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Abstract

In this thesis the focus was aimed to the monolithic integration of functional oxides on
silicon and to the exploration of interfaces between different oxides and the SrTiO3(110)
and SrTiOs (111) surfaces.

Herein we report the monolithic integration of ferroelectric BaTiOz on silicon, the current
platform for microelectronics. This was done using the LNO/CeQO2/YSZ buffer layer. The
structural and functional properties are investigated. The films are epitaxial an c-oriented.
Very low surface roughness and high ferroelectric remanent polarization are reported. High
crystal quality ferrimagnetic CoFe2O4 was subsequently integrated in the structure. Thus
obtained multifunctional structure shows high structural quality, robust ferromagnetism
and superior ferroelectric properties, all at room temperature. Moreover, we report the
integration of epitaxial BaTiOz on Si using SrTiOs buffer layer. Also in this case the
recorded ferroelectric loops point to the good functional properties of this structure. A
structural and functional comparison is given between BTO grown on the thin SrTiO3 and

CeO2/YSZ buffer layers on silicon.

We also report on the structural and transport properties of LaAlO3z/SrTiOz interfaces, with
special emphasis on the LaAlO3/SrTiO3(110) interface featuring two-dimensional electron
gas (2DEG). Further analysis of the interface structure and chemistry, electronic orbital
hierarchy and superconductivity enriched our knowledge of the 2DEG electronic
properties. Special focus also was given to the conductive interfaces comprising
SrTiO3(110), SrTiO3(111) and amorphous oxides. This study enables us to disentangle the
relative importance of the oxygen affinity of the deposited metals and the orientation-
dependent energy of vacancy formation and diffusion on the creation of oxygen vacancies.
In addition we report the layer by layer growth of Y:ZrO2 on SrTiO3(110), leading to the
epitaxial relationship [110]YSZ(001) //[001]SrTiO3(110). This novel idea of an interface
featuring a symmetry discontinuity with the substrate being the lower symmetry material

paves the way towards development of other innovative oxide interfaces.



Resumen

La tesis aborda la integracion monolitica de oxidos funcionales sobre silicio y la

exploracion de intercaras entre SrTiO3(110), SrTiO3(111) y otros 6xidos

En primer lugar la tesis detalla la integracion monolitica del BaTiOs en silicio, la plataforma
actual en microelectronica. Para ello se ha usado la heteroestructura LaNiO3/CeO./YSZ
como capa de barrera quimica y acomodacion estructural. Se han investigado las
propiedades estructurales y funcionales. Las capas son epitaxiales y orientadas con el eje ¢
perpendicular al substrato, y presentan rugosidad superficial muy baja y alta polarizacion
ferroeléctrica en remanencia. El 0xido ferrimagnético CoFe2O4 fue integrado sequidamente
en la estructura. La estructura multifuncional obtenida presenta alta calidad estructural, con
excelentes propiedades ferromagnéticas y ferroeléctricas a temperatura ambiente.
Asimismo presentamos la integracion de BaTiOs epitaxial sobre Si usando SrTiO3z como
capa de barrera. También en este caso los ciclos de polarizacion ferroeléctrica medidos
sefialan las buenas propiedades funcionales de la estructura. Se presenta una comparacioén
de las propiedades estructurales y funcionales de BaTiOs crecido sobre SrTiOs/Si(001) y
sobre CeO/YSZ/Si(001).

La segunda parte de la tesis se centra en las propiedades estructurales y de transporte de
intercaras de LaAlOs/SrTiOs, con un especial énfasis en el estudio de la formacion de un
gas bidimensional de electrones en la intercara LaAlO3/SrTiO3(110). El analisis de la
estructura y quimica de la intercara, de su jerarquia orbital electronica, y de sus propiedades
superconductoras amplian el conocimiento existente de los gases bidimensionales de
electrones en intercaras de 6xidos. Se han estudiado también las intercaras conductoras
entre SrTiO3(110), SrTiO3(111) y 6xidos amorfos. El estudio ha permitido determinar la
importancia relativa de la afinidad con el oxigeno de los metales depositados y la
dependencia con la orientacion de la energia de formacion y difusion de vacantes de
oxigeno. Ademas la tesis detalla el crecimiento monocapa a monocapa de Y:ZrO, sobre
SrTiO3(110), dando lugar a la relacion epitaxial [110]YSZ(001) //[001]SrTiO3(110).

Representa una nueva intercara presentando discontinuidad de simetria sin presentar



variantes cristalinas gracias a usar la superficie de menor simetria como substrato, y abre

paso al desarrollo de otras intercaras originales entre 6xidos.



Motivation and Outline

Since its discovery microelectronics has been shaping our lives. However, currently we are
reaching the point when the progress in the field becomes hindered by the intrinsic
limitations of the used technology. In order to overcome these shortcomings, we need to
search for new materials, with novel or improved properties. Promising candidates for this
task are functional oxides. The complex oxides feature properties greatly depending on e.g.
lattice distortions and defects, thus giving scientists a great playground. A crucial step in
applying these materials in commercial devices is their integration with current
microelectronic platform. In the last few decades epitaxial films of the most relevant
functional oxides have been achieved on proper substrates. Also, heterostructures
combining different functional oxides, or with new properties emerging from the interface,
have been achieved. More details on the topic may be found in the Introduction in Chapter
1. However, combining complex oxides with other materials, oxides and other types, still

requires important progress.

The thesis aims progressing in relevant objectives in this field:

% Integration of functional oxides on silicon. Here we first focus on the ferroelectric
BaTiOs grown on Si(001). Section 1.3. gives a short introduction to the ferroelectric
perovskites, i.e. the physics and the challenges in their integration with the silicon
platform. Chapter 2 provides information about the growth and resulting structural and
functional properties of the BTO/LNO/CeO2/YSZ/Si structure. In turn, Chapter 4 is
devoted to the analogous structure, but using a thinner SrTiOs buffer layer.

% Combining oxides in multifunctional epitaxial heterostructures. This aim was to
integrate a ferrimagnetic spinel CoFe>O4 and ferroelectric BaTiO3, while the final
structure should have silicon as the substrate. The structural and functional properties
of the multilayer heterostructure are given in Chapter 3.

Creation of functional interfaces with the orientation different from the usual one. In

K/
°e

this case we present (110) and (111) oriented LaAlOs/SrTiO3z conducting interfaces,
therefore having the orientation different than the most studied conventional (001). A

brief summary of the current state of the art in the two-dimensional electron gases at

xii



the interfaces with SrTiOz is given in the Section 1.4. The structural and functional
properties of the epitaxial LaAlOs/SrTiOz interfaces with the (110) and (111)
orientation are given in Chapter 5. In turn, the particular focus on the analogous
interfaces comprising amorphous oxides was given in Chapter 6.

« Employing a single crystalline growth of oxides with crystal symmetry discontinuity at
the interface. At this point we investigate the peculiar case of the layer-by-layer growth
of Y:ZrOz on SrTiO3(110). The details concerning the growth and samples’ structure is
given in Chapter 7.

The final conclusions and perspectives are given in Chapter 8.
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Chapter 1

Introduction

1.1. Complex oxides

Microelectronics is based on semiconductors, materials extensively studied for the last
decades. Currently it is hard to imagine our everyday live without elements like diodes or
transistors. The global semiconductor industry increases its value each year reaching
$335.2 billion in sales in 2015 [2] (Figure 1.1). In order to meet the increasing consumers’
needs for more efficient and cheaper devices, the design becomes more sophisticated.
However, the current technology struggles with its inherent limitations, e.g. the extension
of the Moore’s law (Figure 1.2) via further thinning of the transistor gate dielectric results
in an increased tunneling leakage current, thus leading to high power consumption.

Therefore, the exploration of innovative materials with new functionalities is required.

30.00
25.00 e
20.00 o

15.00 o: ® o

Billions S

10.00 o) o

5.00 669°°

0.00 00000000
1970 1980 1990 2000 2010 2020
January of a given year

Figure 1.1 Worldwide semiconductor revenues (3 months moving average). Data obtained from ref. [2].
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Figure 1.2 (top) visualization of Moore's law for computing, a graph reproduced from ref. [3]; (bottom)
examples of a progress in memory down-scaling across the years.

The discovery of superconductivity in YBa>CusO7.x (YBCO) placed oxides into the focus
of wide research. In contrast to the conventional semiconductors, like e.g. Si, Ge or GaAs,
where the interface phenomena are based on s- and p- electrons, the transition metal oxides
involve electrons in narrow d-bands. This in turn promotes the existence of correlated
states, like (two-dimensional) superconductivity and (anti)ferromagnetism, where the
electron system cannot be described by simple particle physics which neglects the
interactions between the charge carriers. On the list of examples of correlated transition
metal oxides we can find among others: cuprates showing high temperature
superconductivity [4], manganites with their colossal magnetoresistance [5] and vanadium

oxide featuring metal-insulator transition (used in a Mott transistor) [6]. These phenomena
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arise from a nontrivial interplay between spin, charge, orbit and lattice degrees of freedom
(Figure 1.3). In principle, a correlation can be modulated by means of chemical
composition, strain, temperature and/or applied fields, thus allowing tuning the materials
properties to specific needs. Moreover, the constituting transition metal can have different
valence states (e.g. Ti®*, Ti*). This degree of freedom opens a way to electronic
reconstruction at the surfaces and interfaces, apart from the structural reconstruction known
from conventional semiconductors. Complex oxides stabilize in many crystal structures,
often allowing the existence of properties like (anti)ferroelectricity and
(anti)ferromagnetism. The modulation of cation ratio in solid solution, the possibility of
doping by oxygen vacancies and the chemical stability in generally wide span of
temperatures bring about a possible existence of complex phase diagrams with unique
properties. Having all this in mind, there should be no doubt why functional complex oxides
are now main candidates as emerging materials in the International Technology Roadmap

for semiconductors (ITRS)S.

Orbital
Crystal ;
feld Bandwidth
e e
+<_,* Correlated - -
Charge Lattice
Coulomb s Hund's

*‘ } coupling
\ ek
Spin

Figure 1.3 Electronic and structural degrees of freedom in correlated oxides. A diagram reproduced from
ref. [7].

8 ITRS is a set of documents elaborated by a group of semiconductor industry expert with the aim to give the
best opinion on the direction of research in the related areas of technology. http://www.itrs2.net/
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Among complex oxides a very important group is a structural family of perovskites.
Compounds of this class are of key importance mainly due to their wide range of properties
and fairly similar unit cell parameters making possible a growth of multilayer structures.

The following Section 1.2. gives a brief overview on this family.

1.2. Perovskites

ABX3 is the general chemical formula of a perovskite, where A and B denote cations (the
cation A is somehow bigger than the cation B), while X stands for an oxygen or a halogen
anion. For the compounds used in this thesis the X anion is always oxygen, therefore from
now on we will be refereeing to perovskites as ABOs. The perovskite structure can be
described as a network of corner shared BOg octahedra with the A cation being in 12-fold

cuboctahedral coordination (Figure 1.4).

B, e.g. Ti**, A3, Ni3*

[ X, e.g. 0>

Figure 1.4 A perovskite structure ABXz depicted as having in the center a BOs octahedron (left) or an AO12
cuboctahedron (center).

Perovskites are a very diverse group of compounds due to the fact that the generic structure
can underwent many alternations. The degrees of freedom include e.g. a choice of the
constituting cations and an ability to accommodate fairly high amount of vacancies. The
ABO3z compounds can crystalize in many systems, like cubic, tetragonal, orthorhombic,
rhombohedral and monoclinic. Moreover, phase transitions induced by a change in
temperature or pressure are common. This richness of chemistry is reflected in the presence
of variety of physical properties. [8] The perovskite compounds can be insulating,

semiconductive, metallic, superconductive, piezoelectric, ferroelectric, magnetic and



Chapter 1: Introduction

multiferroic. They are important also from the chemical point of view as materials for

energy storage and conversion systems and catalysis. [9,10]

phenomena Ferroelectricity
in the bulk Bait High temperature
ferromagnetism
RReSROT B RO X double perovskites
Pb(MgNb)O, Multiferroicity
BiFeO
Colossal 3

magnetoresistance High temperature

LnMnO, (=LY o)A 100 | superconductivity

. YBa,Cu,0;
Strain induced oxides
orbital order
Interface
Electronic Multiferroicity superconductivity
reconstruction and BaTiO./CoFe,0,

enhanced mobility

) Magneto-electric
at interfaces, | Resistive RAM | junctions

in heterostructures -

Figure 1.5 Functionalities of perovskite oxides as bulk and interface phenomena. Figure reproduced from
ref. [8].

As mentioned in the previous Section, one way to make a further progress in the field of
microelectronics is to employ new materials in devices. A good example of this is the use
of ferroelectric materials, like BaTiOs, as a high-k gate dielectrics in a MOSFET* yielding
a ferroelectric field effect transistor, which has both the memory and the logic
functionality. [11] Other possibility is to integrate a few layers of different materials, which
in turn can bring new properties (like e.g. multiferroicity in BaTiOs/CoFe2O4) or enhance
the ones already present in one of the layers (like e.g. the enhanced ferroelectricity in
BaTiO3/SrTiO3/CaTiOs superlattices [12] or enlarged supercurrent density in YBaxCu3Os.
s/'Y1xCaxBa>,Cuz0O7-5 [13]). In a multilayer structure a key role in the device functionality
may be played by the interface rather than by the bulk properties of the constituting

materials. A great example for this in the world of oxides is the LaAlO3/SrTiO3z interface

4 MOSFET stands for Metal-Oxide—Semiconductor Field-Effect Transistor; it is the most common transistor
type in both digital and analog circuits. High-« (dielectric constant) materials enables lower operating voltage.
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featuring insulator-to-metal transition, which can be triggered electrostatically, giving a

chance to created nanometric size transistors. [14]

In the following Section 1.3. we will shortly discuss the physics of ferroelectrics and
explain the main challenges in their integration on the key substrate of current
microelectronics — silicon. The subsequent Section 1.4. will be devoted to the conduction
at the LaAlO3/SrTiOs interfaces, where certain experimental findings and proposed

theoretical models will be brought up.

1.3. Perovskite ferroelectrics

Ferroelectric materials are those which possess a spontaneous polarization (i.e. existing
even without applying an external electric field) and where this polarization® can be
switched by an application of an electric field. These materials are also pyroelectric and
piezoelectric, which means that a change in the polarization can be induced by a variation
of temperature and strain, respectively. Ferroelectricity was for the first time reported in
1921 for a Rochelle salt (KNaCsH40Os-4H20) [15], where hydrogen bonds rely on the origin
of this property [16]. The discovery in 1945 of ferroelectricity in BaTiOz [17], a simple
inorganic perovskite compound, has triggered a more extended research on this family of

compounds. Nowadays, the perovskite ferroelectrics are still the most studied group.

Perovskite ferroelectric oxides, like e.g. Pb(ZrxTi1x)Os, BisTizO12, and BaTiOs, have been
intensively investigated due to the interest of using them in many devices. Here, to name
just a few, we can mention: non-volatile random access memories, MEMS, optoelectronic
devices and energy storage devices. [18-20] Apart from the functional properties of the
material, one should also keep in mind the manufacturing and the everyday handling
process. In general, it is preferred to avoid a vacuum deposition of materials containing
volatile elements, like Bi of Pb, as they constitute a possible origin of a contamination of

the deposition chamber, a cross-contamination of other materials and an off-stoichiometry

5 Polarization can be defined as a vector field that expresses the density of electric dipole moments in a
dielectric material. For somehow more practical purposes, polarization can be related with the density of an
electric charge developed on the surface of the dielectric.
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of the grown film. Moreover, Pb is a toxic element and policies of many countries are aimed

towards the removal of Pb-containing products from the marked. [21-24]

1.3.1. BaTiOs

BaTiOs (for short BTO) is one of the most studied ferroelectric compounds due to its good
ferroelectric properties (remanent polarization of Pr = 26 nC/cm?), good electro-optical
properties (effective Pockels coefficient of reft =~ 148 pm V1), simple chemical composition
and the fact that it is Bi- and Pb-free.

BTO undergoes a few phase transitions depending on the temperature. At the temperatures
above =~ 120 °C is cubic; this is a paraelectric phase (i.e. without a spontaneous dipole
moment). Below this temperature the arrangement of atoms changes into one of the lower
symmetry lattice systems and the material becomes ferroelectric with given direction of the
polar axis. Upon cooling the bulk material at =~ 120 °C becomes tetragonal (with the polar
axis P along the [001] direction), at = 0 °C orthorhombic (P || [011]) and at = -90 °C
rhombohedral (P || [111]). Therefore, at about the room temperature bulk BTO is tetragonal
(space group P4mm) with the cell parameters ¢ = 4.038 A and a =b =3.994 A (see Figure
1.6 for the visualization of the atomic displacement — the origin of the dipole moment).

@
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Figure 1.6 A unit cell of BTO sketched with atomic radii. The atomic coordinates were taken from ref. [25].
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1.3.2. Growth of BaTiOz on silicon

Despite the vast amount of interesting functional properties of BTO, its applicability in
microelectronic devices is hindered due to the difficulties in its monolithic integration with
the silicon platform. The problem is common also in the growth of other complex oxides

on silicon and includes the chemical stability and structural compatibility issues.

A direct growth of oxides on a silicon substrate is also very relevant for technological
applications. For instance, the direct growth of high-k materials is an important strategy
towards further miniaturization of MOSFETS. In the ideal case, oxides would growth
directly on a silicon substrate yielding an atomically sharp interface. However, it is often
not the case and an additional phase arises at the interface (see examples in Figure 1.7).
One reason for this might be the negative change of Gibbs free energy for the chemical
reactions between silicon and a deposited oxide. [29,30] Apart from pure thermodynamics
of chemical reactions between bulk materials, other factors may play a role, like e.g. energy
of the interface between a thin film material and the substrate, the occurrence of chemical
reactions involving gaseous species and the influence of kinetic barriers. [31,32] In overall,

it is often found experimentally that: the high oxygen pressure used during growth leads to

A0 A0
A0 - — 0
R Si0, A.Si O, @
Si Si Si Si
atomically sharp silicon oxide silicate silicide

oundary

7
= WS ey /S
Pr silicate 8 | KPR A4
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Figure 1.7 Different types of interfaces of oxides with silicon; the illustrative TEM images were taken from
the literature, respectively: silicon oxide [26], silicate [27], silicide [28].
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an interfacial SiOx layer, the use of reducing conditions to silicide, while silicates are often

found during deposition of rare-earth oxides.

Another difficulty arises from a mismatch between thermal expansion coefficients of
silicon and complex oxides. For instance for BTO agrorT = 6.1-10° K%, while for silicon
this value is only asigrr = 2.3-10° K. [33] This discrepancy may have profound
consequences upon cooling of the structure after the deposition. [34,35] The resulting high
residual tensile stress may cause cracks in the film. Moreover, as BTO lowers its symmetry
from cubic into tetragonal, a few orientations of the domains are possible (Figure 1.8) with
different orientation of the polar c-axis. Although BTO films with in-plane polarization are
desirable for many electro-optical applications [36,37], BTO with out-of-plane polarization
is required for e.g. ferroelectric memory devices [38], neuromorphic computing [39] and
quantum computing [40] architectures. Nevertheless, the mechanical clamping of BTO thin
film with the Si substrate -nominally causing a tensile stress- should promote the presence
of a-domains. Consequently, the epitaxial growth of c-oriented BTO on Si(001) is

challenging.

P95 qigh

a-oriented BaTiO, c-oriented BaTiO,

Figure 1.8 Different possible orientations of tetragonal BTO on a substrate.

The epitaxial growth of complex oxides on silicon is usually achieved by the use of buffer
layers. A buffer is a material grown epitaxially on silicon; this layer is further used as a
virtual substrate (a template) for a subsequent growth of other films. Already a high number
of crystalline oxides can be grown directly on silicon [41], making up possible buffer
layers. Today, the most important compounds for this purpose are SrTiOs (STO) and
Y:ZrO2 (YSZ). In fact, already both STO [42] and YSZ [43] have been successfully used
for the integration of high quality ferroelectric Pb(Zr,Ti)Os on silicon. As on this substrate

STO is grown by means of molecular beam epitaxy (MBE), while YSZ is prepared by
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pulsed laser deposition (PLD), the use of the buffer layer finally depends on the deposition
technique available in the laboratory. Below we will shortly present the most widely used
buffers for the growth of BTO on Si.

At the end of the 90’s researchers from Oak Ridge National Laboratory achieved an
epitaxial growth of STO on silicon with an atomically flat interface. [44] The strategy used
by them relied on the deposition by MBE of alkaline metals (as Sr) on a bare Si(001); in
this case the resulting SrSi> permitted subsequent growth of SrO and STO. This finding has
started the use of STO as a buffer layer on silicon. The later protocol modifications by
Motorola [45,46] enabled the growth of STO with high crystalline quality and flat surface
even with no interfacial SiOz layer. In any case, the deposition of STO on Si requires a very
accurate control of oxygen pressure and temperature. By now, only a few groups have
reported c-oriented epitaxial BTO on STO/Si(001) [36,47-54] and none of these papers
reports a ferroelectric polarization loop as a direct proof of ferroelectricity.

The other buffer commonly used in the growth of complex oxides on Si(001) is YSZ. This
material is generally grown by means of PLD resulting in a flat surface and an almost SiOx-
free interface. In order to achieve the high quality buffer, YSZ initially is grown on as-
received silicon substrate at ultra-high vacuum or at very low oxygen pressure and
temperature T = 800 °C. Under these conditions the deposited Y and Zr reduce the native
silicon oxide yielding an epitaxial thin layer of YSZ (see Figure 1.9). [55] Further growth
of YSZ is conducted at low oxygen pressure, suitable for growth of this oxide. As this
material features high oxygen permeability, at high temperatures oxygen from the
deposition chamber diffuses through it to the silicon substrate resulting in a thin layer of
amorphous SiOx. This buffer structure was used in the integration of BaTiO3(110)/SrRuQO3
bilayers on silicon microcantilevers, with possible future applications in
microelectromechanical systems. [56] Moreover, very recently good ferroelectric
properties of BTO grown on silicon have been reported for a complex
YSZ/SrOx/STO/LSMO buffer structure. [57]

Yet another strategy is based on growing directly on silicon a buffer layer, which at the
same time can serve as an electrode. One example is a very thick layer of LaNiOs. In this
case the growth of c-oriented BTO was achieved. The reported ferroelectric loops indicate
a high remanent polarization of up to around Pr = 10 pC/cm?. [58] On the down side, apart

from the usual overall high thickness of the BaTiO3z/LaNiOgz bilayer, the films are very
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Figure 1.9 The growth mechanism of YSZ on a silicon substrate. The representative TEM image of the
YSZ/Si interface was taken from [72].

rough [33,59-61] and show a polydomain structure with both the a- and c-domains [58,62—
64]. Such microstructure typically causes leakage and fatigue in ferroelectric films and
therefore, this solution seems to be impractical in commercial devices. Similarly, the use
of other conducting oxide CaRuOs yields rough and polycrystalline BTO. [65] In addition
many reports have been devoted to the growth of BTO on the Pt-metallized Si(001)
substrate. However, also in this case the films show polycrystallinity or high
granularity. [66-68,61,63] Here, another problem is the low thermal stability of Pt at the
temperatures used for oxides deposition, [66,69,70] and a proper choice of an adhesion

interlayer between Pt and silicon plays a main role [71].

The BaTiOs layers grown by us (described in Chapter 2) and BaTiO3z/CoFe2O4 bilayers
(Chapter 3) are based on the YSZ buffer. This is due to the high quality of the YSZ/Si
virtual substrate and the availability of the pulsed laser deposition technique in our
laboratory. In addition, in Chapter 4 we present the structural and ferroelectric properties
of BTO samples we have grown on the STO/Si platform. An advantage of this buffer is the
possibility of using the overall lower process temperature, approaching the maximum

temperature compatible with CMOS processes, usually being an asset in industry. All the

11
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above-mentioned structures, grown on either YSZ/Si or STO/Si, contain LaNiOs as the

bottom electrode, as described below.

In order to investigate the functional properties of our BTO films we need to growth them
in between two electrically conductive layers, i.e. electrodes. The choice of electrodes is
very important, as it will influence the electrical and ferroelectric properties of the studied
material, and in the particular case of the bottom electrode also the film structure. The
electrode materials used for epitaxial growth can be roughly divided into three groups:
noble metals (e.g. Pt, Au, Ir, Ru), conductive rutile-type metal oxides (e.g. IrO2, RuO>) and
conductive perovskite oxides (e.g. LaNiOs, (La,Sr)CoOs, (La,Sr)MnOz, SrRuOs,
YBa>Cuz07.x). Among them, LaNiOs (for short LNO) is our bottom electrode of choice,
combining: good lattice matching with BTO, simple structure and the fact that in the wide
temperature range (between 1 - 1000 K) it is metallic, but still paramagnetic and does not
undergo any phase transition. [73] This enables the epitaxial growth of BTO and does not
interfere with ferroelectric nor magnetic measurements at these temperatures. In addition,
this complex oxide has a thermal expansion coefficient of ainorT = 12.9-10° K1 [33], thus
more than BTO. Its eventual relaxation during cooling down from deposition temperature,
if occurred, would reduce the tensile stress on BTO due to its thermal mismatch with the

silicon substrate.

While growth of the BTO/LNO perovskite bilayer on the STO perovskite buffer is not
burdened with large lattice mismatch, the use of the fluorite YSZ buffer is more challenging
(Table 1 lists the lattice mismatch). To overcome this difficulty an additional buffer layer

Table 1 Bulk lattice parameter of BTO (“a” parameter), LNO, Ce02, YSZ and Si, and lattice mismatch®
(“f>) respect to the closest bottom layer.

BaTiOs LaNiO; CeO, YSZ Si
a (A) 3.994 3.86 5.41 5.14 5.431
a (A)/ 2 3.825 3.635 3.840
f —3.36% —0.90% —4.99% 5.66%

8 In this thesis the lattice mismatch will be defined as f = (a, — ay)/ay, where a, and a, are the relaxed lattice
constants of the upper and bottom layers, respectively. [74]

12
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of CeO2 was used, thus resulting in the final BTO/LNO/CeO,/Y SZ/Si(001) heterostructure.
The used complex buffer structure between the functional BTO and the YSZ/Si template
allows a progressive accommodation of the huge lattice mismatch of -8.9 %, which
otherwise could result in a full plastic relaxation and polycrystallinity of BTO.

As a matter of the epitaxial relationship between the layers’, YSZ and CeO2 grow cube-on-
cube on Si, while LNO grows rotated 45° degrees in plane on CeOz. This can be readily
inferred from in-situ observations by reflection high energy electron diffraction® (Figure
1.10). Here it also becomes apparent that CeO» prefers to growth on YSZ/Si in the 3D
fashion, instead in the layer-by-layer mode®. This is also reflected in the roughness of the
bottom LNO electrode.

45° rotation

Figure 1.10 Reflection high energy electron diffraction patterns of the buffer layers recorded in-situ after
the deposition of each layer.

1.3.3. Growth of CoFe204 0n BaTiOs3

Additional functionality may be added by growing a ferromagnetic film on the ferroelectric
BTO. In this case we can obtain a multiferroic material, i.e. a material that possesses more

than one ferroic order. Here our ferromagnetic® film of choice is CoFe,O4 (for short CFO),

7 For more detail on the structural studies head to the Section 2.2.

8 For more details concerning this technique head to the Section 1.6.3.

® For more details on the growth mode head to the Section 1.6.2.

10 Although in fact, CFO is a ferrimagnetic material, in the thesis we will use the term ferromagnetic to
describe the magnetic response of CFO.

13
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an insulating material with M = 3 ug/f.u., Néel temperature Tc = 520 °C and a large
magnetostrictive coefficient. [75] CFO has a spinel crystal structure with the unit cell

parameter a = 8.392 A.

Despite suitable physical properties, high quality growth of CFO on BTO constitutes a
challenge due to the structural dissimilarities. The ideal crystal structure of a spinel has a
close-packed faced centered cubic (fcc) oxygen sublattice with interstitial tetrahedral (A)
and octahedral (B) sites occupied by di- and tri-valent cations (see Figure 1.11 (a)). The
unit cell contains 8 formula units and is much larger than the perovskite one. CFO has as-
called inverse structure, where divalent M 2* cations are found at B-sites and trivalent N *3
cations are equally distributed over A and B sites; this gives the general formula (N 3")A [M
2*N 3*]BO4. Moreover, CFO with its large a/2 = 4.196 A should grow under a significant
compressive epitaxial stress over a c-oriented BTO (lattice mismatch -4.81 %).

(a) |CoFe,0, - spinel  a,=8.392 A

ra

Tetrahedral intersice

<

& Oxygen
@ Cation Octahedral

. Octahedral intersice
@ Cation tetrahedral

Figure 1.11 Structure and morphology of spinels: (a) a schematic CFO unit cell with inverse spinel
structure [76], (b) SEM image of a {111}-facetted pyramidal islands in a (001)-oriented CoCr204 film
grown on a MgAI204(001) substrate. [77,78]

Yet another challenge in achieving flat epitaxial CFO on BTO(001) is overcoming the
thermodynamic limitation of growing (001)-oriented spinels. The surface energy v in this
case is highly anisotropic (yo1) = 10-yq11)) [79], thus the film prefers to grow in the form
of {111}-facetted pyramids leading to a rough surface (see an example corresponding to
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CoCr204 on the (b) panel in Figure 1.11). In order to suppress the 3D growth mode, we

have deposited the CFO films under the conditions of kinetic limitation. [80]

1.4. 2DEG at the interfaces with SrTiOs

As we go down with the size of a device, the physics at the surfaces and interfaces have a
predominant role. In many cases the useful functionality of a complex structure relies on
the charge transport along or across an interface, like e.g. in case of p-n junctions in
semiconductor devices. This situation was accurately described by the Nobel laureate H.
Kroemer who said: “Often, it may be said that the interface is the device.” [81] Here it is
important to point out that interface may largely vary from the bulk of the material. First of
all, at an interface the translational symmetry is broken, which may drive to atomic or
electronic reconstructions and eventually can also alter the crystal fields felt by ions in the
lattice. In addition, many defects, like e.g. point defects and dislocations, tend to have
higher density at an interface. Finally, interfaces and surfaces are more prone to changes in
chemical composition. All of this may substantially alter the electronic band structure of
bulk materials allowing the exploitation of surface and interface effects to design devices

for new applications.

The current Section 1.4. is devoted to the LaAlOs/SrTiOz interface, for which an
unexpected interface conductance was first reported by A. Ohtomo and H.Y. Hwang in
2004 [82]. Despite the fact that the bulk constituting materials are band insulators, the
interface is conductive for certain interface atomic compositions. Subsequently, other
phenomena, e.g. superconductivity and ferromagnetism were also reported for this interface

by different groups.

1.4.1. SrTiOs

Due to its appearance similar to diamond, strontium titanate SrTiOs (usually abbreviated to
STO) was used as a gemstone between 1950-1970 (see Figure 1.12). The fact that STO has

a “fire” (light dispersion) greatly exceeding that of diamond made it especially appealing

15



Chapter 1: Introduction

for jewels and ornaments. In spite of that, the Mohs hardness of just 5.5 makes it unpractical

in everyday jewelry, which may explain the decline over the years for these applications.

Figure 1.12 STO cut and polished as diamond (left), the same crystal after reduction (right) — the removal
of oxygen atoms from the surface makes it conductive and thus opaque. Pictures taken from [83].

Nowadays STO is particularly important as a substrate for many oxides. This is mainly due
to similarities in the structure and the lattice parameter as well as relatively small reactivity
upon a deposition of an overlayer thin film. The possibility of producing good quality single
crystals at affordable prices is another key aspect making STO the substrate of choice for
many structures. Examples of epitaxially grown functional oxides include ferroelectrics
(perovskites), conductive oxides (nickelates and ruthenates), high temperature
superconductors (curates), colossal magnetoresistance materials (manganites) and

insulating buffer layers (fluorites).

At ambient conditions STO adopts a cubic perovskite structure (space group Pm-3m) with
the cell parameter of 3.905 A. Below 105 K it adopts a tetragonal structure (space group
I4/mcm) with slightly rotated TiOe octahedra around the z axis (up to 2.1° at 4.2 K). This
is the so-called tetragonal antiferrodistortive (AFD) phase, in which the original cubic unit

cell is deformed according to the c/a ratio, which can reach ~1.0009 at 10 K.

Stoichiometric STO has an indirect band gap of 3.25 eV and is a band insulator. For the
purpose of comparison, we remind that the semiconducting intrinsic silicon has an indirect

bang gap of about 1.12 eV at room temperature. Introducing oxygen vacancies into the
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structure of STO increases the charge densities leading to a metallic or even
superconductive state, the latter having its maximum transition temperature T¢ (< 500 mK)
at the doping level 10%° — 10?* cm™ [84]. The metallic state can be reached also by different
ionic substitutions, e.g. Nb for Ti or La for Sr [85], which is used to produce a commercially

available Nb:SrTiOgz substrate which shows n-type conductivity.

STO is an incipient ferroelectric maintaining its paraelectric phase downto T > 0 K [86]
However, strain can stabilize a ferroelectric phase even at room temperature. [87] Single-
crystal single-domain STO has static dielectric constant ranging from a few hundred at
room temperature [88,89]. Due to its high permittivity STO can be used as agate dielectric

in field effect devices.

1.4.2. LaAlOs

Lanthanum aluminate LaAlOs (LAO for short), similarly to the STO single crystals, is used
as a substrate for deposition of various perovskites, e.g. cuprate superconductors. [92]
Upon cooling it undergoes a phase transition from a cubic perovskite (space group Pm-3m)
to a rhombohedrally distorted perovskite (R-3C) at about 813 K. [90,93] The symmetry
lowering involves small antiphase rotations of AlOg octahedra up to 5.6° at 4.2 K (see
Figure 1.13 (a, b)). The lattice distortion resulting from the cubic to rhombohedral
transition yields the formation of (100) and (110) twins [94] (the panel (c) in the figure),

which can have an adverse effect on the overlayer film quality. The low temperature phase

Figure 1.13 LaAlOs: (a) cubic and (b) rhombohedral, viewed down [001]trigonat and thus <111>cuvic [90];
(c) optical microscope view of the rhombohedral phase showing twin boundries [91].
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can be indexed as a pseudocubic perovskite with the lattice parameter of a = 3.791 A. This
gives a lattice mismatch between LAO and STO of about 3%, which is high, but still

permits achieving a good epitaxy.

Concerning the electronic properties, LAO is a band gap insulator with the energy gap of
5.6 eV and has a dielectric constant of around 24 from room temperature down to 4
K [95,96]. This places it among high-«k oxides; however due to its reactivity with silicon at

high temperatures its application in this field is limited. [97]

1.4.3. Crystalline LaAlO3/SrTiOs systems

As stated above, sometimes the most interesting phenomena happen at the interface. A great
example of this is the LaAlOs/SrTiOz interface. This structure was placed in the spot light
by a Nature publication of 2004 by A. Ohtomo and H. Y. Hwang. [82] In the manuscript it
was shown that the interface between the two wide-bandgap insulators exhibits metallic
conductivity, with free electrons being the charge carriers. The epitaxial growth of LAO on
(001)-oriented STO was achieved by pulsed laser deposition. At this orientation the STO
substrate can be terminated by a TiO2 or a SrO layer. Interestingly, a conductive interface
could be achieved only in the case of a TiO>-terminated substrate (see Figure 1.14) [98], a
fact that has been confirmed by all experiments reported so far. It is well established that
the conductivity originates from free electrons localized in a thin layer of STO in a close
proximity of the interface. [99-101] Therefore, we use a term two-dimensional electron gas
(for short 2DEG).

Afterwards other properties of the LAO/STO(001) structure were reported, like a tunable
metal-insulator transition [102], magnetism [103], electrostatically modulated 2D
superconductivity [104] or room temperature giant persistent photoconductivity [105].
These unexpected findings have triggered a huge research on this topic, which is not

expected to fade soon.
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Figure 1.14 A sketch of two possible stackings of LAO/STO(001) within an ideal ionic limit. The
LaO/TiO2/SrO (left) results in a conductive structure, while the LaO/AlO2/SrO (right) not.

After over 10 years from the discovery, the origin of 2DEG at the LAO/STO interface is
still debated, although the most accepted mechanism is the polar catastrophe scenario,
proposed in the first publication on the topic [82].

The polar catastrophe scenario takes into account that the n-type conductivity has been
found at the interface between TiO,-terminated STO(001) and epitaxially grown LAO(001)
of a thickness above tc = 4 u.c. of LAO (about 1.52 nm). [106] Using SrO-terminated
substrate results in insulating interface (i.e. room temperature resistance above 10° Q); the
interfaces are also insulating when the LAO layer is thinner than the critical thickness tc.
To understand the proposed mechanism, we have to take a look at the ideal atomic stacking
at the LaO/TiO2/SrO and LaO/AlO./SrO interfaces (see Figure 1.15). A generic perovskite
of the formula ABO3 along the [001] direction is composed of alternating layers: AO and
BOo. In the case of STO it means SrO and TiO- layers. Both of them carry zero net charge
(are neutral) due to the formal charges Ti**, Sr?*, O%. On the contrary, in the case of LAO
we have alternating plates LaO* and AlO2", which are charged. This results in a polarity
discontinuity at the interface. By integrating the Poisson’s equation for the two systems we
can see that the electrical potential increases monotonically from the interface across the
LAO overlayer. This situation is not favorable energetically. The polar catastrophe scenario
is also known for heterointerfaces between classical semiconductors, e.g.
GaAs/Ge(110) [107]. There, the way to lower system energy is an atomic reconstruction at
the interface. This redistributes the charges of the atomic layers causing an electrical field
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to oscillate around zero and the electrical potential to remain finite. The price to pay is
usually a rough interface caused by the atomic intermixing. In the case of oxides having in

the structure a transition metal, we have an extra degree of freedom — the valence state of

the element.
(a) , o
- (AR —
1- A «— a2 g 1 |,
— € " R ‘
1~ O «— e - T —
T ™ —
ef2 - TiR5+04- «
ol see ‘
0 Tit04- Electronic

0. s reconstruction

b ’ d p

(b) @, 2
. —— 2 € | p————
. I — 2C . I —
Llomor | 2 S 1. I —
ooosee | o i NSEOTEA >
0 Ti+04- ‘ 0 Ti**04- ;
0 Sr2+02- 0 “ { Atomic : \
0 Ti*04- ' 0 Ti*+04- | reconstruction

Figure 1.15 A drawing explaining the polar catastrophe scenario. The structure based on STO(001) (a)
TiO2-terminated and (b) SrO-terminated. The corresponding electronic reconstruction is explained in the
panels (c) and (d), respectively. The numbers denote the formal valence state of the corresponding atomic
layers, the other symbols are: p — net charge, E — electric field, V — electric potential. Adopted from [108].

To avoid the polar catastrophe in the LaO/TiO2/SrO-based stacking, we need to transfer
one electron per two two-dimensional unit cells (e7/2 u.c.) from LAO to STO across the
interface (Figure 1.15 (c)). The electrons may originate from e.g. oxygen vacancies at the
surface of LAO and be accommodated on free Ti-3d orbitals (formal charge Ti***) and
creates the 2DEG. Note that the overall structure remains neutral. On the other hand, to
avoid the potential divergence in the LaO/AlO2/SrO-based system, we need one hole per
two two-dimensional unit cells (h*/2 u.c.) in the SrO layer (Figure 1.15 (d)). This would
result in a p-type conductivity, which has not been observed experimentally. The reason
for this is that there are no available mixed-valence states to accommodate the generated
holes (like e.g. Ti***, which is not accessible energetically). For this system the only
possibility is an atomic reconstruction involving e.g. creation of oxygen vacancies at the

interface.
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Despite the fact that the polar catastrophe model seems to explain well the insulating nature
of the LaO/AIlO,/SrO interface as well as the critical thickness of the LAO film for the onset
of conductivity at the LaO/TiO2/SrO interface [109], there are certain experimental
findings not fitting well in this simple picture. The theory predicts at the interface the
presence of the charge carrier density equivalent n = 0.5 e /Sstopor) ~ 3.28-10'* cm™?
(Sstoon) is the area of one 2D unit cell of STO(001), equal 3.9052 A?). Nevertheless, the
Hall measurement transport data indicate a lower value of the order of 103, Moreover, the
expected internal electric field across LAO has been found to be much lower than resulting
from the theory [110]. On the other hand, these discrepancies arise from the simplest model,
assuming presence of an atomically sharp defect-free interface. In fact, it has been observed
that atomic intermixing occurs at the LAO/STO(001) interface. One should bear in mind
that the interface disorder can have strong impact on charge profile and the electronic band

structure. [111-113]

Other possible scenarios include cationic intermixing or the presence of oxygen vacancies
at the interface. The intermixing mechanism is based on the fact that the LAO/STO
interface has been found to feature certain interdiffusion [108,114,115] and the fact that the
La;—«Sr«xTiOz solid solution is metallic for the wide doping range of 0.05 < x <
0.95 [116,117]. On the other hand, it is known that oxygen vacancies act as electron donors
and that they can be introduced in STO upon heating the substrate at low oxygen
pressure. [118] However, neither intermixing nor the oxygen vacancy model seems to
easily explain the tc = 4 MLs, neither the insulating state of the LaO/AlO/SrO interface.
Furthermore, sintering LAO and STO compound results in an insulating
material [109,119], while the annealing does not eliminate the metallic conductivity from
the LaO/TiO2/SrO interface [118]. Upon considering different atomic arrangements in
order to understand the origin of the reach physics at the LaO/TiO./SrO-based interface,
probably it should be pointed out that the very interface is composed of a one unit cell
LaTiOs3 (at least within ideal ionic limit). Stoichiometric LaTiO3z is a Mott-insulator [120],

and thus a correlated material, in contrary to STO and LAO.

At the time of the beginning of the thesis, there were no reports discussing 2DEG at
interfaces with STO of an orientation different than the (001). One reason for this might be
a strong believe in the polar catastrophe scenario, which relies on a presence of polarity
discontinuity at the interface, like in the case of LAO(001)/STO(001). In contrast, the
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heterostructures built by the growth of perovskite oxides on STO(110) do not exhibit any
polarity discontinuity within an ideal ionic limit (see Figure 1.16). This is due to the fact
that perovskites, having a general formula ABO3, along the <110> direction are composed
of alternating layers [O2]* and [ABO]**. The formal valence of each layer is independent
of the cationic composition A and B and is the same for both LAO and STO. This means

that the interface was expected to be insulating.
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Figure 1.16 The ideal atomic stacking at the LAO/STO interfaces of the three mostly used crystal
orientations of the STO substrate.

In principle, the growth of films on perovskite substrates with an orientation different than
(001) may bring about certain difficulties. The phenomena of our interest originate from
the interface, thus in order to obtain a high quality sample we have to be able to use
substrates of low roughness (to get a well-defined interface) and to achieve epitaxial growth
(to lower the amount of defects in the film close to the interface). The (110) and (111)
surfaces of STO are polar and, thus, the substrate surface usually presents atomic
reconstructions or are covered by adsorbates. [121] Moreover, the (110) and (111) planes
in perovskites have higher energies than the (001) plane. Due to the higher surface energy

growth may result with faced islands rather than well-defined terraces and steps.

Having these issues in mind, we have to ask what we can learn from investigating
LAO/STO structures other then (001)-oriented. One general interest is in investigating the
influence of anisotropy on oxide properties. [122] Particularly in our case, the possibility
of achieving 2DEG along interfaces other than (001) would allow engineering the electron

band structure and modulate the device properties. [123] Moreover, isopolar interfaces (e.g.
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LAO/STO(110)) may avoid the possible creation of additional defects, like e.g. resulting
from cation intermixing at the interface donor-acceptor antisite defect pairs. [111] In
addition, STO along <111> features a Ti** bilayer forming a honeycomb lattice (thus
resembling the structure of graphene), where it was predicted the presence of topological
phases. [124,125]

To date there are several reports on crystalline STO(001)-based interfaces hosting 2DEG
that utilize a different capping layer than LAO, e.g. LaGaOs [126], CaZrOs [127], LnTiO3
(where Ln is a rare earth element) [128] or even a spinel y-Al>O3 [129]. Another group of
materials resulting in the creation of 2DEG at the interface upon deposition on an STO
substrate are amorphous compounds [118,130-135]. Here the film’s critical thickness tc
for the onset of conductivity is a function of the deposition pressure [118,131]. In the case
of interfaces comprising an amorphous compound the scientific community agrees that
oxygen vacancies localized at the vicinity of the interface are the source of charge carriers.
The role of the thin film chemical composition on the creation of the conductive interface
is explained by a different oxygen affinity of the constituting metallic elements.
Nevertheless, before the beginning of the thesis, the influence of the substrate orientation
on the chemistry and the process for the creation and diffusion of oxygen vacancies was
unclear, and therefore, the effect of crystal orientation on the physical properties of

interfaces between amorphous oxides and STO was unexplored.
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Figure 1.17 A short comparison between classical semiconductors and LAO/STO oxide based structures.
The picture on the left shows GaAs wafers [136] (used as substrates in n-AlGeAs/i-GaAs high electron
mobility transistors), while the picture on the right features a conductive LAO/STO sample [137].
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At this point it should be clear that complex oxides are an interesting group of materials for
the use in microelectronics (see Figure 1.17).[122,137] This is mainly due to their
functional properties, like a possible existence of phase transitions or the presence of
correlated states, absent in conventional semiconductors. The devices based on the
LAO/STO interface distinguish themselves by a very small feature sizes of a few
nanometers and excellent on-off ratio of the metal-insulator transition of orders of
magnitude; recently working examples of integrated circuits have been reported [138].
Better understanding of the physics at the interface brings us closer to the commercial
applications; nevertheless, for this more fundamental research is needed. Our contribution
in this task was the exploration of other interfaces featuring 2DEG, based on STO(110) and
STO(111).

1.5. YSZ/STO interface

The LAO/STO interface, presented in the previous Section, is one of the most significant
examples showing how important role in an entire structure can be played by the interface.
Other interface that is of major interest is the YSZ/STO interface, where it has been reported
an increase of ionic conductivity of a few orders of magnitude compared to bulk YSZ
electrolyte [139]. This was attributed to the disorder of the oxygen sublattice at the interface
caused by a high 6.9% mismatch between YSZ and STO [139,140] (Figure 1.18 left panel).
This discovery could pave the way for applying this interface as an electrolyte [140] or a
cathode [141] material in ultrathin monolithic Solid Oxide Fuel Cells (SOFC)
devices [142] operating close to room temperature (Figure 1.18 right panel).

In general, interfaces featuring symmetry discontinuity could bring about new properties.
Therefore, it seems interesting to investigate the growth of YSZ on STO with dissimilar
crystal orientations. This could provide better understanding of the oxygen exchange across
interfaces, in particular the role of crystal symmetry on ionic diffusion. Unfortunately,
different growth strategies to obtain the YSZ(hkl)/STO(001) structure with symmetry
discontinuity at the interface yielded rough and textured polycrystalline films. [140,143]

Here we present a different approach based on lowering of the substrate symmetry.
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Figure 1.18 (left) A sketch of the YSZ(001)/STO(001) interface adopted from [139]; the arrows indicate
the interface with the oxygen sublattice featuring oxygen vacancies — the cause of the high ionic
conductivity. (right) A sketch of a single chamber configuration of a micro-SOFC where high interface
conductivity can be used, after [142].

Changing the out-of-plane orientation of the film with respect to the substrate commonly
results in hindering the crystalline quality. In particular, the growth of (110)-oriented films
on (001)-oriented substrates produces different crystal variants due to lowering of the
symmetry. [144] Examples include SrRuO3(110) [145] and SrTiO3(110) [146] on
YSZ(001) or Sr(Ti,Fe)O3(110) on CeO2(001) [147]. On the other hand, growing a higher
symmetry (001) film on a lower symmetry (110) substrate could produce a single-
crystalline interface, without crystalline variants of the film. Herein we utilize this novel
approach by growing single domain YSZ(001) on SrTiO3(110) in a layer-by-layer mode.
This structure features the discontinuity of both the crystal symmetry in the interface plane

and the atomic stacking across it.

1.6. Methods

In this section we will shortly introduce the principles of the essential techniques for the
thin films deposition and measurements. First, we explain the basics of the pulsed laser
deposition, subsequently we remind the basic consideration of the thin film growth and
introduce the reflection high energy electron diffraction technique for the growth
monitoring. The next subsection deals with the transport measurements at low
temperatures, essential for probing the metallic state at the LAO/STO interface. The last

subsection explains the basics of the ferroelectric characterization of BTO on silicon.
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1.6.1. Pulsed Laser Deposition

The research in the field of complex oxides was hindered for a long time due to the
difficulties in the material growth, mainly related to their stoichiometry and complexity of
the crystal structure. Therefore no wonder that the discovery in 1986 at IBM Zurich of the
high temperature superconductivity in polycrystalline BaxLas—xCusOs3-y) [148] and the
year later a successful growth of a superconducting Y-Ba-Cu-O thin film in New Jersey
USA [149] by means of Pulsed Laser Deposition (PLD) has attracted a huge attention of
the scientific community. The resulting progress in understanding and development of the
PLD technique was a key step in improvement of the growth of oxide multilayers. As a
result, nowadays oxide heterostructures can be grown chemically abrupt and with high
crystalline perfection; being possible to change between the grown materials over a

distance of a single unit cell [150].

PLD is a physical method of deposition based on a material ablation upon an interaction
with laser pulses. Figure 1.19 presents a sketch of a typical PLD set-up. The set-up*! used
in this study is powered by an excimer KrF laser*? with the wavelength A = 248 nm and the
pulse duration of 20 ns. On the laser beam path is placed a mask which cuts off its less
homogeneous part. By means of mirrors, a lens and a transparent window, the beam is
focused onto a ceramic target placed inside a vacuum chamber. Inside the chamber filled
with oxygen at given pressure the beam irradiates a small area of the target causing its
ablation. This is a high energy process far from equilibrium resulting in creation of a plasma
plume composed of a stoichiometric composition of the target material species. The plasma
entities are ejected in the direction perpendicular to the target surface, in the direction of
the substrate, typically a heated single crystal, and on their way they react physically and
chemically with oxygen. This is to say, that the gas composition and partial pressure are
the means to control the chemistry and kinetics of the arriving particles. When the material
approaches the surface atoms rearrange, nucleation and growth occurs. Here it is important
to point out that, in the case of PLD, the growth is dictated by short laser pulses with much

slower surface diffusion process occurring between pulses. [151] The use of the resulting

11 Twente Solid State Technology (TSST) company, http://www:.tsst.nl/
12 Coherent company, https://www.coherent.com/
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Figure 1.19 A sketch of a PLD set-up. The above picture presents the inside of the chamber during a film
growth.
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high supersaturation during a deposition pulse and reducing the time between pulses
permits overcoming thermodynamic growth conditions. A good example of this is a growth
of (001)-oriented CoFe2O4 spinel (discussed in Chapter 3). The overall deposition process
involves many tunable parameters, like laser energy density (fluence), size of an irradiated
target area, laser frequency, target - substrate distance, oxygen pressure and substrate
temperature. This richness of the degrees of freedom makes PLD a top research tool for the
high quality thin film growth, but by the same token it makes it more difficult to control.
Another issue is the lack of homogeneity in thickness and composition of the grown
material at a large surface area; however constant improvements may soon solve these

problems [152] and in fact PLD is used on industrial scale already today. [153]
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1.6.2. Films growth

When the material ablated from the target reaches the substrate, its adsorption takes place,
possibly followed by surface diffusion and nucleation. Chemical reactions at the surface
and the material desorption also may occur. As the deposited material coalesces, the way
the thin film will grow is governed by the interplay of thermodynamics and kinetics. The
most common growth modes are: layer-by-layer (2D growth, Franck van der Merve),
islands (3D growth, Vollmer-Weber) and layer plus island (2D-3D growth, Stranski-
Krastanov). For the comparison see Figure 1.20. Whether the growth will occur in the 2D
or 3D fashion depends on the bond strength between the atoms within the deposited layer
and the layer-substrate bonds. The 2D growth mode is usually the most desired as it results
in a well-controlled atomically smooth surface of the deposited layer. A condition for the
occurrence of this mode is defined in terms of the surface energy:

Vfilm + Vinterface < Ysubstrate EQ- 1

This is to say that the sum of the surface energy of the growing film and the interfacial
energy of the film and the substrate must be smaller or equal the surface energy of the
substrate (at thermodynamic equilibrium). In addition, during the growth a transition from
2D growth mode to the 3D one may occur. This as-called Stransky-Krastanov (2D-3D)
mode is explained considering an additional contribution of elastic energy that increases
with thickness, being lower when islands form. Moreover, among the 2D growth modes we
can distinguish the layer-by-layer growth mode and its variation - the step flow growth,
with the later one characterized by the constant average step density. These both modes are
driven by the ration of the mean surface diffusion length of adatoms (1) and the terrace
width of the substrate surface (W), with the layer-by-layer growth mode being favored for
A <W (and the step flow for 4 > W). Needless to say, 4 is governed mainly by the deposition
temperature, the surface termination and the deposition rate, while W is given by the

substrate miscut angle.
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Figure 1.20 The three most common growth modes: layer-by-layer (a), islands (b) and layer plus island
(c); step flow growth is a variation of the layer-by-layer growth mode and is illustrated in (d).

When the film grows in the layer-by-layer fashion, the thickness of each new layer of the
material is a multiplication of the thickness of as called monolayer (ML). In this thesis, a
monolayer is defined as a minimum number of atomic planes in a given crystallographic
direction ensuring the film stoichiometry (being equal to the one of the target’s bulk
material) and the electrical neutrality. [154] Therefore, in the case of complex oxides, a
monolayer is sometimes referred as a molecular layer. The Figure 1.21 depicts a few
examples. For instance, while a thickness of one ML and one unit cell (u.c.) in the case of
STO(001) is equal (3.905 A)®, in the case of the (110) orientation a thickness of one ML
is nominally only 3.905-%4V2 A = 2.761 A. In the case of Y:ZrO(001) one u.c. is
equivalent 2 MLs.

13 STO(001) as well can be grown by an alternating deposition of electronically neutral SrO and TiO; (from
two different targets). In this case each of this layers can be defined as a monolayer.
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Figure 1.21 A concept of a monolayer. (a) SrTiOs grown along the [001] direction, (b) SrTiOs grown along
[110] (a unit cell marked as a square, the arrows indicate distinct atomic planes), (c) Y:ZrO2z grown along
[001] (for the sake of clarity, the Zr substitution for Y and the presence of oxygen vacancies are neglected).

The growth in the ML-by-ML rather than u.c.-by-u.c. fashion is quite common for
compounds having in the unit cell a few molecular formulas, in case of both conventional
semiconductors [155] and oxides [129,156]. Therefore, the concept of a monolayer is
important e.g. in the determination of the deposition rate. The growth of thin films can be

monitored in-situ using reflection high energy electron diffraction.

1.6.3. Reflection High Energy Electron Diffraction

Reflection High Energy Electron Diffraction (RHEED) is an analytical non-destructive
method providing information of the morphology and the crystal lattice at the surface. It
can be used for growth monitoring, thus quite often it can be found integrated in PLD and
MBE? deposition set-ups. This technique is based on diffraction of high energy electrons
from the sample surface. The electron beam -coming from a filament- is focused at the
sample at a low incident angle (usually 8 < 4 °). Our set-up*® equipped with a differentially

pumped electron gun uses the electron energy equal 30 keV, corresponding to the de

14 Molecular Beam Epitaxy, a technique for physical deposition of thin films. It is based on a slow evaporation
of predominantly pure elements that upon condensing on a substrate form the film.

15 STAIB Instruments: http://www.staibinstruments.com, k-Space software: http://www.k-space.com; the
development of high pressure RHEED: ref. [157,158]
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Broglie wavelength of 0.07 A. This configuration allows us to see diffraction caused only
by the atoms located in the last atomic layers. After interacting with the sample the beam
Is projected onto a phosphorus screen. Among the Bragg’s reflections, it can be seen the
specular spot, the direct beam and the Kikuchi lines (Figure 1.22).

Specular beam spot

Kikuchi lines

Shadow edge
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.z/
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Incident /
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Figure 1.22 The principle of the RHEED geometry.

Direct spot

0™ Laue zone

In the case of rough surfaces diffraction occurs in transmission and the corresponding
pattern is spotty. In the case of flat surfaces diffraction occurs in a reflection mode and the
pattern is either streaky or formed by spots positioned along semicircles (Laue zones)
depending on the surface roughness. In the case of reflection patterns, the intensity of the
reflected beam depends on the average density of steps on the surface, and thus on the
grown layer coverage (see Figure 1.23). This is because a step edge is over a magnitude
greater that the electron wavelength, thus it can act as a scattering center. Within the
simplest picture [159,160], upon the beginning of the deposition, the first material coming
increases the disorder on the surface causing a drop of intensity. The intensity starts to
recover after reaching half of the coverage and reaches its maximum when the full layer is

grown.
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Figure 1.23 The intensity of RHEED specular spot as a function of a top-most layer coverage.

Apart from monitoring the growth rate [154], RHEED can provide us useful information
about for instance the growth Kkinetic [161], material relaxation [162], crystalline
orientation [163], surface termination [164] and reconstruction [165]. The fact that all this
characterization can be done in-situ during the film growth makes RHEED a very powerful

tool for deposition control in real time.

1.6.4. LAO/STO transport measurements

The STO substrates (0.5 mm thick, one side polished) were cleaved to the 5x2.5 mm? size
prior to the deposition. In order to measure the transport properties at the LAO/STO
interface, the samples were ultrasonically wired with aluminum wires. A used configuration
was a 6-contacts arrangement the Hall geometry (see Figure 1.24 (a)). The current was
injected along the in-plane [001] direction in (110)-interfaces, along [11-2] in (111)-
interfaces and along [100] in (001)-interfaces (Figure 1.24 (c)).
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Figure 1.24 Transport measurements. (a) The configuration of the wires, (b) representative data of Hall
resistance measured at 10 K, (c) samples geometry, the direction of the current injection is marked in bold.

In order to calculate the carriers’ mobility and sheet density a one carrier model was used.
This assumption is supported by a linear dependence of Hall resistance on the range of
magnetic fields used in our experiments (H <+ 9 T) (see Figure 1.24 (b)). Therefore, the

used equations were as follow:

Vx
X
_ "y
. B
Nsheet = eRyy Eq. 4
R L
u_ = Xy " — Eq. 5
Ry B W

, Where: Rxx — longitudinal resistance, Rxy — transverse (Hall) resistance, nsneet — Sheet carrier
density, u — mobility, B — magnetic field, e — electron elementary charge, L — length of the

sample, W — width of the sample.
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The transport measurements at low temperature were made in a Physical Property
Measurement System (PPMS) using the constant current mode of 1 pA. During a sweep

magnetic field was reaching a value of 9 Tesla in magnitude.

1.6.5. Ferroelectric characterization

The ferroelectric loops and leakage current were measured using a capacitor-like
configuration, having the investigated material in between the bottom electrode LNO and
the top electrode Pt. Platinum was chosen as material for the top electrode as it is a noble
metal (i.e. chemically resistive), easy to pattern (via a shadow mask or a lithography lift-
off), can be grown at room temperature and has a good rectifying characteristic [166]. After
cleaning the sample with acetone and ethanol, the Pt contacts were subsequently deposited
by means of magnetron sputtering using a grid as a shadow mask giving an array of contacts
about 60 um by 60 um in size, around 15 um apart, and the thickness of about 20 nm. The
common used configurations for electric and ferroelectric tests are as called top-top (two
capacitors are measured in series) and top-bottom (a single capacitor is measured), see
Figure 1.25. In the top-bottom configuration the ground is connected to the bottom LNO
layer (using a silver paste), while the voltage is applied to a top Pt contact (using a W
needle’® controlled by a micropositioner!’). On the other hand, in the top-top configuration,
both the ground and the voltage source are connected to two different top Pt contacts,
leading to the configuration of two capacitors connected in series by a LNO electrode which
now is floating (i.e. not grounded nor connected to a charge reservoir). Here the electric
field E is calculated as the applied voltage V divided by twice the distance between the
LNO and Pt electrodes. In this thesis, unless explicitly specified otherwise, all the electric
and ferroelectric measurements of BTO were performed in the top-top configuration. The
reason for this is that this configuration leads to a decrease of a leakage current for both
voltage polarities and lets to avoid asymmetric interface-related build-in electric
fields. [167,168]

16 The needle has a diameter of 20 pm, model SE-20TB, Signatone Co. http://www.signatone.com/
17 Model S-725, Signatone Co.
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(a) Test System (b) Test System

Figure 1.25 The measurement configurations. (a) top-top and (b) bottom-top configurations and the
equivalent electric circuits.

The ferroelectric loops are recorded by applying a triangular voltage waveform and
measuring current using a virtual ground method'®. Here, the basic equation for the

hysteresis measurements is:

, , , d
JV) = i) +je (V) + [;(tv) Eq. 6

, Where: J; is the leakage current, jir is the emission current from the traps existing in the

capacitor, D is the electric displacement, V is the applied voltage, t is time.
In turn, the electric displacement can be defined as:
D =£0E+Pt0t=€0E+Plin+P0 =€0E+80XE+PO =808rE+P0 Eq7

, Where: E is the applied electric field, Piin is the linear polarization existing only when an
electric field is applied to the capacitor, Po is the spontaneous polarization existing in the
ferroelectric, y is the dielectric susceptibility, r is the static dielectric constant. The term
eoE is usually neglected in the case of ferroelectrics due to their x > 1; this will be also the

case in this thesis while referring to ferroelectric polarization (D = Prot).

18 For this we were using a ferroelectric tester TF2000 from aixACCT company http://www.aixacct.com/
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As can be seen in Eqg. 6, the displacement current measured during ferroelectric
characterization contains also a contribution from the parasitic currents ji and ju. In
principle, if the intrinsic electric properties of the metal-ferroelectric-metal structure
permit, the choice of appropriate measurement conditions may enable the removal of
leakage current contribution [169] (e.g. by using a sufficiently short measurement time t).
The discussion concerning the mechanism behind the leakage current will be given in
Section 2.3. In turn, the ji current is generated from traps, i.e. structural defects present
even in high quality epitaxial films. In order to better understand the possible influence of
this parasitic current on measured P(V) loops, we shall take a look at the given below

general equation for the current generated from the traps:

qAwNTo

e (£) = exp(—3) Eq. 8

T

, Where: ¢ is the electron charge, A is the electrode area, wr is the thickness of the region
near the interface where the traps are located, N is the traps density, z is the time constant
for emission from the traps and t is the measurement time. Now, if we assume that for the
measurement we apply a triangular voltage pulse at relatively high frequency (i.e. t/z < 1),

the charge produced by the traps Qu can be calculated by:

_ qAw¢NTo

Qv ="20—7"V Eq.9

, Where Vq is the amplitude of the applied voltage and f is the measurement frequency. As
we can see, the contribution from trapped charges is smaller for faster measurements. In
fact, its contribution is considered negligible for typical measurements of ferroelectric
loops. [170] This assumption has been also proven right for our samples, as they exhibit

negligible variation of polarization at saturation for the used frequency range.

By integrating an as-recorded I(E) loop over time (as E = f(t)) we get a polarization loop
P(E). From this loop we can obtain certain ferroelectric characteristic values [171] listed
on Figure 1.26 (a). Prior to any measurement the pristine sample may have the same amount
of ferroelectric domains pointing up and down (see the A domains configuration in the (b)
panel). As we increase the applied voltage, we may reach the situation where practically all
domains are poled in the same direction (configuration B); the measured polarization Pmax
is named a saturation polarization. Upon decreasing the applied voltage, a part of the

domains may switch back (configuration C); the measured polarization at zero applied
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voltage Py is named a remanent (remnant) polarization. Now, when we apply a voltage of
an opposite sense, we will eventually reach a point of null measured polarization

(configuration D); the corresponding electric field Ec is named a coercive field.
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Figure 1.26 Poling and switching of the spontaneous polarization: (a) polarization versus electric field
hysteresis loop, (b) an example of possible corresponding domain structures (electrodes not shown). [171]

In the Dynamic Hysteresis Mode (DHM) the sample is exposed to four consecutive bipolar
voltage pulses in the sequence up-up-down-down (Figure 1.27 (a)). The used by us voltage
waveform was triangular, the delay time z between the pulses equals 1 second and the
measurement frequency range between 1 kHz and 15 kHz (the value specified for each
measurement). The first and the third voltage pulse in DHM pre-polarize the sample to the
negative and positive state, respectively. Thanks to this the same measurement conditions
are met while recording the negative and positive part of the loop. The final hysteresis loop
IS obtained by combining the current measured while applying a negative voltage (in the

second pulse) and a positive voltage (in the fourth pulse).

One way to remove the influence of parasitic leakage current from a ferroelectric
polarization loop is to perform the I(V) measurement in a Dynamic Leakage Current
Compensation (DLCC) mode. The DLCC voltage pulses sequence is based on two

consecutive DHM measurements, where the second one is done at the half of the
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Figure 1.27 A comparison between DHM (a) and DLLC (b) modes; vo is the measurement frequency and
T is the delay time between pulses. [169]

measurement frequency of the first one (see Figure 1.27 (b)). Here, the calculation of the
polarization is based on the assumption that the electric displacement is frequency
independent, while the amount of the electric charge resulting from the leakage current
depends on the measurement time. [172] All the ferroelectric loops presented in this thesis,

unless explicitly specified otherwise, were measured using the DLCC mode.

Leakage current is measured by applying a step shaped voltage waveform to the sample
and measuring the current by the virtual ground amplifier. Each voltage step lasts till the
current response becomes stable in the measurement time scale (for a few seconds) and
then the current integration time is in the range from 70% to 90% of the step time. The

leakage curves were obtained averaging I-V curves increasing and decreasing voltage.

1.6.6. Other techniques

The Pt top contacts were deposited by a sputtering. The sputtering process itself is defined
as the ejection of a material from a solid target due to the impact of energetic particles on
its surface. In the sputtering deposition the aforementioned target erosion is done by ion
bombardment of -in our case- argon, present in the chamber and ionized due to the applied
potential difference between the target and the substrate. In the RF (radio frequency)
variation of sputtering, this potential difference is varied at a typical frequency of 13.56
MHz. This enables formation of plasma, even for electrically insulating target materials. In
addition, in order to improve the yield of the sputtering process, a magnetron is used; the
created by it magnetic field allows a better confinement of the electrons close to the target.
At the beginning of the thesis a RF sputtering was used for the deposition of Pt contacts.

Later, it was replaced by a DC sputtering. The used by us RF sputtering deposition
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parameters include: room temperature, an argon flux of 10 sccm, a power of 20 W and a
target-substrate distance of 6 cm. In turn, the DC sputtering was operating at the conditions
of: room temperature, an argon pressure of 5-10° mbar and a power 10 W, resulting in a
growth rate of 0.709 A/s; in this case the chosen contact thickness was 20 nm. Prior to the

metallization, the samples were ultrasonically cleaned with acetone and ethanol.

Lattice parameters and epitaxial relationships were determined by X-ray diffraction (XRD)
using Cu Ka radiation. The 6-20 symmetric scans and rocking curves were recorded using
a Siemens D500-2 circle diffractometer equipped with Ni-filters (eliminating the Kjp
contribution in the spectrum). In turn, for the pole figure and reciprocal space map
measurements the Bruker 1T8 Advance diffractometer equipped with a 2D detector was

used.

X-ray reflectivity (XRR) was one of the methods used in the thesis to define the thickness
of the thin films. This technique relies of the #-20 scans at very low angles (26 between
0.5° and 6.0°) and the refractive effects, being relevant at these angles. The recorded
intensity versus angle plot features as called Kiessig fringes. The period of this oscillations
depends inversely on the film thickness. For the XRR measurements a Rigaku rotaflex RU-
200B was used.

Topographic images of the surfaces were recorded by atomic force microscopy (AFM) in
a dynamic mode in Keysight 5100 AFM or Keysight 5500 LS AFM setups. AFM is a
scanning probe technique sensitive to the forces interacting between a sharp tip and a
sample surface placed below. In the tapping mode, the cantilever with the probing tip
oscillates near it resonance frequency. When the tip is placed in a close distance from the
sample surface, the resulting force applied to the tip shifts it resonance frequency. While
scanning the sample, the change in the amplitude of the oscillations is corrected by
adjusting the tip-surface distance and thus the topographic image is recorded. In addition,
the phase difference between the driven sine wave and the cantilever response is also
recorded and yields the phase image. The phase image reflects the variations of the material

composition.

The pooled domains in BTO were observed using piezo force microscopy (PFM). PFM
works in a contact mode and the conductive tip acts as a top electrode. An alternating
voltage is applied causing deformations of the piezoelectric sample, and these periodic
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surface vibrations are then transmitted back to the tip. As a result, there is a 180 ° phase
shift in the PFM response for the domains pointed up and down. In turn, for this collinear
polarization the PFM amplitude should be constant. In our case the measurements were
performed with a MFP-3D Asylum Research microscope. MikroMasch silicon cantilevers
with Pt coating (ANSCM-PT) were used. The dual AC resonance tracking (DART) method

was employed to achieve better sensitivity. [173]

Magnetization loops were measured in the 10 - 350 K range by superconducting quantum
interference device (SQUID) with the magnetic field applied in plane along Si[110].
Magnetization dependence on temperature has been measured using the same platform and
conditions after demagnetizing the sample to 5.5 pemu at low temperature. The used by us

SQUID was fabricated by Quantum Design.

Magnetic force microscopy (MFM) measurements have been performed using the same
AFM platform as in the PFM measurements. In MFM measurements the phase shift near
the cantilever resonance is tracked while keeping the cantilever at a constant distance (35
nm) from the surface. The cantilever (model MFM Hc from NT-MDT) had been

magnetized with a magnet before imaging.
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Part of the work discussed in this chapter was later published in:

M. Scigaj, N. Dix, I. Fina, R. Bachelet, B. Warot-Fonrose, J. Fontcuberta, and F. Sanchez.
“Ultra-flat BaTiOs epitaxial films on Si(001) with large out-of-plane polarization” Applied
Physics Letters 102, 112905 (2013).

41



Chapter 2 Ferroelectric BaTiOz on silicon

Abstract

Monolithic integration of epitaxial c-oriented ferroelectric BaTiO3
with silicon constitutes a challenge as the functional layer usually
grows polycrystalline with high roughness or has low polarization.
Herein we have used a buffer layer heterostructure to achieve
epitaxial growth of c-oriented BaTiOz onto silicon. The buffer
layers are grown on as-received Si(001) substrate and comprise of
Y:ZrOz, CeO2 and LaNiOs. The resulting BaTiOs films have the
surface roughness of a few A and feature ferroelectric remanent

polarization of 6-10 uC/cm?.
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Monolithic integration of ferroelectric BTO on silicon is interesting from the point of view
of microelectronics. Despite large body of publications addressing the growth difficulties,
achieving epitaxial growth of high quality BTO on silicon was remaining elusive. Below

we present a structural and ferroelectric characterization of our state-of-art samples.

2.1. Growth of BaTiOs3

BTO films were grown on Si(001) substrates using the YSZ/CeO2/LNO buffer structure.
The choice of the buffers and the related growth mechanisms are detailed in the Section
1.3.2. The used buffer layers thickness was: t.no = 35 nm, tceoz2 = 20 nm and tysz = 35 nm.
Deposition conditions for the ferroelectric BTO itself include: substrate temperature T =
700 °C, laser repetition rate f = 5 Hz, oxygen partial pressure of Po2 = 0.02 mbar and
substrate-target distance of 46 mm. The deposition conditions are summarized in Table 2.

Table 2 The deposition conditions for the BTO/LNO/CeO2/YSZ/Si(001) samples.

- Thickness |Temperature| Pressure m
Layer 5

nm C mbar

YSz 35 800

2.5-10* 5
CeO, 20 800 2.5-10* 5
LNO 30 700 0.15 5
BTO 19-825 700 0.02 5

After the growth the sample was cooled down in higher oxygen pressure of Po, = 0.2 mbar.
This procedure was followed while growing the samples in the BTO thickness range of

nominally 19-825 nm.
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Figure 2.1 RHEED patterns and intensity oscillations of the specular spot recorded in-situ during a
deposition of BTO after growth interruption. A sketch of the heterostructure is also given.

A few samples were grown with in-situ RHEED monitoring. For these particular samples
the deposition protocol was modified: substrate-target distance was increased to 60 mm and
the deposition frequency was decreased to f = 2 Hz. Figure 2.1. shows RHEED data from
a growth of a 37 nm thick BTO sample. The electron diffraction patterns recorded at the
beginning of the growth are spotty, indicating a 3D growth mode. This is a reminiscence
of the growth mode of the bottom LNO and CeO: buffer layers. While the growth progress,
the pattern gradually becomes streaky, which is an indication of an epitaxial growth and
surface flatness. The figure features also the oscillations of the specular spot. The
oscillations characteristic for the layer-by-layer growth mode were barely observed during
the deposition. However, after the growth interruption for a few minutes, the oscillations
with decreasing amplitude becomes clear.

Figure 2.2 presents a comparison of the surface morphology between the aforementioned
BTO sample (panels (b) and (c)) and one of the buffer layers — CeO- (panel (a)). The surface
of the stack CeO,/YSZ/Si is relatively rough (RMS = 6 A), in agreement with its 3D growth
mode indicated in the Introduction via the RHEED patterns. In turn, the surface of the BTO
is notably more flat (RMS = 3 A), exhibiting a dense structure of small islands with a lateral
size of a few tens of a nanometer. A morphology of terraces and steps can be appreciated
in the 5x5 pm? image (Figure 2.2 (c)). This observation is in agreement with the transition

to a quasi-2D growth mode of BTO revealed by the evolution of the RHEED patterns
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Figure 2.2 A comparison of the surface morphology of the CeO: buffer layer (a) and the BTO layer (b, ).

during the growth. Although terraces are not observed in most of the samples, even the 825
nm thick BTO film has a remarkably low roughness of about 9 A. For the sake of
comparison, a morphology similar to the one of the BTO on silicon in Figure 2.2 was also
observed in much thinner (~5 nm thick) BTO films grown on the perovskite substrate
Nd:SrTiO3(001), where scanning tunneling microscopy confirmed they are multilayered
islands. [174]

2.2. Structural studies

A typical 6/26 scan around symmetrical reflections of a BTO sample is given in Figure 2.3.
The strongest intensity peak on the left panel corresponds to the substrate Si(004). All other
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Figure 2.3 XRD #-26 scan of a sample with the BTO thickness of 220 nm. The zoomed area shows the data
coming from the samples with different BTO thickness; positions of the bulk BTO(002) and BTO(200)
reflections are also marked.
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peaks belong to the {001} family of planes of the constituting layers: BTO, LNO, CeO and
YSZ. The right panel shows a magnification around the BTO(002) reflection. Here the
dashed lines mark the nominal position of the (002) and (200) reflections in the bulk, thus
corresponding to relaxed BTO with the c-axis being oriented out-of-plane and in-plane,
respectively. We can readily see that BTO in our structure is c-oriented and presenting
elongated c-axis parameter. Also it can be inferred from the right panel, that the BTO film
lowers its c-parameter as the thickness increases and at the thickness of 825 nm is already
fully relaxed. In addition, for the thickest 825 nm BTO film, a minor peak coming from the
(111)-oriented BTO appears. Here the XRD intensity ratio Ieto11)/lsTo(01) is equal only
around 0.022% of the bulk values (not that in the plot the XRD intensity is given in a

logarithmic scale).

All BTO films grown (the thickness range 19-825 nm) are c-oriented (see Figure 2.4 (a)).
A progressive film relaxation is visible, from csro = 4.103 A (19 nm) to from caro = 4.039
A (825 nm). The sample corresponding to the blue triangle on the graph was cooled down
with a much higher oxygen pressure than standard samples (Po2 = 200 mbar instead of 0.2
mbar). The point fits in the trend with ceto = 4.076 A, thus showing that the presence of
oxygen vacancies is not the reason for the enlarged c parameter. In addition, the right panel
in the Figure 2.4 shows the lowering of the full width at half maximum (FWHM) of the
rocking curves around the BTO(002) reflection. The reduction of mosaicity with thickness
is not unexpected for the observed by us transition from 3D to 2D growth shown by the

evolution of the RHEED patterns.
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Figure 2.4 (a) The out-of-plane lattice parameter of BTO plotted as a function of the film thickness; the
sample marked in blue was cooled down under high oxygen pressure (200 mbar). (b) A log-log plot of the
FWHM of the rocking curves of the BTO(002) reflection as a function of thickness; the inset shows
rocking curves of some of the samples.
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The epitaxial relationship between the substrate and the deposited films was investigated
by means of XRD pole figures around asymmetrical reflections, recorded using a two-
dimensional (2D) detector. Representative frames at ¢ angle (respect to the Si[110]
direction) of 0° and 45° are given in the Figure 2.5 (a) and (b). The intensity integrated in
x is plotted below the corresponding frames. At ¢ = 0° the Bragg spots correspond to {hOl}
family of planes of LNO and BTO, and to {111} planes of YSZ, CeO- and Si (the last two
are overlapped). In turn, for the ¢ = 45° frame, {111} reflections of LNO and BTO and
{202} reflections of YSZ, CeO2 and Si are observed. This implies that YSZ and CeO> grow
cube-on-cube on Si, while LNO and BTO are rotated 45° in-plane, as expected from the

lattice mismatch.
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Figure 2.5 XRD measurements, of a sample with a 55 nm thick BTO layer, acquired by means of a 2D
detector. 26-y detector frames around in-plane sample directions (with respect to Si[110]) of ¢ = 0°(a) and
¢ =45°(b), with the corresponding integrated intensity along y plotted below.

The same epitaxial relationship is readily visible from the pole figures recorded around
{101} reflections of Si and films, depicted in Figure 2.6. Therefore, the epitaxial
relationship can be in short written as [110]BTO(001) || [110]LNO(001) || [100]CeO2(001)
|| [L00]Si(001). A corresponding simplified sketch is shown in the right panel.
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Figure 2.6 Pole figures, of the sample with t(BTQO) = 55 nm, around given reflections of the sample’s
constituting materials (left). On the right, a schematic cartoon of the heterostructure showing the epitaxial
relationships.

In order to get a better insight on the films and interfaces structural quality a TEM study
has been performed on a sample with tsto =~ 50 nm. The whole multilayer stacking is visible
in the low magnification cross-section TEM image in Figure 2.7 (a). Here one can
appreciate the smooth BTO surface and the perfectly resolved interfaces. The last point is
confirmed by the series of high resolution images in panels (b-e). In addition, the YSZ/Si
interface features an interfacial SiOx layer with the thickness of about 3 nm, while the
overlaying YSZ layer presents excellent crystalline order and sharp interface with CeOa.
The high contrast within the LNO and BTO layers suggests thickness fluctuations of the

TEM specimen, thus limiting the possibility of identification of defects.
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Figure 2.7 TEM cross-section characterization of a sample with = 50 nm thick BTO. On the left, a low
resolution image showing the whole stack. The remaining images display the particular interfaces in a
high resolution.

2.3. Electric and ferroelectric properties

The main purpose of this Chapter is to present a monolithic integration of ferroelectric BTO
on silicon. In this Section we present the electrical and ferroelectric properties of our
structures. The ferroelectric characterization of the BTO-based samples was done by
measuring current (1) versus applied electric field (E), as explained in the Introduction. A
representative I(E) curve of a sample with 55 nm thick BTO is given in the inset of Figure
2.8 (a), showing ferroelectric switching peaks at about 300 kV/cm. Polarization (P) loops
were obtained by integrating current over time. The corresponding loop presented in panel
(a) indicates the remanent polarization (Pr) and saturation polarization (Ps) of around 10
nC/cm? and 20 pC/cm?, respectively. Polarization loops of thicker samples (tsto = 138 and
440 nm) are also shown. The corresponding P; are respectively around 7 and 4 pC/cm?. As
can be seen in the Figure 2.8 (b), most of the deposited samples are characterized by the

remanent polarization laying in the range 6-8 uC/cm?, however the direct dependence on
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thickness cannot be readily appreciated from the plot. It is usually observed that P scales
with the tetragonality of the ferroelectric film. In our case we can see that the measured
remanent polarization scales the BTO c lattice parameter (Figure 2.8 (c)). Moreover, it can
be appreciated that the ferroelectric loops in the panel (a) largely differ in the coercive field
(Ec). The log-log plot of the E¢ versus the BTO thickness is shown in the (d) panel. The
dashed line in the plot indicates the common scaling for ferroelectric thin films
Ec o t 2 [175]. The experimental data match pretty well to this model, while a linear fit
(not shown here) gives a similar power coefficient of -0.73(9). The data corresponding to
the thickest 825 nm BTO sample are not shown in the figure, as the voltage available in the

measurement station was not sufficient to saturate the sample.
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Figure 2.8 Polarization loops of the samples with different BTO thickness (a); the inset presents the
current-voltage loop of the sample with t(BTO) = 55 nm. Remnant polarization plotted as a function of the
BTO thickness (b) and the BTO out-of-plane parameter (c). Coercive field plotted versus the BTO thickness
(d); the dashed line is a linear fit with the slope of -%.
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Figure 2.9 Leakage current of a sample with 55 nm BTO (a), J-E linear relationship for the SCLC
mechanism (b) and the modified Schottky mechanism (c); a coefficient is taken from log J = a - log E; Ne
is the effective charge density at the interface. The vertical bar in panels (b) and (c) indicate the apparent
transition between 23.2 kV/cm? and 47.4 kV/cm?2.

Leakage current can be a problem in a capacitor. A representative leakage curve of a 55 nm
thick BTO sample is depicted in Figure 2.9 (a). The presented resistance characteristic is
comparable to other ferroelectric thin films on silicon, e.g. PZT [43] and BiFeO3 [176]
single layers and PZT/spinel [177] bilayers.

If the leakage current is bulk limited by means of Space Charge Limited Conduction

(SCLC), the leakage current density follows the relation:

log] < alogE Eq. 10

, Where J is the current density, E is the electric field and a is a factor further defines the
conduction limiting factor. The a = 1 describes the Ohm’s law region, while o = 2 can be
attributed to both the traps-filled limit current or the Child’s law. [178] When we plot the
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experimental data according to the equationlog/ « alog E Eg. 10 we obtain a straight line
with the slope a = 1.19 for fields below 23.2 kV/cm? (Figure 2.9 (b), here only a
representative plot for the positive voltage side is shown). This means that the SCLC

mechanism cannot be ruled out here.

In turn, for electric fields above 47.4 kV/cm? the leakage current fits well in the interface-
limited modified Schottky emission model. The Schottky emission is a common
phenomenon in ferroelectric oxides being in contacts with metallic electrodes. Due to the
presence of polarization charge, ferroelectrics required more complex approach than
classical semiconductors. Following the physical model described in ref. [167], for the

modified Schottky emission current density follows the equation:

Inj=b(V+ V) /s Eq. 11

_q 4’ q3Ne
b= KT +| 822 €3 Eq.12
d€s€o

, Where J — current density, V — applied voltage, Vv — build-in potential, q — electronic
charge, k — Boltzmann constant, T — temperature, Ne — effective charge density in the
depletion layer, &4 — dynamic electric constant, &s — static electric constant, eo — vacuum

permittivity.

The data for fields above 47.4 kV/cm? fit well with this model (Figure 2.9 (c)). Assuming
gs = 264 [179] and &q = 17 [180], the effective charge density has been estimated to be of
the order of Ne = 102t cm™. This is a comparable value for the Pt/BTO and BTO/LNO
interface reported in literature. [167,179] This value is important, as space charges have a
significant influence on the electrical properties of ferroelectric structures (like e.g. the size

and shape of the ferroelectric hysteresis loop). [181]

Despite the fact that the experimental data fit very well to the theoretical models, more
extended studies are required in order to fully understand the physical processes underlying
the full leakage characteristic. Further research may include measuring the influence of

temperature [182] and relaxation time [183] on the leakage current.
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2.4. Conclusions

In this Section we showed epitaxial integration of ferroelectric BTO films on a Si(001)
substrate. This was obtained using the buffer structure of LNO, CeO, and YSZ. The
resulting BTO films are very flat and have a remanent polarization up to 10 uC/cm?. This
result is remarkable especially as the total thickness of the buffer layers is below 100 nm.
We consider the reported herein growth protocol as an important step in the integration of
BTO in monolithic devices of silicon. In particular, by using our structure as a platform for
growth of CoFe>O4 we could obtain a room temperature multiferroic on silicon, the results

discussed further in the following Section.
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Part of the work discussed in this chapter was later published in:

M. Scigaj, N. Dix, J. Gazquez, M. Varela, I. Fina, N. Domingo, G. Herranz, V. Skumryev,
J. Fontcuberta, F. Sanchez “Monolithic integration of room-temperature multifunctional
BaTiOs-CoFe,04 epitaxial heterostructures on Si(001)” Scientific Reports, 6, 31870 (2016)
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Abstract

Technologically desired room temperature multiferroic materials
are elusive in a single phase, however they can be achieved
combining two ferroic phases. Herein we report monolithic
integration on the silicon platform of the lead-free
CoFe204/BaTiOz horizontal bilayer. The growth was accomplished
with the use of a LaNiO3s/CeO./YSZ tri-layer buffer system. Thus
obtained functional materials exhibit high structural quality, close
to those achieved on perovskite substrates. Robust ferromagnetism
and superior ferroelectric properties at room temperature are

obtained.
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The combination of two ferroic oxides as an artificial multiferroic system is an alternative
to single multiferroic materials for room temperature operation. [184] Regarding the form
of thin films, most of the research has been done using non technological substrates, mainly
perovskites. Using silicon substrates high quality epitaxial growth of vertical
nanocomposites formed by the FE perovskite BiFeOs and the FM insulator spinel CoFe2O4
(CFO) has been reported [185]. Horizontal heterostructures with FE and FM
films [80,184,186] are more convenient than vertical nanostructures for device fabrication.
However, perovskites and spinels are highly dissimilar, which hinders epitaxial growth
when they are combined in horizontal heterostructures. This additional difficulty makes the
integration of epitaxial horizontal bilayers of multiferroic oxides with Si, with structural
and functional properties close to those of bilayers on perovskite substrates, extremely
challenging. Although epitaxial growth has been reported [187], multiferroic oxide thin
film bilayers on Si are generally polycrystalline and present high surface
roughness [177,188-190]. Most of the reported multiferroic bilayers include PbZryTi;—xO3
(PZT) as FE oxide. However, Pb-free ferroelectrics are preferable, and the successful
epitaxial integration of BTO films on Si(001) shown in the previous Chapter paves the way
towards this goal. Thus, we have grown horizontal top-CFO/bottom-BTO heterostructures
on Si(001) buffered LNO/CeO2/YSZ. CFO is a ferrimagnetic oxide with high
magnetization above 400 emu/cm® and T. well above RT [75]. As we will show, the
CFO/BTO bilayers here reported display a combination of structural and functional

properties until now elusive in either Pb-free or PZT-based multiferroic bilayers

3.1. Growth of CoFe204

The bilayers CFO/BTO were grown on a Si(001) substrate buffered with LNO/CeO2/YSZ.
The details of the integration of BTO on Si are given in the previous Chapter. A series of
CFO/BTO samples were made with a varying thickness of the CFO capping layer, between
tcro = 35-70 nm, while keeping the BTO thickness at nominally tsto = 55 nm. The CFO
growth parameters include: temperature T =500 °C, oxygen partial pressure Po2 = 0.1 mbar
and laser frequency f = 5 Hz.
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3.2. Structural characterization

X-ray diffraction in the 6-26 scan geometry around symmetrical reflections of the sample
with the thickest CFO (tcro = 70 nm) is shown in Figure 3.1 (a). Only peaks belonging to
the {001} family of planes of the deposited layers are visible indicating absence of other
film’s orientations and secondary phases. The zoomed area around the CFO(004),
BTO(002) and LNO(002) reflections is depicted in the panel (b), together with samples of
tcro = 35 nm and 0 nm. We can see that the CFO(004) peak intensity increases along with
the film thickness. Regardless of the presence of the capping CFO layer, the BTO is c-

oriented with increased tetragonality; the out-of-plane lattice parameter is around 4.06 A.
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Figure 3.1 XRD data of the sample with tCFO = 70 nm. A 0-20 scan around symmetrical reflections (a)
and a zoomed area (b) with indicated by the dashed lines the bulk BTO(002) and (200) reflections. (c) A
¢-scan around asymmetrical reflections coming from the constituting layers. On the bottom-right is
depicted a sketch of the heterostructure.
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The ¢-scans around asymmetrical reflections shown in the panel (c) confirm the epitaxial

growth of the entire multilayer, in particular the cube-on-cube growth of CFO on BTO.

Surface morphology was investigated by means of AFM and its evolution with CFO
thickness is depicted in Figure 3.2. All the deposited samples have relatively small
roughness (RMS = 5 — 12 A), close to the bottom BTO layer (RMS = 5 A). This result is
remarkable taking into account the overall amount of structurally dissimilar layers. In
particular, the growth of flat (001)-oriented spinel CFO is challenging, as under these
circumstances this material tends to grow in the form of {111}-facetted pyramidal islands.
Although no clear trend of the RMS roughness numerical value could be observed versus
thickness, the morphology clearly evolves. The two thickest film in this study (tcro = 50
nm and 70 nm) feature small regions a few nm deep, likely due to the coalescence of

nanometric pyramidal islands. [80]

Figure 3.2 Topographic AFM images of samples with different CFO thickness. The white scale bar is 100
nm. The RMS roughness is indicated in the bottom-right corner of the corresponding image.
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Figure 3.3 STEM high angle annular dark field imaging. On the left, low magnification image along the
Si[100] zone axis. On the right, a high resolution image of the interface between the perovskite BTO and
the spinel CFO along the BTO[110] zone axis.

The Figure 3.3 depicts cross-section images of a sample with tcro = 50 nm, recorded®® in a
STEM mode using a HAADF detector. In the left panel we can see that each layer is of
uniform thickness over all the image lateral length. No secondary phases could be observed
within any layer neither at any of the interfaces. Between the Si substrate and the YSZ
buffer layer appears a few nm thick interfacial layer of SiOx (not visible at the low
magnification). Presented in the right panel high magnification image confirms the cube-
on-cube epitaxial relationship between the two functional layers; here a sharp interface is

apparent.

3.3. Electric and ferroelectric properties

Representative ferroelectric P(V) loops of a sample with 35 nm thick CFO layer and a
reference bare BTO sample are given in the Figure 3.4, in green and red respectively. The
corresponding current versus voltage 1(V) loops are given in the insets. The I(V) loops show
clear ferroelectric switching peaks, with the resulting P(V) loops having textbook concave
regions [191]. The coercive voltage of the sample with CFO (= 7.5 V) is higher than in the
bare BTO films (= 3 V). This is in the perfect agreement with the picture of both CFO and

19 The images were recorded by dr. Jaume Géazquez, a scientist working at ICMAB, in collaboration with the
STEM Group of the Oak Ridge National Laboratory, USA (http://stem.ornl.gov/).
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Figure 3.4 On the left, polarization-voltage loops of the sample tcro = 35 nm (in green) and of a sample
without any CFO overlayer, both having the same thickness of BTO; the corresponding current-voltage
plots are shown in the top-left and bottom-right insets respectively. On the right, the remnant polarization
as a function of the CFO thickness measured at 4 kHz; the vertical bar at tcro = 0 nm indicates the range
of polarization values measured for the analogous films without the CFO layer, discussed in the previous
Chapter.

BTO being good insulators with dielectric constants of ecro = 14 [192] and egto = 60 [193],
respectively. The right panel in the Figure 3.4 makes a comparison between the samples
with CFO (green squares) and with bare BTO discussed in the previous Chapter (the red
line). A high remanent polarization of about Pr = 20 nC/cm? was measured for all five
investigated samples. Therefore, this crucial ferroelectric parameter has been increased by
a factor of = 3 by the in-situ growth of CFO capping layer. The result is of high interest
also because the presence of insulating CFO does not result in the existence of depolarizing
field strong enough to preclude the establishment of a monodomain polar state along the
out-of-plane direction. Here the most probable scenario for the depolarizing field
compensation seems to rely on a migration of free charges from the bulk of BTO or CFO
to the interface. In turn, the observation of the high remanent polarization up to P = 23
nC/cm? for CFO/BTO samples, compared to about Py = 6-7 uC/cm? for samples with bare
BTO, could originate from different electrical boundary conditions of the two systems
while cooling down below the Currie temperature after the deposition. In particular, the
bare BTO is exposed to vacuum leading to the highest depolarization field. [194] This in
turn should result in the presence of compensating domains which degrade the switchability
(via pinning of the ferroelectric domains) and favor low retention (via creation of stray
fields). In contrary, CFO could provide free charges largely compensating the depolarizing

field.
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As it was described in the Introduction, the (V) loops are measured in the DLCC variation
of the standard DHM mode. Figure 3.5 shows the advantageous effect of using the DLCC
mode on the samples as presented in the left panel of Figure 3.4. Here we can see, that in
the both samples the DLCC only compensates the leakage contribution without producing
a significant change in the position nor the amplitude of the ferroelectric switching peaks.
Only in the case of the CFO/BTO sample a slight change in the peak shape can be observed.
This is due to larger variation of the coercive field with the measurement frequency for this

set of samples.

CFO/BTO bare BTO
80 1 50,
40 4 40 -
3 0 3 0-
40 40
—" Without DLCC 80 —-— without DLCC
-804 —=—with DLCC -oU+ — .« with DLCC
201510 5 0 5 10 15 20 45 10 -5 0 5 10 15
Voltage (V) Voltage (V)

Figure 3.5 The comparison between DHM-only and DLCC measurements. The corresponding I-V loops
for samples with and without CFO top layer are shown.

The Figure 3.6 presents a comparison of leakage current density between two samples: one
with 50 nm CFO and 55 nm BTO (in green), the other with 110 nm of bare BTO (in red).
Note that the total nominal thickness of the functional layers between the LNO and Pt
electrodes is almost the same. It is seen that, substituting a part of the BTO layer with a
CFO layer results in lowering the leakage. Here a decrease of about one order of magnitude
is observed. For instance, applying a voltage of 2 V results in a leakage current density of
around 5-10° A/cm? for the sample without CFO, but only 5-10°® A/cm? for the CFO/BTO
bilayer. This value is much lower or at least comparable to results obtained on thicker
ferroelectric PZT [43] and BiFeOs [176] single layers and PZT/spinel bilayers [177] on

Si(001). Qualitatively similar drop in the leakage current density was observed for
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CFO/PZT bilayers grown on STO, however it was accompanied by a drop in both remanent
and saturation polarization. [195] This discrepancy could be explained by the used growth

temperature being lower than the real Currie temperature of PZT in this structure.
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Figure 3.6 Leakage current density versus voltage; the data corresponds to the bare BTO sample with tsto
=110 nm (in red) and to the sample with tato = 55 nm and tcro = 50 nm (in green). The inset shows the
same set of data in the log-log scale, thus providing a better comparison for leakage at lower voltage.

One of the challenges of current and future memory devices based on ferroelectric materials
is fatigue. In this case fatigue is understand as hindering of ferroelectric properties upon
cycling a sample in an electric field which switches the polarization of the functional layer.
It is well known, that the choice of electrodes has a significant influence of the electric and
ferroelectric properties of a thin layer. In particular, metallic electrodes generally have
better leakage rectifying characteristic than oxide electrodes [182,196], while the later
enables better fatigue endurance [197]. Herein we use an oxide CFO layer, which in this
case acts as a buffer layer between BTO and Pt.

Fatigue depends on factors such as temperature, cycling voltage amplitude, frequency and
waveform. Therefore, we performed our benchmarking in a well-controlled environment
using cycling conditions possibly close to the ones used in industry (within the limitations
of our measurement setup). During the test a sample was placed on a dissipating heat metal
radiator. Applied voltage waveform was the square one with the amplitude of + 10 V and
frequency of 100 kHz. The fatigue test was exceptionally done in the top-bottom

configuration, as it is electronically closer to the one employed in commercial FeERAMs.
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The ferroelectric loops were measured ten times per a cycling decade with the standard
DLCC mode, a voltage amplitude of + 10 V and a frequency of 4 kHz. The representative
results are shown in Figure 3.7; here the sample contains 50 nm think CFO layer. We can
readily see that CFO/BTO bilayer exhibits excellent endurance against ferroelectric fatigue.
The measurement was stopped at 5-10°%° cycles, which seems to represent virtually
unlimited cyclability for most of the applications of FERAM. During the entire test the
sample kept the high remanent polarization of about 22 pC/cm? with the ferroelectric loop
showing no remarkable difference. The used by us number of fatigue cycles is approaching
the cyclability warranty limit of commercially available Pb-based Fujitsu FERAMs (102
cycles 2%). We could not check this upper limit as the required test, at the used by us cycling

conditions, would take about 4 months.
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Figure 3.7 On the left, a remanent polarization as a function of the number of voltage sweep cycles for a
sample with tcro = 50 nm. On the right, polarization versus voltage loops of the same sample in the
pristine state (just before cycling) and just after 5x10%° cycles.

In order to confirm the actual ferroelectric switching we performed additional
measurement. Figure 3.8 (a) shows ferroelectric loops at increasing voltage amplitude for
the same sample which fatigue properties were discussed above. Here the measurement
conditions (namely a triangular voltage waveform, a frequency of 4 kHz and the DLCC

mode) result in fairly saturated loop at 10 V with the saturation polarization of about Ps ~

20 Source: Fujitsu FeERAM overview
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39 uC/cm? The (b) panel shows current and polarization versus time for the exact
conditions as used for cycling (namely voltage 10 V, high frequency 100 kHz and the
square voltage waveform). Here the resulting saturation polarization Ps ~ 37 uC/cm? is
almost the same as in the case of a standard measurement, thus one can conclude that the
ferroelectric switching occurred during each cycle. The last graph in panel (c) shows a
result of applying a square voltage waveform at 4 kHz and 10 V (so the same as in panel
(a)), resulting in Ps ~ 44.5 nC/cm?; the excess of the calculated charge could result for
instance from leakage and further saturation of the BTO. This further confirms that the

sample was being fully switched upon cycling.
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Figure 3.8 Data of the sample with CFO 50 nm on BTO 55 nm. (a) P-V loops recorded with a triangular
voltage waveform, at 4 kHz with DLCC. Measured current and integrated polarization as a function of
time upon application of a square volatage waveform with 10 V amplitude at 100 kHz (b) and 4 kHz (c).
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Figure 3.9 PFM characterization. Piezoresponse phase (a) and amplitude (b) versus applied voltage loops,
recorded with an AC driving voltage Vac = 1 V. Images of piezoresponse phase (c) and amplitude (d)
measured with Vac = 1 V, after poling the areas with +6 V and -6 V; the scale bar indicates 4 um.

The piezoelectric properties of the bilayers were investigated by means of piezoresponse
force microscopy (PFM). PFM voltage hysteresis loops were always performed at
remanence, using a dwell time of 100 ms. A representative set of data from measurements
of a sample with 50 nm CFO is given in Figure 3.9. The (a) and (b) panels feature typical
PFM hysteresis loops, where phase and amplitude (proportional to the ds3 piezoelectric
coefficient) are changing upon cycling voltage. The 180 ° phase shift in the panel (a) signals
the piezoelectric nature of the heterostructure. We can also notice that the loop is shifted
towards negative values of voltage, which indicate the presence of a significant imprint
field corresponding to an electric field towards the bottom LNO electrode. This means that
the polarization in as-grown sample is pointing down (Pgown). The imprint field most
probably originates from the difference in work functions of the top (Pt) and bottom (LNO)
electrodes along with the general asymmetry of the CFO/BTO structure. In the panel (b) is
shown the corresponding ferroelectric butterfly loop for the amplitude response. Here the

imprint is also visible and results in the existence of bi-stable strain states at zero applied
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voltage. As can be seen from the amplitude and phase response, the Pgown (and as-grown)
state corresponds to a strain state of more elongated out-of-plane parameter, compared to
the Pyp polarization state. The coercive voltage inferred from the both panels (a) and (b)
(~3 V) corresponds well with the coercive voltage of the same sample measured in P(V)
loops (Figure 3.8 (a)). The capability of writing up and down ferroelectric domains by
means of AFM tip induced electric field was summarized in Figure 3.9 panels (c) and (d).
The (c) panel presents the phase image after poling the sample with +6 V (dark areas) and
-6 V (bright areas). The contrast of the piezoresponse signal is nearly 180°. The
corresponding piezoresponse amplitude image is given in the panel (d). Note that here the
contrast originates from the two remanent values of amplitude resulting from the existence

of the aforementioned imprint field.

3.4. Magnetic properties

In the previous Section we saw the influence of CFO on the electrical, piezo- and
ferroelectric properties of the heterostructure. Here we will take a fast look at the magnetic
properties of the CFO. The investigated sample has 70 nm thick CFO layer. Magnetization
loops were measured at various temperatures in the 10 K - 350 K range with the field
applied along the CFO[100] in-plane direction. The loops measured at 10 K and 300 K are
depicted in Figure 3.10 (left panel). The visible in the M(H) loops double step is a common
experimental observation in spinel oxides [198-203] and other ferrimagnetic oxides like &-
Feo03 [204] as well as ceramic samples [205]. The saturation magnetization of about Ms ~
250 emu/cm?® at 10 K is lower than the value of bulk CFO, as commonly observed of this
films deposited on perovskite surfaces. [198-201] In the right panel of Figure 3.10 we can
see that M decreases slightly with temperature and remains above 200 emu/cm? up to 350
K. From this we can infer that the Curie temperature is well above the room temperature as
in the bulk material. [206] In turn the coercive field Hc decreases from about 1.0 T at 10 K
to 0.1 T at 350 K, which indicates the change in the magnetic anisotropy. The ratio of the
remanent magnetization to the saturation magnetization is equal about 0.46 at 10 K and

0.17 at room temperature.
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Figure 3.10 (a) Magnetization loops of the sample with tcro = 70 nm measured at 10 K and 300 K with the
field applied in-plane along Si[110]. (b) The temperature dependence of the magnetization (left axis) and
the coercive field (right axis).

3.5. Magnetoelectric characterization

In the previous Sections we took a look at the ferroelectric and magnetic properties of the
functional layers in the samples. The fact that these two materials were grown in the same
heterostructure could permit magnetoelectric coupling. The used by us magnetic material
is nominally insulating and thus the electric field effect originating from the polarization
acting upon the CFO can be neglected. Therefore, only the direct coupling based on the
elastic interaction between the two layers should be considered. On the other hand, in
epitaxial heterostructures, the elastic interactions between two active films is hindered by
a strong clamping of the substrate. In this case, the magnetoelectric coupling largely
depends on the materials and their structure. [207] In fact, a strong dependence between
the magnetoelectric coupling and factors like the crystal orientation, relative buffer
thickness, the buffer layer material and the direction of the applied magnetic field has been
reported for CFO/BTO and CFO/PZT bilayers. [208-210] The measured magnetoelectric
coefficients were ranging from negligible up to about 100 mV/cm-Oe.
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Figure 3.11 Magnetoelectric coupling measurements. (a) MFM phase image after poling at -6 V (bright
areas) and +6 V (dark areas). (b) and (c) MFM phase image recorded with the tip bias of -2 V and +2 V,
respectively. The figures (a, b, ¢) are 40 um by 40 um in size. (d) Temperature dependence of the
magnetization (measured in SQUID) and its derivative.

First we will investigate®! the possible existence of the converse magnetoelectric effect, i.e.
when the magnetization state is modulated by the electric field. For this purpose, we have
first electrically pooled certain areas of a CFO/BTO sample (tcro = 50 nm), and then we
recorded a magnetic force microscopy (MFM) phase image?2. The result of the experiment
is given in Figure 3.11 (a). Here we can see a clear contrast between the areas pooled by -
6 V (bright) and +6 V (dark), thus well reproducing the written ferroelectric pattern.
Assuming that the observed contrast is of the magnetic nature, this would be a signature of
the magnetoelectric coupling. Nevertheless, the other possible origin of this contrast could

be the electrostatic interactions between possible surface charges of the written domains

21 The magnetoelectric characterization was performed by dr. Ignasi Fina, a scientist working in our group
(http://departments.icmab.es/mulfox/), in collaboration with the Catalan Institute of Nanoscience and
Nanotechnology (ICN2) (http://icn2.cat/en/).

22 In MFM measurements the phase shift near the cantilever resonance is tracked while keeping the cantilever
at a constant distance (35 nm) from the surface.
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and the magnetic and metallic MFM scanning tip. In order to discriminate between these
two scenarios, additional MFM imaging was done with the magnetic tip bias of -2 V and
+2 V. The images are shown in the panels (b) and (c) respectively. The contrast
enhancement in the (c) panel and the contrast reversal in the (b) panel revel that the
observed contrast is dominated by electrostatic charges, and thus the magnetoelectric effect,
if any, remains imperceptible. In other experiment, we have investigated the existence of
the direct magnetoelectric coupling by measuring the ferroelectric loops under a magnetic

field of 1 T applied in-plane. No meaningful change was observed.

In addition, an indirect method was used to check the possible existence of a converse
magnetoelectric coupling. As it was shown in the Introduction, BTO undergoes several
structural changes at certain temperatures. During these transitions domains structure and
a position of the polarization axis are changing. This transformation should have an effect
on the properties of the overlaying magnetic CFO layer, as it was observed in CFO film
grown on BTO crystals [211]. In order to investigate the existence of this effect in our
samples we have measured in SQUID at the magnetic field of H = 30 Oe applied in-plane
the change in magnetization while varying the temperature. The resulting magnetization
and it’s derivative over the temperature are plotted in Figure 3.11 (d). The dashed lines
correspond to the bulk BTO phase transitions. However, no anomalies were observed. This
might be due to the clamping between the thick silicon substrate and the epitaxially grown
BTO thin film, as it has been reported that this effect can largely alter the BTO phase
transitions. [212]

At first, these results may seem to contradict with the reported large magnetoelectric
coupling of about 100 mV/cm-Oe in CFO/BTO bilayers on perovskite substrates. [210]
However we stress, that these measurements were done with a time dependent Hac field
superimposed on Hgc while electromotive force is recorded. Therefore, the dynamic
magnetoelectric coupling reported in references [208-210] is different than the determined
by us static quasi-equilibrium response. Future studies will be devoted to understand the
microscopic mechanism leading to these different responses and consequently to different

magnetoelectric coupling coefficients.
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3.6. Conclusions

The CFO/BTO bilayer was monolithically integrated on a Si(001) substrate with the use of
LNO/CeO./YSZ buffer layers. All the layers grow epitaxially resulting in a flat surface.
The BTO is c-oriented with extended the out-of-plane parameter. The samples show
multifunctional properties at room temperature, namely a high magnetization and excellent

ferroelectric properties.

We note that our research can be of high interest for certain memory devices, like e.g. the
non-volatile four states multiferroic monolithic memories. FE-field effect transistors (FE-
FETS) constitute another example. [11] In this case the functional limitations origin from a
low retention time and endurance. Here we show that the use of a proper insulating layer
may lower the detrimental leakage current and significantly bust the ferroelectric
properties. Yet another example of practical applications would be the use of the two stable
strain states in the piezoresponse of the reported here CFO/BTO in piezotronic (i.e. stress
field controlled) memories. Here the deformation state of the bottom piezo BTO could
control the magnetic anisotropy of the top FM layer (leading to two non-volatile
magnetization states) in the patterned CFO/BTO nanostructures.
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Chapter 4

Ferroelectric BaTiOs films
on SrTiO3/Si(001)

Part of the work discussed in this chapter was later published in:

M. Scigaj, C.H. Chao, J. Gazquez, I. Fina, R. Moalla, G. Saint-Girons, M.F. Chisholm,
G. Herranz, J. Fontcuberta, R. Bachelet, F. Sanchez “High ferroelectric polarization in c-
oriented BaTiOz3 epitaxial thin films on SrTiOs/Si(001)” Applied Physics Letters 1009,
122903 (2016).
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Abstract

Epitaxial BaTiOz films, combining c-orientation, surface flatness
and high ferroelectric polarization, has been achieved by using a
YSZ buffer layers. Epitaxial YSZ buffers, requiring very high
substrate temperature, are not a good option for microelectronics.
A better option would be SrTiOs. We have grown monolithically the
all-perovskite BaTiO3z/LaNiOs/SrTiOs heterostructure on Si(001).
The BaTiOsz films are epitaxial and c-oriented, and present low
surface roughness and high remnant ferroelectric polarization

around 6 uC/cm?.
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The integration of BTO on Si(001) buffered with YSZ required CeO> to accommodate
progressively the high lattice mismatch of around 9% between YSZ and BTO. In the case
of the STO buffer layer, its lattice parameter is much closer to that of BTO permitting
epitaxial growth without additional layers. The growth of BTO on STO/Si(001) has been
reported by several groups.[36,37,47,48,50-54,213] The extensive structural
characterization done contrast with a limited functional characterization, mainly based on
piezoresponse force microscopy measurements [48,52,54,213], which is known that can
not be taken as an unambiguous demonstration of ferroelectricity [214-216]. Recently, the
hysteretic dependence of the resistance with the writing voltage -expected for a ferroelectric
tunnel  junction-  was  observed for BTO  tunnel  junctions on
Laz3SrysMnO3z/STO/Si(001). [51] However, the direct evidence of ferroelectricity in BTO
films on STO/Si(001) remains pending. The absence of reported results contrasts with the
ferroelectric loops with high remnant polarization for BTO integrated with Si(001) using
buffer layer heterostructures based on YSZ reported by us [217] and recently for others
authors [57]. It suggests that the used buffer layer could be critical to compensate the stress
due to the thermal expansion mismatch. The integration of c-oriented BTO on Si(001) in
an all-perovskite oxides heterostructure could be challenging, thus limiting the progress
towards the fabrication of Pb-free ferroelectric memories on silicon wafers. Since it is of
major relevance to determine the ferroelectric properties of high quality epitaxial BTO
films on Si(001) buffered with STO, we have done it.

4.1. STO/SI virtual substrate

An epitaxial STO thin film of nominal thickness of 11 nm was grown on a Si(001) wafer
using MBE?3. As this deposition method is not in the central interest of the thesis, the reader
is forwarded to literature (ref. [218-220]) for all the technical details. What is important to
mention here is that the substrate has to be prepared prior to the deposition and that the

deposition itself is a multistep process. The substrate preparation involves chemical

23 The RHEED assisted MBE growth of the STO buffer layer and its structural characterization by AFM and
XRD was done by dr. R. Bachelet at the Institut des Nanotechnologies de Lyon, France http://inl.cnrs.fr/
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oxidation, reduction and yet another oxidation. In turn, the key steps in the STO deposition
include SiO2 removal by Sr deposition (see the streaky RHEED pattern in Figure 4.1 (a)),
deposition of partially amorphous STO, annealing and the deposition of epitaxial STO. The
Figure 4.1 panel (b) shows the RHEED patterns recorded at the end of the deposition of the
last layer of STO. We can see that the patterns are streaky, indicating high quality flat

surface. The 45° in-plane rotation of the STO unit cell versus the Si substrate is also readily

apparent.

(b)
<100>;5//<110>; <110>¢,o//<100>

Figure 4.1 The STO buffer growth: (a) the 2x1 reconstructed Si (001) surface passivated by 1/2 ML of Sr,
(b) the STO buffer at the end of the deposition.

More information about the structure of this STO/Si quasi-substrate is provided by the XRD
measurements. In Figure 4.2 panel (a) we can see the Si(004) substrate reflection along
with the STO(002) reflection. No traces of other orientations nor phases were detected.
Moreover, Laue fringes can be appreciated around the STO reflection signaling high
crystalline quality and sharp interfaces. The rocking curve around the STO(002) reflection
has FWHM of 0.54°. The AFM measurements further confirms the presence of a flat
surface (with RMS roughness below 0.3 nm) with atomic steps (see Figure 4.2 (c)). The
height profile shown in the (d) panel indicates the variations of the surface height below 2
u.c. of STO.
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Figure 4.2 Ex-situ characterization of the STO/Si quasi substrate: (a) XRD scan around symmetrical
reflections, (b) a rocking curve around STO(002), (c) AFM topography image, (d) a line profile along the
blue line in panel (c).

As we can see, high quality epitaxial thin STO buffer layers can be obtained on Si(001),
although the process is complex.

4.2. Growth conditions

STO/Si(001) pieces were used to grow by PLD bilayers with bottom conducting LNO and
top ferroelectric BTO, using the deposition conditions used when deposited on
Ce0,/YSZ/Si(001). We present detailed characterization of a sample with thickness 200
nm and 32 nm for BTO and LNO, respectively. The thickness of the STO buffer, 11 nm, is

77



Chapter 4 Ferroelectric BaTiOs films on SrTiO3/Si(001)

lower that the thickness of the double CeO./YSZ buffer we typically used (around 55 nm,
as described in Chapter 2). Thus, for the sake of comparison, another BTO/LNO bilayer
was grown on CeO»/YSZ/Si(001) with the same thickness of BTO and LNO, and with tceo?
=10 nm and tysz = 3 nm. Therefore, the buffers (including the bottom electrode) in the two
samples have nominally the same thickness of only about 44 nm. All the films of BTO,
LNO, CeO2 and YSZ were grown by PLD using the same protocols as listed in the Section

2.1., with the main difference being the thickness of the layers.

4.3. Structural characterization

Recorded AFM topographic images of the corresponding samples BTO/LNO/STO/Si(001)
and BTO/LNO/CeO2/YSZ/Si(001) are shown in the Figure 4.3. The both films are flat,
despite the large thickness (200 nm) of the BTO layer. The RMS roughness for the sample
with the STO buffer is only about 6.3 A, and not much more (7.8 A) for the sample featuring
the YSZ buffer layer. The as investigated morphology of the both samples is similar.

Figure 4.3 AFM topography images of the samples with two different thin buffer stacks. The height scale
bar is the same in both graphs.

The XRD 6-26 scans along symmetrical reflections indicate the epitaxial relationship
between the BTO layer, buffer stacks and the substrate (Figure 4.4 (a)). All the peaks
recorded for the sample featuring the STO buffer layer belong to the {001} family of planes
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of the constituting films, thus indicating an absence of other orientations and secondary
phases. Similar observation was made for the sample based on the YSZ buffer layer,
however in this case a peak coming from a minor contribution of BTO crystallites (101)-
oriented is present; higher order reflections of this family are out of the detection limit of
the measurement set-up. The ratio of the peaks intensity Isto(o2)/lsTo(o1) is equal only
about 0.2% of the polycrystalline bulk value. Figure 4.4 (b) shows a zoom of the scans from
panel (a) recorded around the (002) reflection of BTO. The STO(002) peak is visible
despite the low thickness of this buffer layer (11 nm). As for the LNO electrode, a reduced
out-of-plane parameter is apparent for the both sample, in agreement with a tensile stress
caused by the mismatch between the thermal expansion coefficients of LNO and silicon.
The lower LNO out-of-plane parameter of the STO buffered sample (3.804 A), as compared
to the YSZ based sample (3.821 A), could result from a tensile epitaxial stress caused by
the STO layer. The BTO(002) peak is high in intensity, narrow and symmetric in the case
of the sample featuring the STO buffer. On the other hand, the CeO2/YSZ buffer structure
led to an asymmetric peak, suggesting the presence of a strain gradient. Regardless the used
buffer layer BTO films exhibit the out-of-plane lattice parameter larger than in bulk (ceto
= 4.059 A for the sample with an STO buffer layer). Interestingly enough, this parameter
is very similar for the both samples. The reported herein out-of-plane lattice parameter of
BTO is within the range reported for the samples based on thicker buffer layers, described
in Chapter 2. The rocking curve of the BTO(002) reflection (Figure 4.4 (c)) for the
BTO/LNO/STO/Si structure, with full width at high maximum (FWHM) of 0.84°, indicates
low mosaicity having in mind that the substrate is silicon. For a comparison, a rocking
curve recorded around the STO(002) reflection (Figure 4.2 (b)) is only slightly narrower
(0.54°). The higher FWHM for the BTO(002) reflection coming from the
BTO/LNO/CeO/YSZ/Si sample may be related with higher amount of structural defects.
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Figure 4.4 (a) XRD 6-26 scans of the samples with different buffer layers; the black horizontal lines
indicate the position of the BTO{00I} family of planes in these samples. (b) a zoomed area; the dashed lines
indicate the position of bulk reflections of BTO and LNO. (c) The rocking curves around the BTO(002)
reflection along with the corresponding values of FWHM in degrees of the omega angle.

Further insight into the epitaxial relationship between the layers in the heterostructure
BTO/LNO/CeO2/YSZ/Si(001) was given by the XRD ¢-scans around asymmetrical
reflections (Figure 4.5 (a)). The ¢-scans around LNO{101} and BTO{101} show four
peaks, located at the same ¢ angles and 45° apart from the four Si{202} peaks. The low
thickness of the STO buffer layer did not permit to record ¢-scans around its reflections.
The epitaxial relationship between Si and STO was already given by means of RHEED in
Figure 4.1. Therefore, the epitaxial relationship of the heterostructure is [110]BTO(001) ||
[110]LNO(001) || [110]STO(001) || [100]Si(001), as sketched in the (b) panel. In turn, the
¢-scans for the BTO/LNO/CeO2/YSZ/Si(001) heterostructure were qualitatively identical
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to the ones already reported in Chapter 2, and can be expressed as [110]BTO(001) ||
[110]LNO(001) || [001]CeO2(001) || [001]YSZ(001) || [100]Si(001).
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] BaTiO,
3. 1 1 1 1 1 1 A
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Figure 4.5 (a) XRD ¢-scans around BTO{101}, LNO{101}, and Si{202} reflections (b) Sketch of the
heterostructure illustrating the epitaxial relationships.

The microstructure was studied in more details by means of TEM in a STEM-HAADF
mode 2. The micrographs presented in Figure 4.6 confirm the high quality and the epitaxial
relationship of the heterostructure. The interfaces are atomically flat with the absence of
intermixing or nanoprecipitates. A layer of SiOyx, being up to 5 nm in thickness, is visible
at the interface with silicon and originates from the growth of the LNO and BTO layers.
Higher magnification reveals also the presence of vertical and horizontal antiphase
boundaries in LNO (marked with yellow arrows in the panel (b)), in which a Ni-O plane is
missing. Moreover, a more detailed analysis of the in-plane and out-of-plane spacing using
Fourier transform reasserts the tetragonality and the c-axis orientation of the BTO layer.

Here, panel (d) presents a shift of Ti atoms in the O plane.

24 The images were recorded by dr. Jaume Géazquez, a scientist working at ICMAB, in collaboration with the
STEM Group of the Oak Ridge National Laboratory, USA (http://stem.ornl.gov/).
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(d)

Figure 4.6 Low (a) and high (b-d) magnification Z-contrast images of the BTO/LNO/STO/Si sample
recorded along the Si[110] zone axis. The yellow arrows in the LNO layer in (b) mark the positions of two
antiphase boundaries. The lines in (d) indicate an offset between the Ti and the O sublattices of the Ti-O
plane indicating that the film is c-oriented; a sketch of a perovskite u.c. is also given.

4.4. Ferroelectric characterization

Despite a number of scientific publications reporting structural characterization of BTO
grown on the STO/Si(001) template, a direct proof of ferroelectricity in these samples in
the direct form of a ferroelectric loop is still missing. The ferroelectric characterization is
of high importance for understanding the influence of the buffer structure on the functional

properties of BTO.

A representative ferroelectric loop recorded for the BTO/LNO/STO/Si sample was
depicted in Figure 4.7 in green. The presented in the same Figure current versus voltage
loop features clear ferroelectric switching peaks. The remanent polarization is around 6
nC/cm? and the coercive field is approximately 60 kV/cm. Thus the results are similar to
the values of BTO films of equivalent thickness deposited on thicker LNO/CeO2/YSZ
buffer structure using the same growth conditions, as detailed in Chapter 2. Very similar
results were obtained for the BTO/LNO/CeO2/Y SZ/Si sample with nominally as thin buffer
structure (Figure 4.7 in blue). This is expected to be a direct consequence of the structural
similarities between the two samples, as shown in the previous Section. This is an important
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Figure 4.7 Polarization (on the left) and current (on the right) versus the electric field for the two samples,
recorded at the same conditions of 4 kHz and DLCC.

observation, as it suggests that the CeO2/YSZ buffer structure (requiring high growth
temperature) in principle can be replaced by the STO buffer, which is grown according to
the protocol better suited for the complementary metal oxide semiconductor integratability.

Yet another important property of a ferroelectric thin film is its resistivity. A leakage curve
of the BTO layer grown on the LNO/STO buffer is shown in Figure 4.8 (in green). The
data indicates that the sample shows a low leakage (around 10° A/cm? at 50 k\V//cm), which
also is a similar value to the samples grown on a thick YSZ buffer, described in Chapter 2.
In turn, the measured leakage current of the sample featuring thin CeO2/YSZ buffer
structure is higher for the voltage values below about 5 V. Above this value the leakage for

the STO based sample starts increasing more rapidly (see the log-log plot in Figure 4.8).
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Figure 4.8 The leakage current densities for the two samples. For the log-log plot a current density for
positive polarity was used.
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Figure 4.9 A fatigue performance of the BTO/LNO/STO/Si sample: (left) the remanent polarization versus
the number of switching cycles, (right) polarization loops recorded after certain amount of cycles.

This in principle indicates an existence of two (or more) different conduction mechanisms

for the both samples above this voltage value.

A resistance against ferroelectric fatigue is a device property crucial from the point of view
of commercial applications. Here we tested the fatigue behavior using a square waveform
voltage of a frequency 0.1 MHz and an amplitude 20 V. Ten times per decay a ferroelectric
loop was recorded using a standard DHM mode with a triangular voltage pulses of a 20 V
amplitude and a frequency 5 kHz. The low leakage of the sample did not require the DLCC
compensation. The results were depicted in Figure 4.9. We can see that the remanent
polarization extracted from the ferroelectric loops slightly increases up to about 10 cycles,
which may be related with a ferroelectric wake-up phenomena based on e.g. a gradual
redistribution of defects [221]. After that, the remanent polarization starts dropping. The
P(V) loops recorded upon cycling keep constant coercive field, while lowering the
remanent and saturation polarization at the same rate. This points to the fatigue mechanism
based on a loss of the electrical contact with the sample, which in turn lowers the effective
sample area. This may be attributed to an exfoliation of Pt electrodes. Further studies on

the subject are required for the better understanding and possible improvement.
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4.5. Conclusions

The integration of ferroelectric BTO films on STO buffered Si(001) is reported. The BTO
layer is c-oriented with the out-of-plane parameter of cgto = 4.059 A. The ferroelectricity
was directly confirmed by means of ferroelectric hysteresis loops. The remanent
polarization is about 6 pC/cm?. Very similar strain and ferroelectric properties are also
found in samples grown on the CeO2/YSZ buffer structure, both the thick one (detailed in
Chapter 2) and the thin one (reported in this Chapter). This indicates that the properties of
BTO are mainly dictated by the deposition conditions of BTO itself, pointing out to the
similar plausible role of the buffer layers on the reduction of the tensile stress caused by
the thermal expansion mismatch between BTO and Si. The reported herein buffer layers
are promising for the integration of BTO on silicon also using processing more compatible
with the CMOS technology, like e.g. atomic layer deposition or MBE at reduced growth
temperatures. Using these techniques could pave a way towards the use of BTO in memory

devices.
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Chapter 5

Epitaxial LaAlO3z on SrTiO3(110)
and SrTiO3(111)
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Part of the work discussed in this chapter was later published in:

G. Herranz, F. Sanchez, N. Dix, M. Scigaj, and J. Fontcuberta, “High mobility conduction
at (110) and (111) LaAlO3/SrTiOz interfaces” Scientific Reports 2, 758 (2012).
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Abstract

The discovery of a conducting 2D electron gas (2DEG) at the
interface between two wide band gap insulators LAO and STO [82]
has triggered a huge interest in the scientific community due to its
intriguing  properties like e.g. tunable metal-insulator
transition [102], magnetism [103] or electrostatically modulated
2D superconductivity [104]. For a long time only a few oxide
interfaces have been known to host the 2DEG, all of them
comprising a TiOo-terminated STO(001) surface. The work
presented in this Chapter has pioneered the research on the
generation of the 2DEG along orientations other than (001). We
give special emphasis on our discovery of a 2DEG at the
LAO/STO(110) interface, which is unexpected in the classical
polar catastrophe scenario. Further analysis of the structure and
chemistry of this interface, as well as electronic orbital hierarchy
and superconductivity has given insights into the role played by the
specific orbital character of electronic states on the physical
properties of these 2DEGs.
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5.1. Substrate preparation

The phenomena of our interest have their origin at the interface between the substrate (STO)
and the deposited thin film (LAO). Therefore, a good control over the morphology and
chemical termination of the single crystal prior to the film deposition is of high importance.
On one hand, as the 2DEG is confined within a shallow layer close to the STO surface, a
high amount of defects may hinder the electronic transport properties of the
heterostructure. [222] On the other hand, high quality of the undelaying substrate is also a
general prerequisite for the layer-by-layer growth of the deposited layer, which in turn
enables a precise control of the film thickness. Apart from these general concerns, each
single crystal orientation brings about new important issues. In the case of the conventional
(001) orientation, the substrate has to be TiO> terminated, as the alternative SrO
configuration does not allow formation of 2DEG - this observation was already reported
in the first publication on this topic [82]. In turn, the (110) and (111) oriented surfaces
studied in this Chapter are of higher energies compared to the (001). Thus, in principle, one
could not exclude atomic reconstructions during substrate preparation for these
interfaces. [223,224]

Each of the used substrates has been processed according to the protocols listed below
aiming to obtain a surface of high quality. In particular, for STO(110) and STO(111) a
thermal treatment was performed in order to obtain a morphology of low-roughness
terraces and steps with height of one unit cell. [121,225] The result of the treatment has
been always monitored by means of AFM. This allows to screen out lower quality crystals
provided by the vendor (resulting in a higher amount of defects) or simply less typical ones
(e.g. with very low or high miscut angle resulting in accordingly excessively wide terraces
or step bunching). This in turn has an impact on the overall reproducibility. The substrates
were bought from the CrysTec?® company, where they are produced by means of the

Verneuil method.

Most of the structures presented in this Chapter have been grown on the STO substrates

oriented along (110) and (111). These single crystals are thermally treated in a dedicated

3 http://www.crystec.de
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tubular furnace at 1100 °C for 2 hours under ambient conditions. [121,225] The heating
rate has been chosen as 300 °C/h from room temperature up to 800 °C, and then as 180

°C/h till the finale temperature. The cooling rate was not faster than 300 °C/h.

Illustrative AFM topography data of the resulting (110)- and (111)-oriented STO substrates
are shown in Figure 5.1 in the panels (a, c) and (b, e) respectively. The morphology of
atomically flat terraces is evident. The step height is equal to the corresponding interplanar
distances of the unit cell; see panels (g) and (h). The overall RMS roughness is around 0.13
nm. The RHEED patterns depicted in the panels (d, f) feature Bragg spots of the 0" and 1°
Laue circles along with Kikuchi lines, an observation fully consistent with the
aforementioned surface smoothness observed by AFM.
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Figure 5.1 The AFM topographic images of the (110)- and (111)-oriented STO substrates treated in the
furnace are shown in (a) and (b), respectively. Corresponding zoomed areas are depicted in the graphs (c)
and (e). Below each zoomed area is shown the height profile along the drawn black line, (g) and (h).
RHEED patterns acquired at room temperature and high vacuum taken along [001] and [11-2] are shown
in (d) and (f).
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Our method used here is based on a thermal treatment solely at oxidizing conditions and
thus it is easier applicable also at industrial scale compared to methods utilizing mixed red-
ox conditions. [226] Nevertheless a constant control of the quality of the substrates by
means of the AFM is still needed, as the final surface termination has been predicted to
strongly depend on the STO crystal chemistry itself. For instance for the STO(110) surface
the Sr termination is stable under Sr-reach conditions. [227,228] It is known that in the
production of STO single crystals certain nonstoichiometric excess of strontium is often
used. Inhomogeneities in chemistry may be a possible explanation of certain reproducibility
issues, scarcely observed, related with strontium segregation [226]. Figure 5.2 depicts a
possible example of this phenomenon — we can see on the panels (a — topography) and (b
— phase) that the sample contains an area (above the white dashed line) which features
double termination and possible Sr segregation. The panel (c) presents higher magnification
phase image. Moreover it is important to note that in the method used in this work for the

STO(110) substrate preparation we avoid the BHF chemical etching step which could

promote creation of the Sr-deficient Sr1«TiO termination [229], and thus possibly a buckled
TiO termination on the STO(110) surface [230].

Figure 5.2 STO(110) single crystal after thermal treatment, a topographic image (a) and phase images (b,
¢). The white dashed line roughly separates the two distinct areas in the surface.

In addition, we have also prepared the TiO2-terminated STO(001) substrates, this time
using a chemical treatment followed by thermal annealing. [231-233] The as-received
substrate was placed in deionized water for 10 minutes in ultrasounds and subsequently
etched for 20 seconds. For the HF etching step the commercial buffer solution Aldrich 825-

175 was used. The heating procedure was the same as in the case of the STO(110) and
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Figure 5.3 STO(001) substrate after the treatment. (a, b) AFM topography images, (c) corresponding AFM
phase image, (d) RHEED pattern recorded at high vacuum prior to heating, (e) height profile along the
white line in the panel (b) with 5 points width.

STO(111) single crystals. As stressed before, the final step of the substrate preparation is
always the quality control. Representative set of data is shown in Figure 5.3. From the panel
(a) we can assume in the structure a small amount of defects (e.g. etch pits, here visible as
black square spots), which are sufficiently low in number not to deteriorate the properties
of the film. At higher magnification (panel b and e) we can appreciate the morphology of
atomically flat terraces and single steps. The typical RMS roughness is about 0.14 nm.
From the panel (c) we can conclude that the surface is almost purely single terminated.
Depicted in the (d) panel RHEED pattern recorded at high vacuum along the [001] direction
features Braggs spots and Kikuchi lines confirming the overall high quality of the surface

at a large scale.

5.2. Growth of LaAlOs3

The samples discussed in this Chapter comprise a crystalline thin film of LAO deposited

simultaneously on (110)- or (111)-oriented STO single crystals. Samples with different
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LAO thickness were grown. In a few cases also the STO(001) substrate was used. Growth
of all the films has been achieved using our PLD setup described in more detail in the
Section 1.6.1. Unless specified otherwise, all the used substrates were small in size (5x3

mm?) to ensure good homogeneity of the overlayer.

For the growth of the epitaxial LAO usually two STO substrates, (110)- and (111)-oriented,
were placed simultaneously on the heating stage for each deposition. The substrates were
heated in the PLD chamber from room temperature to the deposition temperature of 850
°C in an oxygen partial pressure Poz = 0.1 mbar. The pressure was set for the growth as Po>
= 10" mbar and the laser repetition rate and pulse energy were accordingly 1 Hz and 26 mJ
(1.5 J/cm?). The growth was monitored in-situ using our differentially pumped RHEED set-
up focusing the incident electron beam on the STO(110) substrate along the [001] direction
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Figure 5.4 RHEED patterns taken along [001]-STO(110) at PO2 = 1x10-4 mbar and T = 850 oC of (a) the
bare substrate and of (b) the 36 MLs thick LAO overlayer. (c) Representative curves of the intensity of the
specular spot for several (110) LAO films of thickness: 4 MLs (in red), 10 MLs (blue), and 36 MLs (black).
Below the corresponding topographic AFM images are presented with the scale bar of 1 um.
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or on the STO(001) substrate along the (001) direction. The oscillations of the intensity of
the specular spot (Figure 5.4 (a)) were monitored at the glancing angle of about 1°. At the
end of the deposition the samples were cooled down at Po, = 0.3 mbar from T = 850 °C to
750 °C and later at Po2 = 200 mbar down to the room temperature with a dwell time of 1
hour at 600 °C. The oxygen-rich atmosphere was used in order to minimize the formation
of oxygen vacancies which could lead to extrinsic mechanisms of
conduction. [106,111,234,235]

Figure 5.4 (c) shows typical RHEED oscillations, here for the samples with the LAO
thickness of 4, 10 and 36 MLs grown on (110)-oriented substrates. The observation of
RHEED oscillations in these samples is an indication that the growth of LAO thin films on
the (110) surface of STO —much the same as in the case of the conventional (001)-oriented
LAO/STO samples— proceeds layer-by-layer. The second and third maxima are usually of
low intensity, but the amplitude increases for the further oscillations till about the 10™
monolayer where it once again starts to diminish to finally completely vanish. Nevertheless,
the oscillations observed during the growth are sufficient to precisely determine the actual
growth rate and thus to stop the deposition exactly at the maximum coverage of the desired
monolayer (marked by arrows in the figure). For the case of the 36 ML sample displayed
in Figure 5.4 (c), the maxima of the RHEED oscillations are separated by a period of 30
laser pulses; therefore, the growth rate is anticipated to be 30 laser pulses per monolayer.
To crosscheck this value, an X-Ray reflectivity measurement was performed on the 36 MLs

thick sample (Figure 5.5). The fitting of the acquired data allows to estimate the thickness

—o— measurement
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Figure 5.5 X-Ray reflectivity data of the 36 MLs (110) LAO/STO sample (black curve). The red curve
represents a simulation corresponding to the LAO thickness of 96 A.
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to be 96 + 5 A, thus truly in agreement with the number of RHEED oscillations (36 MLs *
2.69 nm/MLLao10) = 96.7 nm). Finally, one should note that the RHEED pattern of even
the relatively thick 36 MLs LAO layer recorded just after the deposition is streaky
indicating smooth surface (Figure 5.4 (b)).

The last observation is in consistence with the smooth morphology inferred from the
topographic AFM images shown at the bottom of Figure 5.4, displaying the measurements
done in the samples 4, 10 and 36 MLs thick. A morphology of terraces and steps of one
monolayer in height were observed. The RMS roughness of the films is typically below
0.14 nm. The differences in the morphology are caused by a different miscut of the
substrate, leading to a different terrace width of about 375, 140 and 100 nm accordingly.

= Y )
a e
. < "o
R == Eie
e - + | & 2
- g 37 E] b 2
:' v - = 1o ¥
RSl = &
- 85
o =X 5y
g e 3 &S -
it g ,.»;‘ = R Er .. i_.
- = .
P R T N, y 3
S P =
A W - e i
= STy TS
g oy P S .
AR BN T R
=~ e > e
b e B e <, 3 =
,’i.()gm S
| R e SIS T S B
| "B R b e A

Figure 5.6 The 9 MLs (111) LAO/STO sample: (a) AFM topographic image and the (b) corresponding
RHEED pattern taken along the [11-2] direction at the end of the growth.

Despite the fact that the RHEED growth monitoring was performed only for the samples
grown on the STO(110) substrate, a resulting post-growth RHEED image (featuring a
streaky patter) and AFM topography image (indicating the morphology of terraces and
steps) of a typical LAO/STO(111) sample (see Figure 5.6) are in a full agreement with the

layer-by-layer growth mechanism.

In addition, a few (001)-oriented LAO/STO samples have been grown following the sample
protocol as in the case of the (110) and (111) orientations. Also in this case RHEED
oscillations enable a perfect control over the material thickness (Figure 5.7 (c)). Both
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Figure 5.7 Sample 8 MLs LAO/STO(001). (a) AFM topographic image, (b) RHEED pattern recorded
along the [001] direction immediately after the deposition, (c) the corresponding RHEED intensity
oscillations of the specular spot.

streaky RHEED patterns and AFM topography images of the samples indicated presence
of a high quality surface for the epitaxial growth (Figure 5.7 (a, b)).

5.3. Transmission electron microscopy studies

To gain a better insight into the microstructure at the interface we have acquired scanning
transition microscopy (STEM) images in the high-angle annular dark field (HAADF)
imaging mode?® on two samples: (001) and (110)-oriented. In the technique the recorded
intensity of atomic columns is roughly proportional to the square of the atomic number.
This enables to distinguish the metal atoms (s7La, 13Al, 38Sr and 22Ti) in the lattice. We had
a deep interest to exploit these capabilities to ascertain the atomic structure of the (110)
interface, particularly its sharpness and the emergence of any local atomic reconstruction
leading to a local {001}-faceting, known to occur for some STO(110)
surfaces [223,236,237]. From the experiments, we infer that both (001) and (110)
heterostructures grow coherently and in epitaxial manner (Figure 5.8). In particular, in the
case of the LAO/STO(110) structure viewed along the [001] zone axis (Figure 5.8 bottom-

% STEM-HAADF images were acquired by dr. Jaume Gazquez (from ICMAB-CSIC) with a NION
UltraSTEM, equipped with a 5th order NION aberration corrector and operated at 200 kV, and in a FEI Titan
(60-300 kV) STEM operated at 300 kV, equipped with a probe Cs corrector from CEOS, a monochromator
and a high brightness field-emission gun (X-FEG). Specimens for STEM were prepared by conventional
methods, by grinding, dimpling and argon ion milling.
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Figure 5.8 HAADF-STEM images of the interfaces in: (top panels) 10 MLs LAO/STO (001) and (bottom
panels) 10 MLs LAO/STO (110). The side panels show the magnified images along orthogonal zone axes.

left corner) it is worth to stress the presence of atomically flat interface and lack of an
obvious {001}-faceting, despite higher energy of the (110) atomic planes as compared to
the (001) ones. Similar analyses were performed in many other areas of the interface,
always indicating the absence of any atomic reconstruction yielding {001}-faceting.
Therefore, we can rule out the presence of local effective (001)-oriented interface areas in
the LAO/STO(110) samples. [230] This is an important observation, as it indicates that any
eventual finding of a 2DEG at this interface cannot invoke the conventional mechanism of

polar catastrophe to explain the emergence of a conductive interface layer.

In order to gain a better understanding of the chemistry at the interface we performed
STEM-EELS analysis of a nominally 5 MLs thick LAO/STO(110) structure (see Figure
5.9). We recorded atomic resolution maps of the La Mass, Sr Mas and Ti L2.3 edges (panel
(d)). The combined elemental maps shown in the panel (b) indicate a certain level of
intermixing confined to an area of 1-2 unit cells, comparable to the intermixing area
observed for (001)-oriented LAO/STO interfaces [108,114,115].
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Figure 5.9 STEM-EELS analysis of a 5 MLs LAO/STO(110). (a) high magnification Z-contrast image, (b)
combined elemental maps (red — La, green — Ti, blue - Sr), (c) a sketch of a generic perovskite
ABO3(110)[100], (d) Elemental maps corresponding to the La Mas, Sr M4s and Ti L23 edges, respectively.

Similar to the (110)-oriented samples, we also employed the HAADF-STEM technique and
analyzed the structural coherency of structures on STO(111) with three different LAO
thicknesses: 7 MLs, 12 MLs and 20 MLs. Figure 5.10 shows the images recorded in the 20
MLs sample, in which we have observed misfit dislocations. In this case, the defects are
separated on average by about 24 nm. The increasing density of defects with LAO thickness
at the (111) interface may be one of the causes of the fast deterioration of the electronic

transport at this interface (see the subsequent Section).
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Figure 5.10 A high resolution HAADF-STEM image of 20 MLs LAO/STO(111) recorded along the [211]
zone axis with misfit dislocations marked in red (a), a inverse Fourier transformation of the same image
allowing fast localization of the defects (b), an image of one of the dislocations recorded at higher
magnification (c).
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5.4. Electronic transport at the interfaces

The sample preparation and the measurement protocol to characterize the electric transport
of the LAO/STO interfaces are given in the Introduction. The resulting transport data
measured at room temperature of the LAO/STO grown on (110)- and (111)-oriented
substrates is shown in Figure 5.11. For the purpose of comparison, analogous set of data
for the conventional (001) interface has been taken from the literature [106,238] and added
to the figure. We can infer from the graphs that, regardless the substrate orientation, the
interfaces comprising thin enough layer of LAO are insulating or poorly conductive (> 10
MQ). Above a certain critical thickness tc there is an onset of conductivity leading to similar
value of about 10 Q! for all the interface orientations. The minimal critical thickness of
LAO depends on the substrate orientation: 7 MLs (~1.9 nm) for (110), nominally 8.6 MLs
(~1.9 nm) for (111) and 4 MLs (~1.5 nm) for the (001) samples, as previously reported in
the literature. As mentioned before, the (111)-oriented interfaces were grown always
together with the (110) ones, thus for the (111) orientation the growth nominally was not

stopped at full coverage of the last LAO monolayer. The thinner ~1.6 nm -nominally 7.3
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MLs- LAO/STO(111) was still insulating. In addition, for the (111) interface a fast decrease

in conductivity in observed in the function of the film thickness.
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Figure 5.11 Conductance at room temperature of the LAO/STO interfaces. The data for the (001)
interface are taken from literature [106,238].

The critical thickness that we report for the metal-insulator transition for the novel
LAO/STO(110) interface (being equal to 7 MLSs) is higher than it has been reported later
on. For instance, it has been found that the minimal thickness for the onset of conduction
was tc = 4 MLs, regardless whether the samples did or did not undergo in-situ annealing
after deposition (ref. [112] and [230] respectively). At this stage it is unclear whether
specific growth conditions may have an effect on the determination of the critical thickness.
Yet, the interesting fact is the unambiguous existence of a threshold thickness for
conduction in all cases.

To rule out the presence of oxygen vacancies as the main contribution to the conductivity
of the (110) and (111)-oriented interfaces, we performed a blank test in which bare STO
substrates of the same orientations were treated during 10° seconds (equivalent to the
deposition time of 33 MLs of LAO(110)) in the same pressure and temperature as during
the film growth. The test included the post-growth annealing in oxygen rich atmosphere,
as in the case of our films. The resulting substrates did not give any measurable conductance
(<1nQ?).
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Figure 5.12 Sheet resistance of (left) LAO/STO(110) and (right) LAO/STO(111) interfaces.

The temperature-dependent resistivity for the samples above tc strongly depends on the film
orientation and thickness (Figure 5.12). For the (110) interfaces, the 8 MLs sample exhibit
ametallic behavior down to 5 K decreasing its sheet resistance from Rxxrr~ 15 KQ t0 Rxx5x
~ 0.16 kQ. Above 10 MLs LAO thickness we can observe a progressive increase of
resistance with thickness and an upturn of resistivity at low temperatures. Above 18 MLs
electronic localization takes place at low temperatures. For instance the 36 MLs thick
sample changes its sheet resistance from Ruxrr~ 1.1-:10° KQ at room temperature t0 Rux sk
~ 4.6-10° kQ at 5 K, thus a few orders of magnitude higher than in the case of the 8 MLs
sample. The degradation of transport properties with the LAO thickness has been also
observed for the conventional (001) LAO/STO interfaces — see e.g. ref. [238]. Concerning
the (111)-oriented interfaces, the thinnest conductive sample of (9 MLs) is metallic and
changes its sheet resistance from Ryxrt~ 7.1 kKQ at room temperature t0 Rxxsx = 195 Q at
5 K. Also in this case the transport characteristic of the sample changes rapidly with the
film thickness leading to poorly conductive interfaces above 10 MLs. It is evident that the
conductivity of the (111) interfaces deteriorate much faster compared to the (110)-oriented
counterparts, an observation that may be consistent with the emergence of misfit

dislocations, as observed from HAADF-STEM images (see Section 5.3.).
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Figure 5.13 Sheet carrier density and mobility of the samples LAO/STO(110).

The evolution with temperature of the sheet carrier density and mobility for the (110)
interface (see Figure 5.13) brings more information about the transport properties at the
interface. At this point it is important to note, that the transverse resistance (Rxy) measured
in the Hall geometry for all the conductive samples was linear within the entire range of
applied magnetic field (9 T) and temperature (5 K — 300 K), the sign of the slope of the
Rxy versus magnetic field indicating n-type conduction. For the considered series of
thickness, the sheet carrier density at 5 K ranges between nsheetsk ~ 10* — 10 cm, thus
similar to the values reported for conductive (001)-oriented interfaces. [82,100,234,238—
240] The slight increase of nsnheet With temperature has also been reported for the classical
(001) interface. [238] The electron mobility at low temperatures exhibits larger variations
with the LAO thickness. For instance, 8 MLs yields at 5 K mobility of usk ~ 680 cm?/Vs,
while for thicker 10 MLs usk =~ 2500 cm?/Vs. Thicker layers results in lower electron
mobilities: usk = 880 cm?/Vs for 14 MLs and usk = 30 cm?/Vs for 18 MLs. This trend is
also known for the (001) interface, as indicated previously [238]. In overall, the measured
data results in a bell-shape curve of mobility vs. sheet carrier density, which is also

observed in the LAO/STO(001) interfaces [238] and doped STO [241].
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Figure 5.14 Resistance versus temperature of the samples with 10 MLs thick LAO deposited on an STO
substrate treated ex-situ (Samples A) or in-situ (Sample B).

We have also checked the influence of the substrate thermal treatment on the properties of
the 2DEG. For this purpose we have treated one STO(110) substrate in-situ in the PLD
chamber -prior the deposition- at 900 °C under 10" mbar of oxygen for 1 hour, followed
by cooling down to 550 °C and further annealing at this temperature and the base pressure
of 10 mbar for 1 hour. This procedure has been reported to yield a flat surface with the
morphology of steps and terraces. [226] The conditions of the subsequent deposition were
identical to the ones used by us for the standard substrates treated ex-situ in a dedicated
tubular furnace. The resulting LAO/STO samples display comparable resistance vs

temperature characteristics (Figure 5.14).

The STO(110) has in plane two orthogonal non-identical low index directions [001] and
[1-10] leading to the 2-fold symmetry. In the transport experiment described previously,
the current was applied along the [001] direction for this interface. However, in order to
examine any in-plane transport anisotropy we need to inject the current along two
orthogonal directions. For that purpose, we have deposited simultaneously two 9 MLs LAO
samples on two STO(110) substrates previously cut in a rectangular shape (2.5 x 5 mm?)
having the longer direction along [001] or [1-10]. Subsequently we wired the samples and
injected the current along the longer direction of the sample. As can be seen in the Figure
5.15, no obvious anisotropy could be observed. This observation is in agreement with
previous reports where no in-plane anisotropy was found for the samples deposited at the
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Figure 5.15 Temperature dependence of the sheet resistance of two samples with 9 MLs of LAO deposited
simultaneously. The current is injected along different direction for each sample.

same oxygen pressure as the one used in this thesis. [230] Interestingly enough, the degree
of anisotropy in conductivity between the orthogonal [001] and [1-10] directions depends
not only on the deposition pressure, but also on the film thickness, making this effect visible
only for relatively thick LAO films. [242] This in turn brings the possibility of existence of
plastic relaxation above certain LAO thickness in the form of preferentially oriented

defects, not observed in our studies.

The findings reported here present many similarities between the most studied
LAO/STO(001) interface and the novel (110) and (111) interfaces reported here. This
includes the existence of the critical thickness for the metal-insulator transition and
comparable transport properties at different temperatures. At this point, one may speculate
whether there is a common origin for the 2DEGs emerging at these interfaces. Yet, our
present research does not allow giving a definitive answer to this question. Such enquiry is
especially relevant for the (110) interface, as in this case we don’t expect any polarity
discontinuity across the interface, at least not in the idealistic case. However, the real
picture may be more complex than that. For instance, the (110)-oriented surface of STO is
polar [243] and should by itself reconstruct to some extent prior to the deposition of the
LAO film. Yet, the details about this eventual ionic/electronic reconstruction are so far
unknown. This may leave open the option that the subsequent growth of a LAO overlayer
on top of a reconstructed STO (110) surface may give way to the existence of an interface

dipole triggered by the surface/interface reconstruction at the STO(110) surface, which

105



Chapter 5 Epitaxial LaAlO3 on SrTiO3(110) and SrTiO3(111)

could influence the transport properties of the LAO/STO (110) interface. Of course, other
factors, also contemplated in the case of the (001) interface (ionic intermixing, vacancies),
may also play some sort of role. All in all, the physical mechanisms leading to the
emergence of a 2DEG at the (110) interface is an unresolved issue that would deserve an

intensive research activity in the future.

To summarize, our group has pioneered the investigation on the creation of 2DEGs at the
LAO/STO(110) and LAO/STO(111) interfaces, thus releasing the constraint of the
substrate orientation beyond the conventional and most studied (001) interface. The
creation of 2DEGs along interfaces other than (001) has given us the opportunity to probe
the effect of crystallographic orientation and the resulting electronic reconstructions on the
interface properties, which will be described briefly in the next sections. This, in turn, has
opened us the way toward a better understanding of the physics of these 2DEGs and its
interplay with the electronic orbital hierarchy, with implications in physical phenomena.
Indeed, a deep knowledge about all issues related to the electronic structure of LAO/STO
2DEGs is relevant for both fundamental and applied research. In this line, such a knowledge
should have an impact on the development of applications in electronics [138,244]. For
orientation other than (001), a better comprehension of the electronic structure is important
to understand transport anisotropy [245] or, in the case of (111) oriented interfaces, the
expectance of emergence of novel complex electronic phases [246]. Bearing this in mind,
we have undertaken the study of the electronic structure of the (110)-oriented interface.
The details of our research on the underlying electronic orbital reconstruction for this
interface are given briefly in the subsequent Section 5.5. On the other hand, the implications
of the orbital reconstruction on the 2D-character of superconductivity at the
LAO/STO(110) interface are discussed in Section 5.6.

5.5. Electron orbital reconstruction in LaAlO3/SrTiO3(110)

The previous Section showed many similarities in transport properties between LAO/STO
of the (001) and (110) orientation. Nevertheless, confining electrons along crystal planes
of different orbital symmetries should result, in principle, in distinct band reconstructions

with specific orbital hierarchies. This approach of tuning the orientation of quantum well
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structures is well known e.g. in the engineering of optoelectronic properties of 111-V and 11-
VI semiconductors. [247] An important question is whether the electronic structure of
2DEGs along the interfaces of LAO/STO (001) and (110) are really different. This is to
say, do they share a common orbital hierarchy or -on the contrary- a reconstruction of the

electronic band structure occurs when the orientation of the quantum well is changed.

In this Section we briefly present the highlights from our work exploring the connection
between orbitals’ symmetry and hierarchy. For this purpose, we used the room temperature
X-ray absorption spectroscopy (XAS) in total electron yield (TEY) mode. The data has
been collected at BOREAS beamline of the ALBA synchrotron radiation source 2. The
energy range was aimed at probing the Ti-L2 3 edges. In this case the L» and L3 peaks in the
XAS spectra originate from the transitions between Ti-2p12 (L2) and Ti-2ps;2 (Ls) core
levels to unoccupied Ti 3d states, respectively. As seen below, the fine structure of the L3

edges enabled us to investigate the tog (dxz, dyx, dxy) and eg (dz2, dxz-y2) levels of the Ti.

~,
$
~

Figure 5.16 Sketch of the interaction of linearly polarized light width d orbitals for normal (a, b) and
grazing (c, d) incidence of X-rays. The (001) interface is present in (a, ¢) and the (110) interface in (b, d).
The color shading listed in the box indicates the level of interaction.

27 https://www.cells.es/en/
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The TEY intensities coded I, and I, were recorded for the two orthogonal linear polarization
vectors Ea and Eb, respectively (see Figure 5.16). For all the experiments, the linear
polarization vector Ea (red) was always kept in plane, i.e. Ea [l [100] for (001) and Ex || [001]
for (110) samples, respectively. Instead, polarization Ey (blue) was either in plane (normal
incidence) or out of plane (grazing incidence — 60° away from the normal). The intensity
resulting from the X-ray induced electronic transition to the d orbitals depends on the orbital
symmetry of the available d final states. This interaction is the strongest when light
polarization is along the direction of the orbital lobes [248], as sketched in the Figure 5.16.
Therefore, we used this difference in cross-section to probe the hierarchy of the orbitals.

Thus the XLD signal was defined as the difference Ia - Ip.

The samples used in this study involve LAO films of different thickness, namely t = 0 and
8 MLs for the (001) orientation and t = 0, 2 and 9 MLs for the (110) orientation of the STO.
All the films were grown as detailed in the Section 5.2. In particular, we stress the presence
of post-deposition annealing which ensures the 2D intrinsic character of the electron gas.
The t = 0 indicates a bare substrate, needed for the determination of the initial surface

electronic structure prior to capping it with LAO.
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Figure 5.17 The normalized XAS spectra (in purple) and XLD spectra (in green) for LAO/STO samples
with different crystal orientation measured at normal incidence.
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Figure 5.18 Sketched calculated energy splittings of d orbitals for (001)- and (110)-oriented samples.

The XLD experiments done at normal incidence were performed to prove that the two
interfaces have different crystal orientations. The (001) samples have inherent fourfold in-
plane symmetry, thus light should be absorbed equally for both photon polarizations.
Indeed, the resulting XLD signal of the 8 MLs LAO/STO(001) sample is negligible (Figure
5.17 —top panel). In turn, in the case of the 9 MLs LAO/STO(110) sample the distinctive
nonzero XLD signal indicates the anisotropic character of this type of interface (bottom

panel).

On the other hand, the experiments at grazing incidence allow us to quantify the splitting
between the t2g and eq states and thus to define the orbital hierarchy. The numerical data
analysis was performed by dr. D. Pesquera 28 with the use of the CTM4XAS software [249].
The analyzed data are summarized in the Figure 5.18. The degeneracy of the tog and eq
substates is already broken in the uncapped STO surfaces, which is caused by the symmetry
breaking at the interface. For instance, for the STO(110) surface, the dxy and dxz-y2 States
were found to be lower in energy compared to respectively the dx./dyx and d,> states, with
the level splitting of 20 meV and 10 meV for the eq and tog States, respectively. Capping the
substrate with LAO results in the degeneracy breaking in the opposite direction. Here for
instance for the 9 MLs LAO/STO(110) the eg states are split by 50 meV and the tog states
by 30 meV. In fact, such orbital hierarchy inversion with respect to bare surface is already
observed in 2 MLs LAO/STO(110), thus at the interface that do not exhibit any
macroscopic conductance. Similar finding has been reported for the (001) oriented
interface. [250] The somehow smaller splitting for the LAO/STO(001) interface obtained

28 Dr. David Pesquera is a former PhD student in our research group. http://departments.icmab.es/mulfox/
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from our analysis compared to the one reported in ref. [250], may be a result of a different

sheet carrier density [251] reported in the two works.

The main result of our XLD study is the confirmation that the orbital electronic hierarchy
of the 2DEGs at the (110) interface is different than its counterpart at the (001) interface.
More precisely, we have observed that the order in which the electronic states appear as a
function of energy in the LAO/STO(110) interface is inverted with respect to the
LAO/STO(001) system. Thus, while dxy states are the lowest in energy for the (001)

oriented heterostructure, dx./dyx States are instead at the bottom for the (110) interface.

Our results establish crystal symmetry as an extra degree of freedom to realize different
2DEG band reconstructions at this oxide interface. This in turn allows selective occupancy
of states of different symmetry and has implications on the 2D superconductivity at these
interfaces, as briefly discussed in the Section 5.6. The new way of engineering 2DEG paves
the way towards better understanding of the connection between orbital symmetry and

correlated states at the LaAlOs/SrTiO3z quantum well.

5.6. Electrostatic modulation of superconductivity in
LaAlO3/SrTiO3(110)

It is well known that the 2DEGs at the LAO/STO(001) interface display superconductivity
at low temperatures (typically below about 300 mK). [100] The electrostatic tuning of the
carrier density in these samples has been shown to allow a diversity of complex phenomena,
including quantum phase transition from an insulating to a metallic state [106] or changes
of the critical temperature T¢ for the onset of transition to a superconductive ground
state [104,252,253]. Electrostatic doping is a particularly interesting tool, as it permits
tuning the carrier density without the need of introducing additional structural defects like

e.g. 0Xygen vacancies.

Our discovery of 2DEGs at the (110) interface has opened a new perspective, as it allows
the study of the 2D superconductivity in a novel system that, as shown previously, displays

a different electron orbital hierarchy due to the different crystal symmetry. Additionally,
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electrostatic gating has allowed us the possibility of tuning the orbital occupation to

modulate the superconductive state.

As an illustrative example of how the different orbital hierarchy may affect a physical
property of the 2DEG, in the following we summarize concisely the outcome of low
temperature magnetotransport experiments done in collaboration with CNRS-ESPCI 2°.
This study allowed the comparison of the superconductive properties of LAO/STO(001)

and (110) samples both grown in our laboratory.

For that purpose, a quantitative estimation of the superconductive layer thickness d was
done at the (110) interface using a Landau-Ginzburg formalism [123], as done with
previous reports on (001) [100,104,254]. The results of such analysis showed that the
superconductivity (110)-interface has a 2D character, confirming the bidimensional
character of the electronic system. Yet, beyond that, we also discovered that the anisotropy
of the 2D superconductive state is considerably larger for (001) than for (110), implying
that for the latter the superconductive thickness (d ~ 24 — 30 nm) is larger than for the
former (d =~ 10 nm), i.e., the spatial extension of the quantum well along (001) is smaller
than along (110) [123].

Intuitive reasoning based on fundamental quantum concepts gives a rationale for the
different spatial extent of the 2DEGs. More specifically, the rearrangement of orbital
symmetries observed for different crystal orientations change the carrier spatial
distributions of dyy, dx, and dy, states. Along (001) the first dxy sub-band is expected to be at
the bottom of the well, with little spatial spread; on the contrary, along (110) the dxy level
raises its energy above the dx./dy, states, and its spatial extent is considerably larger (see
Figure 5.19). Therefore, the modulation of the orbital hierarchy provides a natural
explanation for the distinct anisotropy of the 2D superconductivity and spatial extension
for quantum wells oriented along (001) and (110) [123].

29 The collaboration was established with dr. N. Bergeal at the CNRS-ESPCI. https://www.espci.fr/en/
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Figure 5.19 Energy landscape of 2DEGs at (001) and (110) LAO/STO interfaces.

The different spatial extension of the 2DEGs at (001) and (110) interfaces was further
inferred by means of electrostatic gating experiments. For this purpose, a metallic back-
gate was made by depositing gold on the back side of the STO substrate. In the used
configuration, the polarity of the contacts is defined such that the “+” terminal is on the
back-gate electrode and the “-* terminal is connected to the LAO/STO interface via
ultrasonic wire bonder with Al wires. Therefore, the positive/negative gate voltage Vg
corresponds, respectively, to accumulation/depletion of electrons at the interface. The
outcome of our low-temperature transport experiments is exemplified by the analysis of
two samples that were included in our study, namely a 14 MLs thick LAO/STO (110) and
a 10 MLs thick LAO/STO (001). In particular, the sheet resistance of these samples is
plotted as a function of temperature in the Figure 5.20 panels (a) and (b). An inspection of
these figures clearly reveals that the superconductive state can be suppressed in the
LAO/STO(001) interface for both large enough negative or positive applied gate voltages.
In contrast, for the (110) interface, the superconductivity cannot be suppressed for any
value of the gate voltage range used in this study (Vg = + 400 V). The panel (c) of Figure
5.20 features the summary of these electrostatic gating experiments. Here, again, we can
see that the superconductivity in the (001) interface can be suppressed by applied voltage
(with agreement to the previous reports, e.g. [104,252]), while the T of the (110) interface
changes within the used Vg range of at most only =~ 50 %.
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Figure 5.20 Temperature dependence of the sheet resistance as a function of gate voltage for the (001)-
and (110)-oriented LAO/STO interfaces, panels a and b respectively. (c) Superconductive transition
temperature Tc (filled symbols) and sheet resistance Rsheet (0pen symbols) for the both interfaces.

Therefore, electrostatic gating enabled us to confirm that the sensibility to voltage gating
was significantly larger for the (001) interfaces as compared to (110). Among other factors,
the fact that the spatial extension for the latter interface is substantially larger than along
(001) is compatible with the fact that the superconductivity is harder to modulate along
(110). Beyond 2D superconductivity, in the same study we also showed the electronic
modulation of Rashba spin-orbit fields via electrostatic doping in (001) and (110)
interfaces, demonstrating again the relevance of changes in the electronic hierarchy on the
physical properties of the 2DEGs [123].
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Part of the work discussed in this chapter was later published in:

M. Scigaj, J. Gazquez, M. Varela, J. Fontcuberta, G. Herranz, and F. Sanchez, “Conducting
interfaces between amorphous oxide layers and SrTiO3(110) and SrTiOs(111)” Solid State
lonics 281, 68 (2015).
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Abstract

The deposition of amorphous oxides of LaAlO3 (a-LAO), Y:ZrO;
(a-YSz) and SrTiOs (a-STO) on (110) and (111) STO single
crystals yields conductive interfaces. The relative importance of the
(I) oxygen affinity of the deposited metals versus (Il) the
orientation-dependent energy of vacancy formation and diffusion
on the creation of oxygen vacancies is judged. Our study reveals
that the oxygen affinity of the deposited atomic species, rather than
the difference in the energy of oxygen vacancy formation, is the
main factor governing the creation of oxygen vacancies and

consequently the appearance of interface conductivity.
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In the previous Chapter we have shown how choosing a particular orientation of the
substrate can be used to modulate properties of the 2DEG at the interface between epitaxial
LAO on STO. It is also known that growing certain amorphous oxides on the STO(001)
may also result in a conductive interface (e.g. [118,130-135]), where the film critical
thickness for the onset of conductivity tc is a function of the deposition pressure [118,131].
In this case it is widely accepted that oxygen vacancies at the interface give the origin to
the charge carriers. The strong influence of the nominal chemical composition of the
amorphous overlayer on the tc is usually explained by different affinity of the constituting
metallic elements to oxygen. Herein an interesting question arises concerning the potential
influence of the substrate crystal orientation on the process of oxygen vacancy formation
and therefore the electronic properties at the interface. In this Chapter we take a closer look
at this concept by analyzing the transport properties of conductive interfaces generated by

depositing amorphous oxides on top of (110) and (111) oriented STO crystals.

6.1. Growth of the amorphous layers

A series of amorphous films of LaAlOs (a-LAO), Y:ZrO (a-YSZ, with ~7 % molar of
Y203) and STO (a-STO) has been deposited within the thickness range of 1-8 nm. All the
layers were grown on the STO (110) substrate. In particular, the a-LAO films were grown
simultaneously on both (110)- and (111)-oriented STO substrates. All the single crystals
were thermally treated as explained in the Section 5.1. in order to obtain a morphology of
steps and flat terraces. [121] In addition to this, prior to the deposition, each substrate was
heated in-situ in the PLD chamber up to 500 °C at Po2 = 0.5 mbar oxygen pressure to
eliminate the adsorbates. Subsequently the substrate was cooled overnight to room
temperature at Po, = 200 mbar to eliminate the presence of oxygen vacancies. All the
amorphous films were deposited at room temperature. Apart from this, other growth
conditions were identical to these used for the epitaxial LAO, as stated in the Section 5.2. ,
namely: Poz = 10 mbar, 1 Hz laser repetition rate, substrate-target distance of 60 mm and

the laser pulse energy and fluence of about 26 mJ and 1.5 J/cm?, respectively.
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=5.1 nm YSZ =7.8 nm STO no sample

Figure 6.1 RHEED patterns acquired at room temperature at the incident angle of about 0.9° taken along
[001] with respect to STO(110) at the end of the growth. The very last graph presents the direct electron
beam without any sample mounted.

The growth of all the amorphous layers was monitored by RHEED. All resulting images
(see examples in Figure 6.1) indicate a diffused-like halo without any Bragg reflections, in
perfect agreement with the amorphous nature of the deposited films. The apparent arc is a
sample-independent artifact visible at high electron beam intensities (see the last panel on
the right in Figure 6.1).

6.2. Electronic transport properties

In order to measure transport properties, all the conductive interfaces were contacted via
ultrasonic wire bonding with aluminum wires. The resistance was measured by injecting
current along the in-plane STO [110] direction in the (110)-interfaces, and along STO [11-
2] in the (111)-interfaces.

For each of the a-LAO, a-YSZ and a-STO series a critical thickness tc has been observed
above which a metallic conduction can be measured. Selected examples of the sheet
resistance Rs versus temperature curves for each series are depicted in Figure 6.3. Here can
be seen that each interface features metallic-like behavior upon cooling down to about 10
K, were slight upturn may appear (in panels (b) and (c)). As discussed in the previous
Chapter, similar resistivity upturns have been also reported in crystalline interfaces. [255]

The overall resistance-temperature characteristic, as well as the room temperature values,
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Figure 6.3 Sheet resistance versus temperature for the interfaces with amorphous overlayers.

are comparable to those reported for the corresponding amorphous interfaces on
STO(001). [118,131,256]

Figure 6.2 presents the room temperature conductance of the three series of amorphous
films. The conductivity depends both on the chemical formula of the deposited material
and on its thickness. In particular, we can notice the presence of a critical thickness for the
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Figure 6.2 Room temperature conductance versus film thickness for samples with a-LAO (squares), a-YSZ
(triangles) and a-STO (circles) on STO(110). The table below indicates the thickness range of transition
to the conductive state.
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onset of conductivity tc (see the table). For instance, growing 1.5 nm thick a-LAO on
STO(110) results in an insulating interface, whereas a sample with 2.0 nm thick a-LAO is
conductive. Interestingly enough, we observe that the critical thickness tc of the amorphous
a-LAO and the epitaxial c-LAO (7 MLs, thus ~1.9 nm) on STO(110) is practically identical.
Yet, this coincidence may be purely accidental, as it is known that the tc of different
amorphous overlayers grown on STO(001) depend on the growth conditions, especially
oxygen pressure [131]. However, since all the samples analyzed in this study were grown
using the same parameters of temperature and oxygen partial pressure and the transport
characterization was carried out in the same conditions, we can identify a robust trend
regarding the value of the critical thickness in relation to the material used as amorphous
oxide. In particular, we observe that for amorphous layers on STO(110) the following
relationship holds: t(a-LAO) < tc(a-YSZ) < t;(a-STO). It is important to note that the same
trend has been observed for amorphous films deposited by PLD on the
STO(001). [131,256]

In the literature of the topic there is a general consensus that the conduction at the interfaces
between amorphous films and STO substrates has its origin in oxygen vacancies in STO
created upon deposition of the amorphous film. In this regard, several mechanisms resulting
in the creation of the conductive interface have been proposed. In particular, metal species
(e.g. arriving on the surface with a PLD plasma plum) may get oxidized by extracting an
oxygen from the substrate. [131,256] A general thermodynamic condition for the
occurrence of this red-ox process at the surface of STO is that the heat of formation of the
resulting oxide per mole of oxygen should be lower than -250 kJ/(mol O). [257] Other
condition results from the consideration of the space charge created at the interface between
the just deposited metal and substrate (semiconductor); this in turn is determined by the
interface electronic configuration, i.e. the relative energy of the Fermi levels of the metal
and the oxide before the contact. Thus the most favorable condition of the red-ox reaction
is when the work function of the metal is in the range 3.75 eV < ¢ < 5.0 eV. [131,257]
Other necessary considerations involve the exact composition of the plume which reached
the STO surface as well as the kinetic energy of the constituting entities. This energy
modulates the kinetics of the red-ox reaction by means of the energetic impact of the fast
oxygen deficient species (> 1 eV). [133] The plume composition and energy is governed
by the laser fluence and wavelength, the optical properties of the deposited material, the
pressure and composition of the gas during the deposition and the target-substrate distance.
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In turn, the onset of conductivity has been described in terms of the percolation of the
electrons associated with the oxygen vacancies, that increase in number upon the

amorphous film growth. [118]
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Figure 6.4 Room temperature conductance versus thickness of a-LAO films on STO(110) (open rhombi)
and STO(111) (solid rhombi).

In principle, the oxygen vacancy creation via chemical reaction at the interface should
depend on two factors: (1) the oxygen affinity of the PLD plasma species upon arrival at
the substrate surface and (2) the energy of vacancy creation and diffusion being dependent
on the crystallographic orientation of the substrate’s surface. Our experiments revealed the
same critical thickness of tc = 2 nm for a-LAO on the both (110) and (111) STO orientations
(see Figure 6.4). Knowing this and the previously indicated relation between t; and the
films chemistry, we can conclude that in fact the ability to create oxygen vacancies is
dictated by the type of the deposited material. In other words, the inherent properties of the
growing film dominate and overrule the distinct energies of oxygen vacancy formation and
diffusion in each surface, therefore controlling the basic transport properties at the

interface.
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6.3. Thermodynamic considerations

The experimental findings described in the previous Section stress the importance of the
chemical red-ox reactions on the formation of the conductive interface between amorphous
films and an STO substrate. In order to better understand the relation between the critical
thickness and the film chemistry, we will consider the change of the Gibbs energy for the
oxidation reaction of each of the constituting cations. The free energy of formation of
La203, Al2O3, ZrO2, Y203, SrO and TiO: are accordingly: —1795.4 kJ/mol, —1581.7 kJ/mol,
—1039.4 kJ/mol, —1816.1 kJ/mol, —561.2 kJ/mol and —889.1 kJ/mol, at 300 K. [258] Here
the key phenomena is the formation of the oxygen vacancy, thus we have to normalize
these values to one mole of oxygen.[32] Finally, we have to consider the molar
concentration of each oxide in the binary composition of the film. This leads to the weighted
Gibbs energies of Lax03-Al203, (Zr02)0.93-(Y203)0.07 and SrO-TiO; as —1125.7 kJ/mol O,
—1051.4 kJ/mol Oz and —1005.7 kJ/mol O, respectively. An example of these simple

calculations is given below.

2Y+3/,0, > Y,0; -1816.1 kJ/mol Y, 0, .
4/,Y +0, > 2/, Y,0, -1210.7 kl/mol 0,
Q{ Zr+ 0, = Zr0, -1039.4 kJ/mol O,
+ for (Zr0,)0.03-(Y503)0.07 AG = 0.93:(-1039.4) kl/mol+ 0.07:(-1210.7) ki/mol

AG =-1051.4 kJ/mol O,

Figure 6.5 The calculation of weighted Gibbs energy AG of YSZ.

Of course, this is a very simple analysis and does not take into account the different

consumption of cations upon the substrate reduction.

Using the above-mentioned model, we can plot in Figure 6.6 the critical thickness for each
material series versus the corresponding weighted Gibbs energy. The vertical error bars
correspond to the range of thickness of each amorphous layer: the highest among insulating
interfaces and the lowest among conductive interfaces. We can see that the critical thickness
increases as the energy of oxide formation decreases in magnitude. This relation strongly

supports the correlation between the presence of oxygen vacancies in the STO substrate
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Figure 6.6 Critical thickness of a-LAO, a-YSZ and a-STO films on STO(110) plotted against the Gibbs
energy estimated from binary oxides of the cations present in each layer.

and the metal-insulator transition. The simple model proposed here based on
thermodynamic considerations could alone explain the experimentally observed relation
te(a-LAO) < te(a-YSZ) < t(a-STO) without invoking the substrate crystallographic
orientation.

6.4. Electron microscopy studies of the interface

In order to gain a better understanding of the structure and chemical composition at the
conductive interface featuring an amorphous film, we conducted STEM-EELS studies® on
a sample a-LAO/STO(110) comprising nominally 4.8 nm think amorphous overlayer. The
low magnification image in Figure 6.7 (a) shows a coherent interface with the film of
uniform thickness. The high magnification Z-contrast image in panel (b) indicates bright
atomic columns of the STO substrate along the [100] zone axis, as illustratively sketched
in the panel (g). On the other hand, no long atomic order can be seen in the a-LAO layer,
indicating its amorphous character. Just at the interface we spot an interfacial layer -being

% The images were recorded by dr. Jaume Gazquez, a scientist working at ICMAB-CSIC, in collaboration
with the STEM Group of the Oak Ridge National Laboratory (http://stem.ornl.gov/).
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up to 0.5 nm in thickness- with ordered atomic columns of high intensity. This indicates a
presence of certain crystalline phase rich in heavy La atoms. A similar observation was
made for the a-LAO/STO(001) interface, however without any further analysis. [118]
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Figure 6.7 STEM cross section view of a nominally 4.8 nm thick a-LAO/STO(110) along the STO[001]
zone axis: (a) low and (b) high magnification Z-contrast image of the interface. The square marks the area
where the spectrum image was acquired. (c—e) Elemental maps corresponding to the La Mas, Sr M4s and
Ti L2,3 edges, respectively. (f) RGB map produced by overlaying the Sr (in red), La (green) and Ti (blue).
(9) A scheme showing defects-free STO perovskite structure along the [001] direction. (h) and (i) show a
set of Ti L edge spectra from STO seven unit cells away from the interface (in black), two unit cells from
the interface (blue) and the at the interface (red) of epitaxial and amorphous grown LAO/STO(110)
samples, respectively.

To get a better insight into the nature of the observed atomically thin crystalline interfacial
layer we recorded atomic resolution maps of the La Mas, Sr Mas and Ti L2z edges, see
Figure 6.7 (c-e). The combined image in the panel (f) indicates that the bright phase
contains La, Ti and Sr. Taking into account that: (I) a typical loss of kinetic energy of
ablated species penetrating matter is in the order of 100 eV/nm [259] and that (II) the

maximum kinetic energy of La species in the PLD plume at the used by us Po2 was reported
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to be about 58 eV [260], we can speculate that the La-rich interfacial layer might be the
result of the impinging species on the STO substrate. We stress that the crystalline La-rich
layer is not thicker than 0.5 nm, thus much below the tc reported for crystalline
LAO/STO(110) stacking (tc = 7 MLs, thus ~1.9 nm). Therefore, the metallic behavior
observed in the amorphous/SrTiOs interfaces cannot be originated by this crystalline layer.
On the other hand, it is known that while unstrained stoichiometric LaTiOz is a Mott
insulator [120], the La;—SrxTiOs solid solution is metallic for the wide doping range of
0.05 < x <0.95[116,117]. Nevertheless, the clear lack of coherence in this layer strongly
suggests that its direct contribution into conductivity is negligible. Other important
experimental findings proving this hypothesis and instead pointing out to the presence of

oxygen vacancies as the origin of the metallic behavior are given in the Section 6.5.

Indeed, the concentration of oxygen vacancies at the interface is of key importance for the
creation of conducting interfaces with amorphous overlayers. EEL spectroscopy allows us
to get a better idea about the presence of this kind of defects, by analyzing the shape of the
Ti L edge. This is possible as oxygen vacancies transfer electrons to Ti d bands, while the
fine structure of the Ti L edge changes as the oxidation state of Ti shifts from 4+ to lower
values. [261,262] Figure 6.7 (h) and (i) depicts the fine structure of the Ti L edge for
epitaxial and amorphous LAO-based samples. Colors indicate the distance from the
interface: seven unit cells (in black), two unit cells (blue) and at the interface (red). The
change of the relative intensity of the peaks as a function of the distance from the interface
iIs much more pronounced for the sample featuring amorphous LAO. This is an indication
of the higher presence of Ti®* at this interface, which is in full agreement with higher
concentration of oxygen vacancies at the amorphous layer interface compared to the

epitaxial layer interface.

6.5. The role of oxygen vacancies

The presence of oxygen vacancies can be indirectly inferred by analyzing a change in the
interface conductivity upon heating the sample in an oxygen-rich atmosphere. Needless to
say, re-oxygenation induces the filling of vacancy defects, so that mobile carriers are

removed leading to an increase in resistance. To compare the effect of oxygen-rich
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annealing in the transport properties of amorphous and epitaxial LAO films, we measured
two samples grown on STO(110) with the very similar thickness of nominally 2.6 nm and
9 MLs (~2.4 nm), respectively. The sheet resistance of both the crystalline and amorphous
samples was measured in-situ during annealing in ambient in the 4-probe configuration.
The heating and cooling rate was set to 5.2 °C/min. The results are presented in Figure 6.8
left panel. For the interface featuring amorphous LAO (open circles) we can appreciate a
rapid increase of resistivity starting from above ~100 °C. The overall shape of this trend
resembles a percolation mechanism, where -in this case- conducting areas at the interface
emerge, enlarge and subsequently start overlapping leading to a gradual decrease in
resistivity. [118] Similar behavior has been reported for analogous interfaces on
STO(001). [118,131,263] In contrast, the change of resistance of the crystalline LAO with
the annealing is much smaller. The relatively small variation in resistance in the epitaxial
film might be attributed to filling of residual oxygen vacancies that could remain from the
first annealing done in-situ after the PLD deposition. Therefore, this simple experiment
hints at the different origin of the 2DEG for the amorphous and crystalline types of
interfaces, and underpins the central role of oxygen vacancies as generators of mobile

carriers in the amorphous samples.
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Figure 6.8 On the left, a resistance measured in a 4-probe configuration in air versus the temperature. On
the right., a resistance of a 5 nm a-STO/STO(110) sample measured in a 2-probe configuration in air
versus the amount of days past after the sample deposition.

In fact, it turns out that the conductivity of the samples featuring amorphous films is not

stable over time if the samples are stored in ambient conditions. An illustrative example is
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given in Figure 6.8 (right panel) for a sample with 5 nm thick a-STO film. We can
appreciate a clear exponential increase of resistance till the measurement limit. The decay
time depends on the sample thickness (as also reported for a-LAO/STO(001) [264]) and on
the type of the deposited material. This indicates that the presence of oxygen vacancies in
STO -at densities enabling formation of conductive interface- is thermodynamically
unfavorable and the resulting increase of resistivity is in this case kinetically limited by the

distinct oxygen permeability of the deposited overlayers.

6.6. Conclusions

In this Chapter we analyzed the conductive interfaces between amorphous oxides and
STO(110) and STO(111) surfaces. It turns out that the critical thickness for the onset of
conduction tc does not depend on the substrate orientation. On the other hand, a strong
influence of the deposited film chemistry on the tc has been found, where t; decreases with
the magnitude of change of the Gibbs energy of oxide formation. Thus, the oxygen affinity
of the deposited atomic species, rather than the difference in the energy of oxygen vacancy
formation in diffusion in different crystallographic planes, is the main factor governing the
creation of these defects and consequently the appearance of 2DEG above t.. Moreover,
the presence of oxygen vacancies at the interface in a-LAO/STO(110) has been confirmed
directly by STEM-EELS and indirectly by the temperature and time resistance tests.
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Chapter 7

YSZ(001)/SrTiO3(110): symmetry
discontinuity study

Part of the work discussed in this chapter was later published in:

M. Scigaj, N. Dix, M. Cabero, A. Rivera-Calzada, J. Santamaria, J. Fontcuberta, G.
Herranz, and F. Sanchez, “Yttria-stabilized zirconia/SrTiO3 oxide heteroepitaxial interface
with symmetry discontinuity” Applied Physics Letters 104, 251602 (2014).
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Abstract

Herein we demonstrate a layer-by-layer growth of YSZ(001) on
STO(110), establishing a single domain interface between these
two dissimilar materials. The epitaxial relationship can be
expressed as [110]YSZ(001)//[001]SrTiO3(110). Therefore, this
interface features a symmetry discontinuity in the interface plane
and a discontinuity of atomic planes stacking across it. We stress
that our growth strategy, based on the use of substrates with lower
crystal symmetry, paves the way towards the development of other

innovative oxide interfaces.
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7.1. Growth conditions

Prior to film deposition, the STO(110) substrates were treated in a dedicated furnace at
1100°C for 2 h in air in order to obtain the morphology of terraces and steps [121,225]. The
YSZ films were grown by pulsed laser deposition (KrF excimer laser, A = 248 nm) assisted
with high pressure RHEED setup (30 kV). The heating up of the substrates to the deposition
temperature (850°C) was done at oxygen partial pressure Po> = 0.1 mbar. The YSZ
deposition conditions were: Po; = 10* mbar, 1 Hz repetition rate, the substrate-target
distance of 60 mm and the laser pulse energy of about 26 mJ. The RHEED in-situ analysis
was done with the electron beam incidence angle of around 0.9° along the STO[001]
direction. The prepared films are of thickness of 16, 32 and 64 monolayers (MLs), which
corresponds accordingly to 8, 16 and 32 unit cells of the fluorite YSZ structure. The cooling
procedure involved Po2 = 0.3 mbar from 850°C to 750°C and Poz = 200 mbar from 750°C

to room temperature with a dwell time of 1 hour at 600°C.

7.2. In-situ epitaxy studies using RHEED

The RHEED pattern of the STO(110) substrate prior the deposition exhibits a high intensity
specular spot, Bragg spots on the 0™ Laue circle and Kikuchi lines (Figure 7.1 (a))
indicating a high quality surface. Here we also can note the presence of additional Bragg
spots originating from the x2 type reconstruction along the [1-10] direction. This is not
surprising as it has been calculated that the (1x2)(110) surface reconstruction for SrTiO3
has the lowest energy, comparable to its (001) surface energy.[265] The RHEED
oscillations of the specular spot intensity were observed since the very beginning of each
deposition (Figure 7.1 (e)). This observation indicates the layer-by-layer growth mode of
the YSZ film. The low intensity of the first few oscillations is a common feature in the
heteroepitaxial growth [255,266,267] and is likely caused by the interference of the
electron beams reflected from the film surface and from the substrate buried in the interface.
In case of the 64 MLs-thick sample, the overall intensity is relatively lower, most probably
due to slightly different acquisition conditions (horizontal arrows indicate the increase of

the electron beam current from the RHEED gun). This in turn results in very weak
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amplitude of oscillations at the end of the growth (not shown here). In this case the growth
was stopped after the nominal amount of pulses deduced from the growth rate.
Nevertheless, the RHEED pattern at the end of the deposition (64 MLs) was streaky
signalizing epitaxial growth and surface flatness (Figure 7.1 b).
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Figure 7.1 (a) RHEED pattern of an STO(110) substrate, taken along STO[001] at room temperature and
base pressure. (b) RHEED pattern at the end of the growth of the 64 MLs-thick YSZ film, taken along
YSZ[110] at 850 °C under Poz0f 10 mbar. (c) and (d) were taken along YSZ[-110] and [010], respectively,
at room temperature and base pressure, after air exposure of the sample. In the panels (c) and (d) attached
is the simulation of the first order streaks of YSZ(001)[-110] and YSZ(001)[010], accordingly. (e) Intensity
of the RHEED specular spot during deposition of YSZ films: 16 ML, 32 ML, and 64 ML in the last case
only data corresponding to the beginning of the growth is shown, with the horizontal black arrows
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indicating where the intensity of the primary electron beam was increased manually. Vertical arrows
indicate the end of the deposition of the 16 and 32 ML films.

Figure 7.1 presents RHEED patterns of YSZ recorded after growth along different
crystallographic directions. The great similarity between the patterns recorded along the
[110] and [-110] orthogonal directions (panels (b) and (c), respectively), together with the
presence of a substantially different pattern recorded along the bisecting angle ([010], panel
(d)) indicates the presence of the four-fold symmetry in the surface plane of the YSZ film,
thus higher than the two-fold symmetry of the (110)-oriented STO substrate. Moreover, our
experimental data are in perfect agreement with the simulated®® patterns for the YSZ cell
oriented as [110]YSZ(001)||[001]SrTiO3(110), shown in Figure 7.1 (c) and (d). In the next
subsection more details will be given on the epitaxial relationship between the film and the

substrate based on the XRD data recorded ex-situ.
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Figure 7.2 The evolution of spacing between Bragg streaks on RHEED pattern (recalculated to real space)
of a 16.5 nm YSZ film along the deposition.

An evolution of the RHEED pattern upon film growth can be recorded and the spacing
between the Bragg’s streaks k as a function of the film thickness can be extracted. This

reciprocal space value carries the information about the in-plane cell dimension in real

31 The simulation was made using the RHEEDsim [268] code. The program calculates the position and
intensity modulation of first order RHEED streaks using a simplified kinematic approach.
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space. Figure 7.2 presents the apparent evolution of the in-plane cell-parameter for the 64
MLs thick YSZ film. The data were calculated from the (1-1) and (-11) streak positions
(after a calibration with the substrate peaks) assuming a square unit cell. The film relaxation
occurs within about the first four u.c. This fast relaxation together with a high in-plane
mismatch (about 32% along STOJ[001]) suggest the growth by domain matching
epitaxy [269]. The apparent oscillations in the separation between the Bragg streaks, visible
in the figure, most probably do not originate from the strain relaxation of the grown 2D
islands, but rather they are related to the angular dispersion of the incoming electron beam
and the periodic oscillation of the size of the growing islands. [270] Here the measurement
resolution is estimated as 0.1 A per screen pixel; together with a background originating

from inelastically scattered electrons the final resolution is somehow worse than 0.1 A.

7.3. Further structural and morphological
characterization

The XRD 6/28 scan around symmetrical reflections of the 32 MLs-thick sample (Figure
7.3 a) shows high intensity peaks corresponding to the (hhQ) planes of the STO substrate
as well as allowed (00I) peaks of the YSZ overlayer. The film out-of-plane parameter
determined from the position of the (004) reflection equals cysz = 5.169(2) A, thus
somehow larger than the bulk value cysz = 5.14 A. In the case of the 64 MLs thick film a
peak appears at 26 = 30° signalizing the presence of YSZ(111) crystallites. Judging by the
relative peak intensities, the amount of this minority phase is below 10%, too little to cause
observable RHEED peaks. The thickness of this film was estimated by means of ex-situ X-
Ray Reflectometry (XRR) indicating a value of 82.1 A, thus very close to the thickness of
16 unit cells of YSZ (16 - 5.169 A = 82.7 A) (Figure 7.3 b). Having in mind the RHEED
oscillations, the XRR study confirms the presumed layer-by-layer growth mechanisms with
one monolayer being composed of a half of a YSZ unit cell.
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Figure 7.3 (a) #-26 XRD scan of the 32 ML-thick YSZ film. (b) X-ray reflectivity data corresponding to the
same sample; the simulation (red curve) is computed for a YSZ thickness of 82.1 4 .

The AFM topographic image of the 32 MLs-thick sample is depicted in Figure 7.4 (a). The
surface roughness is low (RMS = 0.2 nm) and a morphology of terraces and steps can be
appreciated. The terraces are covered by small two dimensional islands around 20 nm in
diameter. The line profile in the panel (c) points out to the presence of a step bunching with
two unit cells in height. The simplified drawing in the panel (d) pictures the YSZ film

surface at the beginning of the deposition of a successive monolayer. Note the relative

(a)

0 L L L L !
0 100 200 300 400 500 600
X(nm)

(d)

Figure 7.4 (a) AFM topographic image of the 32 ML-thick YSZ film. (b) The corresponding AFM phase
image. (c) The height profile along the green line from the panel (a). (d) Sketch of the morphology at the
beginning of the growth of a new monolayer being a half of a unit cell; blue balls correspond to oxygen
and the grey ones to the zirconia (in the real material being partially substituted by yttrium ions); atomic
radii are used in the left sketch and ionic radii in the right sketch.
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thickness of each constituent layer. Panel (b) depicts the same film area as the panel (a),

but in a phase contrast; here we can see solely a single termination.
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Figure 7.5 (a) XRD pole figures around STO(001) and YSZ(111) asymmetric reflections of the 64 ML-
thick YSZ film. (b) XRD reciprocal space maps around the (113) and (1-13) YSZ reflections of the same
film. (c)-(e) Schematic cartoons of the YSZ and STO crystal structures matching according to the
[110]YSZ(001)// [001]STO(110) epitaxial relationship. (c) is a top view and (d)-(e) lateral views being the
interface along STO[001] and STO[1-10], respectively. The arrows on the panel (c¢) indicate the unit cell
size of YSZ (blue) and STO (red).

The epitaxial relationship between the STO substrate and the YSZ film were determined
by means of XRD pole figure measurements around asymmetrical reflections using a two-
dimensional detector (Figure 7.5 (a)). The pole figures around {001} reflections of
STO(110) and {111} reflections of YSZ(001) clearly indicate the stacking as
[111]YSZ(001)|[[001]STO(110). In another words, the c-oriented YSZ grows epitaxially
on the STO(110) substrate with a 45° in-plane rotation of the YSZ unit cell. For
complementary information, reciprocal space maps were acquired along STO[001] and [1-
10] directions of accordingly YSZ(113) and (1-13) reflections (Figure 7.5 b). No tail can
be observed, confirming fast relaxation of the layer. The estimated cell parameters are: out-
of-plane cysz =5.17(1) A and in-plane aysz = bysz = 5.09(1) A, thus indicating a tetragonal
distortion. A schematic drawing of the suggested heterostructure is shown in panels (c-e).
The herein proposed simple model of domain matching epitaxy is STO[1-10]:YSZ = 4:3
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unit cells, and STO[001]:YSZ = 2:1 unit cells (note the arrows in the (c) panels). In this
case the nominal tensile strain is equal +1.3% along STOJ[1-10] and +6.9% along
STO[001]. It is expected that this misfit is accommodated mainly due to a very mobile
oxygen layer at the YSZ/STO interface. [139,271] Another possibility could be for instance
an intermediate domain matching epitaxy of STO[1-10]:YSZ being between 4:3 and 5:4
unit cells (the later giving a compressing strain of -5.3%), and STO[001]:YSZ = 11:6 unit
cells (-1.5%). Nevertheless, the discussion about exact mismatch dislocations should
involve microscopy studies and goes beyond the scope of this publication.

7.4. Final remarks on the epitaxy of YSZ on STO(110)

The transport properties of a 32 MLs sample have been investigated having in mind the
possible high ionic conductivity that has been reported previously in YSZ/STO
structures [139]. Dielectric spectroscopy measurements revealed large frequency
independent conductance and a highly dispersive real part of the permittivity (data not
shown). This seems to indicate a certain electronic contribution in the total conductivity, a
conductivity probably originating from partially oxygen deficient STO substrate. On the
other hand, the strong permittivity increase observed at low frequencies might be related to
ionic conductivity of the interface or the YSZ layer. Further work is needed to define the
origin of the conductivity having in mind the possible applications of this interface in
SOFC.

In conclusion, we have managed to achieve epitaxial growth of YSZ(001) on STO(110).
This interface possessing symmetry discontinuity has been grown using a new generic
approach based on the use of a lower symmetry substrate. We believe that this approach
will lead to many reports of analogous structures, and by this it will allow e.g. the
investigation of the electronic bands mismatch and the exploration of their effects on

underlying physical properties.
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In this thesis pulsed laser deposition was used as the tool for the integration of functional

oxides on silicon as well as for the creation of novel interfaces between complex oxides.

In particular we have managed to monolithically integrate ferroelectric BaTiOsz on a silicon
(001) substrate. For that purpose, we used a complex buffer structure composed of LaNiOs,
Ce0; and Y:ZrO,, with the total thickness below 100 nm. The resulting BaTiOz shows a
remanent polarization of up to 10 uC/cm? and a flat surface, enabling the growth of
subsequent epitaxial layers. On top of the BaTiO3z/LaNiO3z/CeO2/Y:ZrO, stacking we have
grown also CoFe O films, leading to a Si-integrated multifunctional structure having good
magnetic and enhanced ferroelectric properties. In particular, we signaled that the remanent
polarization reached up to 23 pC/cm? The observed low leakage current and high
ferroelectric fatigue endurance make this structure interesting for potential applications in
ferroelectric, multiferroic or piezotronic memory devices. We have also investigated the
influence of the buffer layer on the structural and functional properties of the BaTiOs layer.
In this case a BaTiO3/LaNiOs bilayer was grown at the same deposition conditions on the
Ce02/Y:ZrO; and the STO buffer layers on silicon. In both cases, the BaTiOs3 films are c-
oriented and feature similar strain and ferroelectric properties, thus showing that in this
case the choice of the correct deposition conditions of BaTiOs overrules the choice of a
buffer structure. These aforementioned observations importantly contribute in the

integration of functional oxides into the CMOS processing.

Our work on LaAIO3/SrTiOs structures led us to the observation of a two-dimensional
electron gas at the novel (110) and (111) oriented interfaces. This is a particularly relevant
finding as it releases the classical constraint of the substrate orientation and thus opens a
way for the better understanding of the related physics. In the thesis we compare the orbital
reconstruction of both (001) and (110) oriented interfaces, being different and thus
suggesting that some physical properties may be influenced by the crystal symmetry. In
this sense, we demonstrate that the LaAlO3z/SrTiO3(110) interface is superconductive at
temperatures below around 200 mK, and that the details of the superconductive state are
modulated by the crystal orientation of the interface. Also, we have found that interfaces
comprising amorphous layers of LaAlOs, SrTiOz and Y:ZrOz on SrTiOz substrates (110)-
and (111)-oriented are conductive. In this case the critical thickness of the amorphous layer
for the onset of conductivity does not depend on the substrate orientation but rather on the

chemistry of the deposited oxide.
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In the thesis we also report the epitaxial growth of Y:ZrO on SrTiO3(110), resulting in the
structural relationship [110]YSZ(001)//[001]SrTiO3(110). We have created this interface -
featuring a symmetry discontinuity- employing a new generic approach based on the use
of substrate of a lower symmetry compared to the deposited film. This idea may be further

used in designing analogous interfaces hosting important physical and chemical properties.
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