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Abstract

Ferroelectrics are widely used materials for nonvolatile memories and other various
devices due to their promising characteristics such as low power consumption, high
switching speeds and non-volatility. However, the Pb-containing in most commercial
devices of ferroelectrics is a major concern. Also, cell size of the commercial
ferroelectric memories cannot be scaled down. Therefore, alternative ferroelectric
material are needed. In this thesis, we investigated two different lead free ferroelectric
materials — barium titanate (BaTiO3) and hafnium zirconium oxide (Hfos5Zro50>),
aiming to grow epitaxial ferroelectric films integrated with Silicon.

We have developed a new strain engineering for integrating epitaxial BaTiOs films on
Si using LaNiOs3/CeO2/YSZ buffer layers by pulsed laser deposition. The strategy is to
control the deposition parameters (substrate temperature, oxygen pressure and growth
rate) which can affect the balance between thermodynamics and kinetics during the
growth of BaTiOs films. We show that epitaxial growth of the BaTiO; films with
selectable polar axis orientation can be achieved in a broad deposition parameter
window with a large impact on the lattice strain of the BaTiOs polar axis (exceeding
2 % in films thicker than 100 nm) and ferroelectric properties. This flexible strain
method overcomes the primary limitations of conventional substrate-based strain
engineering: it can be applied to films on specific substrates including Si(001) and
perovskites, and it is not restricted to ultrathin films. Then, we investigated the role of
electrode-interfaces in a series of BaTiOs capacitors using different electrodes
(perovskite metallic oxides Laz;3SrisMnOs; and LaNiOs and noble metal Pt). The
impact of the electrodes on the electrical properties such as ferroelectric polarization,
leakage and imprint field of epitaxial BaTiOs films was determined.

We also present a detailed study of epitaxial growth of HfosZrosO2 on SrTiO3
substrate buffered with Lay;3Sri3MnQO; electrode by pulsed laser deposition. The
growth window of deposition temperature, oxygen pressure and film thickness is
mapped and the polar orthorhombic phase with (111) orientation can be stabilized in
the Hfo 571050, films. We find that the growth parameters and thickness determine the
relative amount of orthorhombic phase and its lattice strain, permitting the control of
the structural and functional properties. Through selection of deposition parameters
and film thickness, the electrical properties can be tailored with low leakage and high
remnant polarization up to 24 uC/cm? without the need of wake-up. The coercive field
—thickness?? scaling, often observed in ferroelectric perovskites, is reported for the
first time for ferroelectric hafnia films. Then, we investigated the epitaxial integration
of HfosZrosO> film in a capacitor heterostructure on Si(001). High quality
(111)-oriented Hfos5ZrosO2> films have been successfully integrated on Si with
Lay3Sri3sMnO3/LaNiO3/Ce02/YSZ or simpler Lay;3SrisMnOs/SrTiOs buffer layers,
presenting robust ferroelectric properties, including the remnant polarization above 30
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uC/cm?. The notable endurance (above 10'° cycles) and long retention (over 10 years)
either on SrTiO3(001) or Si(001) are also reported.
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Resumen

Hoy en dia los materiales ferroeléctricos se usan ampliamente en memoria no
volatiles y otros dispositivos. Esto se debe a que permiten excelentes prestaciones
como bajo consumo de potencia, alta velocidad y no volatilidad. Sin embargo, la
presencia de plomo en la mayoria de los dispositivos comerciales es un gran problema.
Por ello es necesario disponer de materiales ferroeléctricos alternativos. En esta tesis
investigamos dos materiales ferroeléctricos sin plomo, titanato de bario (BaTiO3) y
6xido de zirconio y hafnio (Hfy5Zro502), con el objetivo de integrarlos epitaxialmente
en silicio.

Mediante la técnica de deposito con laser pulsado hemos integrado epitaxialmente
capas finas de BaTiO; en Si(001), usando la heteroestructura LaNiO3/CeO2/YSZ
como buffer layer y desarrollado una nueva ingenieria de deformacién de red
cristalina, strain. La estrategia de strain se basa en variar los pardmetros de deposito
(temperatura de substrato, presion de oxigeno y velocidad de crecimiento), de modo
que se controle el balance entre termodinamica y cinética durante el crecimiento de
las capas finas de BaTiOs. Hemos conseguido crecimiento epitaxial de BaTiO3 en una
ventana amplia de pardmetros de deposito, pudiendo seleccionar la orientacion del eje
polar (en plano y fuera de plano), y teniendo los pardmetro una gran influencia en el
strain del eje polar del BaTiOs (con valores incluso superiores al 2 %) y en las
propiedades ferroeléctricas. La flexibilidad de esta ingenieria de strain evita las
limitaciones de los métodos convencionales de ingenieria de strain basados en la
seleccion del substrato: puede usarse con capas sobre un substrato determinado
incluidos Si(001) y perovskitas, y su uso no estd restringido a capas ultra delgadas.
Hemos investigado también el papel de las interfaces con los electrodos, en una serie
de condensadores de BaTiOs con diferentes electrodos (los oxidos metalicos
Laz3SrisMnOs y LaNiOs, y el metal noble Pt). En este estudio hemos determinado la
influencia de los electrodos en la polarizacion ferroeléctrica, la corriente de fuga y el
campo de imprint.

La tesis incluye un estudio detallado del crecimiento epitaxial, mediante laser pulsado,
de HfosZros02 sobre substratos de SrTiO3(001) usando Lay;3SrisMnOs; como
electrodo inferior. Hemos determinado la formacién de fases cristalinas y las
propiedades de las capas en una amplia ventana de crecimiento incluyendo
temperatura de substrato, presion de oxigeno y espesor. Con ello hemos encontrado
las condiciones en las que se estabiliza la fase polar ortorrombica en las capas de
HfosZros0,. Esta fase presenta, en todas las condiciones en que se obtiene,
orientacion fuera del plano (111), mientras que su cantidad relativa respecto al la fase
no polar monoclinica y la deformacion de red dependen de los parametros de
crecimiento y del espesor. Seleccionando adecuadamente los parametros de
crecimiento y el espesor se obtienen capas de HfysZro50> con baja corriente de fuga y



polarizacién remanente de hasta 24 pC/cm? sin necesidad de procesos de wake-up.
Hemos observado que el campo coercitivo depende potencialmente del espesor con
un exponente -2/3, una dependencia comunmente observada en perovskitas
ferroeléctricas pero observada por primera vez en ferroeléctricos basados en HfO; en
esta tesis. Finalmente hemos abrodado la integracion epitaxial sobre Si(001) de capas
de HfosZros0O2 en una estructura de condensador. Capas epitaxiales de Hfo 5Zro 502, de
alta calidad y orientacién (111), se han crecido sobre Si(001) usando como buffer
layers la  heteroestructura  La;sSrisMnO3/LaNiO3/CeO2/YSZ o la  bicapa
Laz3SrisMnO3/SrTiOs. Las propiedades ferroeléctricas son excelentes, incluyendo
polarizaciéon remanente superior a 30 uC/cm? y resitencia a la fatiga (superior a 10'°
ciclos) y retencion mas alla de 10 afios.
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Chapter 1. Motivation, Objectives and Qutline of the thesis

Chapter 1. Motivation, Objectives and Outline of the thesis

1.1 Motivation

Since the discovery of ferroelectricity in Rochelle salt in 1921, the ferroelectric (FE)
materials have provided functionalities crucial for a diverse range of applications such
as logic memory devices,[1-2] pyroelectric energy conversion,[1-4] piezoelectric
sensors and actuators,[5-7] neuromorphic computing,[8-9] and optical devices[10].
The most common ferroelectrics have chemical formula ABO;3 perovskite structure
(Figure 1-1a) such as BaTiO; and Pb(Zr,Ti)Os. Ferroelectric materials possess a
reversible spontaneous polarization in the absence of an external electric field. The
spontaneous polarization in ferroelectrics comes from the non-centrosymmetric
arrangement of ions in the unit cell that produces an electric dipole moment. As
described by the Landau theory of energetics during ferroelectric switching in Figure
1-1 (b),[11-14] the ferroelectrics have two stable states of polarization. As increasing
the temperature above the Curie temperature (T), the phase transition will take place
from non-centrosymmetric (ferroelectric) to centrosymmetric (paraelectric) structure
in which the global minimum of the Gibbs free energy lies at P = 0, and then materials
lose the ferroelectricity. When applying electric field to a ferroelectric, the
polarization shows a hysteretic behavior with the applied field (Fig 1-1¢). At zero bias,
there are two states of residual polarization, which is called remnant polarization (+
P;). In memory devices, these two states can be translated into “0” and “1” for storing
information. Since no external field is required to maintain these states, the memory
device is so-called “nonvolatile”. To switch the polarization state or rewrite the
information, the threshold electric field higher than the coercive field (= Ec) is
required. Usually, the ferroelectric materials are preferred to be processed in the form
of thin films for low-power operation.

Figure I-1 (a) The unit cell of ABOs type perovskite structure. (b) Landau theory energy potential

landscapes: Gibbs free energy potential as a function of the spontaneous polarization. (c) The

typical ferroelectric hysteresis loop.
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For the practical non-volatile logic memory devices in most applications of
ferroelectrics, the ferroelectric thin films should be integrated on the semiconductor
platform, especially on Silicon.[15-17] However, the structure quality of ferroelectric
oxide films grown on semiconductor substrates is far from the quality of these films
grown on appropriate oxide substrates, leading to the degraded properties in the
microelectronic devices.[15-19] The reason is because of the chemical reaction and
mechanical incompatibility of dissimilar interfaces between perovskite ferroelectric
oxides and Silicon. As a consequence, a significant effort and improvements to
integrate functional complex functional oxides on silicon have been made during the
past decades.[20-33] However, most of the high quality ferroelectric films grown on
silicon are lead (Pb)-containing which is toxic and environmentally unfriendly. This is
a drawback affecting its use in commercial devices. Alternative materials, Pb-free and
offering superior functional properties are demanded. In this thesis, two different
lead-free ferroelectric materials were intensively studied: One is the prototypical
perovskite oxide BaTiOz (BTO); another one is the novel doped HfO,, specifically
Hfo.5Z1r0.502 (HZO), with fluorite-structure.

Firstly, the perovskite-structure BaTiOz with spontaneous polarization (Ps) around 26
uC/cm? in bulk state is a good candidate for lead-free microelectronic devices.
Although BaTiOs; films have been recently integrated with Si(001), epitaxial growth
and high ferroelectric polarization are very challenging.[15,16] In particular, BaTiO3
films with the polar axis perpendicular to the Si(001) plane, required in devices such
as FE field-effect transistors, are elusive.[15-17,19] High quality c-oriented BaTiO3
films with large remnant polarization (P;) of 6-10 uC/cm? were integrated with silicon
using YSZ (yttria-stabilized zirconia), CeO., and conducting LaNiOs3 in a buffer layer
heterostructure by our group.[34] On the other hand, it is well-known that lattice
strain generally causes dramatic effects on the properties of ferroelectrics. In
particular, epitaxial compressive strain has permitted a notable enhancement of the
ferroelectric polarization and the Curie temperature.[52,57] The conventional strain
engineering is based on the selection of proper substrate with certain lattice mismatch
inducing the epitaxial strain. However, this substrate-based strain engineering is
restricted to relatively small ranges of strain and film thickness due to the plastic
relaxation. Also, the limited number of substrates for choice will cause the insufficient
strain tunability. More importantly, in most applications ferroelectric films are
required to be integrated with the specific substrate silicon, putting the serious limits
for the use of substrate-based strain engineering. Therefore, alternative strategies to
the usual substrate engineering are highly needed.

Secondly, the lead-free fluorite-structure doped HfO> thin films were first reported to
be ferroelectric in 2011.[35] Due to their advantages such as high compatibility with
complementary metal oxide semiconductor (CMOS) technology and excellent
scalability compared with conventional perovskites,[35-37] the ferroelectric
HfO»-based thin films are considered to be a very promising candidate for the further
development of future memories applications. It is generally accepted that the origin
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of this unexpected ferroelectricity is due to the formation of a metastable
non-centrosymmetric orthorhombic phase with space group Pca2;. Several
mechanisms [36-37] such as doping, grain size, top electrode capping effect and
balance between kinetics and thermodynamics have been put forward as important
factors responsible for stabilizing the ferroelectric phase. Currently, this ferroelectric
phase is usually stabilized in polycrystalline films where nanometric orthorhombic
grains coexist with non-ferroelectric phases.[36-38] The polycrystalline nature and the
mixture of phases in HfO, films challenge the understanding of the intrinsic
ferroelectric properties as well as prototyping devices. For this purpose, epitaxial
ferroelectric HfO, films are definitely more convenient. Despite the nascent state of
epitaxial ferroelectric hafnia, recent research has reported that the FE orthorhombic
phase can be stabilized in epitaxial films. More progress in the fabrication and deeper
functional characterization of epitaxial HfO-based thin films is required.

1.2 Objectives of the thesis

The objective of the thesis is to achieve significant progress in the two following
directions.

(i) Developing a different strain engineering for ferroelectric BaTiO; on a specified
substrate with the tunability of lattice strain and ferroelectric polarization. Defects
engineering could be a viable way for achieving this goal. Defects in thin films offer
an opportunity to expand the crystal lattice and engineer the strain if controlled
properly. For epitaxial ferroelectric thin films, complex point defects are usually
present. Such point defects can be introduced with high energetic techniques like
pulsed laser deposition or sputtering. Based on the balance between thermodynamics
and kinetics in the growth of BaTiO; by pulsed laser deposition, the growth
conditions (substrate temperature, deposition oxygen pressure and growth rates) have
strong influence on the BaTiOs; growth mechanisms, lattice strain, and ferroelectric
properties. We have investigated this influence, and we demonstrate that they permit
tunable strain and ferroelectric polarization, providing a feasible method that can
overcome the main limitations of the conventional strain engineering.

In addition, as the electric properties of ferroelectric BaTiO; thin films can be largely
dominated by the interfaces, the relevant investigation about the role of
electrode-interface on the ferroelectricity of BaTiOs thin films is also performed.

(i1) Stabilization of polar orthorhombic phase in epitaxial HfysZrosO> thin films.
Hfo5Zr0s0; film are grown on SrTiO3(001) substrate buffered with La;sSri3MnO3
electrode to determine the growth window for the epitaxial orthorhombic phase. The
effect of deposition parameters (temperature, oxygen pressure and film thickness) on
the structural and ferroelectric properties of HfosZrosO: films by pulsed laser
deposition is investigated. For future device applications in CMOS technology,
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integration has to be done on Si(001). Thus, the epitaxial integration of Hfy5Zro 50>
film in a capacitor heterostructure on Si(001) is also addressed.

1.3 Outline of the thesis

Chapter 2 firstly introduces the basics of perovskite BaTiOs, how it can be epitaxially
integrated on Si and the limitations of classic strain engineering and proposed
solutions. Then the novel ferroelectric HfO>-based thin films and the origin of
ferroelectricity are presented. The state-of-the-art research for epitaxial doped HfO»
films is also reviewed.

Chapter 3 describes the experimental methods and tools used throughout this work for
sample preparation and characterization. The sample preparation summarizes the
fabrication process of pulsed laser deposition targets, basics of pulsed laser deposition
system and sputtering for top electrodes. Respect to sample characterizations we
briefly describe the techniques used for the structural analysis (X-ray diffraction,
atomic force microscopy) and the electric measurements.

In chapter 4, we present the study of influence of deposition parameters (substrate
temperature, oxygen pressure and growth rate) on the structure and ferroelectric
polarization of epitaxial BaTiO3 on Si. It is shown that the epitaxial strain and
ferroelectric polarization can be effectively tailored by deposition parameters and then
new strategy of strain engineering can be built. Also, the influence of electrodes
(perovskite metallic oxides Laz3SrisMnOs and LaNiO; and noble metal Pt) on the
electric properties of BaTiOs films is studied and determined.

In chapter 5, we firstly show how the deposition parameters (temperature, oxygen
pressure and film thickness) determine the structural and ferroelectric properties of
Hfos5Zros0, films. The growth window map for epitaxial stabilization of the
ferroelectric phase is established. Then we integrate epitaxial HfysZrosO, films on
Si(001) with two different buffer layers Laz;3SrisMnOs/LaNiO3/CeO2/YSZ and
simpler La»3SrisMnOs3/YSZ heterostructures. The extensively characterization for
electric properties such as polarization, leakage, retention and fatigue of epitaxial
Hfo 5Zr0.50; thin films is presented.

Chapter 6 summarizes the general conclusions of the thesis.

Finally, in Appendix, we show how the texture of epitaxial BaTiOs films on Silicon
wafers can be controlled by selection of wafer orientation and buffer layers.
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Chapter 2. Introduction

Ferroelectric materials present a switchable spontaneous electric polarization that is
intrinsic to the crystal lattice. They belong to a broad class of dielectrics which are
insulating materials. The applied external electric field can break the space symmetry
of the dielectrics and create a transient electric polarization. A subset of dielectrics
with a non-centrosymmetric structure is called “piezoelectrics”, for which the
application of stress induces an electric potential or, conversely, the application of an
electric field induces mechanical strain. Some of piezoelectrics possess a unique polar
axis, leading to a spontaneous electric polarization. As the polarization is dependent
with temperature that create charge flow, these materials are so-called “pyroelectrics”.
Finally, some polar pyroelectric materials possess two or more stable polarized states
in the absence of an electric field, and the application of an electric field can induce
switching between these states. These materials are called “ferroelectrics”.

Dielectrics
Figure 2.1 Hierarchy of the

Piezoelectrics

, dielectric materials according to
Pyroelectrics ‘ the piezoelectric, pyroelectric and

ferroelectric properties.

The most widely investigated FE materials are perovskite oxides and related
structures such as BaTiOsz, Pb(Zr,Ti)O3 (PZT), SrBi2Ta;0O9 (SBT) or BisTi3012. Due to
their chemical and thermal robustness and other attractive characteristics such as high
dielectric constant, large spontaneous polarization, and electro-mechanical response,
perovskite ferroelectric oxides have been widely used in nonvolatile memories,
sensors, actuators, and electro-optic devices.[1-10] However, in most of these oxides,
the chemical composition usually includes volatile (Pb, Bi) and toxic elements (Pb).
Alternative materials, Pb-free and offering superior functional properties are
demanded. The perovskite-structure BaTiO3; which is lead-free with good ferroelectric
properties and very high electro-optical coefficients can be a good alternative choice.
On the other hand, the novel fluorite-structure ferroelectric HfO> thin films possessing
the advantages of high compatibility with silicon and excellent scalability can be an
excellent candidate for lead-free microelectronic devices. Therefore, in the following
section we will focus on these two lead-free materials: the perovskite ferroelectric
BaTiOs and fluorite ferroelectric HfO».
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2.1 Perovskite Ferroelectric BaTiO;

2.1.1 BaTiOs

BaTiO;s is the archetype ferroelectric perovskite oxide. The origin of ferroelectricity
for BTO is the shift of Ti atom either up or down from the centrosymmetric position
to a configuration of lower energy. This bistability of the Ti position produces the
switchable permanent dipole moment characteristic of ferroelectricity. BTO loses its
ferroelectricity above the Curie temperature around T. = 120 °C[39] where it becomes
a centrosymmetric cubic structure. At room temperature, ferroelectric BTO has
tetragonal structure (space group P4mm) with lattice parameters a = 3.994 A and ¢ =
4.038 A and spontaneous polarization (Ps) around 26 pC/cm? with [001] polar
direction. Continuously lowering the temperature, BTO suffers another two
ferroelectric phase transitions to the orthorhombic phase (below 5 °C) and further
rhombohedral phase (below -90 °C) with polar axes along [011] and [111]
respectively as shown in Figure 2.2. Epitaxial strain can dramatically increase the
transition temperature of ferroelectric oxide thin films by several hundred degrees
with simultaneous enhancement in ferroelectric polarization.[40,41] Besides the FE
memory applications, the strong electro-optic effect with large effective Pockels
coefficient of r.4= 148 pm V-! and low propagation losses of only 6 dB/cm achieving
in epitaxial films on Si makes BTO potentially useful for integrated Si
nanophotonics.[43]

High Temperature
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Figure 2.2 Schematic drawing of the crystal structure of polymorphic states of BaTiOs including
(a) ideal perovskite structure (cubic, paraelectric phase), (b) tetragonal phase with polarization

along [001], (c) orthorhombic phase with polarization along [110], and (d) rhombohedral phase
with polarization along [111]. [42]

2.1.2 BaTiO3 on Si

In order to use ferroelectric single crystalline BaTiO; thin films for most commercial
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applications, epitaxial integration on silicon wafers is required. The epitaxial
integration of BTO on Si (001) remains challenging due to the dissimilarities between
Si and BTO. The successful direct growth of BTO on Si would be of significant
relevance in devices such as ferroelectric field effect transistors. The reason is that an
additional phase (silicide or silicate) is formed at the interface due to the chemical
interaction, which prevents epitaxial crystallization of BTO and causes the
deteriorated functional properties of the film.[15-17] Another challenge is the large
thermal expansion mismatch between Si and BTO, with BTO having a thermal
expansion coefficient about three times larger than Si.[44] This thermal mismatch will
result in a large residual tensile stress that can cause cracks in the film.[45] Also,
tensile stress favors the polar c-axis of BTO alignment in the Si(001) plane at the
paraelectric-ferroelectric transition when they are cooled down after deposition.[34]
The polar axis of BTO on Si should be along the out-of-plane direction in memory
devices. Consequently, these difficulties mentioned above challenge the epitaxial
growth of c-oriented BTO on Si(001).

The common solution to achieve epitaxial growth is the use of a buffer layer. A buffer
layer that can be epitaxially grown on Si can be used as a pseudosubstrate for the
subsequent deposition of films. The most widely used buffer template for the epitaxial
growth of complex oxides on silicon are SrTiOs (STO) and yttria-stabilized zirconia
(YSZ). Both of buffers have been successfully used for the integration of high quality
ferroelectric Pb(Zr,Ti)O3 on silicon. In this thesis, YSZ has been employed as buffer
layer for epitaxial integration of BTO on Si.

YSZ has been successfully grown epitaxially on Si with PLD since the 1990s.[46,47]
Firstly, YSZ is deposited on as-received silicon substrate in low oxygen pressure to
perform a redox reaction. The Zr and Y atoms reduce the native silicon oxide due to
the lower Gibbs formation free energies of ZrO> and Y03 compared to SiOx.
Crystallization of YSZ on the silicon typically occurs above a thickness of 1.0 - 1.5
nm.[48,49] Then, the nanometric SiOx-free regions act as seeds for epitaxy and
subsequent lateral crystallization of the rest of the amorphous YSZ. Finally, a
chemically stable YSZ film is grown epitaxially on the Si substrate.[48] In this way,
very flat surface can be achieved. Additionally, an epitaxial fluorite CeO; layer is
grown on the YSZ film to obtain a template with better structure compatibility with
perovskite oxides.[50] This permits epitaxial integration of (001)-oriented BTO film
on buffered Si(001) substrate. Figure 2.3 shows the sketch of heterostructure used in
this thesis for BaTiOs thin films integrated on Si indicated with the corresponding
lattice mismatch between each layer.
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a/c parameter Lattice mismatch
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| _5.41A 45%5 383 A 2.99% 9% Figure 2.3 The sketch of
5.14A -43% 3634 the  heterostructure  for

BaTiOs integrated on Si
with corresponding lattice

mismatch between each

layer.

2.1.3 Strain engineering

The functional properties of oxides can be controlled by modifying the crystal
structures due to the inherent coupling between structure and functionality of oxides.
In the case of epitaxial films, the classic strategy is based on the use of different
substrates which present a tailored lattice mismatch with thin film and further induce
the structural distortions for expected functional properties as shown in Figure 2.4. By
choosing the appropriate substrate, the perovskite oxide thin films can be grown under
compressive (Figure 2.4b) or tensile (Figure 2.4c) strain exerted by the substrates. The
commercially available monocrystalline substrates with lattice constants in the 3.7 A -
4.2 A range can be seen in Figure 2.5. As a result, epitaxial strain can be tailored from
compressive to tensile states. This strain engineering has been widely applied to
superconducting, metallic, ferromagnetic, and ferroelectric oxides, among
others.[51-56]
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Figure 2.4 “Strain engineering” - the effect of substrate on the in-plane strain of perovskite thin
film. (a) Unstrained state of perovskite oxides; (b) Biaxial compressive strain by a substrate with

smaller in-plane lattice constants. (c) Biaxial tensile strain by a substrate with larger in-plane
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lattice constants. [51]
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Figure 2.5 A summary of the pseudocubic in-plane lattice constants of various perovskite and
perovskite-related oxides. [Abbreviations in the figure: NSAT, (NdAIO3)o.30—(SrAlo.sTaos03 )o.si;
LSAT, (LaAlO3)o20—(SrAlo5sTao503)0.71; SAGT, Sri.04Alo.12Gao.35Taos0s] [51]

For ferroelectric thin films, the large expitaxial strain can hugely enhance the
ferroelectric polarization and the Curie temperature. For example, when the biaxial
compressive strain has been applied to BaTiO; thin films by scandate substrates, the
curie temperature and the remnant polarization are nearly 500 °C and 250 %
respectively, higher than bulk BaTiOs single crystals.[57] Despite the success of
controlling the material properties by elastic strain, this classic substrate-based strain
engineering has several restrictions. Firstly, it only permits small ranges of strain and
film thickness. The film thickness should be below a critical value or plastic
relaxation will occur. It means films should be either very thin or deposited on
substrates presenting low lattice mismatch (thus causing low strain). This will limit
the practical applications. In addition, there are limited number of single crystalline
substrates for choice, hampering the possibility for exploring the targeted structural
distortions and properties. More importantly, because of basing on the selection of
specific substrates, the conventional strain engineering is not possible to be applied
for the many current applications which require integration with silicon wafers.
Therefore, alternative strategies to the classic strain engineering, with flexibility to be
used on a specified substrate and not restricted to ultrathin films, have to be
developed.

Defect engineering has been widely applied in optimizing the electrical, optical,
mechanical, and other properties of a wide class of functional materials.[60] For
epitaxial ferroelectric thin films, point defects such as self interstitial atoms and ionic
vacancies (cation and anion vacancies) are usually presented. If these defects can be
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controlled properly, it could provide an opportunity to engineer the strain and expand
the crystal lattice during the growth process. Additionally, due to clamping of the film
on a bulky substrate, for example, silicon, the thin film can expand anisotropically
along the out-of-plane direction and achieve higher lattice strain. Such point defects
can be introduced with high energetic techniques like pulsed laser deposition or
sputtering to modify epitaxial strain, affecting the electric properties in ferroelectric
films.[40,41,61-64] The resulting strain can severely influence the ferroelectric
properties with highly enhanced tetragonality (c/a>1.1) and ferroelectric remnant
polarization (> 50 pC/cm?) of BTO films on STO(001).[41]

However, precisely controlling these point defects and further tailoring the lattice
expansion and properties are another concern. During the film growth process with
high energetic techniques like pulsed laser deposition, the laser plasma expansion
from the target and deposition on substrate are inherently non-equilibrium phenomena.
The film growth process process is governed by the competition between kinetics and
thermodynamics as illustrated by Figure 2.6. The type of growth is largely determined
by the ratio between diffusion rate D and deposition flux F. Here, for simplicity, a
continuous growth process is considered. If deposition is slower than diffusion (large
values of D/F), film grows close to equilibrium conditions, where the film growth is
dominated by the thermodynamics. If deposition is fast relative to diffusion (small
D/F), films growth will be largely determined by the kinetics.[66] This competition
between kinetics and thermodynamics will finally determine the formation and
concentration of the defects. Thus, the growth parameters can be used as a knob to
tailor the self-formed defects by controlling the kinetics and thermodynamics during
the film growth. The generated defects during the growth process can be responsible
for the the lattice strain and related properties. Indeed, epitaxial BTO films grown by
pulsed laser deposition on GdScOs3(110) with controlling the laser fluence present
strong variations in lattice strain and Curie temperature, and this was proposed to be
due to the existence of dipole defects in the films.[40] The growth rate and deposition
pressure in pulsed laser deposition of SrTiOs (STO) films and ferroelectric BTO/STO
superlattices have also been shown to permit control of the lattice strain.[64,65] These
reported results signal the importance of growth kinetics on the lattice strain of
epitaxial perovskite oxides. Therefore, in this thesis, a complete study of the effects of
main growth parameters (substrate temperature, oxygen pressure and growth rate) is
performed. Firstly, with fixed deposition flux, the relative influence of kinetics and
thermodynamics on the growth can be well controlled by varying the substrate
temperature since the diffusion rate is thermally activated. Secondly, for the oxygen
pressure presented in PLD chamber, the films can present different oxygen vacancies
at various oxygen atmosphere due to the insufficient oxidation and low vapor pressure
in BTO films; Moreover, because the high energy ions and atoms of the
laser-generated plasma make collisions with oxygen atoms, the oxygen pressure can
determine the kinetic energy of the BTO atoms in the PLD plasma. Lastly, the growth
rate of BTO films is controlled by changing the energy of laser pulse.

10
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Kinetics | Thermodynamics

Figure 2.6 The illustrative image of film surface for growth process at atomic scale. [66]

2.2 Fluorite Ferroelectric HfO,

2.2.1 Ferroelectric HfO»

Over the past several decades, ferroelectric materials have been widely investigated
for their use in memory devices such as ferroelectric random access memory
(FeERAM), ferroelectric field effect transistors (FeFETs) or ferroelectric tunnel
junctions (FeTJs). FERAMs are in the market from more than 25 years ago, using
currently PZT as ferroelectric material. PZT and other ferroelectric materials such as
BaTiOs (BTO) and SrBi;Ta;O9 (SBT)[77] are considered for the emerging FeFETs
and FeTJs memories. However, the conventional perovskite ferroelectrics are facing
several intrinsic problems. Even though previous studies already reported
conventional ferroelectrics can be epitaxially grown on Si substrates,[32,90] the
performance stability is much more deteriorated.[15-17,91] The major difficulty is
that the perovskite ferroelectrics are not well compatible with silicon-based
complementary-metal-oxide-semiconductor (CMOS) technology.[15-17] On one hand,
due to the high temperature necessary for crystallization of the ferroelectric thin films,
its integration has to be done in the initial steps of CMOS line. On the other hand, for
Si-based devices, it is essential to apply the post-metalization annealing process under
the hydrogen atmosphere. Due to the weak bonding energy between metal ions and
oxygen, H+ is easily incorporated into conventional perovskite films, degrading the
device performance.[92-94] The another drawback of conventional ferroelectrics is
the limited scalability. As the film thickness is scaled down, the ferroelectric
properties degrade, thus limiting the memory density.[1,92,95,96] Also, the
conventional FE materials have a relatively small band gap (Eg, 3-4 eV), which

11
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induces a low Schottky barrier height (about 1 eV) with respect to the metal
electrodes. This will result in the ferroelectric thin films being more vulnerable to
high leakage current, favoring electrical breakdown.[36] Therefore, a relatively large
film thickness (t > 70nm) is required to be successful in FERAM applications and
such large thickness will become the limitation for the fabrication of future
three-dimensional capacitor architecture in the technology node with several tens of
nanometers.[97] In order to overcome these intrinsic bottlenecks of conventional FE
materials, a material innovation is highly demanded for the future development of FE
memories and other related devices.

In recent years, hafnium oxide (HfO,) based FE materials have attracted special
attention and interest for new generations of high density logic and memory devices
since the announcement of its unexpected ferroelectricity by the first time in 2011.[35]
Due to the good physical and electrical properties, the excellent compatibility with
CMOS processes and scalability, it holds the tremendous potential to replace the
conventional perovskite-based ferroelectrics for memory applications. The advantages
of HfO,-based materials can be listed below. 1) The HfO-based films can be
extremely thin (film thickness, tr < 10nm) with feasible remnant polarization (P,
10-40 uC/cm?) even when trscaled down to around several nm.[98,99] This is one of
the major advantages compared with the conventional ferroelectric thin film like PZT
or SBT where the much thicker thickness (tr > 100 nm) are required for realizing
stable operation as previously mentioned. 2) The high E¢ (1-2 MV/cm) of HfO», about
one order of magnitude larger than those of conventional perovskites, and the lower
permittivity can effectively prevent the depolarization effect which often occurs in
perovskite ferroelectrics when reducing the film thickness and therefore is beneficial
to the polarization stability. 3) HfO, has a larger bandgap of = 5.3-5.7 eV and much
stronger bonding between oxygen and Hf (and other dopants), which makes the
possible problems related to leakage current and reliability issues of FE HfO»-based
films highly mitigated even with the small thickness (tr < 10nm).[35,36,100] More
importantly, HfO is a standard material for the semiconductor industry, and it has
been widely used as buffer layer in ferroelectric field effect transistor (FeFET) to
solve the interfacial problems of conventional ferroelectrics and Si substrates.
Therefore, in terms of the practical applicability, the HfO;-based films are highly
compatible with the currently standard complementary-metal-oxide-semiconductor
(CMOS) process and can scale down beyond the present limitation of conventional
FE materials.

2.2.2 Origin of ferroelectricity in HfO»

Generally, the polar orthorhombic phase (o-phase, space group Pca2;) is believed to
be the origin of ferroelectricity in HfO»-based thin films. Figure 2.7 shows the
schematic illustrations of the crystal structures of HfO,-related materials. In bulk
HfO, material, the monoclinic phase (m-phase) with space group P2;/c is the most

12
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stable phase at room temperature and normal pressure. The phase in bulk state highly
depends on the temperature and pressure. The tetragonal phase (t-phase, space group
P4>/nmc) and cubic (c-phase, space group Fm3m) phase can be thermodynamically
transformed from monoclinic phase at approximately 1750 °C and 2500 °C,
respectively.[101] With applying the hydrostatic compressive pressure, the m-phase
transforms into orthorhombic phases with space group Pbca at 4 GPa and Pnma at
14.5 GPa.[102] All the possible phases mentioned above are centrosymmetric
structure, which means they cannot be responsible for the origin of ferroelectricity.
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Figure 2.7 Schematic illustrations of the crystal structures of HfOx-related materials.

Ferroelectricity is only expected in a metastable orthorhombic phase. [103]

However, unexpected ferroelectricity was firstly reported in atomic layer deposition
(ALD) deposited Si-doped HfO; thin films for the first by Boscke et al.[35] The
authors attributed this observed ferroelectricity to the formation of the metastable
non-centrosymmetric orthorhombic phase (space group PcaZ2;), which is not found in
equilibrium phase diagram of HfO,. Actually, this o-phase was first identified in
Mg-doped ZrO: ceramics (ZrO> and HfO» are structurally and chemically similar) by
neutron powder diffraction.[37] And first discovery of ferroelectricity in thin
HfO;-based films in 2007 and the results were first published in 2011. After the
experimental confirmation of the ferroelectricity in HfO>-based films, extensive
studies were performed.[104-107] Huan et al. [104] proposed two possible polar
orthorhombic phases with the space groups Pca2; and Pmn2; using the first principle
calculations and simulated the corresponding X-ray diffraction patterns. The Pca2;
space group is believed to be well matched with reported FE HfO; thin films.
However, experimentally identifying the o-phase is highly challenging with standard
X-ray diffraction technique mainly due to the almost identical lattice parameters of
o-phase and t-phase in HfO,-based thin films.[35] For example, the (111) reflection of
o-phase and (101) reflection of t-phase in standard XRD #-26 scans would share the
similar position around 30°. The peaks of o-phase with other m- and t-phases can be
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separated at high 20 angle between 80° — 90° using GIXRD.[35,108-110]
Transmission electron microscopy (TEM) observations have revealed the existence of
an orthorhombic phase, and the simultaneous position averaged convergent beam
electron diffraction (PACBED) has confirmed the this polar orthorhombic phase with
space group of Pca2;.[105]

Ferroelectic HfO»-based films can be prepared with various dopants [111-115] and
by different deposition techniques such as the most widely employed atomic layer
deposition (ALD),[35-37] chemical solution deposition,[116,130] pulsed laser
deposition (PLD),[117] sputtering[118,119] and chemical vapour deposition.[120]
The commonly used electrode is TiN[121,122] but others including Pt,[123] Ir,[124]
TaN[125] and RuO: were employed.[122] The formation mechanism of the
orthorhombic phase (Pca2;) in HfO»-based thin films is usually believed to occur
through transition from t-phase, favored by the structure similarities.[126] For
undoped HfO, bulk material, the lattice parameters of o-phase are a = 5.30 A, b =
5.10 A, and ¢ = 5.11 A while @ = b = 5.14 A and ¢ = 5.25 A are the corresponding
lattice parameters for the t-phase.[127,128] The majority of studies involve
polycrystalline hatnia oxides, and epitaxial films have been scarcely investigated.[161]
Currently, several mechanisms have been widely reported to be responsible for
stabilizing the FE o-phase during the film growth as discussed below.
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Figure 2.8 An example of thickness-dependent phase transition (a) GIXRD pattern of the
Hfy.52r0.50; films with various thicknesses and (b) corresponding P-E loops. [129]

Grain size. Grain size is highly dependent on thickness and thermal budget. In case of
a higher thermal budget or higher film thickness, the grains grow larger and the
proportion of non-polar m-phase increases, then degrading the ferroelectric
properties.[116,126,129-131] A clear dependence of m-phase amount and polarization
on the film thickness can be seen in Figure 2.8. The reason is because the surface
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energy related to the radius » of nanoparticles will create a large internal pressures (P
= 20/r) of the order of GPa.[132,133] Also, the recent computational results proved
that the small grain sizes with high surface energy will contribute to the stabilization
of o-phase in HfO> and ZrO; nanoscale films.[134]

Doping. Various dopants such as Si, Gd, Al, Y, Sr, Zr and La have permitted
stabilizing the ferroelectric o-phase in HfO» film. The different ionic sizes of dopants
with respect to Hf atom can significantly modify the metal-oxygen bonding and
balance the relative stabilities of various HfO phases.[135] The dopants can be
divided in two categories based on the ionic radii:[136] (a) dopants with larger ionic
radii larger than that of Hf*" (85 pm), such as Gd** (108 pm), Y** (104 pm), La*" (117
pm), Sr?* (132 pm), which favors the c-phase; (b) other dopants, like Si*" (54 pm),
AP (67.5 pm), and Zr*" (86 pm) with smaller or similar ionic radii to Hf**, tending to
stabilize the t-phase. No matter which kind of dopants, the prerequisites for the
formation of the o-phase is the preferable transition from m-phase to t-phases, due to
the existence of o-phase in the transition region. Besides the dopants, the
ferroelectricity of doped HfO. film can also be dependent on the dopant
concentrations. The ferroelectric properties with various dopants and the dopant
concentrations are concluded in Figure 2.9(a). Because of the almost same ionic size
and the chemical valence of Zr atom to the Hf atom, the Hf1 «ZrxO> solid solution can
be formed in a broad range in Figure 2.9(b). Ferroelectricity appears at x = 0.3 and
peaks at x = 0.5. Increasing the amount of Zr dopant to x = 0.7, antiferroelectricity
emerges along with the increase of permittivity as explained by the formation of more
t-phases.
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Figure 2.9 (a) Contour plot of the remanent polarization as a function of crystal radius and
dopant content.[137] (b) P-V and C-V hysteresis loops of 9 nm-thick Hf1.ZrO: thin films
sandwiched between TiN top and bottom electrodes.[108]

Top electrode capping effect. The important role of top capping electrode has been
frequently emphasized in literature.[36-37] HfO»-based films are usually sandwiched
between top and bottom electrode such as TiN electrode, and then followed by post
annealing to induce the crystallization of ferroelectric o-phase. The large difference
after annealing with and without top capping layers can be seen in the amount of
m-phase and o-phase in Figure 2.10. It has been proposed that capping a top electrode
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causes a mechanical confinement that avoids shearing and volume expansion of the
unit cell during the crystallization process and hence reduces the formation of the
m-phase.[36,37] Therefore, the P; value of the film crystallized with capping electrode
is higher than that without capping layer.[109,110,138]
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Figure 2.10 Grazing incidence X-ray diffraction patterns of two different 3% Si-doped HfO:
samples without and with the TiN capping.[35]

Other factors related to thermal expansion mismatch, formation of oxygen vacancies
and island coalescence were put forward for stabilizing the ferroelectric phase.[37]
The real mechanism of how this o-phase is stabilized from other competitive phases
in HfO, film is not well understood. However, it is accepted that the structure origin
of ferroelectric HfO»-based films is due to the formation of the polar orthorhombic
Pca?2; phase.

Until now, the major remaining issues of HfO»-based films related to the reliability for
application are the wake up effect and insufficient endurance. The wake up effect as
shown in Figure 2.11(a) is usually believed to origin from the non-uniform
distribution of oxygen vacancy around the interfaces with electrodes (TiN).
Applying the field cycles, the diffusion and redistribution of oxygen vacancies and
other charges in thin films causes the ferroelectric wake up.[140-142] Another
possible mechanism for the wake up effect is related to the electric filed drived phase
transition.[ 143,144] The wake up effect can be mitigated or overcomed by appropriate
doping[145] or growing epitaxial films, which will be discussed in this thesis. The
insufficient endurance is usually attributed to the large coercive voltage (Ec) arising
from the high kinetic barrier between the two spontaneous polarization in FE
HfO,-based films.[104,146-148] In general, hard breakdown occurs after significant
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increase of leakage current with field cycles.[144,149,150] Figure 2.11(b) summarizes
P: and endurance of ferroelectric HfO,-based film. As P; increase, the maximum
cycling number of endurance usually decreases. The maximum endurance value over
10'% cycles was recently achieved in La-doped HfO, film with largest P; of 15
uC/cm?.[151]
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Figure 2.11 (a) Wake up effects of Current-voltage curves for poly ferroelectric Gd:HfO:; films.
Inset: the corresponding P-V loop and structure sketch.[125] (b) Endurance as function of

remnant polarization.[139]

2.2.3 Epitaxial doped HfO; film

The new class of fully silicon-compatible hafnia-based ferroelectrics with high
switchable polarization and thickness scalability shows a strong promise for new
generations of logic and memory devices. The matured film deposition techniques and
compatibility with three-dimensional capacitors make ferroelectric HfO, films
possible to solve the scaling issue in 1-transistor-1-capacitor (1T-1C) ferroelectric
random-access memories (FERAMs) over conventional ferroelectrics. In addition, the
low permittivity and high coercive field Ec of hafnia ferroelectrics are beneficial for
ferroelectric field-effect-transistors (FeFETs).[98] In contrast to these extensive
potential applications and significant progress, the fundamental mechanisms of
ferroelectric HfO» thin films such as spontaneous polarization and domain structures
are not yet completely understood. Because the ferroelectric o-phase is usually
induced by crystallization of the amorphous HZO film prepared by atomic layer
deposition with thermal treatment, and this makes the film polycrystalline with
nanometric polar orthorhombic phase and other non-polar phases coexisting in the
film. Therefore, up to now, the majority studies for FE HfO,-based films are
polycrystalline presenting complex phases (m-, o- and t-phases) and plenty grain
boundaries. The polycrystalline nature and the mixture of phases in HfO, films
challenge the understanding of the role of crystal orientation, interfaces, strain, and
defects in the ferroelectric properties. Another difficulty is the problem of
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reproducibility in devices with ultrathin films or having small lateral size. This is
because of the high inhomogeneity of films resulting from polycrystalline nature and
grain boundary effects. Furthermore, oxygen vacancies form close to the interfaces
with the commonly used TiN electrodes. It is normally accepted that domain
boundaries and oxygen vacancies have a prominent role on undesired properties as
non-switchable ferroelectric domains, dielectric breakdown, electrical leakage, wake
up and fatigue effects,[152-154] all of which are critical to evaluate the performance
and reliability of these films for real FE device applications.[1,2,5]

The epitaxial structures hold great advantages in investigating the ferroelectric
nature.[96,155-157] The uniform orientation and well-define interfaces of epitaxial
films at atomic scale makes it easier to investigate the charge screening mechanism
and depolarization field between the nanometric films and electrodes, which is crucial
for devices such as ferroelectric tunneling junctions.[158,159] More important,
epitaxial films would be convenient to study the fundamental electrical and structure
properties and further enhance device reliability.[160] Thus, for better elucidating the
crystal structure, the nature of ferroelectricity in HfO; films as well as prototyping
devices, growing epitaxial films which has a highly ordered atomic arrangement with
well-defined orientation will be the most suitable approach.

However, in spite of these evident interests, the epitaxial stabilization of the
ferroelectric orthorhombic phase is scarcely investigated and achieved in comparison
with the huge progress achieved in polycrystalline films. The first demonstration of
epitaxial stabilization of the orthorhombic phase, in Y-doped HfO; films,[161] was
published in 2015, four years after the ferroelectricity in polycrystalline films was
reported.[35] One years later, in 2016, the first measurements of polarization loops in
epitaxial films was reported.[117] Until now, the epitaxial ferroelectric HfO, films has
been demonstrated with two major dopants: yttrium (Y) and zirconium (Zr).

Epitaxial Y-doped HfO:. Shimizu et al. demonstrated the ferroelectricity and Curie
temperature for epitaxial Y-doped HfO; film grown by PLD on YSZ (110) single
crystal using In2O3 (ITO) as bottom electrodes.[117,161] The saturated polarization
for epitaxial Y-doped HfO: film can be 16 pC/cm? and Curie temperature was also
estimated to be about 450 °C. Increasing the dopant YO s from 0 to 15 % favors the
transition from low-symmetry monoclinic phase to high-symmetry tetragonal fluorite
phases through an orthorhombic phase.[161,162] Further works emphasized the
importance of bottom electrode ITO for inducing the ferroelectricity.[163,164,220]
Also, the deposition atmosphere has a evident influence on the ferroelectric
properties.[165] Under Ar atmosphere, epitaxial Y-doped HfO, film grown by RF
magnetron sputtering presented better ferroelectricity and low leakage than at O;
atmosphere. Recently, it has been reported that Y-doped HfO> thin films (PLD) can be
epitaxially grown on YSZ-buffered Si substrate without bottom electrode.[166]

Epitaxial Zr-doped HfO:. In Zr-doped HfO», the composition of the reported epitaxial
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films is Hfos5Zros0,. The first reported epitaxial HfysZrosO> was obtained grown on
bare YSZ(100) substrate with ion-beam sputtering.[167] Structural analyses of the
HZO thin films confirmed the principal orthorhombic phase and partial monoclinic
phase both epitaxially coexisted in the HZO films. At the end of 2018, Wei et al.[168]
reported epitaxial (111)-oriented HfosZrosO> thin films grown by PLD on
(001)-oriented Lag 7Sro.3MnQO3/SrTiOs substrates. The polarization can be as large as
34 puC/cm? and there was no wake up effects. The structural characterization revealed
a thombohedral structure, different from the polar orthorhombic phase. Tao et al.[169]
found that epitaxial ferroelectric HZO thin film can stabilized on (001)-, (011)- and
(111)-oriented YSZ substrates with TiN bottom electrode. The TiO, buffer layer
formed by the interface reaction was the key to epitaxial growth. Recently, epitaxial
HZO film of (111)-oriented orthorhombic phase grown on LAO(001) using LSMO
electrode has been demonstrated with a large ferroelectric resistive switching.[170]

Besides the Y and Zr doping, epitaxial HfO; film can also be stabilized with Fe and Si
doping.[171,172] Despite the recent advances in epitaxial HfO,-based films, the
investigations in this field is still in a nascent stage. For better understanding the
crystal structure and the nature of ferroelectricity, more progress in the fabrication and
deeper functional characterization of epitaxial films is needed. In addition, neither
application-related ferroelectric properties such as retention and fatigue nor the
integration of epitaxial HfO»-based films on Si(001) in a capacitor structure for future
device manufacturing were not reported.

In this thesis, we select Hfo5Zr050; as target to investigate the epitaxial film growth.
The reason is that due to the very similar physical and chemical properties of Zr to
those of Hf, HfO,-ZrO; solid solution system can show ferroelectricity in a wide
chemical composition range and peaks at around Hfo 5Zr0502.[108] Since the effect of
deposition parameters on structural and ferroelectric properties is of pivotal
importance for further development of epitaxial films of ferroelectric hafnia, the
influence of deposition parameters (substrate temperature and oxygen pressure) and
film thickness on epitaxial Hfo sZrosO> film by pulsed laser depositions is investigated
to determine the growth window for epitaxial HfysZrosO> film. Next, the epitaxial
Hfo5Zr0.50; films will be integrated on Si with different buffer layers. The extensively
characterization for electric properties such as polarization, leakage, retention and
fatigue of epitaxial Hfo.5Zr0.50; thin films is also performed.
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Chapter 3. Experimental Methods

In this chapter, we will describe the principles of the main experimental techniques
used in this thesis for the thin films deposition and characterization. Firstly, we talk
about the sample preparation which involves how to prepare targets for pulsed laser
deposition and the basic principles of pulsed laser deposition and sputtering for thin
film growth of oxides and metal, respectively. Then characterization techniques are
introduced, mainly X-ray diffraction and atomic force microscopy for structural
characterization and the methods used to measure the ferroelectric properties.

3.1 Sample preparation

3.1.1 Targets

The ceramic targets used in pulsed laser deposition device for thin film growth were
prepared by solid state reaction. The process involved the following steps: (a)
stoichiometric weight of commercial oxide powders (above 99 % purity); (b) uniform
mixing with hand-mortar; (c) pelletizing with uniaxial pressing; (d) sintering in a
tubular furnace. The sintered targets were examined by X-ray diffraction. If needed,
the targets were grinded into powder and repeat the steps of pelletizing and sintering
until the X-ray diffraction pattern indicated that the chemical reaction is fully
completed. The targets with commercial powders used in this thesis are listed in
below Table 2.1.

Table 2.1 Ceramic targets used in this thesis

Target Short name Chemicals/ Supplier/ Purity Composition
BaTiOs BTO Commercial BaTiOz powder/ Alfa Aesar/ 99.9 % 100 mol % BTO
HfO: powder/ Alfa Aesar/ 99.95 % 50 mol % HfO:

Hfo.52r050; HZO
ZrO: powder/ Alfa Aesar/ 99.978 % 50 mol % ZrO:
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3.1.2 Pulsed laser deposition

(a)

Vacuum Chamber

i

il

Plasma Plume Heater

Substrate

T ]
PLD at ICMA

Figure 3.1 (a) Sketch of a PLD system. (b) Plasma plume generated by the interaction of the laser
pulse with a target material. (c) The thin film laboratory at ICMAB.

Pulsed laser deposition (PLD) was used for growing the oxide thin films investigated
in this thesis. It is a physical vapor deposition technique based on the interaction
between laser pulses and the target material. PLD has already attracted attention over
the last 30 years, as it enables the fabrication of multi-component stoichiometric thin
films from a single target. A basic sketch illustrating the PLD working mechanism and
the experimental PLD setup in ICMAB are shown in Figure 3.1(a) and (c),
respectively. The PLD process can be divided into three stages: (a) Laser ablation and
plasma formation. A pulsed ultraviolet laser beam (usually KrF excimer laser with
wavelength A = 248 nm and pulse width of 10 ~ 40 ns) is focused through a window
on the surface of the ceramic target placed inside the vacuum chamber. The vacuum
chamber is usually filled with oxygen background at a given pressure during film
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growth. When the high energy laser beam arrives to the target surface, the target
material around a small surface region is ablated and vaporizes into a plasma. This
plasma plume contains the stoichiometric composition of target material. Also, with
varying masks and lens on the laser path, the laser energy and energy density can be
controlled; (b) Plasma expansion. Once the plasma is formed, it will expand towards
the substrate. A picture of plasma plume is shown in Figure 3.1(b). This step usually
takes less than 10 ps, which depends on the background pressure inside the PLD
chamber. (c) Deposition and film growth. When the high energetic plasma approaches
the substrate surface, the nucleation and thin film growth occurs. The substrate
temperature is controlled using a thermocouple inserted in the middle of the heater
block.

3.1.3 Sputtering

Top metal electrodes were ex-situ deposited on the surface of ferroelectric thin films
using DC (direct current) magnetron sputtering through stencil masks. The sputtering
process involves bombarding a target material with ionized Ar gas, emitting atoms
into the plasma. Under the magnetic field created by the magnetron, the sputtering
rate is increased. The emitted atoms condense as a thin film on the substrate. TEM
grids were placed to deposit the metal electrode through shadow mask. In this thesis,
Pt was used as top electrode because Pt is a noble metal with chemical stability and
good rectifying characteristic.[85] The DC sputtering conditions for Pt deposition
were dynamic Argon pressure of 5 x 10~ mbar, power 10 W and room temperature.
The thickness of Pt was 20 nm. In this thesis, there are two different sizes of TEM
grids used as mask allowing to deposit top Pt contact area. For the BTO samples, the
electrode contact is 60 pm x 60 um square with 15 pm distance apart from each as
shown in Figure 3.2(a). For the HZO samples, while 20 pm diameter circle of top Pt
contact with 10 pm distance apart from each is deposited as shown in Figure 3.2(b).

Figure 3.2 Pt top contacts under optical microscopy for (a) 60 um x 60 um square in size on a
BTO film (b) for 20 um diameter in circle on a HZO film.
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3.2 Sample characterization

Here we present the experimental techniques used for structural and electrical
characterization of the thin films investigation in this thesis.

3.2.1 X-ray diffraction

X-ray diffraction (XRD), a non-destructive crystal structure analyzing technique, has
been used to acquire the information of the thin films such as lattice constants, crystal
orientation, film thickness, epitaxial relationships between films and substrate, etc.
For determining these characteristics of crystallographic structure of epitaxial thin
films, four-cycle X-ray diffractometers were also used. In addition to the standard two
circles (w and 260) in simple X-ray diffraction equipment, the four circle tool has two
additional degrees of freedom represented by the angular cycles ¢ and y, which allow
the probing of the planes that are not parallel to the substrate surface. The four angles
are shown in Figure 3.3(a).

(C) (d) surface | @

¥
norma1= + plane
I
@ j mormal

w(fixed)

Figure 3.3 (a) The schematic of geometry for a four cycles diffraction setup. (b) The schematic of
Bragg’s law. (c) Sphere of the pole figure defined by spherical coordinates y and ¢ and projection
of the pole sphere. (d) Sketch of the asymmetric scan in RSM (w # 6, y = 0). (e) Sketch of GIXRD

configuration.
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6-20 scan  The symmetric 8-26 scan (also called w-26 scan) is the most basic XRD
measurements with the @ and 26 circles moving simultaneously along the sample
surface. It was used in this thesis to determine the crystal phase, out of plane crystal
orientation and lattice parameters of thin films. The principle are shown in Figure
3.3(b). When a film with an certain interplanar spacing d (the out of plane parameter
in a symmetric scan) is irradiated by a x-ray beam with a comparable wavelength 4,
the constructive interference between elastically scattered x-ray beams can be
detected at specific angles 26 when the Bragg’s Law is satisfied:

niA = 2dsinf (3.1

where 7 is any integer. In most diffractometers the X-ray wavelength 4 is fixed and the
diffraction angle @ is varied. The crystal lattice constants can be determined according
to the above equation.

X-ray reflectivity (XRR)  X-ray reflectivity (XRR) measurement was used to
determine the thickness of films if the thickness is in about 10 - 100 nm range and the
roughness of top surface and interfaces is not too large. It is performed in 6-26 scans
mode but at low angles (260 = 0.5° ~ 8°). In an XRR experiment, the incident x-ray
beam reaches the surface of the thin layer at very low incidence angle. One part of the
beam is reflected at the same angle, the other part penetrates the layer with the
thickness d and reflected at the interface between the layer and the substrate. Both
beams are parallel and they may present interference fringes depending on the angle
of incident beam and the layer thickness. In this case, the Bragg reflection takes place
at top surface and the interface of the film instead of crystal plane and the Bragg’s
Law described by equation (3.1) is satisfied. Therefore, the film thickness can be
determined.

Rocking curve (w scan) Rocking curve, also called w scan, is a useful way to evaluate
the crystal perfection. By fixing the detector at the center of the Bragg reflection, the
sample is tilted with varying the @ angle for measurement. The peak width of the rocking
curve is an important value to study the crystal quality. The perfect crystal will produce a
very sharp peak. The increase in the peak widths is caused by mosaicity (misorientation
of crystallites), and inhomogeneity or structural defects can also contribute. Here we use
the full width at half maximum (FWHM) to quality this information on the crystallinity of
the oxide films.

@ scan In asymmetrical ¢ scan, a set of planes not parallel to the surface of the
substrate is selected by setting the /20 angles and tilting the y angle perpendicular to
the plane of incidence and then swept by rotating around the ¢ cycles while all other
angles are kept fixed. This scan reveals information about in-plane alignment for
further determining the epitaxial relationship between each layers and substrate.

Pole figures  Pole figures include multiple ¢ scans measurement at a range of y
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angles as shown in Figure 3.3(c). During the pole figure measurement, the w angle is
fixed for a chosen direction of the film, and the ¢ and y angles are varied. The pole
figure can confirm the epitaxial relationship of each layers and check the crystallinity
and other possible minor orientations in the films which can not be distinguished in a
0-20 scans, e.g., because of a relatively weak peak intensity.

Reciprocal space maps (RSM) Asymmetric reciprocal space maps (RSM) measurement
were used to determine the in-plane lattice parameters and strain states of the epitaxial
films. The expected Bragg reflections are usually selected and obtained by varying the
o angles and performing a w-26 scans, where the tilted angle Aw is in direction of the
diffraction plane as shown in Figure 3.3(d). An area of reciprocal space can be
mapped using the relationships:

0, = 477[Sin Ocos(w—0); Q = 477[cos Osin(w —0) (3.2)

Data are usually shown in a 2D contour map of the intensity, showing the diffraction
peaks from certain layers and substrate. It should be noted that the selected Bragg
reflections should be asymmetric with respect to the surface normal to provide the
in-plane and out-of-plane information of epitaxial films.

Glancing incidence X-ray diffraction (GI-XRD) This method uses a fixed angle of
incidence w and the measurement is carried out by only moving the detector (26 scan)
as shown in the Figure 3.3(e). GI-XRD measurement was only used for HZO film
grown on Si with LNO bottom electrodes.

Two-dimensional X-ray diffraction (260-y frame)  Two-dimensional (2D) X-ray
diffraction measurement refers to 2D diffraction patterns performed by
two-dimensional detector in X-ray diffraction. In the conventional diffractometer with
one point detector, the diffraction measurement is confined within one plane
(diffractometer plane), which makes 26 scan along a detection circle. With a 2D
detector, the measurable diffraction is no longer limited in the diffractometer plane.
Instead, 2D detector allows us to collect and integrate the data into a 26-y frame in a
certain range of 0 and y angles simultaneously,providing the information about the
film orientation, spreading and lattice parameters. The two-dimensional detector was
employed in Chapter 5 to investigate the fraction of monoclinic phase and epitaxial
quality in HZO films.

In this thesis, three diffractometers located in ICMAB were used to perform the
relevant measurements. The 6-20 scan, o scan, XRR and GI-XRD measurements
were performed at Siemens D5000 diffractometer (one point detector) using a Cu Ka
radiation with wavelength of 1 (Ka;) = 1.54056 A and /1 (Ka,) = 1.54439 A. And the
standard measurement for 6-26 scan is using 0.2 second for data acquisition at each
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step (stepsize 0.02°). The ¢ scan and reciprocal space mapping (RSM) were measured
using a Bruker D§-ADVANCE diffractometer with Cu Ko radiation. The device of
GADDS diffractometer (Cu Kal) equipped with a two-dimensional (2D) detector was
used for the measurement of pole figure and the two-dimensional X-ray diffraction
measurements.

3.2.2 Atomic force microscopy

Atomic force microscopy (AFM) has been used to study the topography of the thin
films. As shown in the working scheme of a AFM device in Figure 3.4(a), the
mechanism of AFM is based on the detection of the laser beam reflected by a silicon
cantilever with a nanometric tip for sensing the force interacting between the film
surface and the tip. AFM can operate in non-contact, tapping and contact modes,
depending on the tip force and tip-surface separation. In this thesis, the non-contact
mode was used obtain information about the film surface morphology. The tip scans
across the film surface based on maintaining the interacting force between the surface
atoms and the tip due to van der Waals forces[173] as sketched in Figure 3.4(b). The
force changes in maintaining this constant distance can be converted into signals by
4-quadrant photodetector indicating the topographical variation of the film surface in
amplitude, phase or frequency.

In this thesis, an Agilent 5100 AFM system equipped with silicon tips in ICMAB was

used for performing the AFM measurements. Usually, two regions of 5 x 5 um? and 1
x 1 um? on thin film surface were scanned.

(a) (b)
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Figure 3.4 (a) Schematics of an AFM device. (b) Interaction forces (Van del Waals) between the

tips and surface atoms.

3.2.3 Electric characterization

Electric characterization of ferroelectrics was performed using aixACCT TFAnalyser
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2000 system which permits performing polarization hysteresis loops, leakage,
retention and fatigue measurements.

Ferroelectric loops measurement The ferroelectric polarization - electric field (P - E)
hysteresis loops were recorded by applying triangular voltage waveform using two
different electrodes configurations, top-bottom (z-b) and top-top (z-f), as shown in
Figure 3.5(a)-(b), respectively. In the t-b configuration, the electric field was applied
on the top electrode with virtual grounded bottom electrode and one single capacitor
was measured. When employing the different top and bottom electrodes, the loops
were usually asymmetric due to the different work function. In the case of the t-t
configuration, consisting of two thin film capacitors connected in series through the
bottom electrode, the FE loops are symmetric.[175]

(a) Test system (b)  [Test system

TE

= FE film
BE

Figure 3.5 Measurement configurations (a) Top-bottom (b) Top-top configurations. (BE and TE

indicate the bottom and top electrode, respectively)

In this thesis, the hysteresis loops of the ferroelectric thin films were measured with
two methods: Dynamic hysteresis measurement (DHM) and Dynamic Leakage
Current Compensation measurement (DLCC).[176] In DHM method, four bipolar
triangular voltage pulses of frequency vy are applied with a delay time 7 (1 s) between
each pulses as shown in Figure 3.6(a). The first (third) bipolar voltage (V) pulse
prepolarizes the sample in the negative (positive) state. The final obtained P-E loop is
the combination from the negative part of second pulse and the positive part from the
forth part. However, hysteresis loops are calculated with the leakage contribution
included, influencing the results especially when leakage is large in ferroelectric thin
films. The DLCC measurement can effectively remove the leakage -current
contribution from a ferroelectric polarization loop. Under the assumption of leakage
current Jeaage independent of the frequency and the displacement current (I, + Irk)
linearly dependent on the frequency, voltage pulses of two frequencies (vp and vo/2) in
DLCC method are applied and allows the subtraction of liurage. The voltage pulses
applied for DLCC measurement are shown in Figure 3.6(b). In this thesis,
ferroelectric hysteresis loops were performed in DLCC mode to minimize leakage
current effects, unless specified.
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(a) DHM (b) DLCC
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Figure 3.6 Voltage pulses applied for (a) DHM (b) DLCC modes. t is the delay time between
pulses and v is the applied pulse frequency.

Leakage measurement  Leakage current through thin dielectric films is usually
unavoidable and its magnitude can impact the reliability of a device. The leakage
current measurement is performed by applying a step shaped voltage waveform to the
sample and measuring the current response. Since a ferroelectric capacitor can be
considered as a non-linear capacitor and a voltage dependent resistor in parallel, the
pure leakage current can be extracted from the current response due to the applied
step waveform voltage with time duration. And the current reading is averaged in the
region from 70 % to 90 % of the step time when the current response is stable, giving
a precise measurement of the leakage value. In this thesis, the leakage current curves
for the ferroelectric thin films were measured by averaging I-V curves increasing and
decreasing the voltage using 3 s integration time.

Retention measurement  Retention is described by the ability of a ferroelectric
material to retain the sign and magnitude of the remnant polarization with time
(Figure 3.7a). Short retention can cause a memory failure if the polarization drops to
the minimum limit which cannot be detected. The retention was measured by poling a
sample into a known state and reading out the remaining remnant polarization after
defined periods. The signal sequence consisting a writing and five read pulses for
retention data is shown in Figure 3.7(b).

(b)
v Retention Reference
. Pulses .
E~ Read
ReWrite

Figure 3.7 (a) Polarization decrease with time. (b) Voltage pulses applied for acquiring the

retention data.

By prepoling the sample into a known state, the first opposite read pulse measures the
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remnant switchable polarization after the defined retention time and the following
four pulses determine the absolute polarization value. The variation can be extracted
which stands for the polarization loss of the prepoling state. We can obtain the result
of retention behavior of P; with time by repeating this procedure and delay time.

Fatigue (endurance) Fatigue describes the loss of polarization due to bipolar field
cycling of the ferroelectric capacitor in Figure 3.8(a). In a FERAM device, switching
cycles are performed during writing and reading operations. When the margin
between the positive and negative states is below the detection threshold due to the
fatigue, the failure of a memory cell will occur. As shown in Figure 3.8(b), a fatigue
signal (bipolar rectangle pulses sequence) is applied after measuring the initial
hysteresis loop and regularly interrupted for hysteresis measurements to monitor and
record polarization value.

Hysteresis (b)

1

(a) P 4

rd
r

Fatigue time
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Figure 3.8 (a) Representative fatigue P-V loops with cycles. (b) Typical voltage pulses for fatigue

measurement.

Typically, rectangular waveform is used to determine the highest amount of switching.
If fatigue measurement is performed at high frequencies, it has to be ensured that the
sample is switched. Due to the reduced endurance of HZO films compared with
perovskite ferroelectric films, we focus on fatigue measurements on epitaxial HZO
films in this thesis. To evaluate the appropriate frequency which can be used in
endurance measurement of HZO films, two procedures have been considered. One is
measuring the fatigue with cycles at different frequency as shown in Figure 3.9(a);
another way is to mimic the waveform during the fatigue cycling and further check
the effective polarization compared with measurement under the effective condition
as shown in Figure 3.9(a)-(c). In Figure 3.9(a), one can see that the P; loss rate show
no dependence with these four frequencies, which means FE domains can be fully
switched at 100 kHz. In fact, with higher frequency, slightly small loss rate can be
observed. This difference might be related with the thermal effect due to the
increasing leakage with cycles, which degrades the P.. The second way as shown in
Figure 3.9(b)-(c) is exciting the polarization with the rectangular voltage waveform at
different frequencies (1 kHz, 10 kHz and 100 kHz) which were applied in fatigue
measurement. From 1 kHz to 100 kHz, the polarization show a negligible drop within
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2 pc/cm? drop from 30.5 uc/cm? to 28.7 pc/cm?. And at 500 kHz, it cause the
dielectric breakdown (results are not shown here). As 1 kHz is effective frequency
which is used to obtain the P-V hysteresis loops and the similar switching polarization
can also be achieved in 100 kHz, the frequency for endurance measurement is set at
100 kHz finally.
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Figure 3.9 (a) The remnant polarization normalized to its initial value remnant as a function of
electric  cycling at different fatigue frequencies for 9.7 nm thick HZO on
LSMO/LNO/CeO2/YSZ/Si(001). Applied square voltage and integrated polarization as a function
of time at frequency (b) 1 kHz, (c) 10 kHz, and (d) 100 kHz for 4.6 nm thick HZO on
LSMO/LNO/CeO/YSZ/Si(001).

3.2.4 Other techniques

Optical Microscope

A optical microscope (Leica DM 1750M) located at ICMAB was used to check the
quality of top electrodes and actual contact areas.
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Dielectric measurement

The dielectric measurements were performed by using an impedance analyzer
(HP4192LF, Agilent Co.) operated with an excitation voltage of 50 mV at 20 kHz
with top-bottom configuration. The dielectric permittivity (&) - voltage loops can be
extracted from capacitance (C) value using the C = eA/t relation, where A is the
electrode area, and ¢ the film thickness.

Photocurrent measurement

The identification of randomly distributed point defects in oxide thin films by
transmission electron microscopy is quite challenging. Therefore, the photocurrent as
an indirect method induced by the illumination is used in this thesis to evaluate the
presence of point defects in BTO films. It is known that the point defects in BTO can
introduce donor states, either shallow or deep in the bandgap and thus a significant
photon absorption, even for sub-bandgap incoming photons, can be anticipated,
forming the photocurrent.[174] The amplitude of photocurrent should be proportional
to the amount of point defects in oxides films. In this thesis, the short-circuit
photocurrent was measured by illuminating the sample with blue laser of wavelength
405 nm (Shenzhen 91 Laser Co.) with energy of 3.06 eV, close but smaller than the
optical gap of BTO (3.3 eV) as a probe for point defect concentration. Photoinduced
current was monitored as a function of time switching on the illumination at 5s and
off at 15s. The spot diameter was of 200 um safely illuminating the measured
electrode.
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Chapter 4. Epitaxial Ferroelectric BaTiOs; thin film on Si

Conventional strain engineering of epitaxial ferroelectric oxide thin films
is based on the selection of substrates with a suitable lattice parameter.
We demonstrate a flexible strategy of strain engineering for epitaxial
ferroelectric BaTiOs films permitting the tuning of BaTiOs tetragonality
and ferroelectric polarization and the control of polar axis orientation
based on balancing the kinetics and thermodynamics during the pulsed
laser deposition growth. The new strategy of strain engineering can be
applied to films on specific substrates including Si(001) and perovskites,
and it is not restricted to ultrathin films.

On the other hand, the role of electrode-interfaces is investigated in a
series of BaTiOs capacitors with different electrodes (perovskite metallic
oxides La>;3Sris3MnQOs and LaNiOs and noble metal Pt). The impact of the
electrode on the electrical properties such as ferroelectric polarization,

leakage and imprint field of epitaxial BaTiO:s films was determined.
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4.1 Strain Tuning of Epitaxial BaTiO; Films on Si(001)

Abstract

Ferroelectric BaTiOs films with large polarization have been integrated with Si(001)
by pulsed laser deposition. Here, we show that epitaxial growth of high quality
BaTiOs films on Si(001) can be achieved in broad ranges of deposition parameters,
permitting fine tuning of the balance of kinetics and thermodynamics during growth,
with huge impact on the BaTiO; tetragonality and ferroelectric polarization. In
particular, (a) c-oriented epitaxial BaTiO; films are obtained in a substrate
temperature range of about 300 °C wide and the deposition temperature critically
affects the growth kinetics and thermodynamics balance, resulting on a huge impact
on the strain of the BaTiOs polar axis (exceeding 2 %) and ferroelectric polarization
(up to 11 uC/cm?) scaling with strain, (b) the oxygen pressure can permit COntinuous
tuning of strain up to over 0.8 % in films and selecting the polar axis orientation to be
either parallel or perpendicular to the substrate surface plane; (c) the c-axis strain
from -0.8 % to around 2 % can be tuned by the deposition growth rate and the
polarization can be as large as over 14 uC/cm? with the polarization not scaling with
the lattice strain. This developed strategy provides a feasible way that can overcome
the main limitations of the conventional strain engineering methodologies based on
substrate selection: it can be applied to films on specific substrates including Si(001)

and perovskites, and it is not restricted to ultrathin films.
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As introduced in chapter 2.1, the lattice strain generally causes dramatic effects on the
properties of ferroelectrics. By selection of a proper substrate the elastic strain can be
controlled in a certain range, which permits increasing the ferroelectric polarization
and the Curie temperature.[177] However, the substrate-based strain engineering is
limited to relatively small ranges of strain and film thickness due to plastic relaxation.
More importantly, it requires the selection of a specific substrate, whereas for most of
the applications the ferroelectric films have to be integrated with silicon. Therefore,
alternatives to control lattice strain are required. For this purpose, it is relevant that
ferroelectric BaTiO; thin films deposited by energetic techniques like pulsed laser
deposition present expansion of the crystalline unit cell.[40,41,61-64] The expansion
is likely due to defects, and therefore the relative relevance of thermodynamics and
kinetics during deposition of BaTiOs thin films can influence the amount of defects
and consequently of the lattice strain.

In this Section, based on controlling the point defects for generating the strain by
tuning the balance between thermodynamics and kinetics in the growth process of
BTO, three methods by altering the substrate temperature, deposition oxygen pressure
and growth rate are proposed. The illustrative sketch with the three different growth
parameters and the heterostructure with the thickness of each layer used in this section
can be seen in Figure 4.1.1(a) and (b), respectively.

Ferroelectric BaTiO; films

(a) (b)

Kinetics PLD Thermodynamics
"- 110nm
More defects Less defects L 30nm
Increasing substrate temperature -
375°C —— 750°C Fixed PO, (0.02 mbar) and growth rate :I 60nm
_ Increasing oxygen pressure
Fixed T, (700 °C) and growth rate 5x103 mbar —— 0.1 mbar

— Increasing growth rate

Fixed T (675 °C) and PO, (0.015 mbar) 0.1 A/pulse —1.0 A/pulse

Figure 4.1.1 (a) The illustrative sketch for deposition process of BTO films with varying the

substrate temperature, oxygen pressure and growth rate. (b) Sketch of the heterostructure.

BTO films were deposited on Si(001) substrates using a LNO/CeQO>/YSZ multi buffer
layers (Figure 4.1.1a) in a single process by pulsed laser deposition. The choice of the
buffers and the related growth process are detailed in Section 2.1.2. The detailed
deposition conditions of each layer are summarized in Table 2.
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Table 2 The deposition conditions for the BTO/LNO/Ce0,/YSZ/Si(001) samples.

Temperature Pressure  Growth rate Frequency

Layer

(2C) (mbar) (A/pulse) (Hz)
YSZ 800 4x104 0.24 )
CeO, 700 4x104 0.5 5
LNO 700 0.15 0.2 5
BTO 375-750 0.005-0.1 0.099-1.05 5

For the deposition of BTO film, substrate temperature (Ts), oxygen pressure (Po2) and
growth rate (GR) are three variable parameters. The details about these three
parameters are:

T; series

Under Po, = 0.02 mbar and GR = 0.550 A/p, the specific Ts = 375 °C, 400 °C, 410 °C,
425 °C, 450 °C, 500 °C, 550 °C, 600 °C, 650 °C, 675 °C, 700 °C, 725 °C, and
750 °C.

Po; series
Under T = 700 °C and GR = 0.550 A/p, the specific Po, = 5 x 10~ mbar, 0.01 mbar,
0.015 mbar, 0.02 mbar, 0.05mbar, and 0.1 mbar.

GR series
Under Ts = 700 °C and Po, = 0.015 mbar, the specific GR = 0.099 A/p, 0.184 A/p,
0.345 A/p, 0.550 A/p, 0.647 A/p, 0.688 A/p, 0.832 A/p and 1.050 A/p.

-O / @ 7o00zc

( 0.02mbar
Oe7sec, 0.550 A/p
0.015mbar() _ ' .
0.550 A/p ® Figure 4.1.2 Schematic overview
of the deposition parameters for
BaTiOs film growth.
(W) 3752C
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After deposition, the BTO films were cooled down to room temperature under an
oxygen atmosphere of 0.2 mbar. Two additional films deposited on Si(001) at Ts =
700 °C were cooled down under 200 mbar of oxygen, adding for one of them an
in-situ at 600 °C for 1 hour. The effect of ex-situ annealing (1 hour, 200 mbar) was
investigated on the Ts = 450 °C and 600 °C films on Si(001). Both samples were
annealed sequentially two times at 450 °C and 600 °C for 1 hour under 200 mbar.
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Results and Discussion

4.1.1 Substrate Temperature

Structural Study

The specular XRD 6-26 scans of the samples on Si(001) are shown in Figure 4.1.3(a).
There are (00/) reflections from the Si substrate, YSZ, CeO, and LNO buffer layers,
and BTO film, without peaks from spurious phases or other crystal orientations. It is
remarkable that in spite of the broad range of BTO growth temperature (close to
400 °C, from Ts = 375 °C to 750 °C), BTO is single (00/) oriented in all the samples.
A zoomed region of the 6-26 scans around the (002) reflections of BTO and LNO is in
Figure 4.1.3(b). The solid and dashed vertical lines mark the position of the (002) and
(200) reflections of bulk BTO, respectively. The intensity of the BTO(002) peak in the
Ts = 375 °C sample, the lowest BTO growth temperature, is much reduced in
comparison with the other samples. To quantify the BTO crystallization dependence
on deposition temperature, the BTO(002) peak intensity has been normalized to that
of YSZ(002) peak of the corresponding sample. The dependence with Ts of the
intensity ratio, in logarithmic scale, is plotted in Figure 4.1.3(c). The intensity ratio
increases sharply up to around 425 °C, with much lower dependence for higher
temperatures. It indicates that the threshold temperature for BTO crystallization by
pulsed laser deposition on the used buffer layers is around 375 °C. The dependence
with Ts (Figure 4.1.3c, right axis) of the rocking curve (4w, w-scan) and particularly
the width (A26, 6-260 scan) of the BTO(002) reflection also reflect the onset
temperature of crystallization. Moreover, the data do not indicate differences in
crystal quality between the films deposited at temperature above 425 °C, with similar
values of 4w (~ 1.1°) and 426 (~ 0.4°).

The position of the BTO peak depends on Ts, being coincident with the bulk BTO(002)
in the film grown at the highest temperature (Ts = 750 °C) and at lower 26 angles in
the other samples. This result indicates that the BTO films are c-oriented, the c-axis
strain depending on the substrate temperature. @¢-scans confirmed epitaxial growth.
Figure 4.1.3(d) shows ¢-scans around BTO(110), LNO(110), YSZ(220) and Si(220)
reflections of the Ts = 675 °C sample. Each ¢-scan shows a set of four peaks, the BTO
and LNO peaks being shifted 45° with respect to the YSZ and Si ones. The lattice
parameter of CeO; is almost coincident with Si, and the CeO>(220) reflections overlap
with the high intensity Si substrate peaks. It is concluded that the four layers are
epitaxial, with cube-on-cube epitaxial relationship of CeO, and YSZ with Si(001),
whereas BTO and LNO present an in-plane rotation of 45°.[34]
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Figure 4.1.3 (a) XRD 6-20 scans of the BTO/LNO/CeOx/YSZ/Si(001) series. The intensity is
plotted in logarithmic scale, and the diffractograms are shifted vertically for clarity, from the Ty =
375 °C to the 700 °C sample. (b) Zoomed region of the 0-20 scans around the (002) reflections of
BTO and LNO. The vertical solid and dashed lines mark the position of the (002) and (200)
reflections in bulk BTO, respectively. (c) Dependence with the deposition temperature of BTO on
LNO/CeOxYSZ/Si(001) of intensity ratio between the BTO(002) and YSZ(002) peaks (black
circles, left axis), and full width at half maximum of the 20-scan (red squares, right axis), and
w-scan (blue triangles, right axis) of the BTO(002) reflection. (d) ¢-scans around the BTO(110),
LNO(110), YSZ(220) and Si(220) reflections of the Ty = 675 °C sample.

Reciprocal space maps around the BTO(203) and Si(224) asymmetrical reflections of
the samples grown at different substrate temperatures are shown in Figure 4.1.4(a).
The BTO peak indicates homogeneous strain in all the measured samples. The
in-plane lattice parameter is plotted (red triangles) against Ts in Figure 4.1.4(b),
together with the out-of-plane lattice parameter (determined from the specular 6-26
scans) of all BTO films on Si. The horizontal dashed lines indicate the values of the a
(3.994 A) and c¢ (4.038 A) parameters of bulk BTO. It is observed that the
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out-of-plane parameter increases first up to a strain &7 of 2.3 % in the Ts = 425 °C
sample, and for higher deposition temperatures decreases monotonically reaching the
bulk value of the c-axis in the Ts = 750 °C sample.
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Figure 4.1.4 (a) Reciprocal space map around the BTO(203) and Si(224) reflections at various
substrate temperature Ty (indicated in the top right side of each panel). Note: The samples for Ts =
450 °C and 675 °C were recorded with shorter acquisition time. (b) Dependence of the
out-of-plane lattice parameter (blue squares), and in-plane lattice parameter for selected samples
(red triangles). The horizontal dashed lines indicate the a- and c-axes length in bulk BTO. (c) Unit
cell tetragonality (left axis, black squares) and volume (vight axis, blue triangles). The horizontal
dashed lines indicate the c/a tetragonality and unit cell volume of bulk BTO.

The in-plane parameter of the BTO films deposited at different T varies slightly
between the samples, with values in the 4.021 A - 4.032 A range, higher than the
in-plane value of bulk BTO (3.998 A). Three factors can contribute to the expansion
of the in-plane parameter: i) the epitaxial strain (it is not expected to be relevant due
to the relatively large film thickness and lattice mismatch, anticipating plastic
relaxation); ii) the point defects in the films (more relevant for the samples deposited
at low T, although the unit cell is expected to expand mainly along the out-of-plane
direction due to the epitaxial in-plane matching); and iii) the higher thermal expansion
coefficients of BTO than of silicon, must induce a tensile stress when the films are
cooled down to room temperature. The thermal mismatch stress is more important in
the high T, samples. The combined effect of these factors results in similar in-plane
parameter in the Ts = 400 - 750 °C range. The unit cell tetragonality (c/a) and volume
(Figure 4.1.3c) increase with Ts up to 450 °C and 500 °C, respectively, and for higher
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Ts both decrease monotonically. The tetragonality is smaller than in bulk BTO in the
samples deposited at Ts higher than 650 °C. In contrast, the unit cell is expanded in all
the samples, with high volume expansions ranging from around 1.9 % (750 °C sample)
to above 3.7 % (500 °C sample).

To evaluate the stability of the films, the effect of ex-situ annealing on the lattice
parameter ¢ value of the Ts = 450 °C and 600 °C samples was investigated. Both
samples were annealed sequentially two times at 450 °C and 600 °C for 1 hour under
200 mbar. As shown in Figure 4.1.5(a) and (b), the samples show almost negligible
differences after annealing at 450 °C. The annealing at 600 °C has very small effect
on the Ts = 600 °C sample, and in the Ts = 450 °C sample there is a small decrease of
the out-of-plane parameter. The data before and after ex-situ annealing of the two
samples are shown in Figure 4.1.5(c), proving the limited effects of annealing and
signaling the high stability of the films.

( a ) Ts=450°C Bulk BTOM02 15=600°C Bulk BTO(002)
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Figure 4.1.5 (a) XRD 6-20 scan of the Ts = 450 °C and 600 °C films on Si(001) as-deposited
(black curves), after annealing at 450 °C, and after 600 °C. The vertical dashed line mark the
corresponding position of the BTO(002) reflections of the as-deposited films. (b) c-axis strain of
the as-deposited and annealed films. (c) Dependence of c axis strain with the deposition
temperature Ty, including the values of the Ty = 450 °C and 600 °C samples after the ex-situ first
annealing at 450 °C (open red triangles up) and second annealing at 600 °C (open blue triangles
down).
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Figure 4.1.6 Topographic AFM images, 5 um x 5 um in size (inset: 1 um x 1 um) of the (a) Ty =
375 °C (z-scale: 7 nm), (b) Ty = 400 °C (z-scale: 40 nm), and (c) Ts = 700 °C (z-scale: 7 nm) BTO
films on LNO/CeOx/YSZ/ Si(001) with height profiles along the horizontal dashed lines at bottom

of each image. (d) rms roughness as a function of Ts.

Topographic AFM images, 5 pm x 5 pm in size, of the Ts = 375 °C, 400 °C, and
700 °C samples on Si are shown in Figure 4.1.6(a)-(c), respectively, with 1 pm x 1
pm images in the corresponding insets. The three images (and the corresponding ones
to other films in the series) show islands with lateral size of a few tens of nm. The
lateral size is around 40 nm in the Ts = 375 °C and 700 °C samples, and around 80 nm
in the Ts = 400 °C sample. The morphology of the Ts = 375 °C sample is very
homogeneous, whereas in the Ts = 700 °C sample there is agglomeration of a few
islands of higher height in some areas. The morphology of the Ts = 400 °C and the
410 °C samples (the AFM image of the latter not shown here) differs with respect to
the other samples, with flat areas between the islands, which are notably larger in
height than in the other samples. Notice in Figure 4.1.6(a)-(c) the differences in the
z-scales. Indeed, the z-scale ranges in the topographic images are 7 nm in Figure
4.1.6(a) and (c), and 40 nm in Figure 4.1.6(b). The corresponding height profiles at
the bottom of each image along the dashed lines evidence the huge difference in
islands height. The root means square (rms) roughness of all the samples on Si,
calculated from 1 pm x 1 pum areas, is plotted as a function of Ts in Figure 4.1.6(d).
There is a sharp increase from 0.56 nm to more than 5 nm as Ts increases from 375 °C
to 400 °C. The rms roughness, similarly high in the Ts = 410 °C sample, decreases to
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around 1.6 nm and 0.92 nm in the Ts = 425 °C and 450 °C samples, respectively, and
is below 0.75 nm for the samples grown at higher temperatures. The peaky
dependence of the roughness with deposition temperature is a signature of the onset of
BTO crystallization above 375 °C, being the high roughness in the 400 - 425 °C
samples likely due to the coexistence of well crystallized islands with other regions
presenting lower crystal order or amorphous state. The (001) orientation in the Ts =
400 °C sample, with in-plane epitaxial order confirmed by reciprocal space mapping
points to epitaxial columnar growth coexisting with not-epitaxial regions. On the
other hand, the low surface roughness of the Ts = 375 °C sample indicates that surface
diffusivity at this temperature is low for epitaxial growth but high enough for surface

smoothing.

Electrical Characterization

The BTO films deposited on Si at 410 °C or higher Ts are ferroelectric. The
ferroelectric polarization loops of a selection of the films are plotted in Figure 4.1.7(a).
The loops were obtained from current - electric field measurement (the corresponding
to the Ts = 425 °C sample is presented in the inset). The remnant polarization P, and
electrical coercive field Ec of the films range within 3 - 11 uC/cm? and 70 - 160
kV/cm, respectively. The films deposited at the lowest temperatures, 375 °C and
400 °C, did not display current ferroelectric switching peaks. Figure 4.1.7(b) presents
the values of remnant polarization and electrical coercive fields of the BTO films on
Si as a function of the deposition temperature. The threshold for ferroelectric behavior
is Ts = 410 °C, and for higher Ts the remnant polarization increases sharply to a
maximum value of around 11 uC/cm? (T
temperatures, P; decreases monotonically with Ts. In the case of the coercive field the
dependence is similar, with a reduction from 160 kV/em (T = 425 °C) to 70 kV/cm

(Ts =750 °C).
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coercive field (blue triangles, right axis) as a function of Ts.

The relationship between P; and c-axis strain of epitaxial BTO on Si(001) at different
deposition temperatures is plotted in Figure 4.1.8. It can be clearly observed that P,
presents a strong dependence on the lattice strain. With larger c-axis strain, BTO film
usually present higher P; value. Therefore, this growth strategy by controlling the
deposition temperature during pulsed laser deposition process can provide a feasible
way for tailoring the structural and ferroelectric properties of epitaxial BTO thin films
on silicon.
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Figure 4.1.8 The dependence of the remnant polarization (Pr) on c-axis strain of epitaxial BaTiO3
on Si(001).

The leakage curves of the series of BTO films on Si are shown in Figure 4.1.9(a), and
the values of leakage current at 45 and 225 kV/cm are plotted as a function of Ts in
Figure 4.1.9(b). The leakage current depends notably on Ts, particularly in the
samples deposited at low temperatures. The Ts = 375 °C sample was highly insulating
and the small area of the contacts did not permit reliable measurements. The
conductivity increases sharply with Ts, the Ts = 450 °C sample being the most
conductive of the series. In particular, the leakage current at 45 kV/cm increases from
107 A/em? (Ts = 400 °C) to around 3 x 10 A/cm? (Ts = 450 °C), and from 4 x 107
A/em? to 103 A/em? at 225 kV/cm. Films deposited above Ts = 450 °C are more
insulating, with a monotonic reduction of the leakage current with Ts, presenting the
Ts = 750 °C samples leakage current below 1 x 107 A/cm? and 4 x 10% A/cm? at 45
and 225 kV/cm, respectively. We emphasize that the leakage of these films is
comparable to state of the art BTO films on perovskite single -crystalline
substrates[178,179] or to thick epitaxial Pb(Zr,Ti)Os films on Si(001).[60]
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Figure 4.1.9 (a) Leakage current curves of the BTO films on LNO/CeO»/YSZ/Si(001). (b) Leakage
current at 45 kV/em (black squares) and 225 kV/cm (red circles) as a function of the deposition

temperature.

The impact of the deposition temperature on the properties of BTO is schematized in
Figure 4.1.10. Above the crystallization threshold at 375 °C there is a temperature
window around 75 °C wide, up to Ts ~ 450 °C where films have a large strain and
ferroelectric polarization, but are rough and present high leakage. XRD and AFM
characterization point to in-homogeneous crystallinity as the cause. From Ts ~ 450 °C
to ~ 750 °C, the films are very flat and highly insulating. In this temperature window,
about 300 °C wide, the BTO films are c-oriented and show a monotonic variation of
the c-axis parameter and the ferroelectric polarization. The unit cell of BTO is highly
expanded, likely due to the presence of point defects.[48,180-182] The influence of
the deposition temperature on these defects permits the control of the c-axis parameter
and the ferroelectric polarization.
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Figure 4.1.10 Schematics of the influence of the deposition temperature on the crystallinity and
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properties of BaTiOs thin films on LNO/CeO2/YSZ/Si(001).

In contrast to extended defects, the identification of randomly distributed point defects
in oxide thin films by transmission electron microscopy is challenging and indirect
methods are typically used.[182] Here we used the photocurrent induced by
illumination with 405 nm photons (energy of 3.06 eV, close but smaller than the
optical gap of BTO as a probe for point defect concentration. Indeed, it is expected
that point defects shall induce in-gap states promoting larger optical absorption of
sub-bandgap photons and enlarge the photocurrent. The photocurrent is found to
increases with Ts from 8 x 10~ pA/cm? (Ts = 400 °C sample) up to above 0.2 uA/cm?
in the Ts = 425 °C and Ts = 450 °C samples, and then decreases progressively to
around 0.1 uA/cm? in the Ts = 700 °C and Ts = 750 °C samples (Figure 4.1.11). The
out-of-plane lattice parameter and the photocurrent display a very similar dependence
on the deposition temperature. The photocurrent is higher in the more strained films
(The inset of Figure 4.1.11), supporting that cell expansion is caused by defects
responsible of the photoresponse.

It is remarkable that the control of strain and polarization by the deposition
temperature has been demonstrated in thick BTO films (thicker than 100 nm)
integrated epitaxially with Si(001). This is clearly the most convenient substrate for
applications, and the demonstration that integration of epitaxial BTO with high
polarization can deposited at temperature as low as 450 °C is also of relevance
towards the integration in silicon chips.
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Figure 4.1.11 Dependence with the deposition temperature of the photocurrent (left axis, open
black squares) and the out-of-plane lattice parameter (right axis, solid blue triangles).
Photocurrent was measured in at least ten pairs of contacts in each film. The vertical lines in the

photocurrent data indicate the ranges of values measured. Inset: photocurrent against
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out-of-plane lattice parameter.
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Figure 4.1.12 (a) XRD 0-20 scans of the films deposited on LNO/LaAlO3(001) at Ty = 550 °C
(black line) and T; = 675 °C (red line). Inset: zoomed region around the (002) reflections of BTO.
(b) XRD reciprocal space maps (RSM) of BTO films deposited on LNO/LaAlO3(001) at Ts =
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550 °C around asymmetrical (103) reflections of BTO, LNO and LAO. (c) Topographic AFM 5 um
x 5 pm image (inset: 1 pum x 1 pum) of the film deposited at Ts = 675 °C (z-scale: 3 nm). (d)
Ferroelectric polarization loops of the Ty = 550 °C (black line) and 675 °C films on LAO, with the
current — electric field curve corresponding to the 425 °C sample in the inset. Comparison of rms
roughness (e), out-of-plane lattice parameter (f), full width at half maximum of the w-scan (g), and
remnant polarization (h) of BTO films on Si (black squares) and LAO (red circles) at T; = 550 °C
and Ts = 675 °C.

To confirm if the growth strategy presented here is also valid for BTO films grown on
single crystalline oxide substrates which are commonly used as platforms to grow
BTO films, we have deposited two BTO/LNO bilayers on LAO at 550 °C and 675 °C.
Due to the moderately small lattice mismatch (~1.3 %) between the LNO electrode
and the LAO substrate, the XRD specular §-26 scans of the bilayers in Figure 4.1.12(a)
only display (00/) reflections. The zoom of the scans around the (002) reflections
shows narrow BTO peaks at positions that confirm the expected c-orientation and
expanded c-axis, being the strain in the Ts = 550 °C sample (¢ = 4.123 A) higher than
in the Ts = 675 °C one (¢ = 4.096 A). Reciprocal space maps around asymmetrical
(103) reflections for Ts = 550 °C sample is shown in Figure 4.1.12(b). The LNO
bottom electrode is fully strained, whereas BTO presents in-plane lattice parameter
coincident with the a-axis of bulk BTO. It indicates that the films are plastically
relaxed, and that the defects cause anisotropic unit-cell deformation, with expansion
of the unit cell along the out-of-plane direction. Topographic AFM images show that
the films are very flat, and in the case of the Ts = 675 °C sample rms roughness below
0.4 nm and morphology of terraces and steps can be observed in the 5 pm x 5 um
image in Figure 4.1.12(c) in spite of the very small islands, usually present in BTO
films.[34,181,182] The ferroelectric loops (Figure 4.1.12d) show larger polarization in
the Ts = 550 °C film, in agreement with its higher lattice strain. The values of rms
roughness, c-axis parameter, BTO(002) rocking curve width and remnant polarization
are plotted (red circles) against Ts (550 °C or 675 °C) in Figures 4.1.12(¢e)-(h),
respectively. The Figures include the data of the corresponding samples on Si (black
squares). Obviously, the BTO films deposited on Si(001) and LAO(001) substrates
display the same trend of film morphology (rms), crystallinity (c-axis parameter and
rocking curve) and polarization.
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4.1.2 Oxygen Pressure

Structural Study

In this Po2 series, BTO films were deposited at different oxygen pressure. The
relevance of the oxygen pressure to the crystalline texture of BTO film in the
deposition chamber is due to two reasons. On one hand, oxygen present in the ceramic
BTO target used for PLD is insufficient for complete oxidation of the growing film
(oxygen has low vapor pressure and it is easily re-evaporated). Thus, films deposited
under low oxygen pressure can present oxygen vacancies. On the other hand, the
laser-generated plasma contains high energy ions and atoms, the energy depending on
the chamber oxygen pressure.[213] Under vacuum conditions, the PLD plasma
expands free and atoms and ions having large energy of even tens of electron volts
impact the substrate.[214] However, in the presence of an oxygen background, the
energy of the PLD plasma decreases with increased oxygen pressure due to
collisions.[213,215] The energetic plasma can generate point defects when it impacts
on the film,[214,216] and thus the amount of defects increases with reduced oxygen
pressure. Oxygen vacancies and defects, both favored under low oxygen pressure
deposition, cause expansion of the unit cell of the oxide film.[217-219] As the growth
rate can change with oxygen pressure, a series of amorphous BTO films deposited at
room temperature on bare (without buffer layers) Si(001) and their thicknesses were
measured by XRR to evaluate the dependence of growth rate on oxygen pressure. The
amorphous films are thicker than epitaxial films, but the dependence of thickness on
oxygen pressure between the amorphous films and epitaxial one should be
proportional (inset in Figure 4.1.13) and can be accurately determined. The film
deposited at the highest pressure (Po2 = 0.1 mbar) was rough and there were no XRR
oscillations. The thickness of two epitaxial films (Po2 = 0.01 and 0.1 mbar samples)
deposited at high temperature on buffered Si(001) was determined by TEM!'. The
dependence of growth rate on the oxygen pressure, plotted combining the XRR and
TEM results (red colour), is presented in Figure 4.1.13. Finally, the growth rate was in
the 0.47 — 0.56 A/laser pulse range, thus resulting in the film thicknesses in the range
0of 94 — 112 nm.

! The thicknesses of two films grown at Po, = 0.01 and 0.1 mbar confirmed by TEM image are
measured by Satl Estandia (a PhD candidate) and Dr. Jaume Gazquez (a scientist) working at
ICMAB, in collaboration with the STEM Group of the Oak Ridge National Laboratory, USA.
Details are reported elsewhere [ACS applied materials & interfaces, 10(30), 25529].
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Figure 4.1.13 Growth rate of BTO as a function of the oxygen pressure. Data corresponding to
Po> = 0.01 and 0.1 mbar (red squares) were directly determined by cross sectional TEM images of
the epitaxial films on buffered Si(001). The growth rate corresponding to the other pressures has
been estimated from XRR measurements of amorphous BTO films deposited at room temperature
on bare Si(001). Since amorphous films have smaller density than epitaxial ones, the thickness
ratio between epitaxial and amorphous films grown at Po> = 0.01 mbar was used as correction
factor for the Po> = 5 x 1073, 0.015, 0.02, and 0.05 mbar films.

The symmetrical XRD 6-26 scan of the Poz = 0.02 mbar sample is shown in Figure
4.1.14(a). The diffraction peaks correspond to (00/) reflections of the silicon substrate,
buffer layers, or BTO films. Zoomed 6-26 scans (in the 42° — 75° range) of the
samples deposited at varied Po, are presented in Figure 4.1.14(b). The patterns are
vertically shifted for clarity, from bottom to top as Po» increases from 5 x 1073 to 0.1
mbar. The vertical solid and dashed lines mark the position of (002) and (200)
reflections of bulk BTO, respectively. The corresponding reflection of the BTO film
shifts monotonically from an angle lower than bulk BTO(002) to an angle higher than
bulk BTO(200), pointing to the transition from c-oriented BTO to a-oriented BTO as
the oxygen pressure increases during growth.

51



Chapter 4. Epitaxial Ferroelectric BaTiOsz Thin Film on Si

(a)
~~ 7
10 =
2 3
c 5
S b
a s
— - %N
© 5 O
o — e
[@]
210°4)2
(2]
[
[0
o
£

o1 T

YSZ(002)

BTO(002)

LNO(002)

Si(004)

YSZ(004)/LNO(003)

|
|l [
60 80

BTO(004)

Sh
l il‘
I | N

BT0(002)/(200)
LNO(002)

004)

(b) gg
——0.1 mbar _ 28

g A

——0.05 mbar ) r =0

PR Sl 83

0.02 mbar a8

—— 0.015 mbar o

- (=]

——0.01 mbar mS
——0.005 mbar i E

20 40 100
26 (°)
76¢ (c) .- 0.005 mbar{ 7.6+
‘e
'E 74 1748
= Y.
BTO(203)
05"72_ BTO@03) Mg |l e
: Si(224) ’ Si(224)
48 50 52 54 28 50 52 54 48 50 52 54
' 0.02 mbar] 76- ., (g) 0.0 mbar. 75 (h) 0.1mbar
‘i i oo
. A '7' '»1‘7: i
| 74! o | 74| BTO(203)
7.2} si(224) 172 Sii2'24" R Si(224)
28 50 52 p 54 a8 50 532_1 54 48 50 52 p 54
Q, (nm) Q, (nm™) Q, (nm”)

Figure 4.1.14 (a) Symmetrical XRD 6-20 scan of the Po> = 0.02 mbar sample. (b) Zoomed 6-20
scans of the samples deposited at varied Po:. Diffractograms are shifted vertically for clarity. The
vertical solid and dashed lines mark the position of the (002) and (200) reflections in bulk BTO,
respectively. (c-h) XRD reciprocal space maps around Si(224) and BTO(203) asymmetrical

reflections.

The BTO mosaicity, represented by the rocking curve of the specular BTO (002)/(200)
reflection in Figure 4.1.15, is similar in all films, with a full width at half~-maximum
(FWHM) in the 1.0° — 1.2° range. It is remarkable that the fwhm of the BTO
(002)/(200) specular 6-26 reflections is similar in all of the samples, in the 0.29° —
0.41° range, indicating homogeneous, but different and selectable strain state in the

series of films.
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The out-of-plane (oop) and in-plane (ip) lattice parameters were determined from the
XRD symmetrical 6-26 scans in Figure 4.1.14(a)-(b) and asymmetrical RSMs around
BTO(203) and Si(224) reflections in the Figure 4.1.14(c)-(h), respectively. The
parameters are plotted against Po, in Figure 4.1.16(a). The oop lattice parameter (solid
triangles) decreases more than 2 % with Poo, from 4.072 A (Po = 5 x 107 mbar) to
3.987 A (Po2 = 0.1 mbar). The BTO unit cell volume is highly enlarged (3.09 %) in
the Po, = 5 x 1073 mbar film and shrinks monotonically as the pressure increases
(0.32 % in the Po> = 0.1 mbar film), suggesting that the expansion (Figure 4.1.16b,
right axis) is likely caused by defects, either those caused by the energetic PLD
plasma under low oxygen pressure[28] or oxygen vacancies.[29]

The oop parameter in the two highest Poz samples is smaller than the c-axis parameter
of bulk BTO, and it is even smaller than the bulk a-parameter in the Po, = 0.1 mbar
sample. In contrast, the ip parameter (open squares) of films shows less variation on
deposition pressure. The ratio between oop and ip parameters (Figure 4.1.16b) in the
films deposited at 0.02 mbar and lower pressures is larger than 1 and close to the c/a
ratio in bulk BTO (around 1.01), indicating that the BTO cell is elongated along the
oop direction. For the two films deposited at 0.05 and 0.1 mbar, the oop/ip ratio is
smaller than 1 and in the Po2 = 0.1 mbar film reaches the a/c ratio in bulk (around
0.99), signaling that these two films are a-oriented. The variation of polar orientation
of BTO films with oxygen pressure is sketched in the inset of Figure 4.1.16(a).
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Figure 4.1.16 (a) ip (open squares) and oop (solid triangles) lattice parameters as a function of
deposition pressure. The horizontal dashed lines mark the a and c lattice parameters in bulk BTO.
Inset: Sketch of the BTO orientation depending on the deposition pressure. (b) Tetragonality and
unit cell volume as a function of deposition pressure. Horizontal dashed lines mark c/a, a/c, and
unit cell volume in bulk BTO.

Topographic AFM images (5 pm x 5 pm area, and 1 um x 1 um in the insets) are
shown in Figure 4.1.17 with height profiles along the 5 pm long dashed lines. The
surface roughness of BTO on LNO/CeO»/YSZ/Si(001) depends on the deposition
oxygen pressure. Roughness of films deposited in the Po2 = 5 x 1073 - 0.02 mbar range
is very low with root-mean-square (rms) between 5 - 9 A, whereas increases in the
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films deposited at higher pressure (rms = 2.5 nm for the Po> = 0.1 mbar film). The rms
roughness is plotted against the oxygen pressure in bottom panel of Figure 4.1.17.
One can see that the rms surface roughness of the a-oriented films is notably higher
than that of the c-oriented films.
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Figure 4.1.17 Topographic AFM images 5 um x 5 um in size (inset: 1 um x 1 um) with height
profiles (bottom) along the dashed lines. Bottom panel: rms roughness as a function of the oxygen

pressure.
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Electrical Characterization
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Figure 4.1.18 (a) Polarization loops of BTO films deposited at varied oxygen pressure on buffered
Si(001). (b) Dependence of remnant polarization (left axis, solid symbols) and coercive voltage
(right axis, open symbols) on the deposition pressure. Leakage curves of BTO films deposited at
varied oxygen pressure (c) and leakage current at 1 V (red squares) and 5 V (blue triangles) as a

function of the deposition pressure.

Figure 4.1.18(a) shows polarization loops of the BTO films deposited at varied
oxygen pressure. The films are ferroelectric, with coercive voltage V. and remnant
polarization P; in the 0.9 — 7.2 V (measuring two capacitors in series) and 1.3 — 8.0
uC/cm? ranges, respectively. Note that near the maximum applied electric field, the
loops show a sizeable polarization aperture between the increasing and decreasing
voltage curves. This aperture is caused by small leakage current,[183,184] in which
contribution to the P; is small because data have been recorded using the DLCC
measurement method. The dependence of V. and P: on pressure is plotted in Figure
4.1.18(b). The high coercive voltage in the two films deposited at low pressure (above
6V, corresponding to a coercive electric field Ec higher than 250 kV/cm) decreases to
around 1 V (Ec = 50 kV/cm) in the Po> = 0.05 and 0.1 mbar samples. The coercive
electric field of the Po; = 0.02 mbar film fits perfectly in the Ec — thickness scaling
dependence reported for epitaxial BTO films on Si(001) deposited under this
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pressure.[34] The dependence of the remnant polarization is akin to the coercive
voltage, with low P; values in the high Po> films and enhanced polarization for the
lower pressure films excluding the Po; = 5 x 1073 mbar one. Thus, ferroelectric
polarization and coercive field are controlled by the oxygen pressure. This deposition
parameter determines the amount of defects in the BTO film. The effect of the defects
is the expansion of the BTO unit cell with increased oop lattice parameter. There are
more defects with decreasing oxygen pressure, causing c-orientation in films
deposited below around 0.05 mbar with expanded oop parameter and enhanced
polarization at lower pressure. It is to be noted that the Po> = 5 x 10~ mbar film could
only be measured at very low frequency (the loop in Figure 4.1.18(a) was recorded at
150 Hz), most likely because of the degradation of the LNO electrode. Indeed, a
detailed view of the XRD pattern of the Po, = 5 x 1073 mbar sample in Figure 4.1.12(b)
shows low intensity of the LNO(002) reflection, likely because of the low stability of
LNO under high temperature and low pressure.[185]
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Figure 4.1.19 XRD 0-20 scans (a) and polarization loops of BTO films (b) on low conductance
LNO bottom electrode, due to either LNO instability at low BTO deposition pressure (Po; = 5 x
107 mbar, LNO thickness around 30 nm) or ultrathin (2 nm) LNO thickness. The loops were
measured at 150 and 30 Hz, respectively.

Whereas LNO degradation does not influence the epitaxial growth and lattice strain of
BTO, it reduces the switchable ferroelectric polarization, and does not allow fast
polarization screening, hindering high frequency measurement. This causes the
compensation of the BTO polarization charges less efficient degrading the
ferroelectric properties. To confirm it, a BTO film was deposited at higher oxygen
pressure, Po2 = 0.02 mbar, but on an ultrathin (2 nm thick) LNO electrode. Indeed,
sample with ultrathin LNO present similar FE behaviour. Figure 4.1.19(a) shows the
XRD 6-26 scans of both samples. The (002) reflections of LNO electrodes on both
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samples are very weak. The polarization loops in Figure 4.1.19(b) are similar and the
two samples have high coercive voltage with at low frequency, thus pointing that low
electrical conductance of the bottom LNO electrode in the Po, = 5 x 103 mbar sample
decreased the switchable polarization.

The current — voltage curves of the films (Figure 4.1.18c) do not show big differences,
although leakage in the Po, = 0.015 and 5 x 10~ mbar samples is higher in most of
the voltage range. The observation of similar current — voltage curves in BTO films
having different microstructures suggests that current leakage through BTO is
dominated by the Schottky barriers at the Pt/BTO and BTO/LNO interfaces. The
Schottky barriers at the electrode — ferroelectric interfaces are responsible of the
strong dependence of leakage on applied electric field.[186] The current density at 1
and 5 V is plotted against the oxygen pressure in Figure 4.1.16(d). The leakage is
similarly low as it is in high quality ferroelectric films on silicon[29] and
perovskite[40,41,187,188] substrates.

Evaluation of point defects

To evaluate the stability of the defects, and particularly those involving oxygen
vacancies, two additional films grown at Po2 = 0.02 mbar were prepared and cooled
down under high oxygen pressure (200 mbar), one of them with additional annealing
for 1 h at 600 °C, labeled (1) and (2), respectively. (Note: samples are normally
cooled down under 0.2 mbar of oxygen pressure after deposition.) The XRD 6-26
scan and RSMs are presented Figure 4.1.20. The lattice parameters of the annealed
samples at these two annealing conditions are similar to those of the sample cooled
under Poz = 0.2 mbar.
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Figure 4.1.20 (a) XRD 0-20 scans, with a zoom around the BTO(002) reflection in (b). (c)
out-of-plane (square) and in-plane (triangle) lattice parameters. The in-plane parameters were
determined from RSMs, shown in (d-f).

The electrical measurement of the samples with and without annealing are shown in
Figure 4.1.21. The annealed samples present remnant polarization and leakage very
similar to the corresponding sample cooled down under standard conditions (0.2
mbar). The results signal that low oxygen vacancy concentration and/or highly stable
defects ultimately determine lattice strain in the BTO films deposited by PLD, and
that their dependence on the deposition oxygen pressure permits growth of films with
selectable strain and polar orientation.
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Figure 4.1.21 (a) Polarization loops and (b) leakage current curves of a standard film (cooled
down under 0.2 mbar) and annealed films (1) and (2).

BaTiOs films on SrTiO3(001) and LSAT(001) with varied Po:

To demonstrate if this strategy is applicable for BTO films on other substrates such as
perovskite single crystal, BTO films were deposited at 0.01, 0.02, 0.05 and 0.1 mbar
oxygen pressure on bare SrTiO3(001) and LSAT(001) perovskite substrates?. The two
substrates were placed simultaneously in each deposition process. Substrate
temperature and laser frequency were the used for deposition on silicon, 700 °C and 5
Hz, respectively.

Figure 4.1.22 shows topographic AFM images of the BTO films on STO and LSAT
on the oxygen pressure. It can been seen that on both substrates, BTO films present a
flat surface at oxygen pressure below 0.05 mbar and some terrace can be appreciated.
Increasing the oxygen pressure to 0.1 mbar, BTO films show a abrupt increase of
roughness. This dependence of the surface morphology of the BTO films on STO and
LSAT on the oxygen pressure is coincident with the dependence for BTO films on
silicon.

2 Samples were prepared and characterized by Dr. Nico Dix, a Postdoc and former PhD student
working at ICMAB. Details are reported elsewhere [ACS applied materials & interfaces, 10(30),
25529].
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Figure 4.1.22 Topographic AFM images of BTO films deposited at 0.01, 0.02, 0.05 and 0.1 mbar
oxygen pressure on SrTiO3(001) and LSAT(001). Right: dependence of the rms surface roughness

on deposition pressure.

Specular XRD 6-20 scans are shown in Figure 4.1.23(a)-(b). There is a strong
dependence of the out-of-plane (oop) lattice parameter of BTO on the deposition
pressure on both substrates. The values are plotted against pressure in Figure
4.1.23(c)-(d). The dependence is the same that on Si(001): largely expanded oop for
low deposition pressure and oop parameter coincident with lattice parameter in bulk
BTO for films deposited under high pressure (Po2 = 0.1 mbar). Reciprocal space maps
around asymmetrical reflections of the films on STO substrates were measured (not
shown) to determine in-plane (ip) lattice parameters. The same dependence observed
in BTO films on Si(001) are obtained for the BTO film on single crystal: progressive
reduction of tetragonality (oop/ip ratio) as deposition pressure increases, with
tetragonality below 1 in the Po> = 0.1 mbar sample.
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Figure 4.1.23 Symmetrical XRD 0-20 scans of BTO films deposited at 0.01, 0.02, 0.05 and 0.1
mbar oxygen pressure on SrTiO3(001) (a) and LSAT(001) (b). The corresponding panels at the
right are zooms around (004) substrate and (004)/(400) BTO reflections. Vertical dashed lines at
20 = 99.494° and 100.984° mark the positions of (004) and (400) reflections in bulk BTO,

respectively.

Therefore, the same dependence of lattice strain, orientation, and surface roughness
on pressure can also be achieved on perovskite single crystals. We can conclude that
this effectiveness of the oxygen pressure as a tuning knob to tune BTO lattice strain
and orientation is not limited to films deposited on Si(001) as a particular substrate,
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4.1.3 Growth rate

Structural Study

Here, the growth rate refers to the instantaneous growth rate (gr/pulse) for depositing
the BTO films. Under fixed deposition temperature and oxygen pressure, the growth
rate can be varied by changing the size of the mask used to block the less
homogeneous part of the laser beam. Using standard mask, the laser energy (E) per
pulse is about 97 mJ for buffer layers and bottom electrode. For the deposition of
BTO films, masks of different sizes were used to control the laser energy E for
obtaining different growth rates. The growth rate of BTO is 0.550 A/pulse determined
by the thickness measurement[34] when the standard mask is used (laser energy E =
97 mJ). In the case of films grown using different masks, the growth rate is estimated
indirectly assuming that is proportional to the energy. The number of laser pulses for
deposition is varied accordingly in order to have a nominal thickness of 110 nm for all
the BTO films.

The symmetric XRD #-26 scans of the BTO films on Si(001) are shown in Figure
4.1.24(a). Only the (00/) peaks from BTO, buffer layers and Si substrate can be
observed, without sign of parasitic phases. Figure 4.1.24(b) shows a zoom of the 6-260
scans around the (002) reflections of BTO and LNO. A continuous shift of BTO(002)
peak position to lower 260 angles when increasing the growth rate from 0.099 A/p to
0.832 A/p can be observed, indicating BTO films are more strained when grown at
higher growth rate. For the case of the film deposited at highest gr 1.050 A/p, the peak
shifted back towards high angles. In addition, the reflection of the BTO film at lowest
gr 0.099A/p is close to the position of bulk BTO (200), pointing to the transition from
c-oriented BTO to a-oriented BTO when lowering the growth rate. Based on the
rocking curve width in Figure 4.1.24(c), the BTO films in all growth rates have
similar low mosaicity. Also, fwhm value of the BTO(002) specular 6-28 reflections in
all of the samples show a small deviation. Therefore, the growth rate has negligible
influence on the BTO crystal quality.
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Figure 4.1.24 (a) XRD 6-20 scans of the BTO/LNO/CeOy/YSZ/Si(001) series with varying the
growth rate of BTO from the gr = 0.099 A/p to 1.050 A/p. (b) Zoomed region of the 6-20 scans
around the (002) reflections of BTO and LNO. The vertical solid and dashed lines mark the
position of the (002) and (200) reflections in bulk BTO. (c) Dependence of the FWHM of the
specular 9-20 scan (420) and its w-scan (Aw) around BTO(002) reflection on the growth rate.

Reciprocal space maps around the BTO(203) and Si(224) asymmetrical reflections of
the samples grown at growth rates 0.184 A/p, 0.550 A/p, 0.831 A/p and 1.050 A/p
were measured in Figure 4.1.25(a)-(d). The BTO peak indicates homogeneous strain
in all the measured samples. The obtained in-plane lattice parameter is plotted against
gr in Figure 4.1.25(e), together with the out-of-plane lattice parameter (determined
from the specular 6-20 scans) of all BTO films on Si. The horizontal dashed lines
indicate the values of the a (3.994 A) and ¢ (4.038 A) parameters of bulk BTO. It is
observed that the out-of-plane parameter increased monotonically up to a strain &s0;;
of 1.9 % in the gr = 0.832 A/p sample, and slightly relaxed for higher growth rate.
While the in-plane lattice parameter does not change significantly due to the pinning
of substrate as observed in Ts and Po> series.[189,190] Consequently, the unit cell
tetragonality (c/a) in Figure 4.1.25(f) increases with gr for the selected samples from
below 1 at gr = 0.184 A/p, smaller than the bulk c¢/a ratio 1.01, to around 1.02 at gr =
1.050 A/p. The unit cell volume of BTO is much expanded compared with the bulk
value and increases with higher growth rate.
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Figure 4.1.25 (a)-(d) XRD reciprocal space maps around Si(224) and BTO(203) asymmetrical
reflections at GR = 0.184 A/p, 0.550 A/p, 0.831 A/p and 1.050 A/p. (e) Dependence of the
out-of-plane lattice parameter, and in-plane lattice parameter for selected samples. The horizontal
dashed lines indicate the a- and c-axes length in bulk BTO. (f) Unit cell tetragonality (left axis,
black squares) and volume (right axis, blue triangles) for selected samples. The horizontal dashed

lines indicate the c/a tetragonality and unit cell volume of bulk BTO.

Figure 4.1.26 shows the topographic AFM images of BTO films at different growth
rates. All the BTO films present very flat and homogeneous surface morphology
except for the film at gr = 0.550 A/p with the agglomeration of a few islands of higher
height in some areas. Similar agglomeration of islands are indeed observed in most of
BTO films on Si included in the Ts and Po» series. The root means square (rms)
roughness of the samples on Si, calculated from 1 um x 1 pm areas, is plotted as a
function of gr in bottom of Figure 4.1.26. The BTO film grown at lowest gr 0.099 A/p
presents the highest roughness with rms around 0.8 nm. The flattest surface with rms
below 0.2 nm can be obtained when slightly increasing the gr to 0.184 A/p. And
increasing the growth rate, the films are progressively rougher.
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Figure 4.1.26 Topographic AFM images, 5 ym x 5 um in size (inset: 1 um x 1 um) with height
profiles (bottom) along the dashed lines. Bottom panel: rms roughness as a function of the growth

rate.

Electrical Characterization

All the samples are ferroelectric. The ferroelectric polarization loops for selected
samples are measured at 10 kHz with DLCC as shown in Figure 4.1.27(a). The
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remnant polarization P; and electrical coercive field E. of the films range within 2 - 14
uC/cm? and 1 - 6.5V, respectively. The values of remnant polarization and coercive
voltage as a function of growth rate can be seen in Figure 4.1.27(b). Due to the low
growth rate favoring the transition from c-oriented BTO to a-oriented BTO, the
sample at lowest gr 0.099 A/p has a quite small P; slightly below 2 uC/cm?. This value
is similar to the one of a-oriented BTO film at high oxygen pressure (0.05 mbar and
0.1 mbar) as reported in chapter 4.1.2. At slightly higher growth rate 0.184 A/p, the
sample presents the maximum P; around 14 uC/cm?, which represents the largest
value currently achieved of BTO on Si(001) in these three series. Then increasing
growth rate to 0.550 A/p, P, is decreasing monotonically to around 7 puC/cm?
followed by a dwelling level of P; between around 6 and 8 uC/cm? in the growth rate
ranging from 0.550 A/p to 1.050 A/p. The coercive voltage showed the similar
dependence with P;. The current — voltage curves of the films with different growth
rates are shown in Figure 4.1.27(c) with the values of leakage current at 1 V, 5 V and
10 V plotted as a function of gr in Figure 4.1.27(d). It can be seen that as increasing
the growth rate, the leakage current is getting smaller and the BTO films are more
insulting.
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Figure 4.1.27 (a) Ferroelectric polarization loops of gr = 0.099 A/p, 0.184 A/p, 0.550 A/p and
1.05 A/p BTO films on LNO/CeO»/YSZ/Si(001). (b) Remnant polarization and coercive field as a
function of gr. (c) Leakage curves of BTO films deposited at varied growth rates. (d) Leakage
currentat 1 V, 5 Vand 10 V as a function of the growth rates.
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The remnant polarization and out-of-plane lattice parameters as a function of growth
rate are shown in Figure 4.1.28. One can see that the P, does not scale with the
out-of-plane lattice parameters and presents slightly inverse dependence on the c-axis
strain. The sample grown at gr = 0.184 A/p shows P, is over 14 pC/cm? with
out-of-plane parameter smaller than the ¢ value of bulk BTO while P; for the BTO
film grown at gr = 0.832 A/p with largest out-of-plane parameter 4.114 A was only 6
uC/cm?. In principle, the P should be scaled with the out-of-plane lattice parameters
as the unit cell of BTO with more expanded c-axis strain will induce larger dipole
moment. However, this is not observed in this growth rate series. Other authors
reported the dependence of lattice strain on laser fluence in BTO films on
GdScO3(110) by pulsed laser deposition.[40] They found huge expansion of the
out-of-plane lattice parameter up to 4.1 % with increasing the laser fluence from 1.5
to 2.7 J/em?. However, in spite of the huge difference in strain, the corresponding
polarization was quite similar. The films were stoichiometric and they suggested the
defects produced with the high energetics of the PLD growth process as possible
cause of lattice expansion. The pinned and shifted hysteresis loops were also signals
as consequence of defect dipoles. Defect dipoles could be also present in our films,
especially for the sample grown at high growth rate and could cause domain pinning.
We note that the ¢-¢ configuration was used for ferroelectric measurement and thus the
imprint field is not determined.[175] Indeed, the BTO film on Si measured using #-b
configuration presented quite symmetric FE loop with symmetric LNO electrodes (the
detailed investigation will be discussed later) without showing the evident imprint.
Understanding the nature of these defects and correlation with polarization has not
been discussed in this thesis.

15 r .\
|
— \ A ./ 14.10
| |

; .-

10
3. —_

14.05<

S .A/\‘,_B&”‘ 879 |75
©
N 5 ]
©
g ... BuUKaBTO _{4.00

%0 "oz 04 o6 o8 10
Growth rate (A/p)

Figure 4.1.28 The dependence of remanent polarization and c-axis strain on the growth rate of
BTO film on LNO/CeO2/YSZ/Si(001).

68



Chapter 4. Epitaxial Ferroelectric BaTiOsz Thin Film on Si

—— 0.550A/p
——0.832A/p

o

—_
(@)
~—
N
o

—_—
Q
~—

——0.550A/p
——0.832A/p

N
o
T

o
T

Intensity (arb. units)
Polarization (uC/cm?)

40 45 A0 0 0 10 20
20 (°) Voltage(V)
40
(d) —0.550A/p ——0.550A/p

——0.832Ap

N
o
T

o
T

BTO(002)

-40 1 1 1
40 20 10 0 10 20
26 (°) Voltage(V)
1
( ) —m—Si —&—Si =S S —&—Si
g 0.8|| —e—LAO 4151 —e—LAO 1.5 —e—LA0 —e—LAO
—A—STO —A—STO —A—STO —A—STO
. 0.6 . Ng
£ < > 3]
=04l © ERT): Q1or
g 410} Q- =
= ./. o
0.2+ / I
-
1 1 1 1 0.5 1 1 1 1
0.55 0.8321 0.55 0.8321 0.55 0.8321 0.55 0.8321
Growth rate (A/p) Growth rate (A/p) Growth rate (A/p) Growth rate (A/p)

Figure 4.1.29 (a) and (d) XRD 0-20 scans of the GR = 0.550 A/p and 0.832 A/p films (b) and (e)
Topographic AFM 5 um x 5 um image (inset: 1 um x 1 um) of the GR = 0.550 A/p film and (c) and
() Ferroelectric polarization loops of the GR = 0.550 A/p and 0.832 Alp films on
LNO/LaAlO3(001) and LNO/SrTiO3(001), respectively. Insets of Figure (c) (f) are the sketch of
corresponding heterostructures. (g) Comparison of rms roughness, out-of-plane lattice parameter,
full width at half maximum of the w-scan, and remnant polarization (from left to right) of BTO
films on Si, LAO and STO at GR = 0.550 A/p and 0.832 A/p.

These intriguing results between the dependence of P; and c-axis strain on the growth

rate does not only appeared in sample of BTO films on Si. The similar dependence
was also observed on BTO films grown on perovskite substrates. Two additional
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samples of BTO/LNO bilayers were prepared on LAO (001) and STO (001)
substrates at growth rate 0.550 A/p and 0.832 A/p to demonstrate it. As shown in
Figure 4.1.29(a) and (d), the XRD #-20 scans of the bilayers only show (00/)
reflections on both LAO(001) and STO(001), and BTO films are epitaxially strained,
being the strain higher at growth rate 0.832 A/p sample than at growth rate 0.550 A/p,
respectively. Topographic AFM images show that the films on both single crystal
substrates are very flat. At growth rate 0.550 A/p, the rms roughness of BTO on
LAO(001) (Figure 4.1.29b) is lower below 0.3 nm with morphology of terraces and
steps observed while the BTO sample on STO(001) (Figure 4.1.29¢) has high rms
roughness around 0.5 nm with the agglomeration of a few islands on the surface. The
ferroelectric loops show larger polarization in the GR = 0.550 A/p BTO films on both
substrates as indicated in Figure 4.1.29(c) and (f), basically in agreement with the
result of BTO on Si(001) substrate. The values of rms roughness, c-axis parameter,
BTO(002) rocking curve width and remnant polarization of BTO films on LAO(001),
STO(001) and Si(001) against the growth rate (0.550 A/p or 0.832 A/p) are concluded
in the bottom Figure 4.1.26(g) (from left panel to right), clearly indicating the same
trending of BTO films on all three substrates with growth rate.

Conclusion

In summary, the growth parameters (substrate temperature and oxygen pressure)
during pulsed laser deposition can be used as a tuning knob to control lattice strain
and ferroelectric polarization of epitaxial BaTiOs over a broad range with small
leakage current. It also permits selecting the polar axis to be ip (a-oriented BaTiO3) or
oop (c-oriented BaTiO3). In contrast to the usual strain engineering methodology, the
selection of a particular strain is achieved without necessity of selecting a specific
substrate, and it is not limited to very thin ferroelectric films. This unconventional
strain engineering has been demonstrated to be efficient for BaTiO; films thicker than
100 nm on either perovskite substrates or Si(001) wafers. Important limitations of
conventional strain methodology are thus overcome, opening new avenues for better
control of strain and polar orientation in ferroelectric oxides and particularly for its
integration on semiconducting substrates. However, the nature of defects causing
c-axis strain and electrical properties of ferroelectric films still requires deeper
studies.
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4.2 Electrode-interface controlled ferroelectric BaTiO; films

Abstract

Different electrodes (Laz;sSrisMnQOs, LaNiOs and Pt) were used in ferroelectric
capacitor of epitaxial BaTiOs3 on LaAlO3(001) and Si(001) substrates. The
ferroelectric properties have a strong dependence on the electrodes. Epitaxial BaTiOs
films using Laz;sSrisMnQOs electrode on LaAlOs and Si substrates present higher
remanent polarization, larger coercive field and lower leakage than using LaNiO;
electrode. The larger imprint field (Eimp) around 90 kV/cm was observed in BaTiO;3
films with LaNiOs electrode on LaAlO3(001) compared with much reduced Eimp below
40 kV/em using LazsSrisMnQOs electrode. On the other hand, the Ein, is quite
negligible for BaTiOs films grown on Si substrate. With noble metal Pt electrode,
BaTiOs films show much shrinked ferroelectric loops with much smaller P, and E.
compared with using perovskite oxide electrode. In contrast, the leakage is higher in
symmetric capacitors with perovskite electrodes than in asymmetric capacitors with
top Pt electrodes. This systematic study provides an instructive guide for the selection
of different electrode materials, with strong impact on the electric properties of

ferroelectric BaTiOs films.
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Ferroelectric thin film capacitors are generally in a sandwiched structure by two
metallic electrodes. The commonly used electrode materials in memory devices can
be divided into two groups. One consists of the noble metals such as Pt, Au, Co and Ir
while the other is the conducting pervoskite oxide electrodes such as LaNiOs;, LSMO,
and SrRuO:s. It has been widely reported that the ferroelectric-electrode interface has a
significant influence on the electrical properties of the ferroelectric thin films. For
instance, the use of metallic oxide electrodes can significantly improve the fatigue
property of ferroelctric Pb(Zr,Ti)O3 films compared with using the metallic
electrode.[82,83] Besides the ferroelectric fatigue, the electrode interface can also
have a large influence on the leakage current,[84-86] hysteretic behavior[86-88] and
dielectric permittivity[89] of the ferroelectric films. Therefore, the interface state in
ferroelectric capacitors must be well understood for controlling and optimizing the
design of ferroelectric-based memory devices. However, the extensive work on
understanding the electrode interface effects are mainly on ferroelectric Pb(Zr,Ti)Os
films and the effects of electrode interfaces on the electrical properties of BaTiO3
capacitors are less studied, especially when they are integrated with Si substrate.
Motivated by this, a systematical investigation about employing the different type of
electrodes (perovskite metallic oxides and noble metals) are proposed to investigate
the influence of electrode-interface on the electrical properties of ferroelectric
epitaxial BaTiOs3 thin film on single crystal LaAlO3 and Si substrates.

4.2.1 Growth conditions

BaTiO; films (thickness t = 110 nm) were deposited in a single process on
LaAlOs3(001) single crystal and Si(001) substrates with La>;3Sr13MnO3 and LaNiOs as
bottom electrodes of around 30 nm by pulsed laser deposition. Figure 4.2.1 shows the
heterostructures of the four samples of BTO films grown on LAO(001) and Si(001)
substrates used in this section. On LAO substrate, LNO was used as bottom electrode
in Figure 4.2.1(a). When LSMO is used as bottom electrode in Figure 4.2.1(b), LNO
works as buffer layer for epitaxial growth of LSMO. And the same purpose is for
BTO on Si where YSZ/CeO; were sequentially deposited as buffer layers as shown in
Figure 4.2.1(c) and (d). The LSMO electrode was grown at 700 °C, 0.1 mbar at
frequency 5 Hz. And the detailed growth conditions for other layers can be seen in
Chapter 4.1.
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Figure 4.2.1 (a)-(d) The sketch of the four heterostructures of BaTiO; films grown on LAO(001)
and Si(001) substrates.

For the deposition of symmetric top oxide electrodes, the top oxide electrodes were
grown by PLD at same conditions with the bottom electrodes, and the thickness was
between 20 nm - 30 nm. A TEM grid was used as mask to deposit the top perovskite
oxide electrodes (LSMO and LNO) with eight different areas of 50 um, 100 um, 200
um and 400 um diameters of cycle and square in size. The representative images of
LSMO and LNO top electrodes on Si(001) under optical microscopy are shown in
Figure 4.2.2(a)-(d). The details about the deposition parameters of top Pt electrodes
can be seen in chapter 3.

Figure 4.2.2 The representative optical microscopic images of LSMO (a)-(b) and LNO (c)-(d) top
electrodes of BTO films on Si(001) substrate with four sizes (50 um, 100 um, 200 um and 400 um)

of in square and circle, respectively.
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Here we need to note that the top metallic oxides electrodes were grown under the
same condition of bottom electrode by PLD. And steel masks were used. For instance,
top and bottom LNO electrodes with same thicknesses were both grown at 700 °C and
0.15 mbar. To check if the deposition process at high temperature has effects on the
structure of BTO, the specular XRD 6-26 measurements were performed before and
after the deposition of top electrodes for the two samples of BTO on LAO single
crystal. The result is shown in Figure 4.2.3. There is a negligible variation between
the peak positions of BTO(002), LNO(002) and LSMO(002) before and after the top
electrode deposition. Therefore, the deposition process of top metallic electrodes has
no significant influence on the BTO film.
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Figure 4.2.3 The XRD 0-20 patterns of BTO films on LAO(001) substrate before and after the
deposition of top LNO (a) and LSMO (b) electrodes, respectively.

4.2.2 Structural Study

The X-ray diffraction (XRD) 6-26 scans of the BTO thin film on LAO(001) and
Si(001) after top electrodes (LNO and LSMO) deposited is shown in Figure 4.2.4(a).
The XRD result reveals that all films on LAO(001) and Si(001) substrates are
epitaxial and single phase. The right panel of Figure 4.2.4(a) shows the zoomed
region of 6#-20 around BTO(002) reflections. The dashed vertical lines mark the
position of the (002) reflection of bulk BTO. All the films are c-oriented. The
out-of-plane lattice parameter of BTO grown on LAO substrate, as shown in top panel
of Figure 4.2.4(b), is significantly larger than on Si substrate. In addition, no matter
on LAO or Si substrates, the BTO films using LSMO as bottom electrode show the
larger out-of-plane lattice parameters with epitaxial strain of ¢ = 1.54 % on LAO and
0.57 % on Si. The crystal quality of BTO was evaluated by rocking curves in bottom
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panel of Figure 4.2.4(b). It was found that the crystallinity of BTO films is scarcely
dependent on the bottom electrodes and better crystal quality of BTO film was
obtained on LAO(100) single crystal (4w ~ 0.83°) than on Si(001) substrate (4w ~
1.11°).
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Figure 4.2.4 (a) XRD 6-20 scans of BTO films on LAO(001) and Si(001) substrates with LSMO or
LNO electrodes. Right panel: Zoomed region of the 0-20 scans around the (002) reflections of
BTO and LNO (or LSMO). The vertical dashed lines mark the position of the (002) reflections in
bulk BTO. (b) Dependence of c-axis strain (upper panel) and w-scan (dw) around BTO(002)
(lower panel) on LNO and LSMO electrodes of BTO films on LAO and Si.

Due to the similarity of structure and small lattice mismatch between BTO, LNO
(LSMO) and LAO, BTO films and LNO (or LSMO) electrode will grow
cube-on-cube on LAO(001) with the epitaxial relationships [100]BTO(001)/
[100]LNO(001)/[100]LAO(001). For epitaxial BTO films on Si(001), as discussed
before in chapter 4.1, the epitaxial relationship between each layers will be
[110]BTO(001)/[110]LNO(001)/[100]CeO2(001)/[100]YSZ(001)/[100]Si(001).

In order to determine the in-plane lattice parameters and strain states, the reciprocal
space maps (RSM) were measured around the (103) reflections of BTO, LNO and
LAO for the sample of BTO on LAO(001) while around BTO(203) and Si(224)
reflections on Si substrate in Figure 4.2.5(a) and (b). One can see a homogeneous
strain in BTO films on LAO and Si substrates, respectively. The vertical dashed line
indicates the value of the in-plane (3.994 A) parameter of bulk BTO. On LAO
substrate, the reference lattice parameter for bulk cubic LAO is 3.791 A which means
in principle there is a compressive in-plane strain in the BTO film imposed by the
substrate. However, due to the high thickness (t > 100 nm) and lattice mismatch
(around 5.3 %), BTO film on LAO substrate is relaxed close to the bulk value
(slightly compressive strain of about 0.04 %), which can be seen from RSM in Figure
4.2.5(a), while on Si substrate, BTO present a tensile in-plane strain of about 0.95 %
(Figure 4.2.5b). In addition, as indicate in Figure 4.2.5(c), BTO film on LAO presents
a higher BTO tetragonality with the longer polar axis normal to the surface. While the
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unit cell of BTO film on Si substrate is more expanded than on LAO(001) single
crystal, which signals that higher defects were induced in BTO film on Si substrate
resulting in more expanded crystal structure.
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Figure 4.2.5 (a) XRD reciprocal space maps around LAO(103) and BTO(103) asymmetrical
reflections for BTO/LNO/LAO(001) sample. (b) XRD RSM around Si(224) and BTO(203)
asymmetrical reflections for BTO/LNO/CeQ2/YSZ/Si(001) sample. (c) Tetragonality and unit cell
volume of BTO on LAO and Si substrates using LNO electrode.

AFM measurements of LSMO/BTO/LSMO/LNO/CeO,/YSZ/Si(001) sample are
shown in Figure 4.2.6. Despite the small islands on the top LSMO electrode, the bare
BTO film and top LSMO celectrode both present a flat surface. Remarkably, the
root-mean-square (rms) roughness of top LSMO contacts is as low as 0.18 nm (1 pum
x 1 um region), implying a good epitaxial quality of top LSMO electrode grown on
BTO. For the other samples, due to the low optical contrast, the top electrodes were
not visible under the AFM microscopy, which made it not possible to check the
surface morphology of top electrodes.

o T

¥ \_ ]

Figure 4.2.6 Topographic AFM images, 5 um x 5 um in size (inset: 1 ym x 1 um) on LSMO top
electrode (a) and on bare BTO surface (b) for LSMO/BTO/LSMO/LNO/CeOx/'YSZ/Si(001) sample.
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4.2.3 Electrical comparison between metallic oxide electrodes
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Figure 4.2.7 Ferroelectric polarization loops of BTO films on LAO(001) (a) and Si(001) (c) using
LSMO and LNO electrodes at 200 Hz. (b) and (d) are the corresponding remnant polarization and

coercive field as a function of frequency.

Ferroelectric meaurement was performed with top-bottom configuration for the
samples with symmetric oxide electrodes. Figures 4.2.7(a) and (c) show ferroelectric
polarization loops of the BTO films with LSMO and LNO electrodes on LAO(001)
and Si(001) at 200 Hz, respectively. The different ferroelectric loops can be observed
using LSMO and LAO electrodes. The polarization loop of BTO with LSMO
electrode presents quite “broad” characteristic which is very different from the “slim”
one with LNO electrodes. This diverse characteristics of hysteresis loops result from
the distinct P; and coercive fields. On LAO(001) substrate (Figure 4.2.7a), the BTO
film with LSMO electrode shows the larger Pr = 22 uC/cm? and E. = 410 kV/cm while
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for BTO using LNO electrode P; and E. are about 18 pC/cm? and 110 kV/cm,
respectively. Despite the slightly larger P: obtained on LSMO electrode, the coercive
field (E¢) of BTO film with LSMO electrode is over three times higher than that using
LNO electrode. The detailed values for P; and E. at different frequencies with LSMO
and LNO electrodes on LAO substrate are plotted in 4.2.7(b). It is clear to see that the
equivalent E. around 400 kV/cm is obtained at 200 Hz for BTO with LSMO electrode
while at 3 kHz for BTO with LNO electrodes. In principle, E¢ is dependent on the
frequency.[1,2,5] With higher frequency applied, larger Ec is required. Clearly, BTO
films using LSMO electrode present larger coercive field than using LNO electrode.
Similar conclusion is confirmed by the result of BTO film on Si with both electrodes
as shown in Figure 4.2.7(c) and (d).

Here, we have to note that the P, and E. values are not extracted from the same
frequencies in Figures 4.2.7(b) and (d). The reason is explained in Figure 4.2.8. For
the BTO sample using LSMO (Figure 4.2.8a), with increasing the frequency to only
300 Hz, the normal FE loop cannot be obtained due to the large E.. While the large
leakage become evident for BTO film using LNO, which influences the precise
determination of P: and E. (Figure 4.28b). This large leakage is evidenced by the
leakage current measurement in Figure 4.2.8(c), over one order of magnitude higher
than using LSMO celectrode at 45 kV/cm and 225 kV/cm on both substrate. In
addition, the leakage of BTO film on Si substrate is higher when using the same
electrode than on LAO(001) single crystal.
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Figure 4.2.8 Hysteresis loops of BTO films on LAO substrate (a) using LSMO electrode measured
at frequency 300 Hz and (b) using LNO electrode measured at frequency 100 Hz. (c) Leakage
current at 45 kV/em and 225 kV/em of BTO films on LAO and Si using LSMO and LNO electrodes.

Respect the distinct coercive field between using LNO and LSMO electrodes, the
reason may origin from the charge transport properties since the LSMO and LNO
electrodes share the similar crystal structure and lattice constants with BTO. The
conducting metallic oxides (LNO and LSMO) possess different electric resistivity. As
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reported, the electrical resistivity of LSMO film at room temperature [199-201] is
between 4 x 10 Q cm ~ 2 x 10 Q cm while the resistivity value ranges from around
9x10°Q cm ~ 3 x 104 Q cm for LNO film.[202-204] Thus, the electrical resistivity
of LSMO film is close to one order of magnitude larger than that of LNO electrode at
room temperature. The polarization screening of BTO with electrodes of high
resistivity will be less effective. On the other hand, LSMO electrode can present a
dead layer with degraded conductivity at interface. For these reasons, BTO film with
LSMO electrodes has much larger coercive field. Indeed, as discussed in chapter 4.1.2,
when the bottom electrode LNO is degraded at low oxygen pressure or ultra thin
(around few nanometers), high frequency measurement for hysteresis loop become
extremely difficult and BTO films present high coercive field even at low frequency.

Imprint describes a internal field driving ferroelectric polarization towards a
preferential direction when external bias is removed. Imprint field (Ei»,) is defined as:
Einp= 0.5 x (E.++E.-), expressing the electrical field shift in the hysteresis loop. The
evident difference of ferroelectric loops between using LNO and LSMO electrodes for
the imprint field can be seen in the ferroelectric loops in Figure 4.2.6. The summary
of the imprint field of BTO films at different frequencies on LAO and Si substrates is
presented in Figure 4.2.9. The imprint field is oriented from bottom electrode towards
the top electrode and has low dependence on frequency. Two distinct features can be
concluded: 1) The imprint fields of BTO films on Si substrate with LNO and LSMO
electrodes are quite negligible below 20 kV/cm compared with the one of BTO on
LAO substrate ranging between 40 kV/ecm and 90 kV/cm; 2) Even on same LAO
substrate, BTO film with LNO electrode has the imprint field around 90 kV/cm, much
larger than using LSMO electrodes (Ein, around 40 kV/cm). Damodaran reported
that,[40] the epitaxial strain plays a crucial role in directing the out-of-plane
alignment of the defect dipoles and the observation of built-in fields. They observed
that BTO films grown on substrates (DyScOs; and GdScOs) that provide a
compressive strain favored aligned defect dipoles and exhibited large imprint fields
while films grown on substrate (NdScOs) that provides a tensile strain showed
negligible built-in fields, suggesting that the defect dipoles are not preferentially
aligned in the out-of-plane direction. Besides BTO films,[40,205] similar in-plane
strain effects on the imprint fields were also reported in PZT and BFO films.[206-208]
The high imprint field of BTO on LAO substrate results from the compressive
in-plane stress imposed by LAO substrate during the growth, even that due to lattice
mismatch the BTO is relaxed. While on Si substrate, BTO film presents a large tensile
in-plane strain, as revealed in RSM, which may cause the negligible imprint field.
However, as concluded from this result, not only the in-plane strain state of BTO
imposed by substrates can determine the imprint fields as reported but also the
electrode can present an impact on the imprint field.
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Figure 4.2.9 Imprint field as a function of frequency for BTO films on LAO and Si using LSMO
and LNO electrodes.

On the other hand, it is of interest to check if the contact area has influence on the
ferroelectric polarization since the different sizes of top electrode areas are used for
perovskite oxide electrodes. The ferroelectric loops were measured for BTO films on
LAO using LSMO and LNO symmetric electrodes as shown in Figure 4.2.10(a) and
(b), respectively. It is clear to conclude that there is a low dependence of ferroelectric
polarization on the electrode area. The smallest top contacts with circle and square in
50 um were not be clearly seen using the camera in the probe station, thus these
ferroelectric capacitors were not tested.

(a) —o0.16mm* ! (b) o emm !
<30 ——o0.1256mm* 30 5

§ [—o04mm® § :

O 19 ——0.0314mm’ g o

2 2

C C Obocccee e _____
g ° g 0

-%-15 '%-15 1000Hz
© . © y DLCC

0O 30} —= , 0 30f —== )

= £/
. LSMO/BTO/LSMO/LNO/LAO(001 i : LNO/BTO/LNO/LAO(001)
-10 -5 0 5 10 -5 0 5
Voltage (V) Voltage (V)

Figure 4.2.10 Ferroelectric polarization loops of BTO films on LAO(001) (a) using LSMO and
(b) LNO electrodes with different electrode areas.
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4.2.4 Electrical comparison between metallic oxides and Pt electrodes

Top noble metal and oxide electrodes used here are Pt and LNO or LSMO,
respectively. We first measured the samples with top-bottom configuration and strong
effects of the type of top electrode is found. One example for the
BTO/LNO/LAO(001) heterostructure with top Pt and LNO electrodes are shown in
Figures 4.2.11(a) and (b), respectively. The hysteresis loops using asymmetric Pt/LNO
electrodes were largely influenced by the leakage current as indicated in Figure
4.2.11(a), which makes it not possible to extract the polarization loops. This behaviour
results from the asymmetry of the potential barriers at the electrode interfaces because
of the two different ferroelectric-electrode contacts. In the following part, the top-top

configuration was used since the interface asymmetry can be canceled with this
configuration.[175]
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Figure 4.2.11 Comparison of ferroelectric measurements of BTO capacitors on LAO substrate

using symmetric LNO electrodes and asymmetric Pt/LNO electrodes measured in top-bottom
configuration.

The comparison of ferroelectric measurements using Pt electrode and perovskite
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metallic oxide electrodes (LSMO and LNO) with top-top configuration are shown in
Figure 4.2.12. A distinct feature of ferroelectric loops can be seen between using
metallic perovskite oxides and Pt electrodes. The ferroelectric loops of BTO film
grown on Si with top Pt electrodes is quite slim with largely decreased E. and P
compared with the one using top perovskite metallic oxide electrodes in top-top
configuration. However, the maximum polarization with Pt electrodes or metallic
oxide electrodes is similar. This apparent tilting of P-E hysteresis loops and large
reduction in remnant polarization and E. are usually explained by the dominance of
space charges over the intrinsic polarization in films.[209,210] When the space charge
density is over 10" cm™, the substantial shrinking and tilting of the P-V hysteresis
loop appears for a ferroelectic film. Indeed, previous calculation about the space
charge density for the Pt/BTO/LNO/CeO2/YSZ/Si(001) heterostructure was about Ne
= 10?! ¢cm,[44] which causes the large shrinking and tilting of the P-V hysteresis
loop with Pt contacts. In the ferroelectric capacitors, it is well-known that a thin
dielectric layer often forms between a metal electrode and a ferroelectric oxide layer,
called passive layer or dead layer.[211] Pt contacts are deposited by sputtering at
relatively low oxygen pressure (5 x 102 mbar), and the possibility of induction of
defects in the ferroelectrics by the energetic plasma cannot be discard. This interfacial
layer may suppress ferroelectricity at the interface and create a large space charge.
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Figure 4.2.12 Comparison of ferroelectric loops of BTO films on LAO(001) and Si(001) using

symmetric oxide electrode or Pt/oxide asymmetric electrode in top-top measurement. The
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capacitor structures are sketched in each figure.

The leakage curves comparison of BTO films on LAO and Si with symmetric or
asymmetric electrodes measured in top-top configuration are shown in Figure 4.2.13
(a)-(d). BTO films with Pt top electrode presents higher leakage than that with
perovskite (LNO or LSMO) oxide electrodes. The detail leakage value extracted at
225 kV/em can be seen in Figure 4.2.13(e). The relevance of the top electrode reflects
the relevance of the interface is dominating the charge transport, with the metallic
electrode giving better leakage rectifying characteristic than metallic oxide electrodes.
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Figure 4.2.13 (a)-(d) Leakage current curves of the BTO films with symmetric oxide electrodes or

Pt/oxide asymmetric electrodes in top-top configuration. (e) Leakage current at 225 kV/cm.
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Conclusion

In summary, the electrode materials have a strong impact on the properties of
ferroelectric BaTiO; thin films. The perovskite conductive oxides LaNiOs; and
La3SrisMnOs and noble metal Pt were used. Comparing the perovskite conducting
oxide electrodes, ferroelectric BaTiOs films with Lax;3SrisMnOs electrode present
higher remnant polarization and lower leakage than with LaNiOs electrode, either on
LaAlOs or Si substrates. The larger coercive field are observed with Laz;3SrisMnO3
electrode possibly related to higher Laz;3Sr13MnOs resistivity. The epitaxial strain and
selection of bottom electrodes together determines the internal field of BaTiOs films.
With metal Pt electrode, BaTiOs films either grown on Si or LaAlO; present slim
ferroelectric loops and lower leakage compared to perovskite oxide electrodes. As an
hypothesis, we can speculate that the induced space charge close to the BaTiOs/Pt
interface could be a possible reason for these changes. It is concluded that selecting
the electrode materials and controlling the electrode interface is of major importance
in ferroelectric devices and can open effective way for better improving the
performance of ferroelectric capacitors.
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Chapter 5. Epitaxial Ferroelectric Hfo5Zro502 Thin film

The ferroelectric orthorhombic phase in doped HfO: films is usually
stabilized in nanometric grains coexisting in polycrystalline films with
non-ferroelectric phases, challenging the understanding of the intrinsic
mechanisms of ferroelectricity in HfO: and prototyping devices. In this
chapter, the epitaxial HfosZros0: films have been grown on SrTiO3(001)
substrate buffered with La>;3Sri3MnQOs electrode and the growth window
for epitaxial orthorhombic phase by pulsed laser deposition is determined.
Further epitaxial growth of high quality HfosZros0: films has been
integrated on Si substrate in a capacitor heterostructure with different
buffer layers. The epitaxial HfosZrosO> films present robust
ferroelectricity (as high as over 30 uC/cm?) with high retention (over 10
years) and fatigue (exceeding 10" cycles). Such outstanding properties in
the nascent research on epitaxial HfO:-based ferroelectric films can pave
the way for a better understanding of their intrinsic ferroelectricity and

prototyping devices.
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5.1 Growth Window of Ferroelectric Epitaxial HfysZros0; Thin Film

Abstract

The metastable orthorhombic phase of hafnia is generally obtained in polycrystalline
films, whereas in epitaxial films, its formation has been much less investigated. We
have grown HfosZros0: films by pulsed laser deposition, and the growth window
(temperature and oxygen pressure during deposition and film thickness) for epitaxial
stabilization of the ferroelectric phase is mapped. The remnant ferroelectric
polarization, up to ~ 24 uC/cm?, depends on the amount of orthorhombic phase and
interplanar spacing, and increases with temperature and pressure for a fixed film
thickness. The leakage current decreases with an increase in thickness or temperature,
or when decreasing oxygen pressure. The coercive electric field (E.) depends on
thickness (1) according to the E. — % scaling, which is observed for the first time in
ferroelectric hafnia, and the scaling extends to thickness down to at least around 5 nm.
The notable endurance (over 10" cycles) and very long retention (over 10 years) are
also reported in epitaxial o-HZO films. The proven ability to tailor the functional
properties of high-quality epitaxial ferroelectric HfosZrosO: films paves the way

toward understanding their ferroelectric properties and prototyping devices.
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Recently, several groups have reported that the ferroelectric orthorhombic phase can
be stabilized in epitaxial doped HfO, films.[161-172] In epitaxial films, the
orthorhombic phase is generally formed during deposition at high temperature,
without need of annealing.[161-172] Epitaxial films with higher homogeneity with
respect to polycrystalline films are definitely an advantage for better understanding of
the effects of orientation, interfaces, strain, and defects on ferroelectricity in HfO». In
spite of the evident interest, epitaxial ferroelectric hafnia is still in a nascent state. Up
to now, the epitaxial films have been grown by pulsed laser deposition, and only the
influence of thickness was discussed very recently.[168,220] The effect of deposition
parameters on structural and ferroelectric properties, which is of pivotal importance
for further development of epitaxial films of ferroelectric hatnia, is unreported. In this
section, we present a detailed study of epitaxial growth of HZO on SrTiOs substrates.
Three series of samples were prepared varying deposition temperature, oxygen
pressure and thickness. The growth window of epitaxial ferroelectric hatnia films is
mapped, permitting the control of the structural and functional properties by selection
of deposition parameters and film thickness.

5.1.1 Growth conditions

Bilayers combining ferroelectric HZO film on Laz3SrisMnO3; (LSMO) bottom
electrode were grown on STO(001) in a single process. The LSMO electrodes, 25 nm
thick, were deposited at 5 Hz repetition rate, substrate temperature Ts = 700 °C, and
dynamic oxygen pressure Po, = 0.1 mbar. Three series of samples were prepared
varying deposition conditions of HZO (see a schematic in Figure 5.1.1): Ts-series,
Pos-series, and thickness series. In Ts-series, HZO was deposited varying Ts from 650
to 825 °C, under fixed conditions of Po2 = 0.1 mbar and number of laser pulses (800 p,
HZO thickness t = 9.2 nm). HZO was deposited in Poz-series varying Po> in the 0.01 —
0.2 mbar range, at fixed Ts = 800 °C and 800 laser pulses. In t-series HZO films of
varied thickness were prepared at Ts = 800 °C and Po, = 0.1 mbar, controlling the
thickness (in the 2.3 — 37 nm range) with the number of laser pulses (from 200 to
3600). At the end of the deposition, samples were cooled down under 0.2 mbar
oxygen pressure.
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Figure 5.1.1 Schematic of the three series for the deposition of HZO films on LSMO/STO(001).

For accurate determination of thickness of HZO films, the simulations of the Laue
interference peaks around the symmetrical orthorthombic HZO (111) reflection in the
X-ray diffraction (XRD) patterns were done. The Laue interference fringes are shown
in Figure 5.1.2(a)-(b), which can be simulated (red curve) according the dependence

of equation (5-1) below [39]:
2
sin(Qchj
Q) =| —7F~+~ (5-1)

sin(QCJ
2

where O = 4zsin(6)/2 is the reciprocal space vector, N the number of unit cells along
the out-of-plane direction and ¢ the corresponding interplanar spacing. The simulation
is fitted to the experimental curve. In the 800 laser pulses film, the fitting was done
being the 0-HZO(111) peak at 26 = 30.12° and the HZO thickness 92 A. The
respective values for the 1600 laser pulses film are 26 = 30.152° and 184 A. Since the
growth rate in pulsed laser deposition can depend on oxygen pressure, the simulations
of the Laue interference peaks in XRD patterns at different oxygen pressures are also
measured. The thickness of films in Poz-series is in the 8 — 11 nm range with growth
rates at each Po, shown in Figure 5.1.2(¢).
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Figure 5.1.2 XRD pattern of the films with 800 laser pulses with 2 seconds acquisition time (a)
and 1600 laser pulses with 3 seconds acquisition time (D8-ADVANCE, Cu Ka;) (b) deposited at T
= 800 °C and Po; = 0.1 mbar. Red lines are simulations of the Laue interference fringes. (c) HZO

thickness (left axis, open blue circles) and growth rate (right axis, solid black squares).

5.1.2 Structural Study

Firstly, the effect of the deposition temperature (Ts-series) on the crystallinity of the
HZO films will be discussed. The XRD 6-26 scans in Figure 5.1.3(a) show (00/)
reflections of STO and LSMO, and diffraction peaks in the 26 range of 27° — 35°
corresponding to HZO. The highest intensity of HZO peak is the (111) reflection of
orthorhombic HZO (0-HZO) at around 30°. Reflections of the monoclinic (m) phase,
(-111) at 26 around = 28.5° and (002) at 26 around = 35°, usual in polycrystalline
films[36] are not detected. Laue fringes (some of them marked with vertical arrows)
can be observed around o-HZO(111), implying a good epitaxial quality. We have to
note that the possible coexistence of minority tetragonal (t) phase cannot be discarded
as t-HZO(101) and o-HZO(111) peaks would be overlapped. The intensity of the
0-HZO(111) peak, normalized to that of the LSMO(002) peak, increases
monotonously with Ts (Figure 5.1.3b). Further XRD characterization was performed
using a two-dimensional (2D) detector. The 26- y frame around y = 0° of the Ts =
800 °C film is shown in Figure 5.1.3(c). The monoclinic HZO(002) reflection is
present, with broad intensity distribution along y that indicates the high mosaicity.
The 0-HZO(111) reflection is bright in spite of the low film thickness (t = 9 nm), and
the narrow spot around y = 0° is a signature of epitaxial ordering. The ¢-scans around
asymmetrical 0-HZO(-111) reflections (Figure 5.1.3d) confirms the epitaxy of 0-HZO
on LSMO/STO(001). Since the LSMO electrode grows cube-on-cube on STO,[221]
the epitaxial relationships are [1-10]JHZO(111)/[1-10]LSMO(001)/[1-10]STO(001).
The four sets of three 0-HZO(-111) peaks indicate that it presents four crystal
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domains, 90° rotated in the in-plane direction. The epitaxial growth of 0o-HZO(111) on
LSMO(001) is intriguing due to the symmetry discontinuity in the interface. The same
intriguing epitaxial relationship and domain structure was observed in thicker 0-HZO
films. The substrate temperature has an impact on the out-of-plane lattice parameter of
0-HZO. The vertical dashed line in Figure 5.1.3(a) marks the position of the
0-HZO(111) peak in the Ts = 825 °C film. The peak shifts moderately to higher angles
with substrate temperature. The dependence of do-rzow1) on Ts (Figure 5.1.3¢) shows

that lattice spacing d,-nzoc) decreases from 2.979 A (Ts = 650 °C) to 2.959 A (Ts =
825 °C), which corresponds to a contraction of 0.67 %.
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Figure 5.1.3 (a) XRD 6-20 scans of HZO films deposited from Ty = 650 °C to 825 °C. The vertical
dashed line marks the position of the 0-HZO(111) reflection in the T; = 825 °C film, and vertical
arrows mark Laue fringes. (b) Intensity of 0-HZO(111) normalized to LSMO(002), plotted as a
function of Ts. (c) XRD 26-y frame of the Ty = 800 °C film, and 6-26 scan integrated + 5° around
x = 0° (d) XRD ¢-scans around o-HZO(-111) and STO(111) reflections. (e) Dependence on

do-tizoan interplanar spacing with Ts.

Figure 5.1.4 summarizes the influence of deposition oxygen pressure (Poz-series) on
the crystallinity of the films. There are no HZO diffraction peaks in the Po, = 0.01
mbar film (Figure 5.1.4a), whereas in the Po; = 0.02 mbar sample the o-HZO(111)
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peak is weak. The intensity of this peak increases with deposition pressure (Figure
5.1.4b). The m-HZO(002) reflection, barely visible in Figure 5.1.4a, can be observed
in 26- y frames (Figures 5.1.4c and d). The intensity of the elongated m-HZO(002)
spot is higher in the Po> = 0.02 mbar film than in the Po, = 0.2 mbar one. Thus,
lowering pressure increases the monoclinic phase and reduces the orthorhombic phase.
Oxygen pressure has also an important effect on the lattice strain of the orthorhombic
phase. The 0-HZO(111) peak (Figure 5.1.4a) shifts towards lower angles by reducing
deposition pressure. The dependence of d,-nzo111) with Poz (Figure 5.1.4e) shows that
increasing deposition pressure from 0.02 mbar to 0.2 mbar the interplanar spacing
decreases from 2.986 A to 2.954 A (1.07 % contraction).
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Figure 5.1.4 (a) XRD 0-20 scans of HZO films deposited from Poz = 0.01 mbar to 0.2 mbar. The
vertical dashed line marks the position of the o-HZO(111) reflection in the Po; = 0.2 mbar film. (b)
Intensity of 0-HZO(111) normalized to LSMO(002), plotted as a function of Po>. XRD 26-y frame
of the Po> = 0.02 mbar (c) and 0.2 mbar (d) films, and corresponding 6-20 scans integrated + 5°

around y = 0°. (e) Dependence on do-mzo.11) interplanar spacing with Po.
The XRD 6-260 scans of films of varying thickness (t-series) are presented in Figure

5.1.5(a). The 0-HZO(111) peak becomes narrower and more intense when increasing
thickness (Figure 5.1.5b). The inset shows the linear scaling of the width of this XRD
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reflection with the reciprocal of the thickness. It signals, according to the Scherrer
equation,[222] that epitaxial 0-HZO (111) crystals grow across the entire film
thickness. The m-HZO (002) peak is seen in films thicker than 10 nm, and the 26-y
frames corresponding to the t = 4.6 nm (Figure 5.1.5¢) and 36.6 nm (Figure 5.1.5d)
films evidence an increasing fraction of the monoclinic phase respect the
orthorhombic with thickness. Whereas the monoclinic phase is not detected in the t =
4.6 nm, the thickest film shows a high intensity m-HZO(002) spot elongated along ¥
and a weaker m-HZO(-111) spot at 26 around 28.5°. On the other hand, the
orthorhombic phase shows important reduction of the out-of-plane lattice parameter
with thickness (Figure 5.1.5e), decreasing the interplanar spacing do-nzoq) from
3.035 A to 2.964 A (2.3 % contraction) as thickness increases from 2.3 to 9.2 nm, and
presenting little variation in thicker films.
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Figure 5.1.5 (a) XRD 0-260 scans of HZO films of varying thickness from t = 2.3 nm to 36.6 nm.
The vertical dashed line marks the position of the o-HZO(111) reflection in the t = 36.6 nm film. (b)
Intensity of 0-HZO(111) normalized to LSMO(002), plotted as a function of thickness. Inset:
full-width at half-maximum (FWHM) of the o-HZO(111) peak as a function of the reciprocal of
film thickness. XRD 260-y frame of the t = 4.6 nm (c) and t = 36.6 nm (d) films, and corresponding
0-20 scans integrated + 5 ° around y = 0 °. (e) Dependence on do-uzoa) interplanar spacing with
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film thickness.
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Figure 5.1.6 The rocking curve for HZO films on STO(001) grown at different temperatures (a),
oxygen pressures (b), and film thicknesses (c) with steptime 0.2 s. Dependence of FWHM with
temperature (d), oxygen pressure (e) and film thickness (f). Inset: rocking curve of 18.4 nm thick
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sample. (g) and (h) Two examples of rocking curve measured with step time 0.2 s and 1 s.

The rocking curves of HZO films on STO(001) substrate (measured at step time 0.2 s)
varying the different growth temperatures, pressures and thicknesses are shown in
Figure 5.1.6(a)-(f). Rocking curve of some films (for examples those of the thinnest
films) were difficult to be measured due to the narrowness (confirmed with high
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resolution diffractometer, not shown here) and low intensity. Despite the experimental
difficulties, it was found that crystal quality of HZO films has dependence on the
growth parameters and thickness. The HZO films grown at higher temperature,
oxygen pressure and lower thickness present the lower mosaicity in the film. Rocking
curve of some of the films present sharp peak and broad shoulder in Figure
5.1.16(a)-(c). To confirm that this observation is not measurement artifact, the rocking
curves were remeasured at step time 0.2 s and longer 1 s as shown in Figure 5.1.16(g)
and (h). The rocking curve does not show a big changes at two different acquisition
time, both presenting the similar sharp peak and broad shoulder. The reason might
origin from the formation of other minor phases (such as t-phase or c-phase) of HZO
on STO substrate. The detail reason needs further study.

The dependence of surface morphology with deposition temperature is shown in
Figure 5.1.7. All the films in Ts-series have very flat surfaces. The Ts = 650 °C film is
particularly flat, with root mean square (rms) roughness of 0.21 nm. The Ts = 825 °C
film is slightly rougher, but the rms roughness being as low as 0.36 nm. The terraces
and steps[223] can be observed on the films grown at 750 °C and 800 °C. The
dependence of the rms roughness on Ts is shown in the right bottom corner of Figure
5.1.7 with rms in the 0.21 - 0.36 nm range.
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Figure 5.1.7 AFM topographic 5 ym x 5 um images of HZO films in Ts-series. A height profile
along the horizontal marked line is shown in the bottom of each image. The dependence of

root-mean-square (rms) in Ts-series is shown in the right bottom corner.
Figures 5.1.8 shows the influence of the deposition pressure on surface morphology.

The 0.01 mbar film presents terraces around 100 nm wide, and similar terraces and
steps morphology is observed in most of the samples in this series. This is not the case
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of the film deposited at the highest pressure of 0.2 mbar, where high density of islands
increases the roughness to about 0.6 nm. The dependence of the rms roughness on
pressure reflects the surface roughening with deposition pressure.
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Figure 5.1.8 AFM topographic 5 um x 5 um images of HZO films in Po> series. A height profile

along the horizontal marked line is shown in the bottom of each image. The dependence of

root-mean-square (rms) in Po; series is shown in the right bottom corner.

4 10

2 3
X(pum) Thickness (nm)

2 3
x(um)

Figure 5.1.9 AFM topographic 5 yum x 5 um images of HZO films in thickness series. A height
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profile along the horizontal marked line is shown in the bottom of each image. The dependence of

root-mean-square (rms) in thickness series is shown in the right bottom corner.

The dependence of the surface morphology on thickness of all films is summarized in
Figures 5.1.9. The morphology of the thinnest film, t = 2.3 nm, shows terraces and
steps, with low rms surface roughness of 0.26 nm. Roughness increases with
thickness in films thicker than 10 nm, up to rms = 0.8 nm in the t = 36.6 nm film. In
spite of the higher roughness of this film, morphology of terraces and steps is
observed.

5.1.3 Electric characterization

Ferroelectric polarization

Ferroelectric polarization loops for samples of Ts-series and Poz-series are presented
in Figure 5.1.10(a)-(b), respectively. All the samples are ferroelectric. At the

maximum measured voltage (5.5 V), the polarization is fully saturated. Larger applied

voltages (> about 6 V) causes device breakdown. Remarkably, the high polarization is

present in the pristine film, without the need of a wake-up process (inset of Figure

5.1.10a) as generally occurs in polycrystalline samples.[36,37,139,144,145,150-153]

The remnant polarization P, and the coercive voltage (V.) as a function of Ts and Po»

are plotted in Figures 5.1.10(c)-(d), respectively. P: increases with Ts up to around 23

uC/em? at Ts = 825 °C, and it increases with Pop, strongly for low pressures, from

very low polarization up to around 20 uC/cm? for deposition pressure around 0.1 mbar.
V. shows similar trends to P; with values always below around 3 V. In both series of
samples, imprint electric field favoring downwards polarization (towards LSMO layer)
is present, which produces a shift towards positive voltage, always smaller than 0.4 V

(around 400 kV/cm). The detailed dependence of imprint field on the deposition

conditions will be discussed later. Here, we need to note that the polarization is well

below the saturation polarization of 53 pC/cm? theoretically predicted for this

compound.[146] A reason for the smaller value is that the polar axis of orthorhombic

hafnia is [010], whereas the epitaxial films are [111] oriented along the out-of-plane

direction. Moreover, the lattice strain in epitaxial films (in particular they show
expanded (111) interplanar spacing compared to polycrystalline films) can influence

the polarization. Also, paraelectric monoclinic crystallites could be present in the film
as secondary phase, as found in similar HZO films on LSMO/SrTiO3(001). Finally,

some domains could be non-switchable due to the pinning by defects.
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Figure 5.1.10 (a) and (b) Polarization —electric field loops for the Ts and Po: series, respectively.
The inset records the ferroelectric hysteresis loops (t = 9 nm film) for the pristine state and
subsequently measured cycles. (c) and (d) Dependence of P, and V. on Ty and Po: for the Ts and

Po; series, respectively.

Ferroelectric P-E hysteresis loops for the samples of t-series are presented in Figure
5.1.11(a). Films thicker than 4 nm show ferroelectric hysteresis. In the thinnest films
(t = 2.3 and 3.4 nm), reliable polarization value was not extracted due to the high
leakage current contribution. The dependence of remnant polarization on thickness
shows that the t = 6.8 nm film has the largest P;, and decreasing the polarization with
increasing thickness as shown in Figure 5.1.11(b).
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Figure 5.1.11 (a) Polarization — electric field loops for the samples of the thickness series. (b)
Dependence of Pr on thickness.

The coercive voltage V. increases with thickness as shown in Figure 5.1.12(a) (right
axis). The corresponding electric field is plotted as a function of the thickness in the
left-axis of Figure 5.1.12(a) (log scale). The slope of linear fit (red dashed line) to log
(Ec) versus thickness is -0.61, which is in agreement with the scaling value of
-2/3.[224] As this V. data was extracted from the P-E loops in Figure 5.1.12(a), which
includes the electric susceptibility contribution as can be seen from the large slope, we
make another fitting after removing the susceptibility contribution. The dielectric
contribution of the loops can be removed by subtraction of the constant slope at high
field. Figure 5.1.12(b) shows one example of ferroelectric loop of the t = 9.2 nm
sample (Ts = 800 °C, Po, = 0.1 mbar) before and after dielectric compensation.
Similar dependence of coercive electric field and coercive voltage with thickness
from dielectric compensated loops with the slope (k = - 0.59) is also compatible with
E. — %7 scaling. This scaling is usually observed in the ferroelectric perovskite
films.[34,225] It requires good screening of polarization charges by the electrodes,
particularly for very thin ferroelectric films.[37] However, this scaling behavior has
been not observed in polycrystalline ferroelectric hafnia[227] or even in epitaxial
hafnia obtained by annealing of room temperature deposited films.[220] Depolarizing
effects due to imperfect screening,[226] dispersion of ferroelectric domains in a
dielectric matrix[227] or effects of small domain size even in thick films[220] have
been proposed as responsible for the up to now elusive observation of E.— %7 scaling
in hafnia. Therefore, the E. — 1?7 scaling in our films, deposited epitaxially at high
temperature, signals the importance of the electrodes and film microstructure, and
thus high quality samples are required for accurate control of ferroelectricity.
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Figure 5.1.12 (a) Dependences of E. (black squares) and V. (blue circles) on thickness with
dielectric contribution. Data was extracted from Figure 5.1.10(a). The red dashed line is a linear
fit with a slope of -0.61, compatible with E. - t°7 scaling. (b) Polarization -voltage loops of the t
= 9.2 nm sample without (red curve) and after (blue curve) compensation of the dielectric
contribution. (c) Equivalent plot (Figure d) determined from compensated loops with a slope of
-0.59.

Here, we need to note that the measurement of saturated loops is challenging due to
the huge coercive electric field of ferroelectric hafnia[139] and coercive field
typically depends on the maximum electric field.[117] The polarization loops for
epitaxial HZO films in the thesis were measured using electric field amplitudes as
high as possible in order to obtain saturated loops. Figure 5.1.13 shows loops of the t
= 6.9 nm (a) and t = 36.6 nm (b) films measured at varying applied field. Breakdown
field decreases with thickness, being around 6.8 and 4.1 MV/cm for the t = 6.9 nm (c)
and t = 36.6 nm (d) samples. Figures 5.1.13(e) and (f) show the dependence of
coercive field with maximum applied field for the t = 6.9 nm (e) and t = 36.6 nm ()
samples. For both samples, the coercive field does not show significant increase at
high electric field, indicating the saturated ferroelectric behavior.
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Figure 5.1.13 Polarization loops of the t = 6.9 nm (a) and t = 36.6 nm (b) films. Breakdown of a
capacitor in the t = 6.9 nm (c) and t = 36.6 nm (d) samples at applied fields of E = 6.8 MV/cm
and E = 4.1 MV/cm, respectively. Coercive field Ec as a function of the amplitude of the applied
field for the t = 6.9 nm (e) and t = 36.6 nm (f) films.

We have presented the growth window of epitaxial HZO films, which permits
tailoring structural and ferroelectric properties of the films. In order to elucidate if
there is direct effect of structure (relative orthorhombic phase amount and strain), the
remnant polarization has been plotted as a function of the normalized intensity of the
0-HZO(111) reflection (Figure 5.1.14a) and as a function of the d,-rzo(111) interplanar
spacing (Figure 5.1.14b). The polarization scales with the amount of the relative
orthorhombic phase excluding films thicker than 10 nm as shown in Figure 5.1.14(a).
Similar correlation between the orthorhombic phase content and ferroelectric
polarization was observed for polycrystalline hafnia.[38] On the other hand, the
polarization appears to increase as rising the out-of-plane lattice parameter (Figure
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5.1.14b). The thicker films of the thickness series deviate from this dependence, but
the strong influence of film thickness on the amount of paraelectric monoclinic phase
can hide strain effects. Thus, our results demonstrate flexible engineering of the
ferroelectric properties of epitaxial films deposited on a particular substrate by proper
selection of deposition parameters.
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Figure 5.1.14 P, plotted vs (a) the intensity of the HZO(111) peak normalized to LSMO(002) and
(b) the out-of-plane lattice parameter of o-HZO, dau). Black squares, ved circles, and blue

triangles correspond to samples of the Ts, Poz, and thickness series, respectively.

Leakage current

The leakage curves of all HZO films in the T, Po2 and thickness series are presented
in Figure 5.1.15. Leakage depends on the substrate temperature and films thickness,
and particularly on the oxygen pressure as can be observed in Figure 5.1.15(a)-(c).
The detailed leakage current at several electric fields for all the samples of Ts- and
Poz-series is shown in Figures 5.1.15(d)-(e), respectively. The leakage current
decreases more than one order of magnitude with Ts, and it increases more than three
orders of magnitudes with Po,. The leakage of the Po» = 0.02 mbar film is around
2x107 A/em? at 1 MV/cm (whereas the 0.01 mbar sample was too insulating for a
reliable measurement). The dependence shown in Figure 5.1.15(e) suggests that
leakage in this range of Po» is not dominated by oxygen vacancies. Boundaries
between monoclinic and orthorhombic grains and/or crystal domains can present high
electrical conductivity. The orthorhombic phase increases with Poz, and an eventual
increase in boundaries density could cause larger leakage. Beyond the leakage
mechanisms, from the experimental dependences of both polarization and leakage on
Ts and Pog, it is concluded that high T is convenient for high polarization and low
leakage, whereas Po2 in the 0.05—0.1 mbar range is optimal for good combination of
large polarization and low leakage.

The leakage current as a function of thickness can be seen in Figure 5.1.15(f). It is
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seen that the leakage increases by around two orders of magnitude with reducing
thickness, presenting the thicker film (36.6 nm) remarkably low leakage of around
1x107 A/em? at 1 MV/cm. It has to be noted that some polycrystalline ferroelectric
HfO, films have been reported having smaller leakage[ 140] in spite of the presence of
grain boundaries. Epitaxial films are not necessarily monocrystalline and they can
present grain boundaries too. In particular, the presence of four 0-HZO(111) crystal
variants implies domain walls. Further studies are needed to determine the origin of
the leakage in epitaxial films.
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Figure 5.1.15 Current density - electric field characteristics for the HZO films in the substrate
temperature series (a), oxygen pressure series (b), and thickness series (c) along with the leakage
currents at the indicated electric fields as a function of (d) Ts, (e) Po2and (f) thickness.

Dielectric measurement

The dielectric measurements for the HZO/LSMO/STO(001) samples grown at
different substrate temperatures, oxygen pressures and thicknesses are shown in
Figure 5.1.16(a)-(c), respectively. For all the samples, the permittivity &, ranges from
below 20 to around 36. Specifically, with rising the growth temperature in Figure
5.1.16(a), the permittivity &, decreases from almost 35 at 650 °C to about 30 at 825 °C.
At 0.01 mbar, the sample without showing any reflection of HZO as observed in XRD
0-260 scans presents the smallest ¢- about 16. Increasing oxygen pressure, the
permittivity  is hugely getting larger to around 30 at 0.1 mbar where it reaches a
plateau state when continuously increasing the oxygen pressure (Figure 5.1.16b). For
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the thickness series, the permittivity & drops monotonically from close to 36 at 4.6 nm
to only 20 at 36.6 nm when the film thickness increases (Figure 5.1.16¢).
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Figure 5.1.16 Dielectric permittivity versus applied voltage loops for the HZO/LSMO/STO(001)
samples measured at 50 kHz with varying the growth temperature (a), oxygen pressure (b) and
thickness of HZO film (c).

Figure 5.1.17(a) shows the dielectric permittivity of the epitaxial HZO films on
STO(001) as a function of deposition temperature, oxygen pressure and thickness.
These ¢, values were extracted from the maximum electric field region, avoiding the
influence from the domain wall motions. In the investigated range of growth window,
the dielectric constant in oxygen pressure and thickness series presents a larger
variation than in temperature series. Figure 5.1.17(b) shows the relative dielectric
constant of competing crystalline phases in doped HfO: films (cubic, tetragonal,
orthorhombic and monoclinic) from literature.[78-82,134,138,244-246] Tetragonal
phase usually presents largest permittivity while the monoclinic phase has the lowest.
The ferroelectric orthorhombic phase has the medium permittivity ranging from
below 20 to almost 40 among these possible phases. In Ts series, as ¢ is increasing
when lowering the temperature, one possible assumption is the coexistence of
tetragonal phase with higher permitivity. The presence of tetragonal phase cannot be
easily appreciated in XRD #-20 scans due to the similar structure between o-phase
and t-phase. In the Po: series, the sample in 0.01mbar has small permitivity of 16,
implying the monoclinic phase or even coexisting amorphous phase in the film. When
increasing the pressure, the increased o-phase formed causes the huge increase of
dielectric constant ¢, Similar high increase of polarization with pressure was observed
(Figure 5.1.10b). On the other hand, as increasing the thickness, the permittivity is
decreasing, which signals the formation of m-phase with low ¢,. This is confirmed by
the XRD 6#-26 scans and XRD 26- y frames (discussed later) and it was also reflected
at the strong reduction of ferroelectric polarization with thickness (Figure 5.1.11).
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Figure 5.1.17 (a) The dielectric permittivity as a function of deposition temperature, oxygen
pressure and thickness. (b) The dielectric permittivity of competing crystalline phases (cubic,
tetragonal, orthorhombic and monoclinic) in doped HfO; films.[78-82,134,138,244-246]

Endurance

The characterization of the endurance for the sample grown at center parameters (T =
800 °C, Po2 = 0.1 mbar and t = 9.2 nm) is summarized in Figure 5.1.18. Polarization
loops collected after cycling the sample for 10%, 10°, and 10% times, for applied
voltage up to 4.5 and 4.1 V, are presented in Figure 5.1.18(a)-(b), respectively. After
108 cycles at 4.5 V (E = 5 MV/cm), the polarization window decreases up to 36 % of
the initial value due to ferroelectric fatigue. The memory window as a function of the
number of cycles is shown in Figure 5.1.18(c). Remarkably, after the large number of
cycles at a high field of E = 5 MV/cm, a polarization window of 9 pC/cm? remains.
When the sample was cycled at a smaller voltage (4.1 V), the initially smaller
polarization decreased to a polarization of about 2.2 uC/cm? after 108 cycles (around
24 % of the initial value). A similar gradual decrease to that of P: is shown by e
extracted from the P-V loops around 0 V in Figure 5.1.18(c) inset. We need to note the
initial &, value is over 40, higher than the ¢, value around 30 shown in 5.1.17(a). The
reason is probably because the P-V loops were measured at 1 kHZ and the C-V loop
were at 50 kHz. And the different devices used for measuring the P-V and C-V loops
is another possible reason. The leakage currents have been observed to increase with
the cycling number as shown in Figure 5.1.18(d)-(e), where an increase of leakage
current is observed from 10* cycles. Note that due to the leakage compensation
performed, the relative leakage contribution to P is constantly small. On the other
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hand, we note that the endurance properties of the epitaxial film here reported do not
achieve yet the record stability against fatigue after above 10'° cycles reported in
polycrystalline La-doped[151] or high-pressure N> annealed[228] HZO films.
However, it is worth noticing that endurance of polycrystalline films has been
generally determined using capacitors with symmetric TiN electrodes. The different
electrodes we have used in our capacitors (Pt and LSMO) cause an internal field that
can favor fatigue. La-doping and symmetric electrode strategies for fatigue
optimization could be also attempted in our epitaxial films.
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Figure 5.1.18 Ferroelectric hysteresis loops (Ts = 800 °C, Po> = 0.1 mbar and t = 9.2 nm film)
recorded at 1 kHz, for the pristine state and after indicated number of electric cycles at 10 kHz at
4.5V (a) and 4.1 V (b). (c) Remnant polarization versus number of cycles at 4.5 and 4.1 V. Inset:
Dielectric permittivity versus number of cycles at 4.5 and 4.1 V. (d) Leakage current versus
electric field in the pristine state and after the indicated number of bipolar cycles at 4.5 V. (e)
Leakage current evaluated at 0.2 V (300 kV/cm) versus the number of bipolar cycles at 4.5 V.

The growth parameters (deposition temperature and oxygen pressure) and film
thickness are also investigated to evaluate their influence on the fatigue property of
HZO films:

Deposition temperature and oxygen pressure. The influence of deposition temperature
and oxygen pressure are shown in Figure 5.1.19. The applied cycling voltage is 4.5 V
for all the measures. As decreasing the deposition temperature from 825 °C to 650 °C,
the degradation rate of P; is gradually decreased. Similarly, when reducing the oxygen
pressure from 0.2 mbar to 0.02 mbar, the endurance against fatigue is getting better.
For the sample at 0.2 mbar, the endurance at 4 V can only last to 1000 cycles due to
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the large leakage causing the capacitor breakdown. Therefore, we can conclude that
low deposition and oxygen pressure can favor the endurance of epitaxial HZO films
despite the limited improvement of endurance.
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Figure 5.1.19 Summary of the remnant polarization (positive and negative average values)
normalized to its initial value (Py) for samples with (a) deposition temperature and (b) oxygen

pressure obtained at 10° cyles, 10° cycles and 107 cycles at 10 kHz.

Film Thickness. Remarkably, film thickness presents a huge influence on the
endurance. Figure 5.1.20(a) and (b) shows the endurance properties of HZO films
with thickness 4.6 nm and 18.4 nm under fatigue frequency 100 kHz, respectively.
For 4.6 nm film, the endurance of 107 and 3 x 10® cycles at 3.5 V (7.61 MV/cm) and
3.0 V (6.52 MV/cm) can be achieved with memory window of the 2P; around 20
uC/cm? and 10 pC/cm? remained before breakdown, respectively. Also, it shows a
robust endurance at 2.5 V (5.43 MV/cm) cycles which can last up to 3 x 10'° cycles
without breakdown, keeping significantly large memory window of 2P around 4
uC/cm?. However, in Figure 5.1.20(b), the endurance for the 18.4 nm sample is only
10% cycles with 2P; less than 2 uC/cm? under 7 V (3.8 MV/cm) switching voltage.
Under 6 V (3.26 MV/cm) cycles, only 10° cycles can be obtained before reaching 2P:
at around 2 pC/cm?. The maximum endurance at various cycling fields for different
thicknesses is summarized in Figure 5.1.20(c). One can clear see that the thinner film
can undertake higher electric field with better endurance while the thicker one cannot
suffer from a equivalent or even lower cycling field and breakdown at shorter cycles.
The endurance is thus much more improved with lowering the thickness. To further
quantify the endurance difference with thickness, the dependence of P, value
normalized to its initial value (Po) with cycles at different thicknesses are shown in
Figure 5.1.20(d). For the different thicknesses, cycling voltage was 3 V (4.6 nm), 3 V
(5.75 n1m), 3.5V (6.9 nm) 4.5V (9.2 nm), 5V (13.8 nm) and 6 V (18.4 nm). It is clear
that polarization of thicker HZO films degrades faster with increasing number of field
cycles compared to that of thinner HZO films.
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endurance as a function of the electric field for sample with each thickness. (d) Summary of the
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samples with each thickness.

The fatigue degradation of each sample until breakdown is independent of the applied
field. As shown in Figure 5.1.21 for each sample with t = 4.6 nm, 6.9 nm, 9.2 nm and
18.4 nm samples, the applied field does not influence the polarization degradation but
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only determines the maximum endurance.
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Figure 5.1.21 The remnant polarization degradation (averaged P, normalized to its initial value
(Po)) vs cycling number at the different maximum applied voltages for HZO films with different
thicknesses on STO.

As reported, the monoclinic phase in doped-HfO; films degrade the ferroelectric
polarization and endurance of HZO capacitors.[36,37,129] Herein, the direct evidence
for m-phase increasing with t can be confirmed by XRD 26-y frames in Figure 5.1.22.
In the t = 4.6 nm film, the monoclinic phase is difficult to be detected. When the ¢
increases, the monoclinic phase in film is getting increasing as indicated from the
growing and elongated intensity of the (002) and (-111) reflections of m-phase.
Indeed, the progressive increase of monoclinic phase respect to the orthorhombic one
with thickness is shown in Figure 5.1.22. For the endurance of epitaxial HZO films, as
paraelectric monoclinic secondary phase, the effects appear to be severe. TEM
characterization shows columnar grains for both phases in films around 9 nm
thick.[168] The study of the microstructure with thickness, which is not reported,
could help understanding the apparently high impact of the monoclinic phase on the
endurance. Also, suppressing the formation of the monoclinic phase in epitaxial HZO
films could be an effective way to improve the endurance.
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Figure 5.1.22 XRD 26-y frames of films of varying thickness (indicated in the top of each frame).
The 26 scan below each frame has been obtained by integration in XRD 20- y frames from -5° to
+5° The area of m-HZO(1-111) and m-HZO(002) peaks is colored in red, and the area of
0-HZO(111) peak in green. Bottom panel: ratio between intensity area of monoclinic HZO (sum of
m-HZO(-111) and m-HZO(002) areas) and orthorhombic HZO (o-HZO(111) area) plotted against

thickness.

Another important improvement for endurance with thickness is the leakage state with
cycles. Since the leakage is an important factor which can accelerate breakdown due
to the possible impact of thermal effects generation by Joule heating, a stable low
leakage current is critical to suppress breakdown and improve endurance. It is noted
that thicker films have lower leakage in pristine state (Figure 5.1.15), but the leakage
of the thinner film is more stable during cycling. Figure 5.1.23(a) shows the leakage
comparison with cycles for 4.6 nm and 9.2 nm films under same electric field (5.43
MV/em). A slight increase of leakage for 9.2 nm film happened in 10° cycles,
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followed by a huge increase by two orders of magnitude occurring at 10* cycles and
further measurement causes a hard dielectric breakdown. For the thicker films, not
shown in Figure 5.1.23(a), dielectric breakdown occurs before reaching the same
electric field (5.43 MV/cm). However, it is remarkable that the leakage in 4.6 nm
HZO film presents a constant level (slight decrease) with increasing field cycles
despite the initial high leakage. The low constant leakage current during cycles makes
the longer endurance possible. Figure 5.1.23(b) shows the threshold cycles before
leakage increases sharply by over one order of magnitude with applied field for
different thicknesses. The leakage increase which further causes the capacitor
breakdown often occurs at shorter number of cycles for thicker films than the thinner
HZO films, which is more stable leakage current. The specific reason of the leakage
current increasing with field cycles is still not clear. In the polycrystalline HZO films,
the leakage increase is generally attributed to the formation of new oxygen vacancies
favored by the TiN electrode usually employed, which leads to the fast growth of
leakage currents.[229] The specific mechanisms in epitaxial films are unknown,
which requires deeper study.
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Figure 5.1.23 (a) Leakage current at 1000 kV/cm as a function of the number of applied cycles of
5.43 MV/em for the HZO/LSMO/STO(001) samples with 4.6 nm and 9.2 nm film thickness. (b)
Threshold of number of cycles before leakage increasing sharply as a function of electric field for
each thickness. (Solid symbol indicates the leakage does not increase within the applied field
cycles.)

Retention

As retention is a major property for applications in memory devices, detailed
ferroelectric retention characterization of positive and negative polarization has been
performed. The retention of positive (negative) polarization describes poling a sample
into a positive (negative) state and reading out the remaining remnant polarization

111



Chapter 5. Epitaxial Ferroelectric Hfy.5Zros02 Thin Film

after a defined period. Figure 5.1.24(a) shows the retention behaviour of the HZO
sample with Ts = 800 °C, Po2= 0.1 mbar and t = 9.2 nm film with poling field around
6 MV/cm (5.5 V). This ultrathin film presents very long polarization retention. The
difference between positive and negative polarization decreases to about 74 % of the
initial value for the maximum measurement time of 10* s, and the polarization
window extrapolated to 10 years is around 41 % (2P: > 15 uC/cm? ) of the initial
value. The corresponding normalized retention degradation of positive and negative
polarization is shown in Figure 5.1.24(b). Retention is calculated by the ratio of the
remnant polarization P; (positive and negative) after a delay time versus its initial
value. It can be observed that positive P; has a longer retention while the negative P,
degrades faster.
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Figure 5.1.24 (a) Ferroelectric retention (t = 9 nm) after poling the sample with “positive” (blue
down triangles) or “negative” (red up triangles) voltage pulsed in the given direction and
measuring the switchable charge after a delay time. Writing and reading voltages were 5.5 V. (b)

retention degradation of positive and negative polarization for 9 nm HZO films on SrTiOs.

The deposition temperature, oxygen pressure and film thickness are also investigated
to evaluate their influence on the retention property of HZO films:

Deposition Temperature. Figure 5.1.25(a)-(e) summarizes the retention degradation of
positive and negative P; within 1000 s time for all the samples in Ts series. Each
retention results for samples at different temperatures were obtained from at least five
capacitors with poling field around 5.5 V. For all the samples in the Ts window, the
positive P; has a longer retention. The anisotropy in the retention for positive and
negative side depends strongly on the HZO deposition temperature. The polarization
lost rate of all the T samples was characterized by linear fitting and the slope values
are shown in Figure 5.1.25(f). Above 750 °C, the retention of both sides is not very
different and similar in the three samples. However, when the Ts was below 750 °C,
the retention of negative polarization is severely degraded while the positive P;
presents high retention.
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Figure 5.1.25 (a)-(e) Retention of ferroelectric polarization of the epitaxial HZO film on STO (001)
substrate poled positively and negatively for film thickness at different deposition temperatures.

Inset of (a): the sketch indicating the imprint direction. (f) Retention degradation slope value k as

a function of deposition temperatures of HZO on STO.

Oxygen Pressure. The retention degradation of samples in Po> series are shown in
Figure 5.1.26(a)-(e). All the retention data was also obtained at 5.5 V poling voltage.
The one under Po, = 0.2 mbar was not shown here because of the large leakage and
breakdown at high voltage (= 4.5V). And for the sample at Po, = 0.01 mbar, the
polarization is quite small (P; below 1 pC/cm?) which does not support a reliable
measurement. The better retention ability of positive polarization can also be observed
in Poy series due to the downward imprint field. Unlike in T; series, the retention does
not show an evident variation neither for positive or negative polarization with the
oxygen pressure window (Figure 5.1.26f).
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Figure 5.1.26 (a)-(e) Retention of ferroelectric polarization of the epitaxial HZO film on STO (001)
substrate at different oxygen pressures. (f) Retention degradation slope value k as a function of

oxygen pressure of HZO on STO.

Film Thickness. For the t series, the retention degradation of samples is shown in
Figure 5.1.27(a)-(d). One difference from the Ts and Po series is that the retention of
negative Pr can be much more favored while the positive P, severely suffers in the
thinnest 4.6 nm sample. As shown in Figure 5.1.27(d), when the thickness of HZO
film increases to 18.4 nm, the slope value is much increasing, indicating the decreased
retention ability. It should be noted that during the retention measurement (described
in chapter 3), several pulses has to be applied to the sample to extract the polarization
values. As presented before, when t increases, the fatigue problem is getting more
obvious. And thicker samples such as 18.4 nm and 36.8 nm ones present fast
polarization drop at initial cycles. Thus, the high fatigue of the sample contributes to
the low retention.
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Figure 5.1.27 (a)-(d) Retention of ferroelectric polarization of the epitaxial HZO film on STO (001)
substrate poled positively and negatively for different film thicknesses. Note: the poling field used
for retention of samples with different thickness is as same as the electric field for P-E loops

recorded in Figure 5.1.11(a). (e) Retention degradation slope value k as a function of film

thickness of HZO on STO with zoomed region (inset).

The internal electric fields usually play a important role in determining the memory
retention of ferroelectrics.[175,230] It includes two types of internal electric fields:
one is the depolarization field (Esp) and another the imprint field (Einp). Edep i
opposite to the direction of the polarization, responsible for the loss of polarization.
The formation of a depolarization field is usually caused by the incomplete
compensation of polarization-induced bound charges and its effects can be more
pronounced if the ferroelectric film has large leakage. While low permittivity and
high coercive voltage of ferroelectric film can mitigate the depolarization
effects.[98,231] Depolarization filed is not the only internal field, coexisting with
imprint field which is manifested by the shift of the polarization loop towards positive
or negative voltage. The imprint field describes a internal field driving ferroelectric
polarization towards a preferential direction when external bias is removed. Eiyp is
defined as: Einp= 0.5 X (Ec++E.-), expressing the electrical field shift in the hysteresis
loop. Imprint fields can have different origins such as asymmetric interfaces, giving
rise to unequal Schottky barriers, or defects.[40,98] Both internal electric fields can
have important influence on the ferroelectric retention.
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Figure 5.1.28 The dependence of imprint field and coercive field on the deposition temperature (a),
oxygen pressure (b) and film thickness (c) for the HZO films on STO(001) with the sketch
indicating the imprint field direction.
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The dependence of imprint field and coercive voltage (field) on the deposition
temperature, oxygen pressure and film thickness is shown in Figure 5.1.28. The
imprint field and coercive voltage of all the samples are obtained from the P-V loops.
With similar thickness, Ein, depends strongly on Poy, increasing from negligible value
at 0.01 mbar to about 400 kV/cm at 0.1 mbar, likely due to the defects. And the Ei,
during the temperature window is almost constant for all the samples around 400
kV/cm. The direction of Ej,, is from the top electrode towards the bottom electrode
(as sketch in the inset of Figure 5.1.28) favoring the positive polarization and
degrading the negative side except in the thinnest one t = 4.6 nm. For the thinnest
sample of t = 4.6 nm, E;», direction present opposite direction pointing from bottom
electrode to top electrode (Figure 5.1.28c¢), causing the shorter retention of positive
polarization. Thus, Ei», direction appears to determines the observed anisotropy in the
loss of polarization (retention). A second point is what determines the magnitude of
the polarization loss. However, there is no clear correlation between magnitude of the
polarization loss and Einp. Another internal field is related to the depolarization field
that is influenced by the leakage, coercive voltage (field) and dielectric permittivity ;.
1) Leakage current, as described in Figure 5.1.15, depends strongly on the oxygen
pressure, whereas the evident variation in retention is not observed. 2) Coercive
voltage V. show similar variation in Ts and Po2 series, increasing from 1.9 Vto 2.9 V
with temperature and from 2 V to 2.8 V between 0.02 mbar to 0.2 mbar. However, the
retention are almost similar in the pressure window and retention of positive side is
shorter as temperature increases. In the thickness series, the leakage decrease with
thickness increasing. And the retention is worse in thicker film due to the fatigue
problem as discussed before. 3) The dielectric permittivity ¢. ranges from 22 to
around 30 increasing the pressure from 0.02 mbar to 0.2 mbar with direct correlation
with retention data. And the dielectric permittivity ¢- does not show an evident
variation with temperature. The permittivity of HZO film is getting higher as
decreasing the thickness causing the larger depolarization field formed in thinner
films, together with larger leakage which degrades the ferroelectric retention in
thinner film. As can be observed in Figure 5.1.27(e), the sample at t = 6.9 nm has a
decreased (positive and negative) retention ability than 9.2 nm sample despite the
smaller imprint field and higher V. in 6.9 nm sample.

Thus, 1) the direction of Ej,, is an important factor in the retention and a particular
direction of bias would be clearly preferable in memory device. 2) the magnitude of
the retention does not depend apparently on a single property and it is the result of
competition between the leakage current, coercive voltage (field) and dielectric
permittivity -in the film.
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Conclusion

The growth window of epitaxial stabilization of HfosZrosO2 films on
Laz3Sri3sMnO3/SrTiO3(001) has been determined. The deposition parameters and
thickness have great impact on the orthorhombic phase amount, and the lattice strain
can be varied within a range wider than 3 %. The ferroelectric polarization increases
with the amount of orthorhombic phase and is found to increase as the out-of-plane
lattice parameter decreases, and thus it can be controlled by deposition parameters.
The leakage current is also conditioned by the deposition parameters, being lower for
higher temperature and particularly for lower oxygen pressure. Remarkably, the E. —
27 scaling of electric coercive field and thickness is found by the first time for
ferroelectric hafnium oxide, even for films thinner than 5 nm. In addition, the
epitaxial HfysZrosO, films present a good endurance over 10!° cycles, and an
extremely long retention extending well beyond 10 years. The growth window map is
an important tool for further studies on epitaxial films, for example to unravel the
individual contributions of relative amount of the orthorhombic phase and elastic
strain effects on ferroelectric properties.
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5.2 Epitaxial Integration on Si(001) of Ferroelectric Hfos5Zros50:

Capacitors

Abstract

Epitaxial ferroelectric Hfo.5Zros0: films have been successfully integrated in a
capacitor heterostructure on Si(001). The orthorhombic Hfy5Zros0: phase, [111]
out-of-plane oriented, is stabilized in the films. In this part, two different buffer layers
are employed, LaNiO3/CeQ>/YSZ and simpler SrTiOs buffer layers, for achieving the
epitaxial growth of Hfo.sZro.s0: films on Si(001).
In section 5.2.1, the bottom LaxsSrisMnQOs electrode and LaNiOsz/CeOz/YSZ
buffering structure was used for epitaxial growth of HfosZros0: film on Si with
varying Hfo.sZrosO: film thickness from 2.3 nm to 18.4 nm. The films at t = 4.6 nm
present high remnant polarization P, around 33 uC/cm?. Retention time is longer
than 10 years for a writing field of around 5 MV/cm, and the capacitors show
endurance up to over 10" cycles for a writing voltage of 2.5 V in 4.6 nm
Hfo5Zro50:2 film. It is also found that the formation of the orthorhombic
ferroelectric phase depends critically on the bottom electrode, being achieved on
Laz;38r13MnQOs but not on LaNiO:s.
In section 5.2.2, SrTiO; templates have been used to integrate epitaxial bilayers
of ferroelectric HfosZros02 and Laz;3SrisMnOs bottom electrode on Si(001). The
Hfo5Zro50: films show very high remnant polarization P, of 34 uC/cm? and
present long retention time well beyond 10 years and high endurance against

fatigue up to 10° cycles at operating voltage of 4 V.
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For device applications in CMOS technology, ferroelectric films has to be integrated
with Si substrate. However, the integration on Si(001) of epitaxial FE HfO; in a
capacitor structure with top and bottom electrodes is still elusive. The epitaxial
stabilization of a metastable phase depends critically on the substrate and buffer layers.
For instance, the epitaxial stress can be responsible for the reported impact of the
thickness on the amount of the orthorhombic phase in epitaxial HfO> films.[168,231]
In the particular case of epitaxy on Si(001) substrates, thermal expansion mismatch
can induce additional strain. In this chapter, We have investigated the stabilization of
orthorhombic HfO, on epitaxial oxide electrodes deposited on Si(001) with two
different heterostructures: LSMO/LNO/CeO2/YSZ/Si(001) and LSMO/STO/Si(001).
Epitaxial HZO films with high quality can be stabilized on Si(001) with both
heterostructures. And the excellent ferrolectric properties are also achieved in both
cases.

5.2.1 Ferroelectric HfosZrosO, capacitor epitaxially integrated on

La3Sr13Mn0O3/LaNi103/CeO,/YSZ/Si(001) structure

Growth conditions

The HZO/LSMO/LNO/CeO2/YSZ/Si(001) and HZO/LNO/CeO»/YSZ/Si(001)
heterostructures as sketched in Figure 5.2.1(a) were fabricated in a single process by
pulsed laser deposition. HZO, CeO;, and YSZ were grown at the substrate
temperature of 800 °C and LSMO and LNO at 700 °C. The oxygen pressure was 0.1
mbar for the deposition of HZO and LSMO, 0.15 mbar for LNO, and 4 x10~* mbar for
Ce0; and YSZ at a laser frequency of 5 Hz. The heterostructures were cooled to room
temperature under an oxygen pressure of 0.2 mbar. The HZO films were prepared at
800 laser pulses in both cases. The thickness of HZO films was confirmed by
simulating  the  Laue  reflections of  HZO(111) peak  of the
HZO/LSMO/LNO/Ce02/YSZ/Si(001) sample according to the equation (5-1) as
shown in Figure 5.2.1(b). The simulation around HZO(111) (red curve) has been fitted
supposing a thickness of 97.3 A (N = 33 and ¢ = 2.948 A), being the corresponding
Bragg reflection located at 26 = 30.319°. For the blue curve, corresponding to
Ce0>(002), thickness was 168 A (N =31 and ¢ = 5.41 A), being the corresponding
Bragg reflection located at 26 = 33.117°.
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Figure 5.2.1 (a) Sketch of the two epitaxial heterostructures, (b) XRD 0-20 scan of the
HZO/LSMO/LNO/CeO/YSZ/Si(001) sample measured with long acquisition time.

In addition, a series of samples by varying the HZO thickness was also prepared. The
specific thicknesses for HZO films are 2.3 nm, 3.4 nm, 4.6 nm, 5.8 nm, 6.9 nm, 9.7nm,
13.8 nm and 18.4 nm.

Structural Study

Role of LSMO bottom electrode

Figure 5.2.2(a) shows XRD 6-26 scans of the HZO/LSMO/LNO/CeO2/YSZ/Si(001)
(upper scan) and HZO/LNO/CeO»/YSZ/Si(001) (lower scan). The pattern of the
HZO/LSMO/LNO/Ce02/YSZ/Si(001) sample shows (00/) reflections corresponding
to the Si wafer and the LSMO, LNO, CeO; and YSZ layers. There is also a peak at the
position (26 ~ 30°, see the zoom in the right panel) of the (111) reflection of the
orthorhombic phase of HZO. It can be appreciated that the HZO(111) peak is slightly
shifted towards lower angles in comparison with the corresponding position (marked
with a vertical dashed line) of polycrystalline films.[152,233,234] It is clear to see that
LSMO is critical in stabilizing the orthorhombic phase of HZO. The XRD 6-26 scan
of the sample without this layer, HZO/LNO/CeO,/YSZ/Si(001), does not show
diffraction peaks of HZO. HZO reflections in HZO/LNO/CeO2/YSZ/Si(001) neither
were detected in XRD 26-y frames measured using a 2D detector in left panel of
Figure 5.2.2(b). Very low intensity peaks corresponding to o-HZO(111), and (-111)
and (002) of m-HZO were only observed in grazing incidence XRD (Figure 5.2.2¢).
This indicates a small amount of crystalline phases or very small crystal size when
HZO is grown on LNO, in comparison to polycrystalline films obtained by
annealing.[36] A set of HZO/LNO films was deposited on SrTiO3(001) substrates to
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confirm the critical role of the electrode on the epitaxial stabilization of 0-HZO. In
agreement with the samples on Si(001), equivalent HZO films on LNO/SrTiO3(001),
not shown here, did not present orthorhombic phase. The XRD 26-y frame measured
using a 2D detector HZO/LSMO/LNO/CeO2/YSZ/Si(001) sample in right panel of
Figure 5.2.2(b) shows a HZO(111) spot, which sharpness around y = 0° points to
epitaxial ordering. The 26-y frame shows a low-intensity m-HZO(002) spot, elongated
along y and located between the YSZ(002) and CeO2(002) spots. Thus, a minority
monoclinic phase is present in HZO films that are predominantly orthorhombic and
present a (111) texture. Epitaxy of HZO and buffer layers was confirmed by XRD
@-scans (Figure 5.2.2d). The ¢-scans around (111) reflections of Si, CeO2, and YSZ
show four peaks at the same ¢ angles, whereas the corresponding four peaks of LNO
and LSMO are 45° apart of the former. The ¢-scan around HZO(-111) presents four
sets of three peaks, confirming the presence and crystal orientation of 0-HZO, and
indicating the presence of four crystal domains in 0-HZO. The epitaxial relationships
are[1-10JHZO(111)/[1-10]JLSMO(001)/[1-10]LNO(001)/[100]CeO2(001)/[100]YSZ(0
01)/[100]Si(001). This epitaxial relationship is same for HZO films on

LSMO/SrTiO3(001 ).[168,223]
ST

n n n Ysz(111)
51111)
i CeO2(111)
0

60 120 180 240 300 360

YSZ(002)

0-HZO(111)

Intensity (a. u.)

: LNO(200) LNO(100) HZO/LNO/CeO,/YSZ/Si(001
INO(200)  Ce0, (200} “tNO(100} | 1smofa00) %229 ismoqion) = @D (C)
.- AR - oo .
] & 4+ € S =
[ 3 I g
: S 5000} £ X
¥5Z(200) 2 3 s
= )
20 %) o
C 4000} N
S P =
\E 10°F g % ;E § 3000 . . . .
= > M8 S 26 28 30 32 34 36
C
[o}
E o 20 (°)

i L L L L L L L g L L L L L L L L
50 45 40 35 30 25 20 15° 50 45 40 35 30 25 20 15
20 (°) 20 (%)

Figure 5.2.2 (a) XRD 0-20 scans of HZO/LSMO/LNO/CeOxYSZ/Si(001) (upper scan) and
HZO/LNO/CeOxYSZ/Si(001) (lower scan). A zoomed region around the HZO(111) reflection is
shown in the right panel. (b) XRD 260- y frame with a 2D detector, corresponding to
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HZO/LNO/CeOxYSZ/Si(001)(left panel) and HZO/LSMO/LNO/CeO:/YSZ/Si(001)(right panel).
The corresponding 6-26 scans were obtained by integrating = 5° around y = 0°. (c) Grazing
incidence XRD corresponding to the HZO/LNO/CeO»/YSZ/Si(001) sample. (d) XRD ¢ -scans
around the o-HZO(-111) and (111) reflections of LSMO, LNO, CeO;, YSZ, and Si corresponding to
the HZO/LSMO/LNO/CeQ/YSZ/Si(001) sample.

Dependence with thickness

X-ray diffraction (XRD) 6-26 scans of HZO/LSMO/LNO/CeO»/YSZ/Si(001) samples
with varying the thicknesses are shown in Figure 5.2.3(a). When increasing the
thickness, the 0-HZO(111) reflections become narrower and more intense (Figure
5.2.3b). The weak peak of (-111) m-phase can observed in 18.4 nm HZO film while
the peak of (-111) m-phase is quite subtle for thinner ones. The peak of (002) m-phase
which is evident for thicker HZO film on STO(001) is overlapped by the (002) peaks
of YSZ and CeO: as they share the similar peak position around 35°. In the inset of
Figure 5.2.3(b), the linear fitting of the reciprocal of the thickness with the half width
of 0-HZO(111) peak indicates the epitaxial 0-HZO (111) crystals grow across the
entire film thickness according to the Scherrer equation.[222] The out-of-plane lattice
parameter of orthorhombic phase decreases with thickness (Figure 5.2.3c¢), from 2.988
A t02.942 A (1.56 % contraction) as thickness increases from 2.3 nm to 18.4 nm. The
inter-planar spacing do-rizoq11) of HZO films on Si is smaller than on STO(001), but
similar to that of HZO on Si with STO template, which is probably caused by the
strain state of LSMO induced by substrates and the thermal expansion coefficient
between buffer layers and substrates. As shown in Figure 5.2.3(d), the rocking curve
signals the lower mosaicity in thinner HZO films with value from 1.0 to 1.6 as
increasing the thickness from 4.6 nm to around 19 nm.
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Figure 5.2.3 (a) XRD 6-20 scans of HZO/LSMO/LNO/CeOx/'YSZ/Si(001) of varying thickness from
t =23 nm to 18.4 nm. A zoomed region around the HZO(111) reflection is shown in the right
panel. (b) Intensity of 0o-HZO(111) normalized to LSMO(002), plotted as a function of thickness.
Inset: full-width at half-maximum (FWHM) of the o-HZO(111) peak as a function of the reciprocal
of film thickness. (c) Dependence on do-nzoan) interplanar spacing with film thickness. (d)
Dependence of FWHM with film thickness. Inset: rocking curve of 18.4 nm thick sample.

As shown in Figure 5.2.4, all the films have very flat surfaces with a
root-means-square (rms) roughness below 0.5 nm at all thicknesses. The morphology
of the thinnest film at 4.6 nm presents lowest roughness around 0.26 nm. Then
roughness increases with thickness. Even though for the thickest 18.4 nm film, the
roughness is still as low as 0.47 nm.
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Figure 5.2.4 AFM topographic 5 um x 5 um images of HZO films of varying the thickness

(indicated in the top left of the corresponding image). A height profile along the marked horizontal

line is shown in the bottom of each image. The dependence of root-mean-square (rms) on

thickness is shown in the right bottom corner.

Electric characterization

Ferroelectric polarization and leakage

Firstly, we note that when HZO is grown directly on the LNO electrode for the
HZO/LNO/Ce0O2/YSZ/Si(001) sample which does not present the orthorhombic (111)
reflection in XRD 6-26 scans, the polarization versus voltage measurement does not
show any signature of ferroelectricity as confirmed by the loops in Figure 5.2.5.
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Figure 5.2.5 (a) Polarization-voltage loop, obtained at 1 kHz without using the DLCC method, for
the HZO/LNO/CeOx/'YSZ/Si(001) sample in top-bottom configuration. (b) and (c) P-V loop and
corresponding I-V loop recorded at 1kHz in top-top configuration, respectively. Cigar-shape like
P-V loop is observed without signature of ferroelectricity. Non-zero current in I-V loop at low
voltage range corresponds to displacive current due to the dielectric nature of the film. Current

increase near the maximum applied voltage is due to leakage.

Ferroelectric characterization of the HZO/LSMO/LNO/CeO»/YSZ/Si(001) samples at
9.7 nm thickness is shown in Figure 5.2.6. The polarization versus voltage loop
recorded for the HZO film on LSMO (Figure 5.2.6a) shows a clear ferroelectric
hysteresis loop. The remnant polarization is 18 puC/cm?, and the average coercive
voltage 3.2 V (3.3 MV/cm) with an imprint voltage displacing the loop by around
0.48 V (490 kV/cm) towards negative voltage. It signals the presence of an internal
field pointing from top Pt towards bottom LSMO electrode. There is no need of
wake-up electric cycling in pristine devices as observed in epitaxial HZO film on
perovskite STO(001).[168] On the other hand, the presence of a large dielectric
contribution is manifested by the substantial slope of the loop.[152,168,232,233] In
Figure 5.2.6(a) we show (red curve) the compensated loop after removing the electric
susceptibility contribution by linear subtraction of the constant slope (corresponding
to &- = 33) in the pristine loop. Even though the DLCC mode is applied during the
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measurement, the pristine sample still show a small aperture at high electric field due
to the leakage current.[236,237] The leakage compensation by exponential fitting at
high voltage indicates an overestimation of P; about 1 uC/cm? as shown in Figure
5.2.6(b). The remnant polarization of 18 pC/cm? is comparable to the highest values
for polycrystalline HZO films,[36,139] and is similar to that of epitaxial films on
perovskite SrTiO3(001) substrates of same thickness.
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Figure 5.2.6 (a) Ferroelectric hysteresis loop (black curve) at 1 kHz for the HZO (9.7
nm)/LSMO/LNO/CeOxYSZ/Si(001) sample and compensated loop (removing the electric
susceptibility contribution of HZO) by subtraction of the linear slope. (b) Positive voltage side of
leakage contribution compensation for the pristine loop. It can be inferred that the leakage

contribution produces an overestimation of P of near 1.3 uC/cm?.

We clarify that the ferroelectric loops presented are saturated. As shown in Figure
5.2.7(a) and (b), the ferroelectric loops for 9.7 nm sample are measured by gradually
increasing the voltage. It can be inferred that the loops measured at 5.3 and 5.5 V are
very similar revealing that at 5.5 V the polarization is almost saturation. In Figure
5.2.7(c), it can be observed that the P; value is gradually increasing until saturation.
Measurements performed at larger applied voltage result in dielectric breakdown.
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Figure 5.2.7 (a) Current versus voltage hysteresis loops recorded at 1 kHz for increasing voltage
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in the HZO(9.7 nm)/LSMO/LNO/CeO»/YSZ/Si(001) sample. (b) Ferroelectric polarization versus
voltage hysteresis loop recorded at 1 kHz measured for increasing voltage. (c) P, versus maximum

applied voltage.

With varying the thickness for the HZO/LSMO/LNO/CeO2/YSZ/Si(001) samples,
the films thicker than 4 nm are ferroelectric. The reliable polarization value was not
extracted for thinner films (below 4 nm) due to the large leakage current contribution.
And the hysteresis loops were measured with applying electric fields as large as
possible, close to the breakdown fields. As shown in Figure 5.2.8(a)-(b), HZO film
with t = 4.6 nm presents the largest P; around 33 pC/cm?, and the polarization
decreases as increasing the thickness. The coercive voltage V. increases with
thickness as shown in 5.2.8(c) right axis. And the linear fitting of logarithmic
relationship between the corresponding electric field and thickness is in the left axis.
The slope k is -0.64, which is in agreement with the scaling value of -2/3.[224] And
this result is consistent with the one of epitaxial HZO films on STO(001).
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Figure 5.2.8 (a) Polarization — electric field loops for the samples with each thickness. (b)
Dependence of P, on thickness. (c) Dependences of E. (black squares) and V. (blue circles) on
thickness. The red dashed line is a linear fit with a slope of -0.64, compatible with E. - t°7 scaling.
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The leakage curves of HZO films on Si with different thicknesses are shown in Figure
5.2.9(a). Leakage is decreasing as the film thickness increases. Figures 5.2.9(b) shows
the leakage current at several electric fields plotted as a function of thickness. Here,
with reducing thickness from 18.4 nm to 4.6 nm, the leakage increases around one
order of magnitude.
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Figure 5.2.9 (a) Current leakage density vs electric field characteristics for the
HZO/LSMO/LNO/CeOx/YSZ/Si(001) sample with thickness ranging from 4.6 nm to 18.4 nm. (d)
Leakage current at the indicated electric fields as a function of thickness. The inset is a sketch for

the crystal boundaries created by the in-plane variations.
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Figure 5.2.10 Remnant polarization of HrosZros0: films as a function of thickness. Black solid
squares correspond to the epitaxial films reported here (thickness series). Other symbols (see label

in Figure) correspond to polycrystalline Hro 5Zr.50: films reported in the indicated references.

The thickness dependence of remnant polarization reported for polycrystalline
Hfo5Zro50; films is compared to the dependence of our epitaxial HZO films on
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Si(001) and STO(001) substrates in Figure 5.2.10. Remarkably, the thickness for the
largest P; is shifted from above 10 nm in polycrystalline HZO films to around 7 nm on
STO(001) and below 5 nm on Si(001) in epitaxial films. Particularly, the 4.6 nm-thick
epitaxial HZO film on Si(001) shows a larger maximum of polarization than the
polycrystalline HZO ones with similar thickness. This progress provides the potential
for memory devices requiring ultrathin layers such as ferroelectric tunnel junctions.

Dielectric measurement

The dielectric measurement for the HZO/LSMO/LNO/CeO»/YSZ/Si(001) samples
with different thicknesses was performed as shown in Figure 5.2.11. Dielectric
permittivity versus voltage loops show butterfly-like shape in all the thickness films,
indicating the ferroelectric nature of HZO film. The permittivity value ¢ is decreasing
from around 36 to below 28 with the thickness increasing, presenting the similar
dependence of dielectric constant with thickness of epitaxial HZO films on STO(001)
as discussed before.
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Figure 5.2.11 Dielectric  permittivity — versus  applied voltage loops for the
HZO/LSMO/LNO/CeO2/YSZ/Si(001) samples with each thickness measured at 50 kHz.

Endurance
Endurance characterization of the 9.7 nm-thick sample is summarized in Figure 5.2.12.
Polarization loops collected either in the pristine state and after cycling the sample for

103 and 10° times using an applied voltage of 5.0 V are shown in Figure 5.2.12(a).
When the cycling number exceeds 10° cycles at 5.0 V, dielectric rupture occurs. The
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dielectric rupture is delayed up to 108 cycles when reducing the switching voltage (4.5
V) is used as shown in Figure 5.2.12(b). If switching voltage is further decreased (4.0
V) ruptures does not occur in the explored cycling range (Figure 5.2.12c); however
remnant polarization is smaller and the polarization window is reduced to 2P, = 3
uC/cm? after 10° cycles. Figure 5.2.12(d) summarizes the effect of electric cycling on
the remnant polarization normalized to its initial value (Po) with the 2P, value at
different cycles in the inset. These data show that the polarization fatigue effect is
independent of the maximum applied voltage and thus only caused by ferroelectric
switching. Therefore, the maximum applied voltage determines the dielectric rupture
but not the polarization reduction, which is similar to the behavior observed in HZO
films on STO(001).
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Figure 5.2.12 (a-c) Polarization vs voltage loops measured for the pristine state and after the
indicated number of electrical cycles of 5.0, 4.5, and 4.0 V at 10 kHz, respectively. (d) Summary of
the remnant polarization (positive and negative average values) normalized to its initial value (Py)
obtained in (a-c) vs cycling number for the different maximum applied voltage. Inset: 2P, value vs

cycling number at three different voltage.
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Leakage current curves with cycles for 9.7 nm sample are shown in Figure 5.2.13.
The leakage can be an important factor causing fatigue, so to further investigate the
endurance, leakage current density measurements were performed after different
cycling number as shown in Figures 5.2.13(a)-(c) for maximum applied voltage of 5.0,
4.5 and 4.0 V, respectively. It can be observed that leakage current remains almost
constant up to 104, 10, 10° cycles for maximum applied voltage of 5.0, 4.5 and 4.0 V,
respectively. Afterwards, the leakage current suddenly increases (marked by an arrow).
This effect can be clearly inferred in Figure 5.2.13(d), where the leakage current at
300 kV/cm is plotted as a function of cycling number. It is observed that the leakage
increases significantly after 10* cycles at 5.0 V and after 107 cycles at 4.5 or 4.0 V.
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Figure 5.2.13 (a)-(c) Current leakage density vs electric field characteristics of the pristine state
and after the indicated number of bipolar cycles at 5.0, 4.5, and 4.0 V, respectively. (d) Current
leakage density evaluated at 300 kV/cm vs the number of bipolar cycles of indicated amplitude.

The film thickness also has a critical influence on the endurance for the
HZO/LSMO/LNO/CeO2/YSZ/Si(001) samples. Figure 5.2.14 shows the switching
endurance properties of HZO films with thickness 4.6 nm, 9.7 nm and 18.4 nm. The
4.6 nm film shows a robust endurance up to 10° and 10! cycles at 3.5 V (7.61 MV/cm)
and 3.0 V (6.52 MV/cm) and large memory window of the 2P; around 21 uC/cm? and
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11 pC/cm? remained before breakdown, respectively. Also, it is remarkable that the
4.6 nm sample measured at 2.5 V (5.43 MV/cm) cycles can last to until 10" cycles
without breakdown, keeping large memory window of 2P, around 6 uC/cm?. The
dielectric breaks down for 9.7 nm HZO capacitor happens at 10° cycles and 5 x 10®
cycles under 5.0 V (5.43 MV/cm) and 4.5 V (4.9 MV/cm) cycling voltage, which
shows the earlier breakdown and degraded endurance compared with the one of 4.6
nm as shown in Figure 5.2.14(b). At 4 V cycling voltage, the endurance can last to 5 x
10° cycles with memory window 2P; around 2 uC/cm? without dielectric breakdown.
This value is too small to apply an accurate measurement for the device. The 18.4 nm
HZO film (Figure 5.2.14c) shows much more deteriorated endurance. Under 6 V
(3.26 MV/cm) switching voltage, 2P; drops from initial 13 uC/cm? to below 2 puC/cm?
within only 10° cycles despite the fact of no dielectric breakdown. Figure 5.2.14(d)
shows the representative P-V loops and corresponding permittivity measurement after
different number of cycles under 3 V for the 4.6 nm HZO film. The pristine film has
the largest polarization and permittivity (no wake up effects observed). The memory
window decrease with cycles from 2P; about 35 uC/cm? at beginning to around 18
uC/cm? after 103 cycles along with progressive decreasing of the permittivity.
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Figure 5.2.14 Endurance characteristics of HZO films on Si with thickness (a) 4.6 nm (b) 9.7 nm
and (c) 18.4 nm. (Open shape symbols indicate that dielectric breakdown occurred at
corresponding number of cycles; Solid shape symbols mean that the capacitor did not break. In
these cases, the measurement was stopped due to either the longer measurement time or the low

polarization (2P, below 2 uC/cm?). (d) Polarization —voltage loops (solid line) and corresponding
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relative permitivity & loops (dashed line) for 4.6 nm thick sample at pristine state and after 10*
cycles and 10° cycles.

The impact of the thickness on the endurance —applied field dependence is presented
in Figure 5.2.15(a). As it was observed in HZO films on STO (001), thinner films
present better endurance with higher electric field while the thicker one last lower
number of cycles and breakdown at lower fields. Further quantification of the
endurance difference with thickness are shown in Figure 5.2.15(b). For the different
thickness, P of thinner HZO films degrade much slower with increasing number of
applied cycles than that of thicker films.
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Figure 5.2.15 (a) Endurance as a function of the applied electric field for the series of samples
with varied HZO thicknesses. (b) Remnant polarization (positive and negative average values)

normalized to its initial value (Py) for the series of samples.

The pole figure with 2D detector for films with t = 6.9 nm, 13.9 nm and 18.4 nm are
shown in Figure 5.2.16. In the t = 6.9 nm film, the monoclinic phase is difficult to be
detected. When the t increases to 13.9 nm and 18.4 nm, the monoclinic phase in film
is getting increasing as indicated from the growing and elongated intensity of the (002)
and (-111) reflections of m-phase. The increased amount of m-phase with thickness
can be responsible for the degraded endurance of HZO films.
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Figure 5.2.16 XRD 20-y frames with y ranging about + 5° of t = 6.9 nm, 9.2 nm, 13.9 nm and 18.4

nm films.

The excellent endurance property of the thinner films is accompanied by stable
leakage, without increasing with field cycles (Figure 5.2.17). Since increased leakage
is the reason of capacitor degradation causing breakdown, the stable leakage in the t
= 4.6 nm film is responsible for its huge endurance.
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Figure 5.2.17 (a) Leakage current at 1000 kV/cm as a function of the number of applied field
cycles of 5.43 MV/cm for t = 4.6 nm and t = 9.7 nm samples. (b) Threshold of number of cycles
before leakage increasing sharply as a function of electric field for each thickness. (Solid symbols

indicate the leakage increase was not observed.)
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The thickness-dependent endurance behaviour was similar in HZO/LSMO/STO(001)
samples. Here, both series of epitaxial HZO films on Si(001) and STO(001) substrate
will be compared. Endurance of HZO on Si is larger than on STO with identical
thickness at same electric field as shown in Figure 5.2.18 (a). As shown in Figure
5.2.18 (b), at 4.0 V and 3.5 V cycling voltage, the 6.9 nm-thick HZO film on Si(001)
can last to around 10° and 10'° cycles before breakdown, respectively. While for HZO
on STO, the endurance is about 10% and 10° cycles at corresponding cycling voltages,
by almost one order of magnitude lower than on Si substrate. The reason can be
attributed to the earlier leakage increase with cycling. At 4.0 V and 3.5 V cycling
voltage, leakage increase of HZO films happened in 10% and 10° cycles on Si substrate
while at 10* and 103 cycles on STO(001), respectively. On the other hand, at 3.0 V
cycling voltage, both films do not show breakdown under the measured 10'° cycles.
However, the leakage value of HZO on Si(001) keeps constant at the measured 10'°
cycles, while the leakage started rising at 10° cycles on STO(001). The underlying
reason for the leakage rising at different cycles on Si and STO substrates may be
related to a large amount of the defects in the films on STO(001).
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Figure 5.2.18 (a) Endurance as a function of thickness for 4.6 nm, 6.9 nm and 9.7 nm HZO films
on STO001) and Si(001) under the corresponding same voltage (electric field). Remnant
polarization versus number of cycles for 6.9 nm samples (b) on Si(001) and (c) STO(001) at 4.0V,
3.5 Vand 3.0 V. Inset: Evolution of leakage current, at 1000 kV/cm, with number of applied

cycles.

Retention

Retention experiments for the 9.7 nm sample are shown in Figure 5.2.19 for several
applied poling voltages. It can be observed that if polarization is settled by voltage
pulses of 5.0 and 5.5 V, extrapolated data safely overpasses 10 years retention. A high
polarization window of 2P; around 14 puC/cm? is extrapolated 10 years after 5.5 V
poling. The experiments performed at 4.5 V and 4.0 V show that retention reaches 10
and 1 year, respectively.
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Figure 5.2.19 Ferroelectric retention (2P,) after poling the film (9.7nm) with voltage pulses of the
indicated amplitude. Reading voltage was the same as that used for writing. Dashed lines are

guides to the eye. Vertical solid line indicates time of 10 years.
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Figure 5.2.20 (a)-(f) Retention of ferroelectric polarization of the epitaxial HZO film on Si (001)
substrate poled positively and negatively for film thickness at 4.6 nm, 5.8 nm, 6.9 nm, 9.7 nm, 13.8
nm and 18.4 nm, respectively. Note: the poling field used for retention of samples with different
thicknesses is as same as the electric field for P-E loops recorded in Figure 5.2.8 (a).
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The normalized retention of HZO films on Si(001) with varying the thickness is
shown in Figure 5.2.20. The retention values for all the thickness within 1000 seconds
are obtained at writing and reading electric fields used in hysteresis loops
measurements as in Figure 5.2.8(a). Different from the HZO films on STO with
varying the thickness, the retention of positive polarization is favored in all the
thickness range for HZO films on Si(001). This difference may be caused by the
defects in the sample on Si.

The retention degradation rates by linear fitting in all thickness samples are shown in
Figure 5.2.21. Due to the downward imprint field as sketched inset of Figure 5.2.21,
the positive P, has better retention than the negative P, for all the samples. The
smallest slope value happens at 6.9 nm thick sample, signaling the longer retention in
this sample. The reason is likely the increasing depolarization field as thickness is
reduced due to the increased dielectric dielectric permittivity - and leakage current in
thinner film. As thickness increases, the imprint field does not present large deviation
(Figure 5.2.21b). On the other hand, comparing with the retention of samples on
STO(001), the sample at similar thickness on Si(001) presents better retention. For
instance, retention degradation value k for sample at 6.9 nm thick on Si is around 5,
lower than that of 6.9 nm sample on STO with value around 11, which indicates a
better retention of films on Si. Therefore, the optimized sample can be the HZO film
on Si(001) with 6.9 nm showing good endurance (over 10'° cycles with stable low
leakage) and long retention time (over 10 years). The films, epitaxially grown on
oxide LSMO electrodes, offer opportunities to develop devices like ferroelectric
tunnel junctions requiring high homogeneity and accurate control of the interfaces.
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Figure 5.2.21 (a) Retention degradation value k as a function of film thickness of HZO on Si. Inset:
the sketch indicating the imprint direction. (b) The dependence of imprint field and coercive field
on the HZO film thickness.
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5.2.2 Ferroelectric HfosZrosO, capacitor epitaxially integrated on

Lay;3Sri13MnOs/SrTiO3/Si(001) structure

Growth conditions

The epitaxial SrTiO; template of thickness t = 26 nm thick was deposited by
solid-source molecular beam epitaxy (MBE) on a Si(001) wafer’. Bottom LSMO
electrodes (t = 25 nm) and HZO films were grown on the SrTiO; template by PLD.
The sketch of the sample is shown in Figure 5.2.22. The LSMO bottom electrode was
deposited at 5 Hz repetition rate, substrate temperature Ts = 675 °C, and dynamic
oxygen pressure Por = 0.1 mbar. HZO was deposited at 2 Hz laser frequency, Ts =
800 °C, and Po> = 0.1 mbar. The films were cooled down under Po; = 0.2 mbar.

Figure 5.2.22 The sketch of
heterostructure for HZO films on
Si(001) using SrTiOs templates.

Structural study

The XRD 6-26 scan in Figure 5.2.23(a) shows (00/) reflections corresponding to the
Si wafer, the STO buffer layer and the LSMO electrode. The (111) reflection of
orthorhombic HZO (0-HZO), at 26 around 30°, is accompanied by the small
0-HZO(222) peak at around 63°, and no other orientation or phase is observed. The
zoomed region in the inset shows the o-HZO(111) peak at 26 = 30.4° and low
intensity Laue interference fringes indicating rather good crystalline and flat interface
quality. The thickness of HZO film was determined by fitting the Laue fringes
according to the equation (5-1). The red curve has been simulated considering a
thickness of 76.5 A (N = 26 and ¢ = 2.942 A), being the corresponding Bragg
reflection located at 26 = 30.382°.

3 Deposition and structural characterization of SrTiOs template on Si wafer by solid-source
molecular beam epitaxy (MBE) were done by Romain Bachelet and Guillaume Saint-Girons at
Institut des Nanotechnologies de Lyon (INL-CNRS). Details are reported elsewhere [Applied
Physics Letter, 114, 222901].
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Figure 5.2.23 (a) XRD 0-20 scan of the HZO/LSMO/STO/Si(001) sample. Inset: zoom in the 20 =
20 - 35° range with 2 seconds acquisition time. The red line is the simulation of Laue fringes
around the o-HZO(111) peak. (b) XRD 20-y frame around y = 0°. (c) XRD ¢-scans around
asymmetrical 0-HZO(-111), LSMO and STO (111), and Si(111) reflections. (d) AFM topographic 5
um x 5 um images and (e) a height profile along the horizontal marked line in (d).

The out-of-plane interplanar spacing, do-mzoa) = 2.942 A, is smaller to that of
equivalent HZO films on LSMO/STO(001) (d = 2.963 A), but similar to the one on Si
with YSZ as template (d = 2.948 A) at similar thickness. On the other hand, the XRD
20-y frame (Figure 5.2.23b) shows (001) and (002) reflections of the LSMO and STO
layers, and a bright spot corresponding to the 0-HZO(111) reflection, whereas the
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(002) reflection of the monoclinic HZO (m-HZO) phase is barely visible at 26 around
35°. The narrow intensity distribution of the 0-HZO(111) spot along y is a signature of
highly oriented growth, suggesting that the film is epitaxial. This was confirmed by
@-scans around asymmetrical reflections (Figure 5.2.23c). The four (111) reflections
of LSMO and STO at 45° of the Si(111) ones signal in-plane rotation of 45° of both
layers respect to the Si(001) wafer. The ¢-scan around 0-HZO(-111) shows four set of
three peaks, the 12 peaks being 30° apart. The ¢-scans indicate [1-10]JHZO(111)
/[1-10]JLSMO(001)/[1-10]STO(001)/[100]Si(001) epitaxial relationship and the
presence of four HZO crystal domain with in-plane rotation of 90°, the same type
domains as it was observed in HZO films on SrTiO3(001) single crystalline substrates
and Si substrate with YSZ as template. The topographic AFM image of this sample is
shown in Figure 5.2.23(d) with a height profile along the marked horizontal line in
Figure 5.2.23(e). The surface is flat, with root mean square (rms) roughness of 0.35
nm in the 5 pum x 5 pm scanned area. There are some small islands with height up to a
few nm, but in most of the topographic image height variations are below 1 nm.

Electrical characterization
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Figure 5.2.24 (a) Ferroelectric polarization loop (in blue, right-axis) and current-voltage (in red,
left-axis) curve. (b) Dielectric permittivity versus applied voltage loops performed at different

maximum applied voltages.

The ferroelectric polarization loop of a Pt/HZO/LSMO/STO/Si(001) capacitor with
current-voltage curve in Figure 5.2.24(a) shows a large remnant polarization around
34 pC/ecm? with high amplitude ferroelectric switching current peaks. It is
significantly larger than the P: value of around 20 - 24 pC/cm? reached in epitaxial
HZO(111) films of similar thickness on LSMO/STO(001) and also higher than the P;
value of 20 - 28 pC/cm? for HZO films on Si with YSZ as template. The polarization
loop also evidences an imprint voltage towards the negative axis. The imprint voltage
of around 0.4 V corresponds to an internal field of around 430 kV/cm pointing
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towards the bottom LSMO electrode. Dielectric permittivity versus voltage loops in
Figure 5.2.24(b) show the butterfly-like shape associated with the ferroelectric nature
of the material. The &, value of HZO film with about 8 nm thick on STO buffered
Si(001) is 32, extracted from the maximum electric field region. This value is
comparable to the &, value of 30.2 - 32.5 for films on YSZ buffered Si or the one of
29.3 - 31 for films on single crystal STO(001) as achieved before. Also, comparable
permittivity values and shape have been reported on polycrystalline films.[242,243]
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Figure 5.2.25 Ferroelectric polarization loops measured at maximum voltage of (a) 5V, (b) 4.5V,
and (c) 5 V in pristine state and after bipolar switching with the number of cycles indicated in
each label. (d) Ferroelectric memory window (2P,) as a function of applied number of cycles at 5
V,4.5Vand4V.

The evolution of the polarization loops when applying high number of bipolar square
pulses was investigated. Figure 5.2.25(a) shows representative loops after different
numbers of cycles of amplitude 5 V. There are not wake-up effects observed. The
memory window reduces with cycling from more than 2P, = 60 uC/cm? up to around
26 uC/cm? after 10° cycles, and further cycling causes capacitor breakdown. When
the sample is cycled with 4.5 V pulses (Figure 5.2.25b) the initial polarization is
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smaller, but fatigue is less severe and the capacitor preserves memory window larger
than 2P, = 16 pC/cm? after 10® cycles, before breakdown. Reducing the pulses
amplitude to 4 V, the capacitor maintains a significant memory window of 2P, = 4.5
uC/em? after 10° cycles (Figure 5.2.25¢) without breakdown. The evolution of the
memory window with the number of cycles at 4, 4.5 and 5 V is shown in Figure
5.2.25(d). It is remarkable that both endurance and remnant polarization are improved
with respect to epitaxial films of 9.2 nm HZO on perovskite STO(001) substrate and
films of 9.7 nm HZO on YSZ buffered Si substrate. The slightly smaller thickness of
HZO films on STO buffered Si is one possible reason.

E (kV/cm) E (kV/cm)
. '-1900‘ -590‘ (? ' 590 '10I00‘ -1000-500 0 500 1000
<_10°F —=— Pristine <anek ' ' ' N 5
£ (@) o £ 10T () ¢ L o
< 3 —a— 10" cycles Q 1 —e—10° cycles ,
1072k v—10° cycles i -2 —a—10*cycles 108 cycles
= toes, o 10°cydes e 107 10" cycles
g F v v, 0 . . . o* * v w7 | '® 3 l\.\.\'\ /_/_,{:’3
©10%F v, Te o7 o7 610%fve, "% o
© > o v . v
c I=
210 010
G 3
410 05 00 05 10 10 05 00 05 10
I;/c(vil(t\'c;/ge ()V) Voltage (V)
cm
-1000-500 O 500 1000
<400k, | = Pristne |4~ 10°F300kV/cm
g (C) —e—10°cycles 108 cycles | & i (d )
e F 4 10° cycles 10°cycles [ &  r—=—40V
107} v 10°cycles 10° cycles 3 10 t—e—45V
= 2 5.0 V
8 % 10° 3
3 © i
-+ - 6|
5 3 1°
8 8 10_7 E_ : sl ul d ul ul sl ul ul ul
-10 -05 00 05 1.0 10" 10° 10° 10" 10°
Voltage (V) Number of cycles

Figure 5.2.26 Leakage current versus applied voltage curves measured after cycling the
capacitors with bipolar pulses of amplitude (a) 5 V, (b) 4.5 V, and (c) 4 V. The number of cycles
indicated in each label. (d) Current leakage at 300 kV/cm as a function of the number of applied
cyclesof 4V, 4.5V, and 5 V.

The current leakage measurements after each decade of switching cycles equal to
those applied in the polarization fatigue measurements of Figure 5.2.25 were also
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performed. Representative leakage current versus voltage curves are shown in Figure
5.2.6 (a)-(c). The current leakage at given electric field (300 kV/cm) is plotted against
number of switching cycles of different amplitude in Figure 5.2.26(c). Leakage is
below 10-% A/em? up to around 10° cycles for 4 V, 4.5 V or 5 V cycling voltage. Above
the threshold, leakage increases progressively with additional cycles, and dielectric
breakdown occurs when leakage approaches around 10 A/cm?. It can be seen that for
4 V cycling voltage, the leakage remains low until around 107 bipolar pulses, and
dielectric breakdown does not occur until 10° cycles.

Ferroelectric retention measurements were performed after poling a capacitor with 5V,
4.5V and 4 V as shown in Figure 5.2.27. The reduction of the remnant polarization is
small after 10* seconds and the extrapolated retention is very high for the three poling
voltages. In similar epitaxial HZO films deposited on STO(001) single crystalline and
Si substrate with YSZ template retention was also long, but only for large poling
fields. In contrast, here the retention of Pt/HZO/LSMO capacitor on STO/Si(001)
after applying a 4 V pulse is very high. To estimate the polarization after longer times,
the experimental data are fitted to the power-law decay usually observed[248,249] in
ferroelectric oxide films (red dashed curves in Figure 5.2.27). After 10 years (marked
with a vertical solid line) the memory window is reduced by only around 17% of the
original value. Therefore, same poling condition permits good endurance and
extraordinarily long retention. Remarkably, these outstanding properties are obtained
with pure (undoped) HZO films integrated epitaxially on Si(001) buffered with STO
templates, and the properties are also improved in comparison to films grown on
STO(001) oxide single-crystalline substrates.
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Figure 5.2.27 Remnant polarization as a function of the time after poling with a pulse of 5, 4.5
and 4 V. Dashed lines are guides for the eye. Dashed lines correspond to P. oct™ equation data

fitting, 32,33 where t refers to the time after poling. The vertical line marks a time of 10 years.
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Conclusion

In conclusion, ferroelectric capacitors with epitaxial Hfos5ZrosO2 have been
successfully integrated on Si(001) by the first time. The epitaxial integration can be
achieved on a buffer heterostructure that includes YSZ or SrTiOs as epitaxial
templates. The ferroelectric properties of epitaxial HfosZrosO> films on Si(001)
present enhanced ferroelectric properties of P; over 30 pC/cm? respect to those of
epitaxial films of similar thickness on single oxide crystalline substrates. Epitaxial
Hfo5Zro50; films on both heterostructures present long retention time extrapolated
over 10 years. The robust endurance up over to 10! cycles can be achieved in films
when reducing the thickness to 4.6 nm. The epitaxial Hfo 5ZrosO> capacitors integrated
with Si platforms can be very valuable to study its intrinsic ferroelectric-based
properties and to develop devices with ultra-small dimensions on semiconductor
platforms.
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Chapter 6. General conclusions

In this thesis, epitaxial growth by pulsed laser deposition and properties of
ferroelectric barium titanate (BaTiOs3) and doped hafnium oxide (Hfo5Zro502) have
been widely studied and investigated. Both oxides have been successfully epitaxially
integrated with silicon, presenting excellent ferroelectric properties with high
improvement respect to previous strategies.

(i) A new strain engineering has been developed for ferroelectric BaTiOs on Si with
tunable lattice strain and ferroelectric properties in contrast to the conventional
substrate-based strain engineering. High quality epitaxial BaTiOsz films with flat
surface are integrated on Si(001) substrate with LaNiO3/CeO»/YSZ heterostructure.
The deposition parameters have a huge impact on the BaTiO; tetragonality and
ferroelectric polarization. In particular, c-oriented epitaxial BaTiOs films are grown at
temperature even as low as 450 °C. The deposition temperature window for epitaxial
c-oriented films is about 300 °C wide, permitting a tailored strain from 0 to above 2%,
with the remnant polarization scaling with strain. Oxygen pressure during pulsed laser
deposition can also be used as a tuning knob to control lattice strain of epitaxial
BaTiO; over a broad range, and also permits selecting the polar axis to be in-plane or
out-of-plane of BaTiOs films. Lastly, the lattice strain of epitaxial c-oriented BaTiO3
films can be tuned by growth rate and the remanent polarization can be up to 14
uC/cm? even though there is no simple correlation between lattice strain and
polarization. This methodology of strain engineering for epitaxial BaTiO; films is
valid either on Si(001) or on perovkite oxide single crystals and is not limited to very
thin ferroelectric films. Important limitations of conventional strain methodology are
thus overcome, opening new avenues for better control of strain and polar orientation
in ferroelectric oxides and particularly for its integration on semiconducting substrates.
In addition, the role of the electrode interface between perovskite metallic oxide
electrode and Pt on BaTiOs films was determined. The ferroelectric polarization,
coercive field, imprint field and leakage of epitaxial BaTiO3 films are largely
dominated by the electrode materials.

(i1)) The growth conditions for stabilizing the ferroelectric orthorhombic phase in
epitaxial Hfos5ZrosO2 thin films on Lay;3SrisMnO3/SrTiO3(001) have been mapped.
The selection of deposition parameters (deposition temperature and oxygen pressure)
and film thickness can permit the control of the structural and functional properties of
the epitaxial ferroelectric HfosZrosO> films. In particular, the deposition parameters
and thickness determine the relative amount of orthorhombic phase, and the lattice
strain of orthorhombic HfosZro 502 phase in a range wider than 3 %, having the films
extremely flat surface. The ferroelectric polarization up to 24 puC/cm? is mostly
conditioned by the amount of orthorhombic phase, with possible additional influence
of the out-of-plane lattice parameter. The leakage current is also conditioned by the

147



Chapter 6. General Conclusions

deposition parameters, being lower for higher temperature and particularly for lower
oxygen pressure. The remarkable Ec — 1?7 scaling of electric coercive field and
thickness is reported by the first time for ferroelectric hafnium oxide. Long retention
(over 10 years) and high endurance (over 10'° cycles) are also achieved. The growth
window map will provide an useful tool for further studies on epitaxial films. Using
the determined optimal conditions, Hfy 5ZrosO> films are successfully integrated on Si
substrate in capacitor heterostructures with Laz;3SrisMnO3/LaNiO3/CeO2»/YSZ and
Lay3Sri3sMnQO3/SrTiOs as buffer layes. High quality of epitaxial Hfy5Zro 50, film with
flat surface is obtained on Si(001) in both cases for the first time. The epitaxial
Hfo5Zro50; films present enhanced ferroelectric properties compared with those of
epitaxial films of equivalent thickness on single oxide crystalline substrates and over
10 year retention is achieved in both cases. The robust endurance up over to 10!
cycles can be achieved in films with YSZ as buffer layer when reducing the film
thickness. The epitaxial HfosZrosO, capacitors integrated with Si platforms with
structure homogeneity can can make prototyping tunnel devices and investigating
intrinsic ferroelectric properties easier.
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Texture control of epitaxial BaTiO;3 films on silicon

Ferroelectric oxides are strongly anisotropic, and the in-plane and out-of-plane
polarization of epitaxial ferroelectric thin films can depend critically on the film
orientation. Similarly, piezoelectric and electro-optical coefficients are highly
anisotropic. Epitaxial ferroelectric films are usually deposited on (001) oriented cubic
(or pseudocubic) substrates. The polar c-axis of BaTiO3; or PbZr«TiixO3 films on these
substrates is generally aligned either along the out-of-plane direction (named
c-oriented, or (001)-oriented films) or along the in-plane direction (named a-oriented,
or (100)-oriented films). Epitaxial growth of tetragonal ferroelectrics with an
orientation different to (001) or (100) has been much less investigated even though
their anisotropic properties offer opportunities for new technological developments.
As an example of genuine properties derived from uncommon textures, peculiar
patterns of crystal variants and domain walls were observed in PZT(101)
films.[250,251] Typically, (110)-oriented perovskite substrates instead of the usual
(001) ones are used to obtain epitaxial PZT(101) films.

Epitaxial ferroelectric oxides on Si(001) are generally (001) or (100) oriented and
rarely present different textures. Exceptions include (110)-oriented PZT[29] on
SRu03/Ce02/YSZ/Si(001), and PbScosTaos03[252] and BTO[247] films on
SRuO3/YSZ/Si(001). Integration of high-quality BTO(110) films with silicon is
particularly elusive, with the films having a large roughness and their electrical
properties remain undisclosed. In contrast, flat BTO(001) epitaxial films with large
polarization have been obtained on Si(001) buffered with either LaNiO3/SrTiO3[253]
or LNO/CeO2/YSZ (discussed in the main thesis). Aiming to obtain flat epitaxial
BTO(110) films on silicon, we have investigated two alternative routes to the usual
LNO/CeO2/YSZ buffer layer and the usual Si(001) orientation. The first route
involves the use of the alternative LNO/CaTiO3 (CTO)/YSZ buffer layer on Si(001).
In the second route, we use the conventional LNO/CeO,/YSZ buffer but replacing the
Si(001) substrate by Si(111). We show that very flat epitaxial BTO films are obtained
in both cases, with the films being (101) oriented on LNO/CTO/YSZ/Si(001) and
presenting the coexistence of (10I) and (100) out-of-plane oriented epitaxial crystal
variants on LNO/CeO,/YSZ buffered Si(111). The BTO films have low leakage
current and are ferroelectric with remnant polarization in the 1.9 — 4.5 uC cm range.
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Samples preparation

BTO films (thickness t = 110 nm) were deposited on LNO (t = 30 nm)/CeO> (t = 20
nm)/YSZ (t = 60 nm) buffered Si(001) and Si(111), and LNO (t = 30 nm)/CaTiOs (t =
50 nm)/YSZ (t = 2.5 nm) buffered Si(001) at 700 °C with 0.02 mbar dynamic oxygen
pressure. Figure A.1 shows the sketch of the heterostructures for the three samples.
The CaTiOs3 buffer layer was deposited at 750 °C, 0.02 mbar of molecular oxygen and
a laser frequency of 5 Hz. The growth conditions for other buffer layers can be seen in
Chapter 4 of the main thesis.

Figure A.1 Sketches of the heterostructures for the three samples.

Structural characterization

The XRD specular #-26 scans of all the samples are presented in Figure A.2(a).
Vertical dashed lines at 26 = 22.039°, 31.498°, 44.856°, and 65.755 °C mark the
position of the (001), (101), (002) and (202) reflections in bulk BTO, respectively.
The upper scan in Figure A.2(a), corresponding to the BTO/LNO/CeO,/YSZ/S1(001)
sample which is the structure described in detail in chapter 4 of the main thesis, shows
(007) reflections of the Si substrate and films, without peaks corresponding to other
phases or orientations. The BTO(00/) reflections (see a zoom in Figure A.2b) are at
slightly lower angles than in bulk BTO, signaling an expanded out-of-plane parameter.
The corresponding XRD measurement using a 2D detector around y = 0° in Figure
A.2(c) shows a bright and narrow spot of all the layers (YSZ, CeO,, LaNiO; and
BaTiOs), which indicates good epitaxial quality.

The XRD specular 8-26 scan of BTO/LNO/CeO2/YSZ/Si(111) sample (Figure A.2a,
middle scans) shows that YSZ is (111) oriented although with presence of minority
(001) domains. The (//]) reflections of CeO> are overlapped with Si(///) ones. LNO and
BTO are preferentially (/0/)-oriented, with minority (/00) domains. The formation of
({0/) and (/00) out-of-plane oriented domains of LNO on the CeOx(//l) surface is
caused by the large lattice mismatch between both oxides, being the corresponding
lattice parameters 3.84 A and 5.41 A, respectively. The measurement of 26-y frames
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is shown in Figure A.2(d). The BTO film are (101) and (001) epitaxially oriented with
a little fraction of other domains and mosaicity reflected by the elongated distribution

of BTO(101) and BTO(001) spots along y direction.

The XRD 6#-26 scan of the third sample BTO/LNO/CTO/YSZ/Si(001) (Figure A.2a,
lower scan) shows diffraction peaks corresponding to BTO (/0/), LNO (//0) and Si
(00/) reflections. The lattice parameters of CTO (a = 3.83 A) and LNO (a = 3.86 A)
are very close and their XRD reflections are at the same 26 positions. The YSZ layer
in this sample is 2.5 nm thick, permitting epitaxial crystallization of YSZ(00/) on
SiOx/Si(001). Thus, the texture relationship is BTO(101)/LNO(110)/CTO(110)
/YSZ(001)/S1(001). The bright spot of BTO(101) reflection in XRD 2D measurement
as shown in Figure A.2(e) signals the good epitaxial ordering of (101) oriented BTO

film.
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BTO/LNO/CeO2/YSZ/Si(111) (middle) and BTO/LNO/CTO/YSZ/Si(001) (bottom) samples. Vertical
dashed lines at 20 = 22.039°, 31.498° 44.856°, and 65.755° mark the positions of (001), (101),
(002), and (202) reflections in bulk BTO, respectively. (b) Zoom of the diffractograms in the 20 -
50° 26 range. (c) XRD 26-y frame of BTO(00I) film, and 6-20 scan integrated + 10° around y =
0°. (e) XRD 26-y frame of BTO(101)/(100) film, and 6-26 scan integrated = 10° around y = 0°. (e)
XRD 20-y frame of BTO(10) film, and 0-26 scan integrated + 10° around y = 0°.

XRD ¢-scans around asymmetrical reflections are shown in Figure A.3 to determine
the epitaxial relationships in all the samples. The first sample with
BTO/LNO/CeO2/YSZ/Si(001) structure (Figure A.3a) is already discussed in the main
thesis. BTO (110) and LNO (110) peaks shifted 45° with respect to the other sets of
peaks, which confirms cube-on-cube growth with a 45° in-plane rotation of BTO and
LNO with respect to the other layers.

The ¢-scans of BTO/LNO/CeO2/YSZ/Si(111) sample are presented in Figure A.3(b).
The scan around the Si (220) reflection displays three high intensity peaks, whereas
there are six YSZ (220) reflections indicating the presence of two YSZ crystal
in-plane variants, one of them more abundant than the other. These 23 twinning
domains, one rotated by 180° in-plane with respect to the other, are usual in epitaxial
films with a (111) out-of-plane orientation.[77-79] On the other hand, the observation
of six reflections associated with CeO> (220) planes (see a Gaussian fit in the lower
panel) indicates the presence of a domain distribution similar to that of the YSZ
described earlier. As indicated by ¢ -scan measurements of BTO asymmetrical
reflections, we confirm that the two domains in BTO, (/0/) and (/00) oriented, are
epitaxial. In the case of BTO(/0/) texture, the ¢ -scans around the BTO(002)
asymmetrical reflections show two sets (60° apart) of three peaks corresponding to
two BTO crystal variants. On the other hand, in the case of the BTO crystal variant
with the (100) texture, the asymmetrical BTO (101) reflections show 24 peaks, 15°
apart. In this ¢-scan, two sets of three peaks have higher intensity, which corresponds
to [010]BTO(100) domains rotated by + 15° in-plane with respect to [11-2]Si(111).

Figure A.3(c) shows the XRD ¢ -scans of BTO/LNO/CTO/YSZ/Si(001) sample.
Narrow peaks corresponding to Si(220) reflections overlap with CTO (200) and LNO
(200) reflections (see a Gaussian fit in the lower panel). The ¢-scan around BTO (111)
reflections shows four broad peaks signaling the presence of in-plane [010]BTO(101)
domains around [100]Si(001). This type of domain is usually observed in epitaxial
oxide heterostructures with a high lattice mismatch.[80,81]
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(a) BTO (001) on LNO/Ce02/YSZ/Si(001) (b) BTO (101)/(100) on LNO/ce02/¥sz/si(in) (C)  eTo(iol) on LNO/CTO/YSZ/Si(001)
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Figure A.3 XRD ¢-scans (a) around BTO (110), LNO (110), YSZ (220) and CeO; and Si (220)
asymmetrical reflections of the BTO(001)/LNO/CeOxYSZ/Si(001) sample. Lower panel: zoom of
the Si and CeO; (220) reflections. The red curve is a Gaussian fit of the latter. (b) BTO (101) and
(002), YSZ (220) and CeO: and Si (220) asymmetrical reflections of the BTO(101)/(100)/
LNO/CeOxYSZ/Si(111) sample. Lower panel: zoom of the Si and CeO; 220 reflections. The red
curve is a Gaussian fit of the latter. (¢) BTO (111), LNO (200), CTO (200) and Si (220)
asymmetrical reflections of the BTO(101)/CTO(110)/YSZ(001)/Si(001) sample. Lower panel: zoom
of the Si (220), LNO (200) and CTO (200) reflections. The red curve is a Gaussian fit for the LNO
(200) and CTO (200) reflections.

Figure A.4 shows AFM topographic images, S pm x 5 um in size (1 um x 1 pm in the
insets). The BTO(001) film on LNO/CeO»/YSZ/Si(001) (Figure A.4a) presents small
grains a few tens of nanometers wide, locally agglomerated in some small areas, a few
nm high (see in the lower panel the height profile along the line marked in the
topographic image). The overall roughness, with a root means square (rms) of 0.74
nm, is remarkably low considering the BTO thickness (t > 100 nm). The
BTO(101)/(100) film LNO/CeO»/YSZ/Si(111) (Figure A.4b) presents a similar
morphology of small grains, with the roughness being very low (rms = 0.44 nm) and
the surface very homogeneous in spite of the coexistence of the two crystalline
orientations. The BTO(101) film on LNO(110)/CTO(110)/YSZ(001)/Si(001) (Figure
A.4c) shows a dense morphology of large grains (a few hundred nm wide), with some
grain boundaries (see two examples marked with white dotted lines) oriented along
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BTOJ[1-10] and BTO[001] directions. The grains are very flat (see the corresponding
height profile) and the overall roughness is very low (rms = 0.53 nm). Therefore, the
BTO(101) films on Si(001) substrates are extremely flat in comparison with previous
reports[247] and present low roughness comparable to state-of-the-art BTO(001)
films on Si(001).
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Figure A.4 Topographic AFM images (5 um x 5 um) of the (a) BTO(001)/LNO/CeO>/YSZ/Si(001),
(b) BTO(101)/(100)/LNO/CeO»/YSZ/Si(111), and (c) BTO(101)/CTO(110)/YSZ(001)/Si(001)
samples. The corresponding height ranges are 7, 4 and 7 nm, respectively. Insets: 1 um x 1 um
scanned regions, being the corresponding height ranges 5, 4, and 5 nm. Lower panels show height

profiles along the horizontal lines marked in the respective 5 um x 5 um topographic image.

Electrical Characterization

As shown in Figure A.4(a), ferroelectric polarization loops of the two samples
BTO(101)/(100)/LNO/Ce0O2/YSZ/Si(111) and BTO(001)/LNO/CeO»/YSZ/Si(001)
were measured by a dynamic hysteresis mode, whereas the dielectric leakage current
compensation was used for the sample BTO(101)/CTO(110)/YSZ(001)/Si(001) due to
its higher leakage at high electric field. The (001) film has the largest polarization at
high electric field, as expected considering that the polar axis of BTO is along the
c-axis. Its remnant polarization P; is 3.2 pC/cm?, whereas in the BTO(101)/(100) and
BTO(101) films, P; is 1.9 and 4.5 pC/cm?, respectively. Figure A.4(b) shows the
leakage curves measured at room temperature. The leakage of the BTO(001) film on
LNO/Ce0,/YSZ/Si(001) (black squares) is very low: 7 x 10® A cm? and 2 x 10° A
cm? at 45 and 450 kV cm, respectively. The leakage of the BTO(101)/(100) film on
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LNO/CeO,/YSZ/Si(111) on Si(111) is higher at low field (3 x 107 A cm™ at 45 kV
cm), whereas in the BTO(101) film on CTO(110)/YSZ(001)/Si(001) it is similar to
that of the BTO(001) sample (8 x 10® A cm™ at 45 kV cm!). However, the leakage of
this film increases sharply with the field, while the increase of the BTO(101)/(100) is
smaller.
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Figure A.5 (a) Ferroelectric polarization loops, and (b) leakage current density of the BTO(001)
film on LNO/CeOxYSZ/Si(001), BTO(101)/(100) film on LNO/CeOxYSZ/Si(111), and BTO(101)
film on CTO(110)/YSZ(001)/Si(001).

Conclusion

In summary, suitable selection of buffer layers and silicon wafer orientation permits
control over the crystallographic orientation in epitaxial BaTiOs films. BaTiO3(001),
BaTiO3(101) and BaTiO3(101)/(100) textures can be achieved on LaNiOs/
Ce02/YSZ/Si(001), LaNiOs3/CaTiO3/YSZ/Si(001), and LaNiO3/CeO»/YSZ/Si(111),
respectively. BaTiO3(001) films are fully epitaxial, whereas the other BaTiOs films
present the coexistence of crystal domains. All the films, irrespective of their
orientation, are extremely flat with a low rms roughness (in the 0.4 - 0.8 nm range),
present low leakage (in the 7 x 10 A cm™ - 3 x 1077 A cm™ range at 45 kV cm™') and
sizeable remnant polarization in the 1.9 - 4.5 uC cm™ range. The films can pave the

way towards devices taking advantage of the anisotropic properties of ferroelectric
BaTiO:s.
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