Krishnan, and H. Funakubo,
“Study on the effect of heat treatment conditions on metalorganic-chemical-vapor-
deposited ferroelectric hf0.5zr0.5o2 thin film on ir electrode,” Japanese Journal of Applied
Physics 53(9S), p. 09PA04, 2014.

[67] M. Hyuk Park, H. Joon Kim, Y. Jin Kim, T. Moon, and C. Seong Hwang, “The effects of
crystallographic orientation and strain of thin hf0.5zr0.5o2 film on its ferroelectricity,”
Applied Physics Letters 104(7), p. 072901, 2014.

[68] T. Shiraishi, K. Katayama, T. Yokouchi, T. Shimizu, T. Oikawa, O. Sakata, H. Uchida,
Y. Imai, T. Kiguchi, T. J. Konno, et al., “Impact of mechanical stress on ferroelectricity in
(hf0.5zr0.5)o2 thin films,” Applied Physics Letters 108(26), p. 262904, 2016.



1

26 1. Introduction
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Chapter 2

Experimental techniques

Abstract

This chapter introduces experimental techniques which were used for this work. We in-
troduce film growth by the Pulsed Laser Deposition (PLD) method, including in situ
monitoring by Reflection High Energy Electron Diffraction (RHEED); structure charac-
terization by X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM);
magnetic properties measured by SQUID magnetometry; Scanning Probe Microscopy for
topography and ferroelectric characterization; and macroscopic ferroelectric polarization
measurements.

2.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical thin-film deposition technique, which has shown
great success in the growth of epitaxial high-quality thin films, and in particular complex-
oxides films, heterostructures and superlattices with well controlled interfaces.[1, 2]

2.1.1 PLD set-up

The PLD system used in our lab, consists of three main parts (see Fig. 2.1 (a)), including
an excimer laser (Lambda Physik COMPlex Pro 205 KrF, λ = 248 nm) shown in Fig. 2.1 (b),
the main vacuum chamber and a reflection high energy electron diffraction (RHEED) set-up.
The main chamber is shown in Fig. 2.1(c), which contains the heater to which the substrates
are attached and a target carousel which can host up to five targets at once. An optical path,
composed by slits, reflective UV mirrors and focusing lens, is used for determining laser shape
and the fluence on the target. When the laser pulses ablate the target, a plasma plume is
created depositing the materials on the substrate fixed to the heater, which is placed opposite
to the target. The RHEED is used for the investigation of the surface morphology during thin
film growth. PLD has demonstrated good stoichiometric transfer of material from target to
substrate at high ambient pressure, which facilitates the high quality growth of oxides.
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Figure 2.1: (a) The pulsed laser deposition setup (from the Twente Solid State Technology
system) used in the Nanostructures of functional oxides group in University of Groningen,
which consists of three main parts: Laser, main chamber and RHEED; (b) laser generator; (c)
the inner chamber of PLD system.

2.1.2 Basic principles

Although the basic setup of PLD is simple, the interaction between laser, target and substrate
during film growth are actually quite complex[3], including plasma formation and propaga-
tion, and film nucleation and growth.

When a pulsed high-energetic laser beam ablates the target, a dense layer of vapor is
formed in front of the target at the early stage of the laser pulse. Energy absorption due to
the remaining laser pulse, increases the pressure and temperature of this vapor, giving rise
to partial ionization. This layer expands from the target surface because of the high pressure
and forms the ”plasma plume”. Plasma formation is dependent of the laser wavelength and
energy, which determines the penetration depth into the target. In our system, a UV light
laser source with a wavelength of 248 nm is utilized. To avoid particles on the film surface,



2

2.1. Pulsed laser deposition 33

most of the laser energy should be absorbed in the shallow layer at the target surface.[4, 5] The
formed plasma plume has the same stoichiometry of the target and transfers it to the films on
the substrate, so the quality of the target is very important. Low density of ceramic materials
make it very easy to create big particles during ablation which seriously influence the quality
of the deposited films. Thus it is better to use dense targets (see details of Hf0.5Zr0.5O2 target
synthesis in Chapter. 3).

After formation of the plasma plume, during its expansion, internal thermal and ioniza-
tion energies are converted into kinetic energy. With the propagation of the plasma plume
into the background gas, multiple collisions cause the attenuation of the kinetic energy. The
penetration length of the plume, where the thermalization occurs, should be comparable to
the target to substrate distance. Different models for low and high background pressure, such
as the ”drag force” and ”shock wave” models,[6, 7] have been proposed to describe the loss of
kinetic energy by the plasma. The ”plasma range” can be defined by the characteristic length
scale using an adiabatic thermalization model.[8] One of the main features of PLD is the am-
bient gas parameters, such as mass and pressure, which influence the interaction with the
plasma plume and thus its kinetic energy. By tuning the pressure from, typically 10−7 mbar
to 0.5 mbar, the kinetic energy can be strongly modified, having a very large effect on the thin
film growth.[9]

As the plasma particles arrive at the substrates, adatoms rearrange on the surface by dif-
fusion and subsequent incorporation by nucleation and growth. These processes are greatly
related to the deposition duration and deposition repetition rate. Here, a mean diffusion time
tD is introduced, which is the time scale for the atomistic processes including collision and
nucleation. The mean diffusion time can be estimated as:

tD = V −1exp(
EA
κBT

) (2.1)

where V is the attempt frequency for atomistic processes, EA is the activation energy for
diffusion and κB is Boltzmannn’s constant. The deposition can be considered as a single
instantaneous pulse, which is followed by a relative long interval, determined by the pulse
repetition rate. During this time interval, the annealing process happens.[9]

Many parameters can control the growth rate, such as the laser fluence at the target, the
pulse energy, the distance between target and heater, the growth temperature and the ambient
gas pressure and so on.[10, 11] A high deposition rate can cause a high degree of supersatura-
tion ∆µ[12], which leads to layer-by-layer nucleation of a high density of small clusters. Due
to the separated deposition pulse and subsequent growth during the pulse interval, PLD is
good for the study of growth kinetics.
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Figure 2.2: The schematic drawings of different types of growth mode: (a) 3D island growth
(Volmer-Weber); (b) layer by layer growth (Frank-Van der Merwe); (c) Stranski-Krastanov
(layer-plus-island growth).

2.1.3 Growth modes

The thermodynamic approach is used to describe crystal growth close to equilibrium, which
has also been used to determine growth modes of thin films close to the equilibrium.[13] In
this method, the balance among the free energies of film surface, substrate surface, and the
interface between film and substrate is used to determine the film morphology.

There are several growth modes of thin films [14–16] as shown in Fig. 2.2: 1) Three-
dimentional (3D) island growth (Volmer-Weber). When there is no bonding between film
and substrate, 3D islands are formed. This growth will cause rough multilayer films. 2) Layer
by layer growth (Frank-Van der Merwe). Due to the strong bonding between film and sub-
strate, the total surface energy of wetted substrate (film surface + interface between film and
substrate) is lower than the bare substrate surface energy. This is an ideal growth mode for ob-
taining the epitaxial films. 3) Layer-plus-island growth (Stranski-Krastanov growth). It is an
intermediary process characterized by both layer (2D) and island (3D) growth. The first few
monolayers is a layer-by-layer 2D growth mode. Beyond a critical film thickness, strain be-
tween film and substrate, chemical potential of films influence the nucleation and coalescence
of islands formation.

Many vapor-phase deposition techniques, such as PLD, do not usually operate in the ther-
modynamic equilibrium regime and kinetic effects need to be considered. Due to the limited
surface diffusion and the large nucleation rate, the deposited materials can not reorganize to
minimize the surface energy, thus kinetic effects will cause the occurrence of different growth
modes.[9]
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2.2 Characterization methods

2.2.1 Reflection High Energy Electron Diffraction

Figure 2.3: (a) The schematic drawing of RHEED diffraction geometry, reprinted from Ref.
[17, 18]. Different RHEED patterns corresponding to real surfaces of samples: (b) flat and
single-crystalline surface; (c) flat surface with small domains; (d) two-level stepped surface;
(e) multilevel stepped surface; (f) vicinal surface; (g) 3D islands, reprinted from Ref. [19].

Reflection High Energy Electron Diffraction (RHEED) is a tool commonly used to study
the surface science and enables us to follow the surface quality in-situ during the film growth.[20–
22] The RHEED consists of an electron gun where electrons are accelerated by a high voltage
( 30 KV and arrive at sample surface with grazing incidence angles. This grazing angle of
electron beam and the azimuth angle of beam incidence with respect to crystal orientation
are very important to define the diffraction conditions. So, clear diffraction patterns can be
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obtained by adjusting these angles. From the diffraction pattern which is focused on a fluo-
rescence screen, we can get information of surface growth modes, and from the variations of
the diffracted spots and intensities, the film growth rate can be monitored.[23, 24] Fig. 2.3(a)
shows the RHEED diffraction geometry.[25, 26] Since the sample growth is not always ideal,
there are multiple possibilities for the growth to occur as described in the Fig. 2.2. Different
RHEED patterns corresponding to different surface morphologies [19] are shown in the Fig.
2.3(b)-(g).

2.2.2 X-ray Diffraction

After film deposition, the X-ray diffraction techniques for thin films characterization we are
using in this work are listed below:

Figure 2.4: A typical reflectivity measurement for Hf0.5Zr0.5O2 film grown on a sillicon sub-
strate. Inset: the schematic drawing of X-rays incidence in different layers.

• X-ray reflectivity

X-ray reflectivity (XRR) is a technique to investigate the properties of thin layered films,
including thickness, roughness, and density.[27–29] A reflectivity curve of a Hf0.5Zr0.5O2 film
grown on a silicon substrate is shown in Fig. 2.4. If the X-ray incidence beam angle θ is be-
low a critical angle, it undergoes total external reflection. The critical angle is related to the
density and composition of film. When the incidence beam angle is above the critical angle,
as indicated by the inset sketch, X-ray waves are reflected from each different interface in a
single-layer thin film, which can interfere with each other, showing oscillations (called Kies-
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sig fringes [30]). These fringes are created by the phase difference between X-rays reflected
from different surfaces, and its period is dependent on the film thickness (thicker film, the
shorter period of the oscillations). Moreover, how quick the reflectivity curve intensity decays
and oscillations disappear, indicates the roughness of the film including surface and inter-
face roughness, since more diffuse scattering happens in a rougher surface.[31] More complex
examples and film parameters extraction from curves fitting can be found at Ref.[32].

Figure 2.5: (a) Bragg’s law expressed in vector notation; (b) Ewald sphere construction,
reprinted from Ref. [33].

• Specular XRD

X-ray diffraction (XRD) is a powerful tool for characterizing the structure of a crystalline
material.[34, 35] Different planes are detected based on Bragg’s law[36], which can be ex-
pressed in vector notation (Fig. 2.5(a)):

(S − S0)/λ = G (2.2)

where S and S0 are the unit vectors along the directions of the diffracted and incident beams;
λ is X-ray wavelength; G is the reciprocal lattice vector, |G| = 1/d∗hkl, and dhkl is the lattice
plane spacing.[37] Based on this, Ewald’s sphere construction is a geometrical expression of
Bragg’s law. As shown in Fig. 2.5(b), the reciprocal lattice point (hkl) that intersects the surface
of the Ewald sphere contributes to the diffraction condition.
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Figure 2.6: Theta-2theta scan on one of our typical samples with Hf0.5Zr0.5O2 film grown on
the La0.7Sr0.3MnO3/SrTiO3 substrate.

Specular XRD (out-of-plane theta-2theta scan) is mainly used to study the periodicities
perpendicular to the sample surface, thus only the planes which are parallel to the sample sur-
face can be detected. As shown in Fig. 2.6, the position of the peaks indicate the lattice spacing
according to the Bragg’s law as described above. In addition, Laue oscillations surround-
ing the Bragg peak, suggest lateral homogeneity and well-defined interface between epitaxial
films and their substrates. Film thickness can also be estimated as t = λ/2(sin θn+1 − sin θn)

(λ is 1.5406 Å with lab X-ray source, θn+1 and θn are two adjacent maxima of oscillations).
Complementarily, the width of the Bragg peaks show the microstructure information such as
grain size according to the Scherrer equation[38]. This technique is very helpful to know the
out-of-plane lattice parameters of epitaxial films, which in turn allows to estimate which out-
of-plane lattice plane is in this work.

• Grazing incidence XRD

Grazing incidence XRD (GIXRD) is a technique suitable to study the structure of polycrys-
talline thin films.[39] As shown in Fig. 2.7, a small angle ω for the incidence beam is fixed, and
2θ is scanned. It is very sensitive to the surface layer since wave penetration is limited by
the small incidence angle. The diffracted signals are very dependent on the incidence beam
angle. If the incidence angle is too small, then the x-ray beam will be fully reflected, while
if the angle is too big, the depth penetration is deep such that the film information will be
completely screened by the substrates. Thus the incidence beam angle should be as small as
possible to achieve most of information from the top layer but not smaller than the critical
angle. Recently, many groups have reported polycrystalline doped HfO2 thin films grown by
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various methods[40–42]. Their structures are typically analysed by GIXRD.

Figure 2.7: The schematic drawing of grazing incidence XRD.

• Pole figures

The orientation of thin films has a great influence on the film properties, in turn influenc-
ing the devices built from them. For example, it is worth mentioning the behavior of ferro-
electric memories and their corresponding polarization directions in this study strongly the
film orientation. Pole figure measurement is a technique which offers us the information of
orientation texture in the film. With the diffraction angle (2θ) fixed, the diffracted intensity is
collected by scanning along χ (rotation angle away from the sample surface normal direction)
and φ (rotation angle around sample surface normal direction) shown in the Fig. 2.8(a) up
panel. Pole figure can be in the form of stereographic projections which represent the orienta-
tion distribution of crystallographic lattice planes.[43] As shown in Fig. 2.8(a) bottom panel,
the reciprocal space lattice points of a sample on the stereographic sphere can be projected
on the equatorial plane by connecting them with the south pole of the stereographic sphere,
and the intersection point is the reflection point of the lattice planes in the pole figure. The
direction along the radius direction is χ, and along the perimeter circle is φ which represent
the rotation angle around sample surface normal direction in stereographic sphere.[43]

To obtain a pole figure measurement, 2θ is fixed at the position corresponding to the lat-
tice plane (hkl), the sample is rotated with χ from 0 to 90◦ and φ from 0 - 360◦. Thus all of
same family of hkl planes will be detected and shown in the different positions of φ and χ.
According to these different positions, the texture of a film can be figured out. Here a simple
example is explained in Fig. 2.8(b). The detector is fixed at 2θ ∼ 30◦ which is the position of
(111) peak of Hf0.5Zr0.5O2 (HZO) film. φ and χ are scanned for detecting all of {111} planes
in film. Top-panel in Fig. 2.8(b) shows the pole figure, with peaks at χ∼ 55◦, and they are 90◦

from each other in φ. Since there are different family of {111} planes, when the phi is scanned
from 0 to 360◦, we can find four different planes (111), (11-1), (1-11), (-111), thus there are four
poles shown in the pole figure. As a result, we are able to know the film is (001)-oriented,
since (111) plane is ∼ 55◦ away from (001) plane. The complete texture is shown in bottom
panel of Fig. 2.8(b). In this work, this technique is widely used to figure out the orientation of
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films.

Figure 2.8: (a) The representation of pole figure from the stereographic sphere (reprinted from
ref. [43, 44]); (b) pole figure of (111) peak in [001]-oriented HZO film on LaAlO3 substrate in
our work.

2.2.3 Scanning Probe Microscopy

Atomic force microscopy (AFM) has many modes, among which contact and tapping mode
are two most widely used. In contact mode, the probe tip is in constant physical contact with
the sample surface. The surface topography induces a vertical deflection of the cantilever,
which is recorded as a contrast that will be represented as images. The main drawbacks of
this mode, are that the tip is typically subjected to mechanical stress and contamination by
dragging particles around is likely to occur. In tapping mode, the above problems are greatly
avoided.[45–47] The later is the mode preferred in this work, unless otherwise stated. As
shown in Fig. 2.9(a), samples are mounted on a piezo stage, which can be scanned by a AFM
tip. By lightly tapping the surface with an oscillating probe tip, the cantilever’s oscillation
amplitude changes with sample surface topography, which is recorded by the photo detector
and converted to a topographical signal.
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Figure 2.9: (a) Schematic drawing of atomic force microscopy (reprinted from Bruker com-
pany); (b) In piezoelectric force microscopy, for ferroelectric materials with polarization up
and down, when the voltage is applied on the tip, the sample will locally expand or contract,
showing piezo effect; (c) The expected phase, amplitude signal; and in (d) typical images of
topography, amplitude, phase in LiNbO3 single crystal are shown with respect to the different
polarization domains (reprinted from Ref. [48, 49]).

There are many extensions of AFM techniques related to different types of tips and sur-
face properties, such as magnetic force microscopy, Kelvin probe force microscope (KPFM),
conducting AFM, piezoelectric force microscopy (PFM). PFM and KPFM are the two main
varieties employed in this work. PFM technique was first implemented by Güthner and
Dransfeld.[50] It is a contact mode technique able to measure the mechanical response when
an electrical voltage is applied to the sample surface with a conductive AFM tip as shown in
Fig. 2.9(b). The sample locally expands or contracts corresponding to different electric stimu-
lus. It is widely used for imaging and manipulating the piezoelectric and ferroelectric materi-
als domains. When oscillating voltage is applied, if the piezoresponse is parallel to the driving
voltage, the strain by piezo effect will be positive and sample expands (in-phase), otherwise
when they are anti-parallel, sample contracts (180◦ out-of-phase). Thus the polarization di-
rection of sample can be determined from the phase image. As indicated in the Fig. 2.9(c), in
different domains with different polarization direction, the phase signal and amplitude signal
are present. Phase shows 180◦ contrast but amplitude only varies at the domain boundaries.



2

42 2. Experimental techniques

The PFM images are shown in Fig. 2.9(d) is 2D mapping by combing several line scans from
Fig. 2.9(c). In addition, PFM can be also used to switch the ferroelectric polarization direc-
tion applying a DC bias which is bigger than the coercive field. This lithography technique
could be used to design different domain patterns.[48] In this work, this electric lithography is
used to switch the polarization direction in ultrathin HZO films and prove its ferroelectricity.
Futhermore, KPFM is also used in this work to detect the surface potential of samples. Due to
the different properties of surface, such as different charge states, work function, adsorption
layers, and so on, the contact potentials are different.[51] In this case, different polarization
domains, will show different contrast in KPFM.

2.2.4 Scanning Transmission Electron Microscopy

Figure 2.10: (a) Schematic drawing of scanning transmission electron microscopy (STEM),
picture from JEOL company; (b) The representation of TEM specimens preparation process
for both cross-section and plane-view.

In this work, high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) is used to study the nanostructures of our thin film, which is a method to
form atomic scale images by collecting incoherently scattered electrons with a high angle an-
nular dark-field detector as shown in Fig. 2.10(a).[52]. This mode of electron microscopy
enables z-contrast (contrast∼ Z2), in real space with atomic scale resolution. In this work, we
obtain both atomic scale information about structure of the various layers and corresponding
interfaces, and nanoscale local information about the domains using electron microscopy.

The specimen preparation for transmission Electron Microscopy (TEM) measurements is
very important. Since the damage of sample could happen during this process, it will se-
riously influence the structure characterization. In this work, a gentle method is utilized to
prepare both cross-section and plane-view specimens for the structure analysis.[53, 54] The
main procedures are plotted in the Fig. 2.10(b). After cleaving sample, it is mounted in a brass
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ring, and by mechanical polishing and dimple grinding, the sample thickness is reduced to
around tens of micrometers. Then, by the Ar ion milling is performed until a hole visible. The
region of the sample near the hole is electron transparent, and suitable for TEM. For removing
the damaged part by the high energy of ions, the low-voltage of ion-polishing was done.[54]
The cross-section specimen of individual tunnel junction devices in this work are made by
focused ion beam (FIB). Compared to the ion milling, FIB allows us to choose the exact region
of interest.

2.2.5 Magnetic properties characterization

Before fabricating the devices, the magnetic properties of unpatterned stack of films are tested
in magnetic properties measurement system (MPMS) to check the parallel and antiparallel
magnetic configurations for the application of magnetic tunnel junction. When the sample
moves through the detection coil, a liquid helium cooled superconducting quantum inter-
face device (SQUID) is used to measure the change in the magnetic flux, which in the end
is converted to, and measured as current. The MPMS used in this work, is able to measure
the magnetic properties from 1.8 to 400 K under the magnetic field up to 7 Tesla. The mag-
netic hysteresis loops at different temperature and magnetism-temperature measurements are
performed by MPMS to study our films.

2.2.6 Macroscopic ferroelectric polarization measurements

In this work, the macroscopic ferroelectric properties are measured by the aixACCT (TF anal-
yser 2000) system. The hysteresis loop is the dependence of polarization (P) as a function
of external applied electric field (E): P-E loop. There are two main modes in aixACCT used
to characterize P-E hysteresis loop: dynamic hysteresis measurement (DHM) and positive up
and negative down measurement (PUND). In both these modes, polarization is obtained from
the switched charge ∆Q in the capacitor by measuring current.

In DHM mode, the applied electric field scheme is shown in Fig. 2.12, the polarization can
be calculated by the formula:

P =
∆Q

A
=

1

A

∫
Idt (2.3)

I : measured current; A: the electrode area of the measured ferroelectric capacitor; t: time of
applied voltage.

DHM mode to obtain the polarization is suitable for an ideal ferroelectric insulator, in
which other electrical factors during the polarization switching, such as dielectric charging,
Ohmic resistance and leakage are negligible. However, usually ideal ferroelectrics do not ex-
ist in nature. Due to the other factors, they will add extra measured charges in the capacitor
which distort the hysteresis loops, as solid lines shown in Fig. 2.11. Thus to distinguish the fer-
roelectric polarization switching, the current-voltage switching curves compared to hysteresis
loops are more direct, see dashed lines in Fig. 2.11.
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Figure 2.11: Different types of hysteresis loops (solid lines) and IV curves (dash lines) due to
different contributions. Reprinted from Ref. [55].

PUND polarization measurement is a method to easily separate ferroelectric contribution
from the other effects [56]. The sketch of applied electric field in PUND mode compared to
DHM mode are shown in Fig. 2.12. The beginning pulse is a pre-switch pulse, after this,
the first read pulse (P, blue) is a switching pulse in the positive electric field region which in-
cludes ferroelectric and other non-ferroelectric switchings. the second one is an non-switched
pulse (U, pink) which records the non-ferroelectric switching. The third and last one are
again a switched pulse (N, blue) and a non-switched pulse (D, pink) in the negative elec-
tric field region which contains all of switching information and non-ferroelectric switching
as described in the positive region. Thus the ferroelectric contribution can be obtained by re-
moving the non-ferroelectric switching from the total effect: IrealFE (the current from the real
ferroelectricity switching) = Is (the current from the switching pulse) - Inon (the current from
the unswitched pulse). According to the above Equation. 2.3, the polarization from the real
ferroelectric switching part can formulate as:

P =
1

A

∫
(Is − Inon)dt (2.4)
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Figure 2.12: The sketch of applied electric field in DHM and PUND measurements.

In this work, PUND measurement is ultilized to precisely characterize the ferroelectric
properties in HZO thin films.
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Physik 402(6), pp. 715–768, 1931.

[31] S. A. Speakman, “Introduction to high resolution x-ray diffraction of epitaxial thin films,”
2012.

[32] M. Yasaka, “X-ray thin-film measurement techniques,” X-ray Reflectivity Measurement.
The Rigaku Journal 26(12), pp. 1–9, 2010.



2

48 2. Experimental techniques

[33] R. Chierchia, Strain and crystalline defects in epitaxial GaN layers studied by high-resolution
X-ray diffraction. PhD thesis, Universitat Bremen, 2007.

[34] H. P. Klug and L. E. Alexander, X-ray diffraction procedures: for polycrystalline and amor-
phous materials, Wiley-VCH, 1974.

[35] B. E. Warren, X-ray Diffraction, Courier Corporation, 1990.

[36] B. Warren, “X-ray diffraction methods,” Journal of Applied Physics 12(5), pp. 375–384, 1941.

[37] C. Hammond and C. Hammond, The Basics of Cristallography and Diffraction, vol. 214,
Oxford, 2001.

[38] A. Patterson, “The scherrer formula for x-ray particle size determination,” Physical Re-
view 56(10), p. 978, 1939.

[39] G. Renaud, “Oxide surfaces and metal/oxide interfaces studied by grazing incidence
x-ray scattering,” Surface Science Reports 32(1-2), pp. 5–90, 1998.
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Abstract

Hafnia-based thin films are a favoured candidate for the integration of robust ferroelectric-
ity at the nanoscale into next-generation memory and logic devices. This is because their
ferroelectric polarization becomes more robust as the size is reduced, exposing a type of fer-
roelectricity whose mechanism still remains to be understood. Thin films with increased
crystal quality are therefore needed. In this chapter, the epitaxial growth of Hf0.5Zr0.5O2

thin films on (001)-oriented La0.7Sr0.3MnO3/SrTiO3 substrates was reported. The films,
which are under epitaxial compressive strain and predominantly (111)-oriented, display
large ferroelectric polarization values up to 34 µC/cm2 and do not need wake-up cycling.
Structural characterization reveals a rhombohedral phase, different from the commonly
reported polar orthorhombic phase. This finding, in conjunction with density functional
theory calculations, allows us to propose a compelling model for the formation of the fer-
roelectric phase. In addition, these results point towards thin films of simple oxides as a
vastly unexplored class of nanoscale ferroelectrics.

3.1 Introduction
In recent years, the ferroelectricity in doped HfO2 system has drew lots of interest from people
due to its unexpected nanoscale ferroelectricity and great advantage of complementary metal
oxide semiconductor (CMOS) compatibility which allows the wide application of non-volatile
ferroelectric memories.[1] However, most works about this new type of ferroelectrics report
on ALD-grown films, which are polycrystalline and contain multiple phases, including mon-
oclinic (P21/c, m-phase), tetragonal (P42/nmc, t-phase), and orthorhombic (Pca21, o-phase).
In addition, the similarity of these structures and the small size of crystallites make a com-
plete structural characterization even more challenging. Therefore, well-oriented samples,
preferably in a single phase, are desired to study the factors responsible for ferroelectricity.
Single-crystal, epitaxial Y-doped HfO2 films have been achieved by PLD on yttrium oxide-
stabilized zirconium oxide substrates with the polar o-phase[2], reaching a polarization of 16
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µC/cm2. Here, we also utilize PLD to grow highly oriented ferroelectric Hf0.5Zr0.5O2 (HZO)
films on a perovskite SrTiO3 (STO) substrate with La0.7Sr0.3MnO3 (LSMO) as a back electrode
to gain insights into the role of strain on the ferroelectricity in hafnia-based systems.

3.2 Experimental methods
• Thin film synthesis: Thin films of HZO with thicknesses in the range of 1.5–27 nm were
grown by PLD on LSMO-buffered (001)-STO substrates. A KrF excimer laser with a wave-
length of 248 nm was used to ablate polycrystalline targets of LSMO (purchased from PI-KEM,
as the bottom electrode) and sequentially, HZO (home-made). LSMO was deposited using a
laser fluence of 1 J/cm2 and a laser frequency of 1 Hz under a 0.15 mbar oxygen atmosphere
and a substrate temperature of 775 ◦C. A ceramic HZO target (monoclinic P21/c phase) was
synthesized at 1400 ◦C by solid-state reaction, starting from HfO2 (99% purity) and ZrO2

(99.5% purity) powders. A fluence of 1.1 J/cm2 and repetition rate of 2 Hz was employed to
grow the HZO films. The deposition was performed in an oxygen pressure of 0.1 mbar while
keeping the substrates at a temperature of 800 ◦C. After deposition, the film was cooled down
to room temperature at a rate of 5 ◦C/min under an oxygen pressure of 300 mbar.
• X-ray structural characterization: The structure and orientation of the films was char-

acterized by XRD, using a Panalytical X’pert Pro diffractometer operating in two modes:
using the line focus of the incident beam for high-resolution θ − 2θ specular scans, which
provide the lattice parameters; and using the point focus of the incident beam, for high-
intensity/medium-resolution measurements of pole figures, which involve scanning ϕ (az-
imuthal angle) and χ (tilt of the sample plane around the incident beam direction) while the
detector is fixed at a particular Bragg reflection. Synchrotron diffraction measurements were
performed at the P08 High Resolution Diffraction Beamline in PETRA III, with a wavelength
of λ = 1.378Å, using a Kohzu six-circle diffractometer and a two-dimensional Pilatus 100k
detector.
• Electron microscopy and EDS: (performed by Pavan Nukala and Jamo Momand) Cross-

sectional and plan-view specimens for electron microscopy were prepared via the standard
procedure of mechanical grinding and polishing the samples down to 100 µm, and dimpling
(Gatan) followed by ion milling (PIPS II) to electron transparency. Some cross-sections were
also prepared via the focused ion beam (Helios 660 ThermoFischer Scientific) technique, and
both preparations yielded similar results. Electron microscopy and EDS were performed on a
Titan G2, Cs-corrected TEM equipped with an extreme field-emission gun and a Super X EDS
system with four solid-state detectors placed symmetrically along the optical axes. Atomic-
resolution imaging was performed in the HAADF-STEM mode, where the intensity in the
image is ∼Z2, thus yielding a clear atomic number contrast. Images were analysed using Im-
ageJ, TIA-ES Vision and Digital micrograph. EDS was performed simultaneously with image
acquisition in the HAADF-STEM mode. Chemical maps were acquired for 30 min with condi-
tions optimized and collected at thousands of X-ray photons per second, and analysed using
Bruker e-spirit software.
• Electrical measurements: LSMO top electrodes were deposited by PLD with the same

growth condition as the bottom LSMO electrodes. LSMO top-electrode pads with different
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sizes were processed by physical etching (ion milling). Planar LSMO/HZO/LSMO capaci-
tors were measured using a ferroelectric tester (AiXACCT, TF analyser 2000). The ferroelec-
tric response of the films was tested via PUND[3] measurements, which are able to separate
switching currents from other contributions.

3.3 Results and discussion

3.3.1 A rhombohedral phase of HZO
X-ray diffraction (XRD) θ−2θ patterns along the crystal truncation rod of HZO films with dif-
ferent thicknesses are shown in Fig. 3.1(a). The highest peaks mark the (001) specular Bragg
reflection of the STO substrate and the epitaxially grown LSMO bottom electrode with thick-
ness of∼30 nm; the third largest feature is the main Bragg peak of the HZO films appearing at
around 30◦. The crystal truncation rods are visible in the form of thickness oscillations, which
demonstrates the good crystalline quality and interfaces of the films. This 2θ value is slightly
lower than that corresponding to the (111) reflection in the commonly reported polar o-phase
in HZO, which appears at around 30.5◦ as shown by the black dashed line[4]. This indicates
an expanded (111)-spacing (d111) in the out-of-plane direction. In particular, extremely thin
films below 4 nm (Fig. 3.1(b)) display highly elongated unit cells with the (111) reflection ap-
pearing at 2θ well below 30◦. As the thickness decreases, the HZO (111) peaks shift rapidly to
smaller angles (larger d-spacing), which indicates a huge compressive in-plane strain for the
thinnest layers. For films thicker than 9 nm, new peaks appear (at 28.3◦ and 34◦), which can
be assigned to the m-phase, consistent with the stabilization of the m-phase with increasing
crystal size (while increasing thickness)[4].

Figure 3.1: XRD structural characterization of HZO films on LSMO-buffered 001-oriented
STO. (a) specular XRD pattern of HZO films with thicknesses ranging from 4 nm to 27 nm; (b)
specular XRD patterns of HZO films with thicknesses ranging from 1.5 nm to 4 nm.

According to the XRD patterns, the films are (111)-oriented (Fig. 3.1). Pole figure (texture)
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measurements were performed around the 111 peaks in a 9-nm-thick film. In a (111)-oriented
single-domain film, the other three reflections, (-111), (11-1) and (1-11), are expected at an an-
gle (χ) of ∼71◦ from the out-of-plane direction, with azimuthal angles (ϕ) differing by 120◦.
As seen in Fig. 3.2(a), 12 reflections instead of 3 are found at χ ≈ 71◦, revealing four crystal-
lographic domains with different but well-defined in-plane orientations. The crystal domains
are rotated 90◦ with respect to each other, following the four-fold symmetry of the template. In
addition, four weak reflections at χ ≈ 55◦ reveal a small amount of (001)-oriented component
in the film. Synchrotron XRD was used to scan all 13 reflections in the pole figure, revealing
that the 12 peaks with in-plane components of the scattering vector (at χ ≈ 71◦) share the ex-
act same 2θ = 27.13◦ (Fig. 3.2(b)), giving rise to a d-spacing (d11−1 = d1−11 = d−111 = 2.94Å)
that is significantly smaller than that of the out-of-plane (111) reflection (d111 = 2.98Å). Thus,
these measurements reveal a multiplicity that is only consistent with a rhombohedral unit cell
(Fig. 3.2(c)) and a polar (three-fold) axis out of the plane of the sample.

Figure 3.2: Domain configuration and symmetry. (a) pole figure around the (111) peak of a 9
nm HZO film at 2θ = 29.98◦. The radial direction represents χ, which ranges between 0◦ and
90◦, while the azimuthal direction represents ϕ, with a (0◦ − 360◦) range. Colour represents
intensity in log scale (left). (b) 2θ scans of the 13 peaks in the pole figure measured at the P08

High-Resolution Diffraction Beamline in PETRA III (DESY) with a wavelength of λ = 1.378Å.
(c) Sketch of the proposed rhombohedral structure of the HZO film with polarization along
the [111] direction.

To gain further understanding of the structure, we performed transmission electron mi-
croscopy (TEM) and local spectroscopy studies. Plane-view selected-area electron diffraction
(SAED), shown in Fig. 3.3(a) for a 9-nm-thick film, displays a superposition of diffraction
patterns from at least two domains of HZO. The {220} spots from both domains occur at
ϕ = 45◦ + 60n (yellow circles in Fig. 3.3(a)) and at ϕ = 15◦ + 60n (blue circles), with n being
an integer from 0 to 5 (theϕ = 0◦ direction is defined as the [100]STO direction). HZO domains
rotated 180◦ about the [111]HZO (‖ [001]STO) direction give identical plane-view diffraction
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patterns ({220} spots with d220 = 1.79Å in Fig. 3.3(a)). Thus, the SAED results are con-
sistent with the existence of four domains rotated by 90◦ from each other around [111]HZO
as is independently revealed by X-ray pole figure analysis in Fig. 3.2(a). Furthermore, an
epitaxial relation between the substrate and the film with [1 − 10]HZO ‖ [1 − 10]STO , and
[11− 2]HZO ‖ [110]STO , can be clearly identified.

Figure 3.3: Electron microscopy characterization. (a) plane-view SAED pattern from a 9-nm-
thick HZO sample. The out-of-plane direction is [111] (zone axis). The {220} spots (d220 =

1.79Å), corresponding to at least two different domains (yellow and blue circles, respectively)
rotated by 90◦ with respect to each other, can be clearly identified; (b) cross-sectional HAADF-
STEM image (corrected for sample drift) of the 9-nm-thick HZO film, observed along the
[110] zone of the substrate (ϕ = 45◦). Inset (left): Fourier transform of the [111] domain;
(c) representative cross-sectional HAADF-STEM image (drift-corrected) of a 4-nm-thick film,
observed along the zone axis defined by ϕ = 15◦; (d) HAADF-STEM image observed along
STO [100], revealing a clear interfacial t-phase of HZO.

Next, we performed cross-sectional high-angle annular dark-field scanning TEM (HAADF-
STEM) analyses on 4-nm- and 9-nm-thick films, along zone axes defined by ϕ = 0◦ ([100]STO),
ϕ = 15◦ and ϕ = 45◦ ([110]STO). Fig. 3.3(b) displays a HAADF-STEM image from a 9-nm-
thick sample (zone axis, ϕ = 45◦), clearly showing the coexistence of majority and minority
HZO domains with the [111]HZO and [001]HZO out-of-plane, respectively, in agreement with
the XRD data. From the fast Fourier transform (inset, Fig. 3.3(b)) across many images, we
deduce that d111 = 2.95 − 3.01Å and d11−1 = 2.92 − 2.96Å. These values (d111 6= d11−1)
provide a clear confirmation of the non-orthorhombic nature of this phase (see Fig. 3.4 for
analysis based on forbidden spots) and support the rhombohedral phase revealed by the syn-
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chrotron XRD measurements (Fig. 3.2(b)). Fig. 3.3(c) displays a HAADF-STEM image from a
4-nm-thick sample (zone axis, ϕ = 15◦), where we observe the coexistence of different (111)-
oriented domains. Notably, (001)-oriented areas are only rarely found at these low thicknesses
(see Fig. 3.5).

Figure 3.4: SAED simulations of the polar orthorhombic phase (Pca21). (a) SAED diffraction
simulations of Pca21 phase, along the [110] and [101] zone axes. Along the [110] zone, we note
that both the (001) and the (1-10) spots are forbidden. Along the [101] zone, (10-1) is forbidden,
and along [011] (not shown), the (100) spots are forbidden; (b) x-HAADF-STEM image from a 9
nm thick sample in the with zone axis: [100]STO . Domain coexistence (majority c-axis= [111],
and minority c-axis= [001] can be clearly observed. Inset on the right shows FFT in which
some spots from the 001 domain are indexed and circled. In an orthorhombic Pca21 phase,
one of the (001) or the (110) spots should be forbidden (by symmetry). However, we see both
of them, clearly suggesting that we have a different ferroelectric phase than the commonly
reported Pca21 phase.

We analysed the chemistry and structure of the interface between HZO and LSMO through
energy-dispersive spectroscopy (EDS) performed in conjunction with HAADF-STEM. Com-
parison of the EDS chemical maps with the HAADF-STEM image (zone axis, ϕ = 0◦) reveals
the presence, at the interface with LSMO, of 2-3 monolayers of HZO that are in a different
phase to the rest of the HZO film (Fig. 3.6). This interfacial HZO phase is completely strained
to the substrate (a = 3.91Å), which corresponds to a huge (∼8%) in-plane tensile-strained
t-phase (a = 3.60Å in the unstrained t-phase), as shown in Fig. 3.3(d) (see also Fig. 3.6(c)
for HAADF simulations). This in-plane tensile strain results in a much lower out-of-plane pa-
rameter measured as c/2 = 2.31− 2.44Å (across several images), compared to the unstrained
t-phase (c = 5.12Å). An interfacial t-phase has previously been observed in ALD-synthesized
doped-HfO2 samples with TiN electrodes[5], and also on epitaxially strained Y-doped ZrO2

films grown on STO[6]. After the above-mentioned two atomic layers at the interface, the
r-phase grows under compressive strain. With increasing thickness, the m-phase in the [001]-
orientation appears (Fig. 3.7), also in agreement with the XRD data.
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Figure 3.5: Domains in 4nm thick sample. Representative HAADF-STEM image from a 4 nm
thick sample (Fig. 3.3(c)), with zone axis defined by ϕ = 15◦. At least two domains (green
and yellow, 180◦ rotated), with out of plane [111] can be seen. The [001] out of plane domains
in this sample were very rarely found (as opposed to the 9 nm thick sample). Insets on the
left and right show FFTs of the yellow and green domains respectively. d111 ≈ 2.95 − 3.01Å,
d11−1 ≈ 2.93− 2.97Å in both the domains.

Figure 3.6: Interfacial tetragonal phase. (a) Hf and Mn chemical maps obtained via energy
dispersive spectroscopy in a 9 nm thick sample; (b) corresponding HAADF-STEM (ϕ = 0◦)
image. Comparing (a) with (b) clearly shows that interfacial phase is indeed chemically HZO,
fully strained with respect to the substrate, and in a different phase compared to the rest of the
HZO film. It can be matched to an ∼8% in-plane tensile strained t-phase of HZO, simulated
in (c).
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Figure 3.7: Evolution to a monoclinic (bulk) phase with thickness. HAADF-STEM cross-
section image (ZA, ϕ = 45◦) of a 9 nm HZO sample showing a gradual evolution of r-phase
into bulk-m phase with increasing thickness. (inset left), HAADF-STEM simulation of an m-
phase clearly showing the zig-zag atomic positions along [112] (horizontal direction), (right)
HAADF-STEM image simulation of the r-phase. Renditions of various rhombohedral struc-
tures obtained from our structural search are shown in Fig. 3.11.

3.3.2 Ferroelectricity of rhombohedral HZO

To test the ferroelectric behaviour of the films, we obtained polarization versus voltage (P–V)
loops through positive up negative down (PUND) measurements (Fig. 3.8(a)). Bistable switch-
ing and hysteresis loops can be observed in Fig. 3.8(b) and (c) for 5-nm- and 9-nm-thick films.
After subtracting the non-ferroelectric switching contribution, the blue lines show only the
ferroelectric switching current with coercive field, Ec, around 5 MV/cm and 3 MV/cm, re-
spectively, consistent with the expected dependence of Ec on thickness (d) as Ec ∝ d−2/3.
The coercive fields are larger than the 1 MV/cm reported in ALD-grown films[7]. This could
be due to the clamping effect from the strained epitaxial film. However, the coercive field
itself does not increase on cycling (see Fig. 3.9(a)). Raw Current-Voltage loops (left) of a
LSMO/HZO/LSMO stack with a 9 nm HZO film performed at a frequency of 1 kHz (elec-
trode size 50 µm x 50 µm). A relatively safe voltage of 3V is chosen for the first two cycles.
However 3V is not sufficient driving voltage to switch the films. Thus we then increased the
applied voltage from 3 to 4 V. Corresponding P-V hysteresis loops are shown in the right. No-
tice that there is not much leakage at least up to first 1000 cycles. Also notice that the Pr in the
4th cycle (first cycle with applied voltage of 4V), is almost the same as Pr in the 1000 cycle,
suggesting negligible wake-up effect. The device becomes leaky after 100000 cycles. Thus it
is necessary to optimize the device endurance performance through domain/interfacial engi-
neering.
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Figure 3.8: (a) The sketch of PUND (Positive up negative down) measurement. Voltage pulse
scheme applied is shown in black, and the current response is shown in blue; PUND mea-
surements of 5-nm-thick (b) and 9-nm-thick (c) films under an electric field of frequency 1
kHz are shown. The blue lines are the current (I) versus voltage (V) curves after extracting the
non-ferroelectric switching response; the black lines are the integrated signal giving rise to the
corresponding P–V hysteresis loops.

The largest remanent polarization (Pr) values among all doped-hafnia compositions have
been obtained in La-doped and Gd-doped HfO2 films[8, 9]. The highest reported Pr in the
HZO is 26 µC/cm2 (with switching polarization of 45 µC/cm2), using a TiN capping layer
of at least 90 nm[7]. In our 5-nm-thick HZO films, Pr also reaches record values of around
34 µC/cm2 (Pr = 50µC/cm2 before subtracting the non-ferroelectric switching contribution,
as seen in Fig. 3.9(b))[2] compared to other epitaxial PLD. These values are large even when
compared with very good conventional perovskites, such as unstrained BaTiO3 (ref. [10]).
However, for the thicker 9 nm film, Pr drops to 18 µC/cm2. This finding can be rational-
ized by our TEM observations showing that the minority (001)-oriented domains (Fig. 3.3(b))
and m-phase (non-ferroelectric), which are absent or very rarely found in the thinnest sample,
gradually appear with increasing thickness (Fig. 3.7). It is interesting to note that the ferro-
electric loops are obtained readily after growth (see Fig. 3.9(a)), without the technologically
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inconvenient wake-up cycling required for other HZO systems[11, 12], indicating that the fer-
roelectric rhombohedral phase is stabilized by compressive epitaxial strain.

Figure 3.9: (a) I-V and corresponding P-V loops of 9 nm film upon cycling; (b) I-V (left) and
P-V (right) loops of 5 nm films under different electric field at 1kHz. The applied voltage is
increased sequentially from 3 to 4 V. Under 4 V of applied voltage, Pr = 50µA/cm2. Robust
ferroelectricity shows up without double switching (no wake-up), different from other HfO2-
based polycrystalline films.

3.3.3 Density functional theory calculations

Finally, we resorted to first-principles simulations to try to identify the rhombohedral HZO
phase observed in our films. (performed by Hongjian Zhao and Jorge Íñiguez at the Lux-
embourg Institute of Science and Technology (LIST)) Since we are not aware of any previous
report on a polar rhombohedral polymorph of HZO, we ran a blind search for (meta)stable
structures, using the genetic-algorithm approach implemented in USPEX[13–15]. For this
we employed standard first-principles methods, based on density functional theory, and a
simulation supercell of 12 atoms (see Experimental methods 3.2 for details). We ran our
search for pure HfO2 and pure ZrO2 compositions in bulk-like conditions. We obtained in
both cases an R3m structure with a small polarization of the order of 0.1 µC/cm2. Fur-
thermore, for the HfO2 composition we also found a second polymorph with R3 symme-
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try and a polarization of 41 µC/cm2. These rhombohedral phases lie above the P21/c bulk
ground state that is usually discussed in the literature on HfO2, which explains why they
have not been previously reported or observed. More precisely, from our calculations we ob-
tain E(R3m) − E(P21/c) = 158meV f.u.−1 and E(R3) − E(P21/c) = 195meV f.u.−1 for
HfO2. Note that the polar Pca21 phase of hafnia discussed in the literature is also more stable
than these rhombohedral polymorphs, as we obtain E(Pca21) − E(P21/c) = 64meV f.u.−1

(in agreement with ref.[16], which reports 62 meV f.u.−1 for this energy gap).

Figure 3.10: Theoretical calculations and proposed structure. (a) Computed polarization of
the R3m phase of HZO as a function of d111. Note that we simulate epitaxial strain, and thus
control d111, as described in the text, where larger d111 values correspond to smaller in-plane
lattice constants; (b) and (c), two views of the R3m phase obtained for epitaxially compressed
HZO and HfO2. Green (cyan) spheres represent Hf/Zr (O) atoms. The arrows show the
polar distortion with respect to a reference paraelectric structure with R3̄m symmetry, which
we deduce by appropriately symmetrizing the R3m state; (d) detailed view of the Hf/Zr-O
groups that characterize the R3m structure, allowing the main polar displacements, and how
they preserve the three-fold axis, to be more easily appreciated.

We then considered these two rhombohedral structures with the HZO composition, dis-
covering that on substitution of Hf by Zr, the R3 phase loses its stability in favour of the
weakly polar R3m polymorph. We studied several Hf–Zr arrangements compatible with the
three-fold symmetry, and observed that the R3 destabilization occurs in all cases. The R3m

phase of bulk-like HZO is characterized by d111 ≈ 2.94Å and P ≈ 1µC/cm2. Then, we exam-
ined the effect of epitaxial compression by running simulations for a number of fixed values of
the lattice constants in the (111) plane of the HZO R3m structure, allowing for the relaxation
of atoms and the out-of-plane lattice vector. As shown in Fig. 3.10(a), for an epitaxial compres-
sion corresponding to an out-of-plane d111 ≈ 3.25Å, we observe a clear structural transition
to a phase that retains the R3m symmetry but is strongly polar, with P ≈ 15µC/cm2. This
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d111 value is within the range of what we observe in our thinnest HZO films (for our films
with thickness between 1.5 nm and 9 nm, we estimate d111 values ranging between ∼ 3.27Å

and 2.98Å, respectively, from the XRD measurements in Fig. 3.1(b)). A definitive compari-
son between theory and experiment is not yet possible because of possible phase coexistence
in our films as they become thicker. Nevertheless, although our computational models do
not include effects (crystallite size; surfaces and interfaces; local deviations from the average
composition) that could help to stabilize particular phases, our results do suggest that our pre-
dicted R3m phase under epitaxial compression (Fig. 3.10(b)-(d)), and even the R3 polymorph
predicted in the Hf-rich limit, may be approximate representations of the rhombohedral struc-
ture in our actual samples (Fig. 3.11).

Figure 3.11: Rhombohedral polar phases of bulk HfO2 obtained in our structural search. (a)
and (b), show two views of theR3 phase, while (c) and (d) show two views of theR3m phase.
Hexagonal axes are shown as reference. Hf and O atoms are represented by green and blue
spheres, respectively.
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3.4 Conclusion

In general, we can expect epitaxial strain to lower the symmetry of the films. Thus, obtain-
ing a rhombohedral unit cell under isotropic epitaxial strain would imply an initially cubic
or rhombohedral crystallite. The present results therefore allow us to propose a model for
the formation of the as-grown ferroelectric phase reported here, as follows. PLD growth of
the thin films at high temperature enables the in situ crystallization of HZO. As previously
proposed for hafnia-based ferroelectrics, the small particle sizes induce the formation of low-
volume fluorite-like phases (either tetragonal or cubic)[17–19]. A plane-view bright-field TEM
image (Fig. 3.12) from a 9 nm HZO film shows an average grain size of ∼10 nm. Our exper-
iments strongly suggest that in the initial stages of the growth, after the formation of a fully
coherent, atomically thin interfacial layer, the internal pressure due to the small particle size
favours the undistorted cubic phase. As established by Demkov and Navrotsky[20], the (111)
crystal face of ZrO2 and HfO2 is energetically favourable, so cubic crystallites growing with
that orientation are expected. Due to the favourable epitaxial relationships induced by the
STO/LSMO stack (see Fig. 3.3(a)), the growing crystallites are subjected to a large epitaxial
compressive strain that elongates the cubic unit cell along the out-of-plane [111] direction, in-
ducing rhombohedral symmetry with a polar unit cell (as shown by the synchrotron XRD and
ferroelectric characterization).

Figure 3.12: Particle size estimation. (a) plane view bright-field TEM image of a 9 nm HZO
sample; (b) grain size distribution from the image in (a) revealing a median grain size of ∼10
nm (median grain area of 84 nm2).

Increasing the thickness allows the crystal size to grow, relieving the internal pressure,
thus favouring the monoclinic bulk structure. At the same time, the presence of the secondary
m-phase also helps to release the elastic energy of the compressively strained structure. Even
though XRD shows only traces of the m-phase for thicknesses above ∼10 nm, the TEM analy-
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sis shows that monoclinic (001)-oriented crystallites are already present in the 9-nm-thick film
(Fig. 3.7).

While the stabilization of a high-lying rhombohedral polymorph of HZO may seem sur-
prising, similar achievements have been accomplished for other ferroelectric thin films (for ex-
ample, the super-tetragonal phase of perovskite oxide BiFeO3 on compressive substrates[21]).
Moreover, the polymorphic character of HfO2 and ZrO2 should facilitate the stabilization of
unconventional structures under epitaxial constraints. The evolution of the polarization with
the epitaxial constraint reported here (Fig. 3.10 and Fig. 3.13) mimics the behaviour that is
typical among ferroelectric perovskite oxides[22, 23], suggesting that the connections between
these two families should be further explored.

Figure 3.13: Comparison of LDA and PBEsol functionals. We have solved our polar rhom-
bohedral phase, as a function of in plane lattice constant aIP , using both LDA and PBEsol
functionals. The quantitative differences are clear, and in line with our expectations: the LDA
curves for the polarization and d111 are shifted towards smaller aIP values when compared
with their PBEsol counterparts. This is a direct consequence of LDA’s well-known over-
binding error: for a fixed imposed value of the in-plane lattice constant aIP , LDA yields a
smaller volume than PBEsol, and thus a smaller out-of-plane lattice parameter and out-of-
plane polarization. Note also that, when we plot the evolution of the polarization as a func-
tion of the out-of-plane interplanar distance d111, the PBEsol and LDA results fall on top of
each other, showing that the obtained qualitative behavior for the polar R3m phase does not
depend on the functional used.
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In this work, we show that strain engineering can be used in very thin films of HZO to
induce a ferroelectric rhombohedral phase, with a large Pr of 34 µC/cm2. Further work is
required to tackle issues associated with the strain requisite, such as larger coercive fields or
more complex integration in three-dimensional architectures. The insights gained in this work
provide the missing clues in the understanding of robust ferroelectricity in thin hafnia-based
systems, and also help to overcome one of the main issues for their device utilization: the
wake-up cycling. Our theoretical calculations predict an even larger polarization for the rhom-
bohedral phases of Hf-rich compositions, and comparable values for epitaxially compressed
HZO structures. In addition, this work suggests a pathway to generate large ferroelectric
polarization in nanocrystallites of simple oxides, whose rich phase diagrams include cubic,
tetragonal and rhombohedral phases, and in particular in materials with a clear preference
for one specific crystal orientation. These highly oriented cubic phases can be stabilized dur-
ing growth and deformed into a polar structure via epitaxial strain. Furthermore, the highly
epitaxial growth of ultrathin ferroelectric hafnia-based films on LSMO has great potential for
multiferroic tunnel junctions.

3.5 Outlook
Our results of single crystal hafnia-based ferroelectrics grown on a perovsite magnetic oxide
have already inspired others. The group from ICMAB-CSIC, was able to directly reproduce
similar behavior in our work showing the reproducibility and robustness of this behaviour,
which adds to the excellent behavour of this material, already recognized as highly advanta-
geous for ferroelectric applications.[24] However, the following fundamental aspects of this
new-type of ferroelectricity still remain unclear, for example, what causes the robustness
against depolarization effects; why are the coercive fields large (∼2 MV/cm); is the polariza-
tion switching mechanism domain-mediated like in conventional ferroelectrics or something
different, and is there a temperature dependent ferroelectric-paraelectric transition and if so
what is the high-symmetry paraelectric phase? All of these questions need to be addressed
for better understanding its ferroelectricity in the future.
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Chapter 4

Guidelines for polar-phase formation in
epitaxial HZO thin films

P. Nukala, Y. Wei, & B. Noheda, To be submitted

Abstract

The unconventional Si-compatible ferroelectricity in hafnia-based systems, which be-
comes robust only at nanoscopic sizes, has attracted a lot of recent interest. While a
metastable polar orthorhombic (o-) phase (Pca21) is widely regarded as the origin of fer-
roelectricity, higher energy polar rhombohedral (r-) phases (R3m or R3) are recently re-
ported on epitaxial Hf0.5Zr0.5O2 (HZO) films grown on SrTiO3 and GaN substrates.
Here we review the existing work on epitaxial HZO and perform additional experiments
to identify the factors responsible for stabilizing various polar and non-polar polymorphs
in epitaxial thin films on various (mainly perovskites and hexagonal) substrates. Armed
with these result we reveal the following trends: On (100)-oriented perovskite substrates
with La0.7Sr0.3MnO3 (LSMO) buffer layer as the back-electrode, when HZO is (001)-
oriented, stabilizing in a mixture of non-polar monoclinic (m-) and tetragonal (t-) phases.
While a polar r-phase is stabilized when HZO films are (111)-oriented. On the hexagonal
substrates, with compressive strain, the (111)-oriented HZO films also favor the polar
r-phase. This work provides a guideline on the stabilization of the polar r-phase in HZO
films.

4.1 Introduction

Ferroelectric hafnia-based compounds owing to their simple chemistry, and Si-compatibility
are very promising materials that can seamlessly integrate ferroelectric phenomena into mi-
croelectronic devices.[1–3] In these systems, ferroelectricity becomes more robust with device
miniaturization, quite contrary to the behavior of conventional ferroelectrics where depolar-
ization fields become increasingly important at small sizes.[4–6] Hence this is a new kind of
ferroelectricity, leading to a growing interest in not just application-oriented research but also
in fundamental research on its origins and features[7–15].

Hafnia (zirconia) and hafnia-based alloys characteristically display a plethora of polymorphs[16].
While the monoclinic (P21/c, m-) phase is the bulk ground state, other low-volume metastable
polymorphs such as the tetragonal (t-), cubic (c-) or orthorhombic (o-) phases are responsible



4

70 4. Guidelines for polar-phase formation in epitaxial HZO thin films

for the various functionalities in these materials[17, 18]. These are high temperature, high
pressure phases in the bulk, which can be stabilized at ambient conditions via nanostructuring
[19], doping [1, 20–24], oxygen-vacancy engineering [25, 26], thermal stresses [27, 28] and epi-
taxial strain [21, 24, 29–36], all of which can be suitably factored into thin film geometries. In
particular, the ferroelectric behavior results from the metastable polar phases. First-principles
structure search calculations predict that at least five polar polymorphs (with space groups
Pca21,Cc, Pmn21,R3 andR3m) fall in an energy window possible to achieve experimentally,
among which the polar o-phase (Pca21) has the least energy[29, 37, 38]. This phase has been
observed (and sometimes assumed) in polycrystalline ferroelectric layers grown via atomic
layer deposition (ALD) [1, 20, 39, 40], chemical solution deposition (CSD)[41], RF sputtering
[42, 43], co-evaporation and plasma assisted atomic oxygen deposition [39], and epitaxial lay-
ers obtained via pulsed laser deposition (PLD)[24, 32–34, 36, 44, 45].

Recently, a higher energy polar rhombohedral (r-) phase has been observed on Hf0.5Zr0.5O2

(HZO) layers epitaxially grown on SrTiO3 (STO) substrates buffered with La0.7Sr0.3MnO3

(LSMO) as the back-electrode [29] (See the work in Chapter 3). Films below 9 nm exhibit
single r-phase, which is characterized by wake-up free polarization switching. Remanent po-
larization (Pr) values as large as 34 µC/cm2 were observed on these films (5 nm), the highest
reported in HfO2-ZrO2 alloys. Later, pure r- phase was also reported on 6 nm HZO layers
grown epitaxially on hexagonal GaN buffered Si substrates[46, 47], whereas a mixed m and
r-phases are reported on HZO layers epitaxially grown directly on Si (111) [48].

By systematically varying the initial strain conditions, and film orientation through a
choice of various substrates (using PLD), here, we present a comprehensive study leading
to guidelines on the stabilization of polar r-phase in this work. In deriving trends we utilize
the results recently reported for epitaxially grown 6 nm HZO layers on STO//LSMO (001)
[29], hexagonal GaN [46, 47], in addition to new data acquired in this work on other (001)
perovskite substrates and hexagonal sapphire (Al2O3).

4.2 Experimental methods
HZO thin films of thickness 6 nm were grown by PLD on LSMO-buffered perovskite (001)
substrates, and hexagonal sapphire. A KrF excimer laser (λ = 248 nm) was used for ablation
of a HZO target. The target was a pellet synthesized via standard solid-state synthesis (sin-
tering temperature: 1400 ◦C), starting from powders of HfO2 (99%) and ZrO2 (99.5% purity).
LSMO targets were purchased from PI-KEM, and were used to deposit the bottom electrode
on the perovskite substrates. Laser fluence of 1 J cm−2, laser frequency of 1 Hz, 0.15 m bar of
oxygen pressure, and substrate temperature of 775 ◦C were used to deposit the LSMO layers
(∼ 0.15 Å/sec, t = 40 nm). For the HZO layers on both hexagonal sapphire and LSMO-buffered
perovskite substrates, the corresponding growth parameters were 1.1 J/cm2, 2 Hz, 0.1 m bar
and 800 ◦C (deposition rate: ∼ 0.16 Å/sec). Films were cooled down at 5 ◦C/min to room
temperature under oxygen pressure of 300 mbar, unless otherwise mentioned.

Global structure, symmetry, phase-mixing and domains information was obtained from
x-ray diffraction (Cu Kα source). Texture analysis was performed via χ-φ (pole-figure) scans
at 2θ ∼ 30.0◦ (approximately corresponding to the d111 of the low-volume phases, includ-
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ing c-, t-, o-, r-phases), and at 2θ ∼ 34.5◦ (approximately corresponding to the d200 of all the
polymorphs). These will be referred to as 111 pole figure and 001 pole figures, respectively.
The d-spacings of the poles obtained from the χ-φ stereographic projections were more pre-
cisely analyzed through θ − 2θ scans around them, which from here on will be referred to as
‘pole-slicing’.

Local structural characterization and phase analysis was performed through STEM imag-
ing at 200 KV (Titan G2). (performed by Pavan Nukala) STEM images were obtained in high-
angle annular dark field (HAADF) mode. Chemical maps were generated via energy disper-
sive spectroscopy (EDS) in a four detector ChemiSTEM set-up on the Titan G2 aberration-
corrected electron microscope.

4.3 Results and discussions

Figure 4.1: Typical method to distinguish r-phase from other phases. (a) Pole figure around
the (111) peak of a 9 nm HZO film; (b) 2θ scans of the 13 peaks in the pole figure. (Also see
Fig. 3.2 in Chapter 3)

Fig. 4.1(a) and (b) show the {111} pole figure of HZO film epitaxially grown on LSMO-
buffered STO (obtained at 2θ = 27◦ for a synchrotron X-ray beam with λ = 1.378Å, which
corresponds to 2θ = 30.0◦ in lab source with λ = 1.54Å) and corresponding pole slicing[29].
The pole figure clearly shows that the HZO films are (111) oriented (Fig. 4.1(a)). While the
expectation from one single (111) domain is the presence of 3 poles at χ = 71◦, separated by
φ = 120◦ corresponding to (11-1), (-111) and (1-11), the existence of 12 poles in Fig. 4.1(a)
results from the existence of four domains rotated from each other by ∆φ = 90◦ with respect
to the film normal (azimuth, φ). Pole slicing of each of the 13 poles in Fig. 4.1(b) clearly shows
that 12 poles at χ = 71◦ share the same 2θ value which is larger than the position of 1 pole
at χ = 0◦ (out-of-plane), with a significantly longer lattice parameter out of plane (d(111) =

2.98Å > d(11−1)/(1−11)/(−111) = 2.94Å), indicating a 3:1 multiplicity of the {111} planes,
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which by definition renders the symmetry of the film to be rhombohedral. While for other
low volume polymorphs, such as c-, t-, o-phase, all of {111} planes have the same d-spacing.
Thus, the pole figures allow us to determine the film-orientation, and the corresponding pole-
slicing allows for symmetry determination within the experimental resolution.

In the following we discuss the main structural features of HZO 6 nm thick films on very
different substrates: a) (001)- oriented perovskites with different lattice parameters and b)
hexagonal (wurzite) substrates.

4.3.1 HZO on LSMO-buffered (001)-oriented perovskites
In this section, polar r-phase versus non-polar phases, and orientation changes with increasing
lattice parameters of substrates are studies. The list of LSMO-buffered perovskite (LBP) sub-
strates used, and corresponding pseudo-cubic lattice parameters are shown in Fig. 4.2(a). The
relevant lattice parameters d{110} and d{1−10} of HZO lies between 3.56 and 3.62 Å for various
polymorphs indicated by the red region. Thus, all the LBP substrates provide an initial tensile
strain for a cube-on-cube growth.

111 pole-figures of HZO/LBP with P = YAlO3 (YAO, a = 3.72Å), show 4 intense poles
(blue circles) at χ ∼ 57◦, separated in φ by 90◦ (Fig. 4.2(b)). This is the angle formed in be-
tween the [001] and the [111] directions in a cubic unit cell and, thus, it arises from a film
completely oriented along [001]. On HZO/LBP with larger lattice parameters of P, such as
LaAlO3 (LAO, a = 3.78Å) and (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT, a = 3.87Å) shown in Fig.
4.2(c), 12 poles at χ ∼ 71◦ (green circles) appear, weaker in intensity, in addition to the 4
intense poles at χ ∼ 57◦. These additional poles arise from (111)-oriented grains with four in-
plane domains, analogous to the case of HZO/LBP, with P = STO, previously discussed.[29]
Thus, HZO on these substrates exhibits a mixture of (001)- and (111)-oriented grains, and the
domains arising from these two different orientations will be referred to as D-(001) and Di-
(111) with i = 1-4, respectively. Upon further increasing of the lattice parameters of LBP (P =
STO, with a = 3.91Å, and P = DyScO3, DSO, with a = 3.94Å), HZO layers were obtained in
a [111] single orientation (Fig. 4.2(d)).



4

4.3. Results and discussions 73

Figure 4.2: (a) Corresponding pseudo-cubic lattice parameters of perovskite substrates dis-
cussed in this work; (b) Pole figure of HZO (111) peaks on YAlO3 showing [001] orientation;
(c) Pole figure of HZO (111) peaks on LaAlO3 and LSAT showing both [001] and [111] orien-
tations; (d) Pole figure of HZO (111) peaks on SrTiO3 and DyScO3 showing [111] orientation.

• Phase analysis We further analyzed these domains to determine the phases compris-
ing them. Here we present this analysis on a representative example of HZO on LBP, with P
= LAO. Note that these films contain both D-(001) and Di-(111). Three poles at χ ∼ 71◦ of
representative domain D1-(111) (P1-P3 indicated in green in Fig. 4.2(c)) and a pole at χ = 0◦

(indicated by an orange circle) are scanned by pole slicing (Fig. 4.3(a)), showing a 3:1 mul-
tiplicity of the 111 peaks with a longer out of plane d(111), characteristic of rhombohedral
symmetry (see Fig. 4.1(b)). Pole slicing from the poles (P1-P4, indicated by blue circles on the
LAO substrate, in Fig. 4.2(c)) of D-(001) is shown in Fig. 4.4. The signal from each pole can
be deconvoluted into three Gaussians, with the positions of the extreme peaks consistent with
the d{111} of the bulk m-phase (28.6◦ (green) and 31.4◦ (red) in Fig. 4.4), and the middle peak
(shown with the blue line) corresponding to the d{111} of a low-volume phase. As shown in
Fig. 4.3(b), the low-volume phase peak of all the poles share the same position (within the
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error of estimation).

Figure 4.3: (a) on LBP = LaAlO3, pole slicing of {111} poles on a representative (111)-oriented
domains indicated in pole figure shown in Fig. 4.2(c); (b) pole-slicing from (001)-oriented
domains in the pole figure shown in Fig. 4.2(c); (c) the 2θ position of different {111} poles from
(001) and (111) oriented domains; (d) (left) Overview HAADF-STEM micrograph showing
monoclinc (black box), and teteragonal (blue box) domains. (Inset) FFT of the monoclinic
domain with β = 85◦; (right) zoomed in HAADF-STEM micrograph of the blue region (t-
phase) of the image on the left; (e) Pole-slicing of {111} poles of (111)-oriented domains for
HZO films on LBP, P=DSO; (f) Out-of plane (black), and non out-of-plane (red) {111} lattice
parameters for HZO on various LBPs.
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Figure 4.4: Pole slicing, and corresponding multi-phase fitting from the {111} poles (P1-P4,
indicated by blue circles in Fig. 4.2(c)) on (001)-oriented domains (P = LAO), with Gaussian
fitting.

Figure 4.5: Pole slicing from the {001} poles on P = LAO, with corresponding multi-phase
Gaussian fitting.

From the 111 peak positions of D-(111) and D-(001) plotted in Fig. 4.3(c), it can be con-
cluded that while the (111) oriented domains are in the r-phase, the (001) oriented domains
exhibit a mixture of m-phase and a low-volume c-, t- or o- phase. Pole slicing of the {001}
poles (Fig. 4.5, χ = 90◦), yields two {001} planes with identical lattice parameters (d200 = d020
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= 2.55 Å), while the third pole is a result of mixture of this phase with the monoclinic phase.
These lattice parameters are more in line with the non-polar t-phase, than with the o-phase
(with d{200}=2.51, 2.55 and 2.62 Å). Thus, a major part of D-(001) is a mixture of non-polar
m- and t-phases. A minor amount of (polar) o-phase cannot however be discounted , as ob-
served by Yoong et al.[34] HAADF-STEM analysis on HZO/LBP, P = LAO further confirms
the co-existence of t-phase and m-phase in (001)-oriented domains. In Fig. 4.3(d) (left panel),
the black region corresponding to the m-phase (β = 85◦), and the blue region corresponding
to the low-volume phase, are marked. The low-volume region shows predominantly t-phase
(as deduced from the FFT in the inset of Fig. 4.3(d) right panel). Thus, while the (001)-oriented
domains exhibit non-polar phases (m-, t-phase), the (111) orientation corresponds to a polar
r-phase.

Figure 4.6: (a) HZO (111) pole figure on LaAlO3 with 10-nm-thick buffered LSMO layer,
showing [001] orientation; (b) with 40-nm-thick buffered LSMO layer, showing both [001] and
[111] orientations;

The correlation between the film orientation, and the corresponding phases observed on
LAO is consistent across other substrates too. For instance. pole-slicing performed on (001)-
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only oriented HZO on LBP, with P=YAO, exposes a mixture of non-polar t and m-phases
(data not shown), while pole-slicing from (111)-only oriented HZO on LBP, with P = STO (Fig.
4.1(a)) and P = DSO (Fig. 4.3(e)) expose a pure r-phase of the {111} planes.

Interestingly, the strain state of the back-electrode, LSMO also seems to have an effect on
the phase and orientation of the HZO layer. Tensile strained LSMO layers (with substrate lat-
tice parameter as > 3.88Å, promote a pure r-phase oriented along (111) (green region in Fig.
4.3(f). Estandia et al. [49], studied HZO (9 nm)/LBP layers, with P = TbScO3, GdScO3 and
NdScO3, also using LSMO as bottom electrode. These substrates have larger lattice parame-
ters than both STO and DSO (thus imposing larger tensile strain on LSMO) and also give rise
to (111)-oriented HZO layers, with single polar phase, quite consistent with our analysis.[49]
However, when LSMO is compressively strained (blue region in Fig. 4.3(f)), non-polar, (001)-
oriented m- and t-phases, are present. While at lower values of compressive strain on LSMO
(∼ 3%, on LSAT, NGO or LAO substrates), the polar, (111)-oriented, r-phase coexists with
these non-polar phases; at larger strain values (> 4% on YAO substrates), the (111)-oriented
r-phase completely disappears and the HZO layers stabilize solely as (001)-oriented non-polar
phases.

We further substantiated the effect of compressively strained LSMO layers on the phase
and orientation of HZO by varying the thickness of LSMO. The 6 nm thick HZO layers grown
with a thicker, partially relaxed LSMO layer (t = 40 nm), yields a combination of (001) and
(111) oriented domains (Fig. 4.6(a) right panel). While a completely strained, thinner LSMO
layer (t = 10 nm) yields only (001)-oriented HZO films (Fig. 4.6(a) left panel). Fig. 4.6(b) shows
that the out of plane lattice parameter of the 40 nm LSMO layer is d(002) = 1.98 Å (1.8% larger
than bulk), whereas in the 10 nm LSMO layers d(002) = 2.00 Å (2.8% larger than bulk). This is
consistent with the trends shown in Fig. 4.3(f).

Figure 4.7: Different growth mode of HZO on different perovskite substrates. (a) tensile strain
mediated; (b) mixed mode; (c) surface energy mediated.
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•Growth model for HZO layers These results on various LBPs point to a plausible allows
us to propose a compelling model for the growth of HZO layers, as illustrated in Fig. 4.7. With
P = YAO, the HZO layers grow in a cube-on-cube mode resulting in (001) oriented layers (Fig.
4.7(a)). In this setting YAO offers an initial tensile strain boundary conditions to (001) HZO
layers of ∼3.3%. Upon progressing to substrates with larger lattice parameters (LAO, NGO,
LSAT), the tensile strain for a cube on cube growth mode increases (> 5%), and domains
with (111) orientation also start appearing (Fig. 4.7(b)). Thus strain can no longer mediate
the cube-on-cube growth, and other mechanisms come into play. In HfO2 and ZrO2 particles,
it is well known that the (111) surfaces have the least energy[19]. Thus the transition from
(001) oriented films to (111) oriented films corresponds to a transition from strain-mediated
(substrate-guided) growth (Fig. 4.7(a)) to a growth mode determined by the film surface en-
ergy (Fig. 4.7(c)). The (001) oriented domains predominantly crystallize in non-polar mon-
oclinic and tetragonal phases; while the (111) oriented domains stabilize in a polar r-phase.
A pure r-phase with single (111) orientation can be preferentially stabilized upon further in-
creasing the substrate lattice parameter (STO, DSO). As proposed in Chapter 3, nanoparticle
pressure (surface energy induced pressure from small grain sizes) stabilizes the cubic phase
at high temperatures, consistent with reports in HfO2 and ZrO2 nanoparticles that show in-
creased stabilization of the cubic phase with decreasing particle size[19, 50]. In addition, the
substrate provides an added compressive strain to HZO (111) layers, stabilizing the r-phase.

•Hypothesis about the screening effect The stabilization of a ferroelectric phase requires
effective screening of the depolarization fields, and this brings in the role of the back-electrode
(LSMO). As we have discussed, when LSMO is compressively strained non-polar phases al-
ways appear. To further glean information into the role of the strain state of LSMO, we com-
pared the interfaces and depolarization mechanisms of HZO layers on LBP with P=STO and
LAO.

We have showed the existence of an interfacial tetragonal phase between LSMO and HZO
in HZO//LBP (P=STO) (Fig. 4.8(a), also shown in the Fig. 3.3 of Chapter 3). However, such
a layer is absent in the case of HZO//LBP (P=LAO) (Fig. 4.8(b)). In the STO case, Electron
energy loss spectroscopy (EELS) analysis of the O-K edge (Fig. 4.8(c)), upon normalizing with
the thickness of the sample, clearly shows that this interface is oxygen deficient compared
to the rest of r-HZO film. It is well-known among perovskites that tensile strain conditions
promote the formation of oxygen vacancies (V̈o)[51]. The correlation between the oxygen de-
ficient HZO interface and tensile strained LSMO, allows us to strongly suggest that it is the
V̈o in the latter that are responsible for the formation of such an interface. Such a mecha-
nism of V̈o transfer between various layers is well-reported in several interfacial memristive
systems involving manganites and nickelates[52, 53]. From the first-principles calculations of
Rushchanskii and coworkers,[54] these oxygen deficient tetragonal phases in HfO2 and ZrO2

can be conducting, and thus, could yield an additional screening mechanism in for the sta-
bilization of pure r-phase[55, 56]. In contrast, in compressively strained LSMO (on LAO for
example), V̈o formation is hindered, resulting in no conducting interfacial phase, limiting the
screening mechanisms that can stabilize the polar phase. Thus, in addition to surface energy
stabilization, engineering an effective screening mechanism may help stabilizing the ferroelec-
tric (wake-up free) r-phase on perovskites.
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Figure 4.8: (a) Cross-section HAADF-STEM showing one layer of interface between LSMO
and STO; while it does not exsit (b) between LSMO and LAO substrate; (c) thickness normal-
ized EELS signal from the interface (red) and the body of HZO (black), showing the oxygen
deficiency between the interface.

4.3.2 HZO on hexagonal substrates

HZO (6 nm) layers were grown on GaN buffered Si [46, 47] with a1 = a2 = 3.23Å, α = 120◦

and on sapphire (Al2O3) with a1 = a2 = 3.46Å, α = 120◦, both of which provide an initial
compressive strain to the {111} plane of HZO (a1, a2 ∼ 3.56 − 3.62Å, α = 120◦ depend-
ing on the polymorph). The {111} pole figures on both these substrates (Fig. 4.9(a) and (b))
show the symmetry pertaining to (111)-oriented films. Furthermore, there are 6 {11-1} poles
at χ = 71◦, separated in φ by 60◦, arising out of two domains (D1 and D2) that are 180◦

rotated with respect to the film normal. Phase analysis via pole slicing (Fig. 4.9(c) and (d))
reveals 3:1 multiplicity pertaining to an r-phase across representative domains both on GaN
and in Al2O3 substrates. HAADF-STEM images reported by Mulder et al.[46], clearly show
these domains and the coherent domain boundaries on the GaN-buffered Si substrate (Fig.
4.9(e)). HAADF-STEM images (Fig. 4.9(f)) from just one domain shows cationic columns of
alternating intensity and shape along the [112] (in-plane) direction. This is characteristic of the
r-phase, and it is not found in any other low-volume phases, as illustrated from the multislice
simulation of a 20 nm thick cross-sectional lamella (inset, Fig. 4.9(f)). Thus both XRD and
electron microscopy independently confirm the r-phase symmetry.
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Figure 4.9: (a) HZO (111) pole figure on GaN (sample from University of Twente[46, 47]);
and (b) on sapphire substrates; (c) pole slicing from the {111} poles of a representative do-
main on GaN and (d) on sapphire substrates); (e) HAADF-TEM image of HZO film on GaN
substrate showing the 180◦ boundaries; (f) HAADF-STEM image of a single domain of HZO
on GaN. (inset) Multislice HAADF-STEM image simulation of the R3 phase from a 20 nm
thick sample, showing alternating intensities of atomic columns along [112] direction. Only
the simulations from r-phases show these intensity variations which are key features in our
experimental images.

To further understand the precise symmetry of the r-phase on GaN, Mulder et al., per-
formed differential phase contrast (DPC) STEM imaging on HZO layers on GaN-buffered Si
substrate[46, 47]. The differential DPC (dDPC) images were compared with multislice sim-
ulations on both R3m and R3 (Fig. 4.10(a)) structures at different lamella thicknesses. An
experimental match in terms of the oxygen columnar positions was found with the R3 phase
(Fig. 4.10(b)). Visually, this can be understood by looking at the O-Hf-O ‖ O-Hf-O bond angle
in both the structures (as indicated by the red and green lines in Fig. 4.10(a) and (b)). While in
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the R3m structure they are collinear, and thus, different from the experimental observations,
in the R3 structure they are consistent with the experimental image. Finally, from these dDPC
images, by estimating the center of mass of cationic columns and anionic columns, Mulder et
al.[46], reported Pr values of 1.3-1.5 µC/cm2, corresponding to a displacement vector of 8.5-
9.0 pm/unit cell along [111] (Fig. 4.10(c)). This is an order of magnitude less than the values
of macroscopic polarization measured by the hysteresis loops on HZO//LBP, P = STO.

Figure 4.10: (a) Multislice differentiated differential phase-contrast (dDPC) image simulations
of R3 and R3m phases at various lamellae thicknesses (analysis performed by Sytze de Graaf
[46, 47]) O-Hf-O//O-Hf-O bonds indicated in green and red line are collinear in R3m phase,
and are not collinear inR3 phase; (b) experimental dDPC image, where the O-Hf-O//O-Hf-O
bonds indicated in green and red lines are non-collinear, suggesting that this is an R3 phase;
(c) experimental unit cell exhibits a displacement of 8.6 pm between the center of cations
and center of anions, resulting in a polarization; (d) schematic of R3 unit cell; (e) HZO film
epitaxially grown directly on Silicon. Accordian pattern arises from monoclinic domains. The
red box represents the polar orthorhombic phase, with polar axis in-plane.[48]

Also recently, we [48] have shown that HZO layers epitaxially grown on Si (111) substrates
clearly have the r-phase symmetry when they are directly in contact with a monolayer of β-
cristobalite (c-SiO2 phase) on Si (111), and that it stabilizes in an m-phase if an amorphous
SiOx layer regrows at the interface. The (111) surface of β-cristobalite provides a hexagonal
template and a small initial compressive strain conditions (a1 = a2 = 3.55Å, α = 120◦) for the
growth of (111) HZO. Thus, with data on HZO grown on GaN-buffered Si[46, 47], on sapphire
and on Si (111), we can conclude that a combination of initial compressive strain and the (111)
substrate orientation, stabilizes r-phase.
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4.3.3 Polar o-phase
Since the r-phase with polarization direction along [111] can be stabilized in all (111) oriented
films, the question remains whether the polar o-phase with polarization along the c-axis is
stabilized for all (001) oriented films. (001) HZO layers on perovskites shown in this work
were predominantly stabilized in non-polar phases owing to a too large tensile strain and,
possibly, to poor screening from compressively strained LSMO. We have recently shown the
existence of polar o-phase in combination with bulk (non-polar) m-phase in HZO layers on
(100)-oriented Si (Fig. 4.10(e), boxed in red).[48] As mentioned above for the (111)-oriented Si
substrates, the β-cristobalite on the surface of Si offers an initial slight compressive strain con-
dition to HZO layers, also in this orientation. However, owing to the presence of a regrown
amorphous SiOx at the interface, the authors suggest that it is unlikely that any substrate
strain is transferred to the film.[48] It appears that the stabilization of the polar o-phase is a
result of the inhomogeneous strain fields originating at the intersection of various kinds of
nanoscopic monoclinic domains that form the accordion-shape with vertical domain walls,
shown in Fig. 4.10(e). Apart from (100)-Si, there are not many substrates that offer compres-
sive strain for a cube-on-cube growth of (001)-oriented HZO layers. So the effect of compres-
sive strain on the phase-stabilization of the (001)-oriented layers is currently elusive.

4.4 Conclusion and outlook
Pure polar r-phase of HZO layers is stabilized by a combination of compressive strain with
(111) orientation of the films. A direct way of engineering the r-phase is to grow HZO on
hexagonal substrates such as GaN, sapphire, or cubic Si (111) surfaces. These substrates pro-
vide the template necessary to force HZO to grow along (111), while imposing an in-plane
compressive strain. Since the Pr for HZO on these substrates obtained by direct observation
of the unit cell dipole moment is low (< 1.5µC/cm2), the depolarization effects are also not
important for destabilizing this phase.

Another way of engineering the r-phase is to utilize surface-energy mediated growth
modes, which orient the initially grown nanoparticles along (111) given the low-surface en-
ergy of these faces. This implies that, the substrates lattice parameters should be highly mis-
matched with those of the [001]-oriented phases (which are lower in energy and thus, of easier
access] and, in addition, offer the conditions of compressive strain. This is necessary to induce
a single r-phase from the cubic phase induced by the hydrostatic pressure provided by the ini-
tial nanoparticle structure. This happens not only for HZO grown on STO, but also on other
perovskites such as DSO. On these substrates HZO layers exhibit large Pr (34 µC/cm2), and
thus stabilization of such a phase would require efficient screening mechanisms. Interestingly,
in these cases, LSMO is under tensile strain. Tensile-straining LSMO, creating a conducting
oxygen-deficient interface at LSMO-HZO interface, could be one of reasons to provide the
necessary screening. More systematic studies need to be done to prove this hypothesis in the
future work. The polar o-phase in HZO based films has thus-far not been observed as a pure
stand-alone phase. Stabilizing and studying this phase preferentially through appropriate
selection of substrate and strain-engineering remains a prospective study.
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Magnetic tunnel junctions based on
ferroelectric HZO tunnel barriers

Y. Wei, S. Matzen, G. Agnus, M. Salverda, P. Nukala, T. Maroutian, Q. Chen, J. Ye, P. Lecoeur
& B. Noheda, Physics Review Applied 12, 031001 (2019).

Abstract

Ferroelectric tunnel barriers in between two ferromagnetic electrodes (multiferroic tun-
nel junctions or MFTJs) hold great promise for future microelectronic devices. Here we
utilize Hf0.5Zr0.5O2 (HZO) tunnel barriers with an ultra-low thickness of only 2 nm,
epitaxially grown on La0.7Sr0.3MnO3 (LSMO) ferromagnetic bottom electrodes, and
with cobalt top electrodes. Both Tunneling ElectroResistance (TER) and Tunneling Mag-
netoResistance (TMR) effects are observed, demonstrating four non-volatile resistance
states in HZO-based junctions. The large band gap and excellent homogeneity of the
HZO tunnel barriers enable high yield of working devices, as well as devices with sizes
of tens of micrometers. This allows working with fixed electrodes, as opposed to using
scanning probes, bringing MFTJs closer to applications.

5.1 Introduction
The concept of ferroelectric memory is by now a mature one[1]. The achievement of switch-
able ferroelectric polarization in ultra-thin films has opened possibilities for ferroelectric tun-
nel junctions (FTJs)[2–5]. Polarization switching of the ferroelectric barrier in a FTJ results in a
change of the tunneling conductance, which is known as tunnel electroresistance (TER) effect.
This phenomenon has been observed in several systems, such as BaTiO3[6–8], Pb(Zr0.2Ti0.8)O3[9],
PbTiO3[10] and BiFeO3[11, 12]. Its origin has been mainly ascribed to three possible mechanisms[5]:
a) incomplete charge screening at ferroelectric/electrode interfaces affecting the potential bar-
rier profile; b) the change in the positions of ions at the interfaces after polarization reversal,
or/and c) the strain differences induced by the electric field in the ferroelectric barrier.

Nevertheless, to achieve sufficiently thin ferroelectric films remains very challenging due
to several issues, such as the difficulty to fully screen the surface polarization charges[13], the
tendency of the films to form domain walls or other topological defects that cancel the net
spontaneous polarization, the increase of the electric fields needed for polarization switching
or the increase in the leakage currents. In the last few years, intensive research has been con-
ducted on Hafnia-based thin films due to their unexpected ferroelectricity[14, 15] and to their
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CMOS compatibility.[16] Unlike all other known ferroelectrics, in Hafnia-based thin films,
ferroelectricity becomes more robust as the size is decreased and it disappears above certain
thickness in the range of 10-30 nm[17]. Thus, hafnia-based thin films are highly promising
as tunnel barriers for ferroelectric tunnel junctions. Moreover, amorphous hafnia is a high-k
material that has been widely used as gate insulator in the microelectronic industry[18], so
these thin films have great potential for applications in the next generation of memories and
logic devices, showing great advantages compared to conventional perovskite ferroelectrics.

Multiferroic tunnel junctions (MFTJs), with a ferroelectric tunnel barrier integrated be-
tween two magnetic electrodes, instead of a linear-dielectric barrier (as in magnetic tunnel
junctions, MTJs), were proposed a decade ago[19] and have become a promising approach to
develop low-power, high-density, multifunctional and non-volatile memory devices[20, 21].
A MFTJ exhibits four non-volatile resistance states that can be achieved by external electric
and magnetic field switching and are generated by the combination of the TER and the TMR
effects. The TER originates from the partial screening of polarization charges leading to a
switchable electrostatic field across the ferroelectric, whereas TMR originates in the depen-
dence of the tunneling current on the parallel or antiparallel magnetization states between the
two ferromagnetic electrode layers[22]. Previous studies on MFTJs have used ferroelectric tun-
nel barriers of BaTiO3 or PbTiO3 / Pb(Zr,Ti)O3 (PZT), sandwiched between La0.7Sr0.3MnO3

(LSMO) and Co magnetic electrodes[23–25].

Recently, several works on FTJs with hafnia barriers have been reported.[26–31] How-
ever, hafnia-based barriers reported in MTJs are amorphous, undoped and non-polar[32, 33].
In our recent work, crystalline, rhombohedral Hf0.5Zr0.5O2 (HZO) films have been grown
epitaxially on (001)-LSMO (bottom electrode)/SrTiO3 substrates and have shown ferroelec-
tric switching with increasingly large remanent polarization values as the thickness decreases
from 9 nm (Pr=18 µC/cm2) down to 5 nm (Pr=34 µC/cm2).[34] Here, we report the integra-
tion of ferroelectric HZO tunnel barriers in MFTJs, showing four non-volatile resistance states,
as a combination of both TER and TMR effects.

5.2 The fabrication of MFTJs devices

Thin layers of ferroelectric HZO with thickness of 2 nm were grown on LSMO-buffered STO
substrates by pulsed laser deposition.[34] On top of HZO films, 50 nm top Co ferromagnetic
(FM) electrodes with a protective layer of Au (50 nm) have been deposited by sputtering.
MFTJs are created from the LSMO (FM) / HZO (FE)/ Co (FM) stack. There are mainly five
steps from a full stack film to the device. For each steps, different photo lithography masks
are used for designing the different patterns of electrodes and passive layer. All of steps are
listed as below:
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Figure 5.1: (a) The steps flow of magnetic tunnel junctions fabrication; (performed by Sylvia
Matzen and Guillaume Agnus from University of Paris-Sud) (b) the top view of the devices
patterns by the photolithography (green is bottom electrode, blue is top electrode); (c) devices
wire bonded on the PPMS chip carrier (green board).

As shown in Fig. 5.1(a), step 1: With the full stack of films, using chemically assisted ion
beam etching (IBE) controlled by a secondary ion mass spectrometer (SIMS), top electrode
Co/Au is etched until the HZO layer. The effective area of device is defined by the left cov-
ered top electrode. In this work, junctions of different sizes (10 x 10 µm2, 20 x 20 µm2, 30 x 30
µm2) were fabricated by photolithography; step 2: etching of HZO film and bottom electrode
LSMO until substrate STO layer. This step is for isolating different devices to prevent them
influencing each other; step 3: this step is to open HZO film for leading out the bottom elec-
trode LSMO to connect. Thus HZO film is opened by etching and stop at bottom electrode
LSMO; step 4: the insulating layer Si3N4 is deposited by the sputtering to isolate the bottom
electrode LSMO and top electrode Co/Au, which prevents the junction devices shorted; step
5: sputtering deposition of Pd bottom and top contacts which can be extended out for the wire
bonding.

The top view of final device pattern is shown in Fig. 5.1(b), the center part indicated by the
red circle is effective junction area, and the blue/green squares are extended top/bottom elec-
trodes. The cross-section Scanning Transmission Electron Microscopy (HAADF-STEM) image
presented in Fig. 5.2(a), with specimen preparation by focused ion beam (FIB), shows sharp
interfaces between LSMO/rhombohedral (111)-oriented HZO layers[34] and polycrystalline
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Co, (see Fig. 5.2(b) for an Energy-dispersive X-ray spectroscopy, EDS image). From the TEM
images across different regions and AFM topography shown in Fig. 5.2(c) and (d), the rough-
ness of HZO film is estimated to be ∼ 0.2 nm. The schematic view of a complete MFTJ device
is shown in step 5 of Fig. 5.1(a). Different junction devices are connected on the chip carrier by
the wire bonding (Fig. 5.1(c)). The magnetic tunnel junction devices are loaded in the physical
properties measurement system (PPMS) by Quantum Design, which can offer the conditions
of magnetic field scan and low temperature environment. The electric measurements are per-
formed using a keithley 237 source measurement unit, and the electrical pulses are done with
a Keithley 4200A-SCS parameter analyzer.

Figure 5.2: (a) HAADF-STEM cross-section image of a LMSO/HZO/Co stack; (b) EDS image
of the LSMO/HZO/Co junction stack in a different area, which evidences a clear separation
of layers with no Cobalt diffusion, consistent with the HAADF-STEM image in (a); (c) cross-
section TEM images across different regions of junction and (d) AFM topography on bare
surface of HZO without Co top electrode. (TEM performed by Pavan Nukala)

5.3 Results and discussion

5.3.1 HZO-based MTJs

The current-voltage (I-V) characteristics of 2 nm- and 3 nm-thick films with the same junction
area (20 x 20 µm2) are shown in Fig. 5.3(a). Current through the 3 nm-thick HZO film is
too low (below 1 nA) to be reliably measured with our experimental setup and a thinner
film is required for a tunneling junction. Indeed, the parabolic dependence of the differential
conductance of the 2 nm film fitted by the Brinkman model[35], leads to barrier height of
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1.2 ± 0.1 eV with an asymmetry of 0.2 ± 0.1 eV (thus giving a height of ∼ 1.3 eV on Co
side and ∼ 1.1 eV on LSMO side) and barrier thicknesses of 1.5 ± 0.1 nm, indicating that the
transport mechanism is direct tunneling through the HZO barrier. Due to the large band gap
(5-6 eV) of HZO, the junction is very resistive even for ultrathin films thus preventing leakage
problems and improving the stability of the devices. All further measurements are performed
on different devices with the same ultra-thin 2 nm-thick barrier.

Junctions with different sizes have been fabricated, and six of them with a STO/LSMO/HZO
(2 nm)/Co stack were connected to a chip carrier and measured. They all show TMR ratios
between 5% and 7% under -0.2 V bias at the temperature of 50 K (Fig. 5.3(b)). In addition, the
resistance-area product (RA) is also quite constant for various device sizes, as shown in Fig.
5.3(b). This high reproducibility in the properties of junctions proves the excellent quality of
the HZO tunnel barrier, despite the domain-like nanostructure of the films[34].

Figure 5.3: (a) I(V) curves at 300 K of 20 x 20 µm2 junctions with 2 nm- and 3 nm-thick
barriers. The inset shows the derivative of the I-V curve for the 2 nm barrier, with the parabolic
Brinkman fit. (b) TMR at 50 K and resistance area product (RA) for different device sizes (10 x
10 µm2, 20 x 20 µm2, 30 x 30 µm2) on the same sample with 2 nm thick HZO barrier.

The magnetic hysteresis loop M(H) of a similar (but unpatterned) sample at 50 K is shown
in Fig. 5.4(a), with the magnetic field applied along the in-plane [110] easy axis direction of
LSMO. The magnetic switching of both LSMO and Co layers is clearly observed, showing co-
ercive fields of around +/- 50 Oe for LSMO and +/- 250 Oe for Co. This difference allows for
an antiparallel magnetic alignment between both magnetic electrodes for intermediate mag-
netic fields. The resistance of such devices is measured as a function of magnetic field under
a bias of -0.2 V (applied to the top Co electrode) at a temperature of 50 K in a 10 x 10 µm2

junction, for magnetic field cycling from 2000 Oe to -2000 Oe and back, along the [110] axis
(Fig. 5.4(b)). A higher resistance state is measured in antiparallel magnetic configuration
when sweeping the field, displaying a positive TMR value of 5.4%, where TMR is defined as
(RAP − RP )/RP , with RAP and RP the resistance values in antiparallel and parallel states,
respectively. This value is lower than the TMR reported for MTJs with perovskite barriers,



5

94 5. Magnetic tunnel junctions based on ferroelectric HZO tunnel barriers

such as SrTiO3[36, 37], LaAlO3[38] or PbTiO3[39], probably due to the higher structural and
chemical mismatch at the interface between LSMO spin-polarized electrode and HZO barrier.

Figure 5.4: (a) M(H) loop of an unpatterned sample measured at 50 K by superconduct-
ing quantum interference device (SQUID) magnetometry along the in-plane [110] direction of
LSMO. (b) TMR loop measured in 10 x 10 µm2 size of junction under bias of -0.2 V at 50 K,
with high (low) resistance in antiparallel (parallel) state.

The TMR effect decreases with increasing temperature and disappears above 250 K (Fig.
5.5), in agreement with most studies performed on other MFTJs with LSMO and Co electrodes,[25]
which could be a result of either the decrease of the spin polarization of LSMO at the interface
with HZO, and/or the spin-independent tunneling through impurity levels in the barrier ac-
tivated upon increasing the temperature.[40–44]

Figure 5.5: TMR ratios of the junction with size of 10 x 10 µm2 under bias of -0.2 V at different
temperatures. (a) 20 K, (b) 50 K, (c) 100 K, (d) 150 K, (e) 200 K, (f) 250 K, respectively.
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5.3.2 Four resistance states

In the present case of a HZO barrier, we observe a resistance switching behavior as shown in
Fig. 5.6(a). The resistance hysteresis loop indicates a memristive behavior, such as reported
for conventional perovskite ferroelectric barriers[6–9, 45]. The junction resistance measured
under a bias of 0.1 V is plotted as a function of the amplitude of the successive write pulses
(500 µs pulse width). A clear hysteresis cycle between a low (RON ) and high (ROFF ) resis-
tance state is achieved, with ON/OFF ratio of 440%, defined as ROFF /RON . The switching
voltage between both states is around 2 V, when the write pulse is swept from -6 V to 6 V, and
around -2 V when going back to -6 V. This is consistent with previous reports, ascribing the
TER effect to the ferroelectric polarization switching[7, 20, 26, 28, 30].

Figure 5.6: Combined TMR and TER. (a) Resistance hysteresis loop (read by a voltage of 100
mV) as a function of write pulses with different amplitudes from -6 V to +6 V and width of
500 µs on 30 x 30 µm2 size of junction. Blue arrows indicate the orientation of the ferroelectric
polarization as up (P↑, towards the Co electrode) and down (P↓, towards the LSMO electrode).
(b) Resistance as a function of magnetic field (upper panel), and corresponding TMR loops
(lower panel) under a bias of -0.2 V at 50 K, and (c) bias-dependent TMR ratio after +6 V and
-6 V pulses on 20 x 20 µm2 junction.

We have demonstrated ferroelectric switching in layers of the same materials with thick-
ness down to 5 nm[34]. However, macroscopic polarization switching was not possible in
2nm thick layers as ones shown here because of the steep increase of the switching field with
decreasing thickness. Therefore, we have used Piezoelectric force microscopy (PFM) with an
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applied voltage to the AFM tip similar to that used for the TER measurements to test local fer-
roelectric switching. A reversal of the PFM contrast is, indeed, observed in Fig. 5.7, at voltages
similar to those required for resistive switching. Nevertheless, in this geometry, electrostatic
effects and ionic migration can not be excluded as origin of the observed contrast[46, 47]. The
as-grown state of the HZO films corresponds to the low resistance state (RON ) with the ferro-
electric polarization up (P↑), as indicated in Fig. 5.7.

Figure 5.7: (a) Piezoresponse (phase) contrast measured upon switching a 2 nm HZO layer.
A writing voltage of +7 V applied to the bottom LSMO electrode was first used to switch a
square area of the surface and, subsequently a smaller area was switched back by applying
the opposite bias of -7 V (read voltage: 1.5 V).(b) PFM out-of-plane amplitude and (c) AFM
topography (25 x 25 µm2) of the same region shown in (a). (d) Surface potential measured by
KPFM with AC voltage of 1 V. (performed by Mart Salverda)

In Fig. 5.6(b), TMR loops are obtained after +6 V (ROFF ), and -6 V (RON ) pulses and
show both TMR ratio of around 5.2%, corresponding to TER 190%. Four resistance states can
thus be obtained, and switched reversibly using both electrical and magnetic inputs. One can
observe that the TMR does not change significantly between ON and OFF states. The spin
polarization of the tunneling electrons appears, thus, unaffected by the ferroelectric switch-
ing, which is different from the junctions with perovskite ferroelectric tunnel barriers, such as
PbZr0.2Ti0.8O3 (PZT)[25] and BaTiO3 (BTO)[24]. In these systems, it was reported that, upon
switching of the polarization, the induced magnetic moment of the interfacial Ti ion changes
significantly due to the hybridization effect at the interface between the tunnel barrier and
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the FM electrode, thus, inducing strong magnetoelectric coupling[25, 48, 49] In our case, the
polarization of HZO layer is due to the displacement of the oxygen atoms, and this hybridiza-
tion effect could not be invoked. Furthermore, to study the dependence of TMR with bias,
I(V) curves are measured in both parallel and antiparallel states. From these measurements,
the TMR ratio can be extracted at different bias since TMR = (IP − IAP )/IAP , where IAP
and IP are the current in antiparallel and parallel states, respectively. Fig. 5.6(c) shows that
the TMR ratio bias-dependence is barely affected by the ferroelectric polarization state. This
proves once again the stability of the resistance states, but also the absence of measurable
magnetoelectric coupling[24, 25] in this system.

Figure 5.8: Inverse TMR. (a) TMR loop obtained in 10 x 10 µm2 of junction under a bias of 0.2
V at 50 K with high (low) resistance in parallel (antiparallel) state. (b) Bias-dependent TMR
from -0.5 V to 0.5 V at different temperatures from 20 K to 200 K. (c) Temperature dependence
of both TMR (black, circles) and VTMRsign the voltage needed for TMR sign reversal (blue,
squares) in the same junction.

5.3.3 Bias-dependent TMR

As shown in Fig. 5.8(a), when a positive bias of 0.2 V is applied on the top electrode Co,
an inverse TMR (of around -2.6%) is observed at 50 K, corresponding to a smaller resistance
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measured in the antiparallel state compared to the parallel one. From the resulting TMR(V)
curve (red) in Fig. 5.8(b) at the same temperature, the largest TMR (∼ 6%) is measured at a
bias of about -0.3 V. The inverse TMR can be observed above a threshold bias value around
0.1V at this temperature. According to Julliere’s model[50], the TMR amplitude and sign are
related to the spin polarization of the density of states (DOS) of the two ferromagnetic layers.
In particular, for the case of tunneling between LSMO and Co electrodes, applying different
bias changes the relative position of the DOS of Co and LSMO, as depicted by De Teresa et
al.[36] for a SrTiO3 barrier. The inverse TMR could also be attributed to the resonant tunneling
via localized states in the barrier, which is reported in the system of Ni/NiO/Co by Tsymbal
et al. [51] By changing the bias on the junction, the position and the width of the resonant
states can be tuned. When the energy of a localized states in the barrier matches the Fermi
energy of FM electrodes, the TMR is inverted.

Moreover, in the case of the HZO barrier, TMR(V) curves are also plotted in Fig. 5.8(b)
at different temperatures. The bias at which the TMR sign changes is defined as VTMRsign.
Interestingly, we observe that VTMRsign increases with temperature, from ∼ 0.1 V at 20 K to
∼ 0.35 V at 200 K, as shown in Fig. 5.8(c) (in blue line). This could be due to the decreasing
spin polarization of LSMO at the interface with HZO with increasing temperature, as the
decrease of TMR shows a similar trend (plotted in black in Fig. 5.8(c) with values extracted
from Fig. 5.5). It could also be due to the energy of impurity states in the barrier changing with
increasing temperature, with the corresponding change of the voltage (VTMRsign) needed to
align the impurity states with the Fermi energy of the FM electrodes.

5.4 Conclusion
We have successfully built MFTJs with ultra-thin ferroelectric hafnia-based barrier. The junc-
tions display several appealing characteristics, such as: 1) Four non-volatile resistive memory
states by electric and magnetic field; 2) bias-dependent inverse TMR; 3) memristive behavior.
The large band gap and high quality of the HZO tunnel barriers give rise to a remarkable
homogeneity in the RA product over all of measured junctions with different surface areas.
This allows to utilize these ultra-thin barriers in standard devices, which is a clear advantage
with respect to similarly thin barriers of other materials, which can only be investigated us-
ing scanning probes[24, 25]. All of the above shows the great potential of this material for
multifunctional devices and adaptable electronics.
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Abstract

Multiferroic tunnel junctions (MFTJs) with Hf0.5Zr0.5O2 barriers are reported to show
both tunneling magnetoresistance effect (TMR) and tunneling electroresistance effect
(TER), displaying four resistance states by magnetic and electric field switching (see
Chapter 5). Here we show that, under electric field cycling of large enough magnitude,
the TER can reach values as large as 106%. Moreover, concomitant with this TER en-
hancement, the devices develop electrical control of spin polarization, with sign reversal
of the TMR effect. Currently, this intermediate state exists for a limited number of cycles
and understanding the origin of these phenomena is key to improve its stability. The ex-
periments presented here point to the magneto-ionic effect as the origin of the large TER
and strong magneto-electric coupling, showing that ferroelectric polarization switching
of the tunnel barrier is not the main contribution.

6.1 Introduction

Combining the TMR effect of magnetic tunnel junctions (MTJs) with additional functional-
ities provided by the tunnel barrier, i.e. using multiferroic[1] or ferroelectric[2, 3] layers as
barriers, has drawn considerable attention driven by their potential application in multilevel
memories. In these devices, four resistance states are achieved by means of both the TMR
(resistance change induced by magnetic field switching) and the TER (resistance change by
electric switching) effects.[4–6] In addition, by combining two ferroic orders (ferromagnetic
and ferroelectric), the coupling between the magnetic and electric degrees of freedom could
realize electric field controlled spintronics, promising for the development of low-power and
fast devices.[6–13]

The magnetoelectric (ME) coupling in heterostructures can have different origins. For
instance, in artificial multiferroics made of ferroelectric and ferromagnetic layers, the ME cou-
pling can be either strain-mediated or charge-mediated.[14] The displacement of atoms under
applied electric field in the ferroelectric barrier can affect the interface magnetization due to
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hybridization. In addition, the magnetization of the ferromagnet, which is elastically coupled
to the ferroelectric, can also change upon application of electric field due to magnetoelastic
coupling.[15–17] Alternatively, accumulation of spin-polarized carriers at the interface upon
polarization of the dielectric [18–20] can also give rise to ME coupling. This effect is enhanced
in the case of a ferroelectric, as a larger number of carriers will typically be necessary for
screening.[21–24]. More recently, the magneto-ionic effect[25] has been proposed, by which
the applied electric field induces ion migration, modifying the interfaces of the heterostruc-
tures and the properties of the layers.

In this work, tunnel barriers of crystalline Hf0.5Zr0.5O2 (HZO) are used in MTJs. Crys-
talline HZO grown under certain conditions has shown nanoscale ferroelectricity.[26, 27]. Epi-
taxial growth of crystalline HZO can also be achieved[28] and has been recently also demon-
strated on perovskite substrates with La0.7Sr0.3MnO3 (LSMO) as bottom elecrode[29–31]. The
large band gap and high resistance of the HZO layer allows to fabricate full devices with
extended electrodes for wire bonding, despite the low thickness of the barrier. This is not pos-
sible with perovskite ferroelectric (FE) tunnel barriers with such small thickness and, thus, so
far these devices have been limited to investigation by scanning probes.[32] Four resistance
states have been obtained in this type of junctions by both magnetic and electric field switch-
ing, but no ME coupling was reported.[32] Here we show that electric field cycling of high
enough amplitude induces irreversible changes in the junction, which evolves from a negligi-
ble ME coupling state into a large ME coupling state. In the latter, sign reversal of the TMR
effect is achieved by electrical switching reversibly. Concomitantly, with increasing number
of cycles, the TER increases to values up to 106%. In the following we discuss the mechanisms
that lead to such phenomena.

6.2 Experimental methods
Thin films of Hf0.5Zr0.5O2 (HZO) barrier with thickness of 2 nm were grown by pulsed laser
deposition (PLD) on FM La0.7Sr0.3MnO3(LSMO)-buffered (001)-SrTiO3 substrates. The thick-
ness of LSMO film is around 30 nm. Details of the growth conditions can be found in Chapter
3. 50 nm FM Cobalt with a protective layer of Au (50nm), to preserve Co from oxidation,
were deposited by sputtering on top of the HZO layer, to form the junctions with LSMO (FM)
/ HZO (FE)/ Co (FM) stacks. Junctions with different sizes, ranging from 10µm × 10µm to
30µm × 30µm, are fabricated (see details in Chapter 5). The electrical measurements are per-
formed using a Keithley 237 source measurement unit and a Keithley 4200A-SCS parameter
analyzer, and the temperature environment and magnetic field are supplied by a Physical
Properties Measurement System (PPMS) by Quantum Design. As shown in the schematic
drawing in Fig. 6.1(a), the voltage source is applied on the LSMO/HZO/Co stack with bot-
tom electrode grounded (for a positive bias, the electrons are tunneling from LSMO to Co).
The magnetic field is swept along the easy magnetization axis of LSMO in the [110] direction.
As reported in Chapter 5, the large band gap and high resistance of the HZO layer allows to
fabricate full devices with extended electrodes for wire bonding, despite the low thickness of
the barrier. This is not possible with perovskite ferroelectric (FE) tunnel barriers with such
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small thickness and, thus, so far these devices have been limited to investigation by scanning
probes.

Figure 6.1: (a) Schematic drawing of a tunnel junction device, with bottom electrode
grounded. The heterostructure is grown on a 001-oriented SrTiO3 substrate. The applied mag-
netic field is along the [110] direction; (b) electrical pulses of 6 V with both positive (black) and
negative (red) polarity and 500 µs duration are applied to the junctions in order to bring them
into the high (HRS) and low resistance state (LRS), respectively. All TMR loops are measured
under a DC bias of -0.2 V, both in the HRS and LRS; (c) changes in resistance under the appli-
cation of different amplitude of electrical pulses in the same junction, as shown in Fig. 5.6(a)
in Chapter 5.

6.3 Results and discussion

6.3.1 Electrical switching of spin polarization

By the electrical pulse switching protocol shown in Fig. 6.1(b), the junction switches between
the high resistance state, HRS (RH , after V+ pulse) and the low resistance state, LRS (RL,
after V- pulse). A voltage pulse with amplitude as large as 6 V is used in order to obtain
the maximum resistance contrast (TER ∼ 400%) (see Fig. 6.1(c) and ref.[32]). This resistance
change is consistent with the change in the barrier height that is expected upon the switching
of the ferroelectric polarization of the tunnel barrier,[1] giving rise to a HRS for polarization
pointing towards the LSMO layer, and to the LRS for polarization pointing towards the Co
layer. It is interesting to notice that LSMO/HZO/Pt junctions, fabricated by M. C. Sulzbach
et al.[33] with the same material as tunnel barrier but with a double barrier thickness, also
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show TER values of around 400%. This TER is reproducible with cycling under relatively
smaller driving voltages (∼ 1 MV/cm), also suggesting that this contribution arises from the
ferroelectric polarization.

In both HRS and LRS, TMR loops are obtained, as shown in Fig. 6.2, leading to four
resistance states (RH↑↑ , RH↑↓ , RL↑↑ , RL↑↓ , where the arrows signal the relative orientation
of the electrodes magnetization). During the first few cycles, the TMR effect of the HRS (∼
6.2%) and LRS (∼ 5.4%) are similar in magnitude (see Fig. 6.2(a)), indicating a negligible
ME coupling, which differs from the strong coupling reported in perovskite tunnel barriers
[12, 34, 35]. This stage, which we name stage A, is the one reported in ref.[32]. Interestingly,
after a few tens of cycles, the behaviour changes substantially, reaching the stage B, as shown
in Fig. 6.2(b): the TMR sign is reversed from positive (HRS) to negative (LRS) indicating that
the spin polarization is switched by the external electric field in a reversible manner, as shown
in Fig. 6.3. In addition, the coercive field of the harder ferromagnet (the Co layer) in the LRS
(with negative TMR) increases by, approximately, a factor of two, compared to the switching
fields of the HRS (with positive TMR). Moreover, the switching becomes sharper in the LRS.
The increase of the coercive field and steep switching of the Co layer upon electrical cycling
could originate in a modification of the HZO/Co interface.[25]. The number of cycles needed
to reach the stage B has been found to differ depending on the junction under investigation.
(For the specific device studied in the work, the junction at stage A/B/C are measured after
∼20/75/110 cycles, respectively.)

Figure 6.2: (a)-(c) Resistance as a function of sweeping magnetic field (top panels) and TMR
ratio (bottom panels) in the HRS (black squares) and LRS (red circles) measured at three differ-
ent intermediate stages (named as stage A, B and C, respectively) upon repeated application
of +/-6V electric pulses. Measurements shown here are performed at 50 K on a junction device
with an electrode area of 30µm× 30µm.

With further electric cycling (stage C), the TMR signal becomes more noisy, as observed in
Fig. 6.2(c). The switching magnetic fields for the direct and reversed TMR become comparable
but still higher than those of stage A (Fig. 6.2(a)). However, the magnitude of the TMR effect
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is not substantially altered. In the meantime, the two magnetic states are less well defined
with less abrupt magnetic switching than the previous two stages, which could indicate an
increasing number of defects introduced in the stack. For longer cycling time, with number of
cycles depending on the junction, the TMR effect eventually disappears but the TER effect is
still present.

The TMR sign has been reported to reverse by modification of the Co interface, either by
adding an interface layer[36, 37], or by the electric field-controlled hybridization at the inter-
face (modified by the different ferroelectric polarization states)[34]. These mechanisms affect-
ing the Co/barrier interface are consistent with the changes, described above, of the magne-
tization switching of the Co layer upon electric cycling. However, since the reversed TMR is
not observed in the A-stage (it only appears upon repeated electric cycling), the ferroelectric
polarization switching can be discarded as the main contribution to the TMR sign reversal.
Moreover, changes in the junctions by the introduction of oxygen vacancies (V2+

O ) have also
been reported to promote TMR sign reversal[38]. Given the possibility for positively charged
V2+
O to migrate back and forth under the application of the electric field pulses with opposite

polarities, we propose that ionic exchange is responsible for the observed changes of spin po-
larization, as well as the modification of the Co-HZO interface upon cycling.[25, 39, 40].

Figure 6.3: Second run of electrical switching of spin polarization at stage B.
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6.3.2 Loss of bias-induced TMR sign change

Focusing on stage C, from the I-V curves measured in parallel and anti-parallel magnetic
states, we plot the bias dependence of the TMR for both HRS and LRS in Fig. 6.4. A striking
feature is that in HRS state the TMR exhibits a very weak bias-dependence and it is always
positive; while in the LRS, the TMR is always negative with a rapid drop of TMR with in-
creasing bias (absolute value), characteristic of thin-film MFTJs and attributed to spin-flip
scattering [41]. The electric field switching of spin polarization is, thus, evidenced over the
whole investigated voltage range. Tuning of the read voltage allows to select the magnitude
of the TMR change (e.g. Fig. 6.2(c) for -0.2 V read voltage). Looking at the bias-dependence
of the TMR in the as-grown state for the same device (Fig. 6.4, inset), and noting that similar
curves are obtained in both HRS and LRS at stage A for different junctions [32], it is clear that
electric field cycling completely changes the control of the spin polarization of the tunneling
electrons. While the initial stage A shows a read voltage-controlled TMR sign change, already
reported for Co-based junctions[32, 42, 43], in stage C the TMR sign is wholly determined by
the switchable resistance state of the device.

Figure 6.4: Bias dependence of TMR measured at stage C for the HRS and LRS, showing
electrical switching of spin polarization, on the device shown in Fig. 6.2(c), with size of 30µm×
30µm, measured at 50 K. The inset shows the bias dependence of TMR in the as-grown state
(before any electrical cycling) on the same device. Similar curves are obtained in both HRS
and LRS at stage A for a 20µm× 20µm junction, as shown in ref. [32].

6.3.3 TER built-up

Concomitantly, the resistance ratio between the HRS and LRS (TER) also increases substan-
tially upon electric field cycling. By measuring the current-voltage (I-V) curves after positive
and negative electric pulses, we can extract the TER at different bias by measuring the cur-
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rent ratio of HRS and LRS (IL/IH ). TER rises from 102% to 106% (stage A to C) with a large
number of intermediate states, as shown in Figs. 6.5(a)-(c), corresponding to Figs. 6.2(a)-(c),
respectively.

Thus, it is shown that the junctions are strongly affected by the very large electric fields
applied across the ultrathin HZO barrier, which induce stage B and C with highly enhanced
magnetoelectric coupling and very large TER, of great interest for devices. The driving volt-
ages required to achieve these stages are close to the junction breakdown field. Therefore, the
ability to keep cycling the device with such a large stimulus could be due to a voltage drop
somewhere in the device, such as at the Co-HZO interface. Understanding the mechanisms
leading to this evolution would crucially help finding the optimal conditions required for ap-
plications.

Figure 6.5: (a)-(c) Current as a function of bias (up panel) in the HRS (black squares) and
LRS (red circles) and TER values (down panel) at three different stages A, B, and C, which
correspond to Fig. 6.2(a)-(c). All are measured on a 30µm× 30µm junction at 50 K.



6

112 6. Magneto-ionic control of spin polarization in multiferroic tunnel junctions

6.3.4 Ion exchange mechanism

Figure 6.6: (a) R-T curves in the HRS at stage A (green) and stage C (black), respectively; (b)
R-T curves in the HRS (black) and LRS (red) at the stage C; (c) sketch of the proposed model
of interface ionic exchange.

To shed light into the factors affecting the evolution from stage A to C by electric cy-
cling, transport measurements of resistance versus temperature (R-T) are shown in Fig. 6.6(a).
The same junction is measured in the HRS in stage A (green) and stage C (black). In stage
A, a metal-insulator transition happens at around 250 K. This is the temperature at which
the ferromagnetic/metal-to-paramagnetic/insulator transition of LSMO at the interface with
HZO takes place and, thus, where the TMR disappears.[32] Upon electric field cycling, the
transition temperature decreases. In Fig. 6.6(a), the resistance of stage C (black) is shown to
display the transition at around 100 K, which again coincides with the temperature at which
TMR disappears (see Fig. 6.7). The decrease of transition temperature from stage A to C is
consistent with an oxygen deficiency at the LSMO interface[38, 44, 45] that increases with re-
peated electric field cycling. In addition, the junction RH increases from stage A to C (see Fig.
6.2 and 6.5), which also agrees with an increasing content of oxygen vacancies in the LSMO
layer at the HRS upon cycling, since oxygen vacancies are well known to reduce the carrier
(hole) concentration in LSMO.[44–47]
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Figure 6.7: Temperature dependent TMR loops of HRS at stage C. (a) 10 K; (b) 50 K; (c) 100 K;
(d) 150 K.

Furthermore, the R-T measurements at stage C (with large TER and strong ME coupling)
in the HRS and LRS are shown in Fig. 6.6(b). The transition temperature at the HRS (black),
which had been lowered by the action of electric cycling to ∼ 100 K, increases up to ∼ 275
K, after the junction is brought to the LRS (red), which is higher than the transition tempera-
ture of the stage A (∼ 250 K, see Fig. 6.6(a)). This indicates that by applying a large negative
pulse to the junction, the LSMO layer can reach an oxygen content larger than that of the ini-
tial stage. This is consistent with ionic exchange of oxygen vacancies in between the LSMO
electrode and the HZO barrier during cycling, as represented in Fig. 6.6(c). Giant resistive
switching by oxygen vacancies migration has also been observed in different ferroelectric ox-
ides tunnel barriers[48].

• Large TER
In Fig. 6.6(c), we illustrate this possible scenario: in the as-grown state, both the LSMO and
the HZO layers contain V2+

O (top panel). Upon electric field cycling, V2+
O are driven back and

forth across the barrier. The evolution of the TER from 102% to 106% can be explained by
the accumulation of the oxygen vacancies at the vicinity of the HZO/LSMO interface, thus
increasing the V2+

O concentration that participates in the ionic exchange process. In this pic-
ture, the HRS is due to the oxygen vacancies being pushed into the LSMO electrode, resulting
in a very resistive HZO/La0.7Sr0.3MnO3−δ contact. The LRS is obtained with the oxygen va-
cancies drifting back into the HZO barrier upon negative voltage pulse application, greatly
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reducing the resistivity of the junction[49]. This gives rise to highly different current levels
between HRS and LRS (large TER) as shown in Fig. 6.5(c) and Fig. 6.8(a). Still, for both states,
the non-linear I-V curves are similar (Fig. 6.8(a)) and the shape of the differential conductance
curves (Fig. 6.8(b)) is compatible with tunneling conduction[50], ruling out a drastic change
of the conduction mechanism as probed by the investigated range of applied voltage.

An open question is the role of the ferroelectric polarization switching in these devices.
Resistive switching by electric field has been reported in a wide variety of oxides[49, 51, 52],
including binary oxides.[53–55] In the case of ferroelectric tunnel barriers, the profile of the
electronic barrier can be modified by polarization reversal, thus causing strong TER effect.
[2, 56] In this picture, the increase of TER effect upon cycling could indicate a concomitant
increase of the ferroelectric polarization. This effect has been often observed in hafnia-based
ferroelectrics (wake-up effect).[57, 58] Even though our thicker films (down to 5 nm-thick)
have not shown that effect,[29] we are not able to discard its existence in the present 2 nm
tunnel barriers. However, as mentioned earlier, the HRS in the stage A corresponds to down-
ward polarization in Fig. 6.1(c).[32] Upon evolving into stage C, this downward polarization
should induce the migration of the oxygen vacancies towards the Co electrode in order to
help to screen the polarization charges. However, we observe the contrary: accumulation of
oxygen vacancies at the LSMO electrode in the HRS (Fig. 6.6(c)) and, thus, an increase of
the ferroelectric polarization upon cycling cannot be the main contribution to the TER build-
up. Indeed, due to positively charged oxygen vacancies, the screening ability of the LSMO
is expected to decrease, which would increase the depolarizing field and strongly reduce the
polarization of the tunnel barrier.

Figure 6.8: (a) and (b) I-V and dI/dV-V curves, respectively, in the HRS and LRS of stage C
measured at 50 K. The spikes observed in the dI/dV curves are a consequence of the small ex-
perimental deviations in the experimental I-V data. Notice the different current/conductance
scales in the LRS (left axis) and HRS (right axis).

•ME coupling
As discussed above, accompanied by the large TER, a strong ME coupling appears with TMR
sign reversal. The reversed TMR has been reported to be due to modification of the Co/tunnel
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barrier interface, such as by adding an interfacial layer[36, 37], or by electric field control,[34]
similar to our present work. Several microscopic mechanisms have been proposed to explain
this phenomenon: a) by hybridization, the magnetic moment of the interfacial ions can be
changed strongly by electrical switching[59]; b) the electrostatic contribution at the interface
can induce a change of spin polarization in the ferromagnetic layer[60, 61]; and c) electro-
chemistry (redox of Co) at the interface could also cause a change of magnetization[62]. On
the other hand, as shown in Fig. 6.6(b) and 6.6(c), at the HRS (stage C), the LSMO/HZO
interface is modified, but the TMR remains the same as at the HRS in stage A (Fig. 6.2(a)
and 6.2(c)). Oxygen vacancies at the LSMO/HZO interface, such as described in Fig. 6.6(c),
change neither the amplitude nor the sign of the TMR in the HRS, going from stage A to stage
C. We, thus, believe that oxygen migration around this LSMO/HZO interface does not play
the main role on the TMR sign reversal. Besides changes at the interfaces, a change of local-
ized (defects) states in the barrier can also induce the inversion of TMR sign due to resonant
tunneling.[43, 63] For example, in LSMO/STO/Co junctions,[38] changes in the barrier by the
introduction of V2+

O have been reported to promote TMR sign reversal. In the stage C of our
junction, such a migration of V2+

O in the HZO barrier occurs, back and forth under the applica-
tion of the high electric field pulses with opposite polarities. Therefore, both the modification
of the Co/barrier interface[25] and the resonant tunneling, could contribute to reversal of the
TMR sign.

6.4 Conclusion and outlook
In conclusion, TER values of up to 106% coexisting with large ME coupling, by which the
sign of the TMR effect is reversed with the electric field switching, have been achieved after
cycling of LSMO/HZO/Co tunnel junctions with large enough electric fields. These phenom-
ena can be ascribed to the magneto-ionic effect. The temperature dependence of the transport
behaviour is consistent with the exchange of oxygen vacancies at the LSMO/HZO interface,
together with possible modifications of the HZO/Co interface and change of impurity states
of tunnel barrier. Next, an electrical protocol needs to be designed in order to increase the
endurance of this state.
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[62] M. Bowen, J.-L. Maurice, A. Barthélémy, P. Prod’homme, E. Jacquet, J.-P. Contour,
D. Imhoff, and C. Colliex, “Bias-crafted magnetic tunnel junctions with bistable spin-
dependent states,” Applied Physics Letters 89(10), p. 103517, 2006.

[63] K. Klyukin, L. Tao, E. Y. Tsymbal, and V. Alexandrov, “Defect-assisted tunneling elec-
troresistance in ferroelectric tunnel junctions,” Physical Review Letters 121(5), p. 056601,
2018.



Summary

In the context of the information age, ideal memories with high-speed, low-power,
high-endurance and non-volatility are desired in order to achieve both fast process-
ing and high-density storage. Various types of emerging memories have been pro-
posed to reach this goal. A promising one is the ferroelectric memories, based on
the effect of two different remanent polarization states in ferroelectrics, which can
be switched by the external electrical field (providing “0” and “1” for binary logic,
that are non-volatile when the electrical field is removed). Although some products
of ferroelectric memories have been commercialized, they still face various chal-
lenges to compete with the mainstream memories and massively making it to the
market. For example, poor CMOS-compatibility due to the perovskite structure of
conventional ferroelectrics, makes them hard to integrate with the current silicon-
based electronic technology; too large critical thickness to keep ferroelectricity due
to large depolarization fields and interface quality, hamper their miniaturization in
devices.

The ferroelectricity found in the simple oxide doped-HfO2 thin films recently,
brings a big surprise to the ferroelectrics community. Compared to the conventional
ferroelectrics (perovskite-type), this new type of ferroelectrics overcome many is-
sues, especially the above mentioned Si-compatibility, as its amorphous form has
been widely used in the transistor industry as the gate insulator. In addition, very
unexpectedly, the ferroelectricity in this material exists only at the nanoscale, dis-
appearing at larger sizes, which is a totally opposite trend compared to conven-
tional ferroelectrics, enabling the miniaturization of ferroelectric devices in the fu-
ture. Thus this material promises to be a definite advance in driving the field towards
applications, and many groups have been excited to work on it.

From the fundamental view point, it also appeals to many researchers in this
field. To understand the unventional origin of ferroelectricity in these materials
could greatly help the improvements in the properties of devices for future appli-
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cations. Ferroelectricity is strongly related to the crystal structure, so the structural
characterization of the material is very important. However, it is very challenging to
extract enough information to undoubtfully assign a polar phase to polycrystalline
(multiphase) ultrathin ferroelectric films, especially with many other phases having
very subtle structural differences. Thus high quality “clean” (single-phase) films are
needed and they are obtained in this work by pulsed-laser-deposition method using
advantage of its high kinetic energy with respect to other thin film deposition tech-
niques. The availability of better materials should enable better understanding of
the origin of ferroelectricity in this type of ferroelectrics.

In this thesis, Chapter 3 reports a polar rhombohedral (r-) ferroelectric phase in
Hf0.5Zr0.5O2 (HZO) with a large remanent polarization up to 34 µC/cm2, epitaxially
grown on the (001)-SrTiO3 substrate buffered with La0.7Sr0.3MnO3 (LSMO) as back
electrode. This phase is very different from the reported polar orthorhombic phase,
which is widely believed to be the origin of ferroelectricity. This new r-phase can be
obtained by the strategy of strain engineering of nano-sized domains. Cubic high-
temperature, high-pressure phases can be stabilized in nanoparticles by the large
internal pressure induced by the surface nergy, and when combined with the com-
pressive strain from the substrate, a polar r-phase can form. When the film thickness
increases, the strain from the substrate relaxes and domain size grows, thus gradu-
ally destabilizing the ferroelectric phase. The insights gained in this work provide
the missing clues in the understanding of robust nanoscale ferroelectricity in HfO2 –
based films. Since the as-grown films of this work are a well-oriented single phase,
it also helps to overcome one of main issues for their device utilization: electrical
cycling usually needed in polycrystalline films for waking up ferroelectricity, called
wake-up effect. In addition, this work suggests a pathway to generate large ferro-
electricity not only in HfO2 – based films, but also in other simple oxides.

For further studying the strain-effect on the stabilization of this newly reported
ferroelectric r-phase, structures of HZO films on various (001)-oriented perovskite
substrates with different lattice parameters but with same back electrode LSMO,
are compared in Chapter 4. We reveal that the strain imposed by the substrate on
the back electrode plays a big role in the stabilization of ferroelectric phase of HZO
film. When the back electrode is under the tensile strain, the HZO films grow (111)-
oriented, which favors the single polar r-phase. Once LSMO starts to be under the
compressive strain, (001)-oriented crystal grains starts to appear, favoring the non-
polar phases (with monoclinic and tetragonal symmetry). With increasing compres-
sive strain of LSMO, the films are single (001)-oriented and non-polar. In addition,
we find an oxygen-deficient interface layer between LSMO and HZO, only when
LSMO is under tensile strain but not in films with LSMO under compressive strain.
This interface induced by the tensile LSMO layer is considered to be crucial to sta-
bilize the (111)-oriented r-phase. The oxygen-deficiency in the layer could help the



Summary 123

screening of the polarization charges and reduction of the depolarization field in
this ultrathin ferroelectric layer. More systematic studies are needed to perform in
the future to evidence this hypothesis. Encouraged by the results on the perovskite
substrates showing that (111)-oriented films favor the polar r-phase, HZO thin films
grown directly on top of hexagonal substrates (GaN and sapphire) are also studied.
In agreement with the expectations, experiments show these films are also (111)-
oriented and with the polar r-phase. This work provides guidelines to grow ferro-
electric single-phase rhombohedral HfO2 – based films.

Next, we integrate this new phase into ferroelectric memories in Chapters 5 and
6. Taking advantage of its nanoscale ferroelectricity and large bandgap, this material
is perfect for ferroelectric tunnel junction devices, in which two polarization states
of ferroelectric tunnel barriers give two different resistance states. In addition, by
growing ultrathin ferroelectric HZO layers on a ferromagnetic (FM) back electrode
LSMO, a multiferroic system is created.

In Chapter 5, by covering the previously developed heterostructures with a layer
of FM cobalt as top electrode, a multiferroic tunnel junction (MFTJ, LSMO (FM)/
HZO (FE)/ Co (FM)) is reported for the first time using an ultrathin ferroelectric
HZO barrier of only 2 nm in thickness. Besides two resistance states from the fer-
roelectric polarization switching (known as tunneling electroresistance effect, TER),
the different relative magnetic configurations of the two electrodes (parallel or an-
tiparallel), will also give two different resistance states (known as tunneling magne-
toresistance effect, TMR). Thus four non-volatile resistance states have been obtained
in this MFTJ with HZO film as a tunnel barrier, by both electric and magnetic field
switching. This phenomenon can be the concept of multifunctional devices. Besides
this, the junctions also display several other appealing characteristics, such as bias-
dependent inverse TMR and memristive behavior. In addition, all of the devices
with such thin barriers show excellent homogeneity, and allows working with fixed
electrodes. Compared to similarly thin barriers of other conventional ferroelectric
materials, which can only be investigated using scanning probes, HZO films bring
clear advantages, pushing MFTJs closer to applications.

By combining two ferroic orders (ferromagnetic and ferroelectric), the coupling
between the magnetic and electric degrees of freedom (magnetoelectric (ME) cou-
pling) could realize electric field controlled spintronics, promising for the develop-
ment of low-power and fast devices. However, in Chapter 5, the TMR effect at the
two ferroelectric polarization states are similar, which indicates negligible ME cou-
pling. Electrical cycling test of the same junctions are shown in Chapter 6. With
increasing numbers of electrical pulses, a huge increase in TER is developed (up to
106% compared to the of 440% of beginning stages). In addition, a strong ME cou-
pling shows up, with sign reversal of the TMR effect upon electric pulse stimulus.
The experiments presented in Chapter 6, point to the magneto-ionic effect as the ori-
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gin of the large TER and strong ME coupling, showing that ferroelectric polarization
switching of the tunnel barrier is not the main contribution.

To summarize, this thesis reports a new polar r-phase, with large polarization and
robustness. According to the crystal studies on different substrates, specific guide-
lines are given on how to achieve this new ferroelectric r-phase in HZO thin films.
Taking advantage of the great properties of HZO thin films with this new phase,
the films were integrated as tunnel barriers into multiferroic tunnel junction. The
properties of this device are studied, which give some insights for the future possi-
ble application. An intermediate stage has been achieved which unites 4-resistance
states, 106% TER and TMR reversal upon electric field switching. Success in sta-
bilizing such a stage for a large enough number of cycles will offer a new type of
multifunctional device with important advantages with respect to current solutions.



Samenvatting

In de context van het informatietijdperk is geheugen met hoge snelheid, laag ver-
mogen, hoge duurzaamheid en lage volatiliteit gewenst om zowel snelle verwerk-
ing als opslag met hoge dichtheid te bereiken. Er zijn verschillende nieuwe soorten
geheugen voorgesteld om dit doel te bereiken. Veelbelovend is ferro-elektrisch geheugen,
gebaseerd op het effect van de twee verschillende remanente polarisatietoestanden
in ferro-elektrica, die kunnen worden geschakeld door een extern elektrisch veld, die
gebruikt kunnen worden voor een “0” and “1” in binaire logica en die niet-vluchtig
zijn wanneer het elektrisch veld is verwijderd. Hoewel inmiddels enkele producten
van ferro-elektrisch geheugen in de handel zijn gebracht, staan ze nog steeds voor
verschillende uitdagingen om te concurreren met de huidige meestgebruikte vor-
men van geheugen en massaal de markt te bereiken. Één van de oorzaken hiervan
is dat de perovskietstructuur van conventionele ferro-elektrische material moeilijk
te integreren is met de huidige op silicium gebaseerde elektronische technologie.
Een andere oorzaak is dat, vanwege grote depolarisatievelden en lage kwaliteit van
grensvlakken, een grote minimale (kritische) dikte nodig is om ferro-elektriciteit te
behouden, wat de miniaturisatie in apparaten belemmert.

De ferro-elektriciteit die recent in dunne films van gedoteerd HfO2, een simple
oxide, is gevonden, brengt een grote verrassing voor de ferro-elektrische gemeen-
schap. In vergelijking met conventionele ferro-elektrica (met de perovskietstruc-
tuur) overwint dit nieuwe type ferro-elektronica veel problemen, vooral de bovenge-
noemde Si-compatibiliteit: de amorfe vorm ervan wordt namelijk al op grote schaal
gebruikt in de transistorindustrie als de isolator van de gate. Bovendien, heel on-
verwacht, bestaat de ferro-elektriciteit in dit materiaal alleen op nanoschaal en verd-
wijnt het bij grotere afmetingen, wat een geheel tegengestelde trend is in vergelijking
met conventionele ferro-elektrica, waardoor de miniaturisatie van ferro-elektrische
apparaten in de toekomst mogelijk wordt. Dit materiaal belooft dus voor een defini-
tieve vooruitgang van het onderzoeksveld te zorgen in de richting van toepassingen
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en veel groepen zijn er enthousiast aan gaan werken.
Ook vanuit fundamenteel oogpunt spreekt het veel onderzoekers op dit gebied

aan. Het begrijpen van de ongebruikelijke oorsprong van ferro-elektriciteit in deze
materialen kan leiden tot enorme verbeteringen voor toekomstige toepassingen. Ferro-
elektriciteit is sterk gerelateerd aan de kristalstructuur, dus het karakteriseren van
de structuur van het materiaal is erg belangrijk. Het is echter een hele uitdaging om
voldoende informatie te verkrijgen om, zonder twijfel, een polaire fase toe te kun-
nen kennen aan polykristallijne ultradunne ferro-elektrische lagen die ook nog uit
meerdere fasen kunnen bestaan, vooral omdat er veel vergelijkbare fasen zijn met
slechts zeer subtiele verschillen in de structuur. Hierom zijn “schone” (enkelfasige)
films van hoge kwaliteit nodig. Deze worden in dit onderzoek verkregen door mid-
del van een depositietechniek met een gepulste laser, waarbij een hogere kinetische
energie verkregen wordt ten opzichte van andere dunne filmdepositietechnieken.
De beschikbaarheid van betere materialen moet een beter begrip mogelijk maken
van de oorsprong van ferro-elektriciteit in dit type ferro-elektrica.

In dit proefschrift beschrijft Hoofdstuk 3 een polaire rhombohedrale (r-) ferro-
elektrische fase in Hf0.5Zr0.5O2 (HZO) met een grote remanente polarisatie, tot 34
µC/cm2, welke epitaxiaal gegroeid is op een (001)-SrTiO3-substraat die gebufferd is
met La0.7Sr0.3MnO3 (LSMO) als electrode. Deze fase verschilt sterk van de gerap-
porteerde polaire orthorhombische fase, waarvan algemeen wordt aangenomen dat
het de oorsprong is van ferro-elektriciteit in dit materiaal. Deze nieuwe r-fase kan
worden verkregen door gebruik te maken van spanning van domeinen van nano-
grootte. Kubische kirstalstructuren die normaal alleen bij hoge temperatuur en druk
stabiel zijn, kunnen worden gestabiliseerd in nanodeeltjes door de grote interne druk
die wordt geı̈nduceerd door de oppervlakte-energie en wanneer dit gecombineerd
wordt met de mechanische spanning door het substraat, kan een polaire r-fase wor-
den gevormd. Wanneer de dikte van de laag toeneemt, vermindert de mechanis-
che spanning die het substraat uitoefent op de dunne laag en neemt de domeing-
rootte toe, waardoor de ferro-elektrische fase geleidelijk wordt gedestabiliseerd. De
verkregen inzichten in dit onderzoek bieden de ontbrekende aanwijzingen voor het
begrijpen van de robuuste ferro-elektriciteit op nanoschaal in HfO2-films. Omdat de
dunne lagen in dit werk bestaan uit een goed georiënteerde enkele fase, helpt het
ook om één van de belangrijkste problemen voor hun toepassing in elektronica te
overwinnen: de elektrische cycli die in polykristallijne lagen meestal nodig zijn voor
het opwekken van ferro-elektriciteit (het wekeffect). Bovendien kan dit werk gezien
worden als een route om sterke ferro-elektriciteit te genereren, niet alleen in op HfO2

gebaseerde films, maar ook in andere eenvoudige oxiden.
Voor een verdere bestudering van het effect van mechanische spanning op de sta-

bilisatie van deze nieuw gerapporteerde ferro-elektrische r-fase, worden in Hoofd-
stuk 4 verschillende dunne HZO lagen vergeleken, die zijn gegroeid op verschil-
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lende (001) georiënteerde substraten met de perovskietstructuur met verschillende
roosterconstanten, maar met dezelfde onderliggende elektrode LSMO. We laten zien
dat de spanning die het substraat uitoefent op de elektrode een grote rol speelt
bij de stabilisatie van de ferro-elektrische fase van HZO-film. Wanneer de elek-
trode onder trekspanning staat, groeien de HZO-films met hun (111)-as loodrecht
op het oppervlak, hetgeen de enkele polaire r-fase begunstigt. Echter, als LSMO
onder drukspanning staat, verschijnen ook (001)-georiënteerde kristallen, waarbij
de voorkeur wordt gegeven aan niet-polaire fasen (met monoklinische en tetrago-
nale symmetrie). Met een nog hogere drukspanning van LSMO zijn de HZO-lagen
enkel nog (001)-georiënteerd en niet-polair. Bovendien vinden we een zuurstofarme
laag op het grensvlak tussen LSMO en HZO, maar alleen wanneer LSMO onder
trekspanning staat, niet onder drukspanning. Deze grenslaag die wordt geı̈nduceerd
door de LSMO-laag wordt als cruciaal beschouwd om de (111)-georiënteerde r-fase
te stabiliseren. Het zuurstofgebrek in de laag zou kunnen helpen bij het afscher-
men van de polarisatieladingen en het verminderen van het depolarisatieveld in
deze ultradunne ferro-elektrische laag. Meer systematische studies zijn nodig om
in de toekomst deze hypothese te bewijzen. Aangemoedigd door de resultaten op
de perovskiet-substraten die aantonen dat (111)-georiënteerde films de voorkeur
geven aan de polaire r-fase, bestuderen we ook dunne lagen van HZO die gegroeid
zijn bovenop hexagonale substraten (GaN en saffier). In overeenstemming met de
verwachtingen, tonen de experimenten aan dat deze films ook (111)-georiënteerd
zijn en dat ze van de polaire r-fase zijn. Dit werk biedt richtlijnen voor het laten
groeien van ferro-elektrische rhombohedrale HfO2-films bestaande uit een enkele
fase.

Vervolgens integreren we deze nieuwe fase in ferro-elektrische geheugens in
Hoofdstukken 5 en 6. Gebruikmakend van de ferro-elektriciteit op nanoschaal en de
grote bandkloof, is dit materiaal perfect voor ferro-elektrische tunneljuncties, waarin
twee polarisatietoestanden van ferro-elektrische tunnelbarrières twee verschillende
weerstandstoestanden geven. Bovendien wordt door het groeien van ultradunne
ferro-elektrische HZO-lagen op een onderliggende ferromagnetische (FM) elektrode
LSMO een multiferroisch systeem gecreëerd.

In Hoofdstuk 5 wordt voor het eerst een multiferroı̈sche tunneljunctie (MFTJ,
LSMO (FM) / HZO (FE) / Co (FM)) gerapporteerd door de eerder ontwikkelde het-
erostructuren te bedekken met een laag FM-kobalt als topelektrode over een ultra-
dunne ferro-elektrische HZO-barrières met een dikte van slechts 2 nm. Naast twee
weerstandstoestanden van de ferro-elektrische polarisatieschakeling (bekend als het
tunneling electroresistance effect, TER), zullen de verschillende relatieve magnetis-
che configuraties van de twee elektroden (parallel of antiparallel) ook twee verschil-
lende weerstandstoestanden geven (bekend als het tunneling magnetoresistance ef-
fect, TMR). Aldus zijn vier niet-vluchtige weerstandstoestanden verkregen in deze
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MFTJ met HZO-film als een tunnelbarrières, door zowel elektrische als magnetische
veldomschakeling. Dit fenomeen kan aan de basis liggen van multifunctionele de-
vices. Daarnaast vertonen de juncties ook verschillende andere aantrekkelijke ken-
merken, zoals spanningsafhankelijke inverse TMR en memristief gedrag. Boven-
dien vertonen alle apparaten met dergelijke dunne barrières een uitstekende ho-
mogeniteit en maakt het werken met vaste elektroden mogelijk. In vergelijking
met even dunne barrières van andere conventionele ferro-elektrische materialen,
die alleen kunnen worden onderzocht met behulp van scanning probetechnieken,
bieden HZO-films duidelijke voordelen, waardoor MFTJ’s dichter bij toepassingen
komen.

De combinatie van ferromagnetische en ferro-elektrische materialen, maakte de
koppeling tussen de magnetische en elektrische vrijheidsgraden (magneto-elektrische
(ME) koppeling) elektrisch-veldgestuurde spintronica mogelijk, wat veelbelovend is
voor de ontwikkeling van snelle devices met een laag vermogen. In Hoofdstuk 5
is het TMR-effect bij de twee ferro-elektrische polarisatietoestanden echter vergeli-
jkbaar, wat wijst op een verwaarloosbare ME-koppeling. De elektrische cyclustest
van dezelfde juncties wordt getoond in Hoofdstuk 6. Met een toenemend aantal
elektrische pulsen wordt een enorme toename van TER ontwikkeld (tot 106% in
vergelijking met de van 440% van de beginfasen). Bovendien verschijnt een sterke
ME-koppeling, met een omklappen van het teken van het TMR-effect als gevolg van
een elektrische pulsstimulus. De experimenten gepresenteerd in Hoofdstuk 6 wi-
jzen op het magneto-ionische effect als de oorsprong van de grote TER- en sterke
ME-koppeling, waaruit blijkt dat ferro-elektrische polarisatieschakeling van de tun-
nelbarrière niet de belangrijkste bijdrage is.

Samenvattend rapporteert dit proefschrift een nieuwe robuste polaire r-fase met
een grote polarisatie. Volgens de kristalstudies op verschillende substraten worden
specifieke richtlijnen gegeven over hoe deze nieuwe ferro-elektrische r-fase in HZO
dunne films kan worden bereikt. Gebruikmakend van de geweldige eigenschappen
van dunne lagen van HZO met deze nieuwe fase, werden de films geı̈ntegreerd als
tunnelbarrières in multiferroı̈sche tunneljuncties. De eigenschappen van dit appa-
raat werden bestudeerd, wat enkele inzichten geeft voor de toekomstige mogelijke
toepassing. Er is een tussenfase bereikt die 4-weerstandstoestanden, 106% TER en
TMR-omkering bij het schakelen van elektrisch veld verenigt. Succes in het stabilis-
eren van een dergelijke fase voor een voldoende groot aantal cycli zal een nieuw type
multifunctioneel devices bieden met belangrijke voordelen ten opzichte van huidige
oplossingen.
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