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Abstract

The rapid development of technology has been accompanied by
a huge increase in energy consumption, which requires the imple-
mentation of newer, more efficient energy sources, replacing the en-
vironmentally hostile industry of fossil fuels. One promising class of
renewable energy is thermoelectricity, which can take advantage of
the enormous amount of energy wasted in the form of heat. A nec-
essary development is the discovery of new thermoelectric devices
based on materials that are safe for the environment and the users.
A class of promising materials are the oxide-based perovskites, such
as SrTiO3 and CaTiOs.

Moreover, the vast improvement of the physical deposition tech-
niques in the last decades has permitted the fabrication of atomi-
cally precise nanostructures, such as thin films, which exhibit high
quality crystal structure and interfaces. One of the advantages of
the nanostructures is that their reduced dimensionality alters their
functional properties, opening new windows of designing and ob-
taining more efficient systems, compared to their bulk counterparts.

In this thesis we are studying the transport and thermoelectric
properties of two different oxide-based perovskites, the SrTiO5 and
CaTiOg, in the form of thin films, fabricated in a pulsed laser de-
position system. We begin by studying how making changes in the
deposition process parameters can influence the structural proper-
ties of the thin films, and how this structural modification can in-
fluence their transport and electronic properties. We examine the
role of incorporated anionic/cationic defects and epitaxial strain on
the thermoelectric power and the appearance of a magnetic phase,
and compare these results to systems based on oxide interfaces,
discussing the origin of these behaviors.

Moreover, we study the thermal transport in thin films with
different degrees of epitaxial strain and how the structural distor-
tion and a ferroelectric transition can lead to a large decrease of the



thermal conductivity. In addition, we study the structural require-
ments that could lead to, or prevent a ferroelectric phase transition,
and how the manipulation of oxygen vacancies can lead to a similar
phenomenology to that of an established ferroelectric state.
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Motivation

The beginning of the new century has been marked from an ex-
ponential growth in technology, which has provided humanity with
faster, smaller, and more capable devices, present in everyday life.
However, this exponential increase in the use of, mostly, electronic
devices has been accompanied by enormous power consumption
which, unfortunately, still depends on traditional means of energy
production, such as fossil fuels, endangering the environment. It
is of utmost importance to seek more efficient ways of producing
cleaner, cost-efficient and reliable renewable energy sources.

A great effort has been made the last 15 years in creating elec-
tricity from solar and wind energy, however in the majority of en-
ergy consumption/conversion processes, there is a vast amount of
energy lost in the form of heat. This energy can be harvested by
thermoelectric materials. Thermoelectric power (or Seebeck coef-
ficient) is the property of conducting materials, where a voltage
difference appears as a consequence of a temperature gradient in
the absence of any electrical current (open circuit conditions). Es-
sentially, the heat current flowing across the material produces an
asymmetry in the electron/hole distribution at the hot/cold side of
the material, thus creating this voltage difference.

The efficiency of the thermal-to-electrical energy, commonly
known as thermoelectric effect, is evaluated by the dimensionless
figure of merit , 2T, which is defined as 27T = %"T, where S is
the Seebeck coefficient, o the electrical conductivity, £ the thermal
conductivity and T is the absolute temperature. Commercial ther-
moelectric devices need at least a value of 21" &~ 1. Nowadays, the
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materials that present 27" values on that range are mainly consti-
tuted by post-transition metal elements, like Pb, Sb and Te, that
are prone to degradation or evaporation at high temperatures and
are, in some cases, toxic. Therefore, their replacement by other
types of materials is highly desirable. However, the design of effi-
cient thermoelectric (TE) materials is not an easy task. In order to
improve the 2T value, a material needs to have a high Seebeck coef-
ficient (low density carrier semiconductors), high electrical conduc-
tivity (metals) and low thermal conductivity (mostly insulators).

Unfortunately, these three parameters are not easily disentan-
gled, which leaves as the best option doped semiconductor materi-
als. Normally, the carrier concentration is tuned via doping, which
would affect both the electrical conductivity as well as the Seebeck
coefficient, and the thermal conductivity can be reduced by means
of incorporated defects or reduced dimensionality. A promising
family of semiconductor materials are the oxide-based perovskite
materials, which present many advantages, like thermal and elec-
trical stability, and great chemical versatility, which made them the
subject of extensive study during the last decades.

The recent technological advances in the fabrication of materi-
als via physical deposition methods such as Molecular Beam Epi-
taxy (MBE), Pulsed Laser Deposition (PLD), Atomic Layer Depo-
sition (ALD) or Sputtering, have permitted the atomically precise
control of the composition and the geometry of oxides, opening
a new window in the improvement of their functional properties.
Thin film fabrication has been one of the most prominent ways of
tailoring the properties of these materials, and combined with their
reduced dimensionality, can give way to a lot of exciting properties.
Now it is possible to fabricate atomically precise monolayers, thin
films, multilayers, or superlattices, where many interesting phenom-
ena take place.

One of the most interesting materials in the oxide perovskite
family is the strontium titanate (SrTiOz or STO). It has been
widely used both as a substrate for the epitaxial deposition of nu-
merous different oxides, as well as a standalone functional mate-

viil



rial. In fact, it was the first oxide to present superconductivity at
very low temperature [I] almost 50 years ago. In its bulk form,
STO is a diamagnetic, quantum paraelectric insulator, with an in-
direct /direct bandgap of 3.2/3.75 eV and a very large dielectric
constant (up to 10% at very low temperature). [2, 3] It can easily be
turned conductive either by cationic (La, Nb) or anionic (SrTiO5_s)
doping, even by a small percentage. It has been reported to present
ferromagnetic behavior, ferroelectricity and also has been used as
the base material for resistive switching applications. [4l [5] 6]

Reducing its dimensionality, has lead to huge increase in its
thermoelectric power |7 8], making it a serious candidate for ther-
moelectric applications. Its chemical stability allows for a numer-
ous different tailoring of its properties, since apart from doping,
it is easy to manipulate its lattice parameters and its unit cell di-
mensions, either by strain engineering or manipulating the TiOg
octahedral rotations. Moreover, the interface with LaAlO3 devel-
ops a two-dimensional electron gas (2DEG) [9], with abnormally
high electron mobility.

Another interesting (and very close) perovskite is calcium ti-
tanate (CaTiOs or CTO). In its stoichiometric state, CTO is an
insulating material, however it can become electrically conductive
when it is oxygen deficient, or by cation replacement. It has been
reported to be incipient ferroelectric material, such as STO, where
a ferroelectric state can be stabilized through strain engineering.
[10, 1T}, 12] Moreover, the formation of a 2DEG has been reported
at its interface with YTiO3 as well as at its bare surface. [13, [I4]
This versatile behavior of CTO can open many possibilities for the
fabrication of functional devices or even be incorporated in more
complex oxide systems.

The scope of this thesis is to study the fundamental electrical
and thermal transport properties of these two Ti-based perovskite
oxides and investigate how deliberate changes on their thin-film
growth conditions, cationic /anionic vacancies, and other structural
parameters related to epitaxial stress relaxation during growth, can
ultimately affect their functional properties. We will start by inves-
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tigating how strain engineering and deliberate defect incorporation,
changes the behavior of STO thin films and how we can manipulate
their structure in order to understand their effect on thermoelectric
response of this material. In addition, we will present the results
of the study of CTO, where we study the differences compared to
STO. Finally, we also performed a complete study of the thermal
conductivity of such films, particularly on how strain engineering,
as well as different structural parameters and cationic/anionic de-
fects affect their thermal transport.



Chapter 1

Introduction

In this chapter we present the recent advances in the deposition
of complex oxides and heterostructures, focusing in the famous
LaAlO3/SrTiO3 (LAO/STO) interface, and the fascinating prop-
erties that emerge from these heterostructures. The main theoret-
ical explanations about the mechanism behind these phenomena
is being discussed, as well as the similarity with the properties of
simple thin-film oxides. We also show how to derive the transport
coefficients on the basis of the Boltzmann transport equation, in
order to understand the electrical and transport experiments dis-
cussed in this thesis. We will describe with more detail the theory
of the thermal conductivity, to discuss how the structural factors
can heavily affect the thermoelectric (TE) behavior of oxide thin
films.

1.1  The LaAlO3/SrTiO; interface & the
two-dimensional electron gas (2DEG)

During the last two decades, there has been a great advance in
the control of the deposition processes that allows the fabrica-
tion of atomically precise surfaces and interfaces. The progress
made has been so significant that complex structures can be man-
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ufactured on demand, and study phenomena previously predicted
using first-principle calculations. This control of the deposition
methods allowed the fabrication of atomically smooth interfaces be-
tween different materials, including oxides, enabling the emergence
of surprising phenomena, such as the appearance of a metallic inter-
face between two insulating materials, enhanced magnetoresistivity,
ultra-thin magnetic layers and phase transition from superconduct-
ing to insulating, among others. [15]

In 2004 Ohtomo & Hwang [9] reported the formation of a two-
dimensional electron gas (2DEG) of extremely high mobility (=~
10.000 cm?V~1s71) at the interface between SrTiOz and LaAlOj
(STO and LAO), two insulating oxides. STO is an interesting,
apparently simple oxoperovskite, with a very large variety of prop-
erties and functionalities, mostly linked to small deviations from
stoichiometry. When stoichiometric, it has a cubic crystal structure
at room temperature, and it is a robust electrical insulator (E, =
3.2—3.75eV) |2] with a large dielectric constant (e,(298K) ~ 300).
[3] When it is subjected to tensile strain, it becomes ferroelectric,
due to rotations of the TiOg octahedra. [5] Moreover, it can be eas-
ily doped either by cation substitution (La®*" for Sr?* and Nb>" for
Ti*t, for example) or by oxygen reduction (SrTiOs_;), exhibiting
metallic behavior in both cases. |16} [17, [18]

LAO is also a perovskite insulator with a large bandgap (E, =
5.6eV) and rhombohedral crystal structure at room temperature.
Its pseudocubic lattice parameter of 3.79A makes for ~ 2.9% of
mismatch with respect to the 3.905A lattice parameter of the STO.

In order to fabricate a functional LAO/STO interface, several
unit cells of LAO are deposited on top of a (001)-oriented STO sin-
gle crystal substrate. In general, the STO substrates have a mixed
surface termination, mainly due to the cutting and polishing pro-
cedure that leaves a miscut angle between the crystallographic axes
and the polishing angle. Several techniques have been proposed to
obtain a single chemical termination, that is, pure SrO or TiO..
These methods consist in a series of wet etching and thermal treat-
ments. [19, 20, 2I] Having a TiO, terminated STO surface is crucial

2



1.1. THE LAO/STO INTERFACE & THE 2DEG

to obtain a conductive LAO/STO interface.

The LAO/STO interface is constructed normal to the [001]
crystallographic axes of the two materials (see Fig. . As-
suming an ionic picture for both oxides, we could see STO as an
alternating stacking of charge-neutral (Sr?*0%7)° and (Ti**037)°
planes along the [001] direction. On the other hand, the stacking
in LAO is of (La**O%*7)*! and (AI**O3)~! charged planes. There-
fore, growing LAO on top of TiOs-terminated STO will result in a
polar (TiO9)?/(La*tO?7)™! interface. This discontinuity produces
a metallic interface (n-type) when a critical thickness of ~ 4 unit
cells of LAO are grown on STO. On the other hand, depositing
LAO on top of SrO-terminated STO results in insulating interface,
irrespective of the thickness.[9, 22]

Figure 1.1: The n-type LAO/STO interface. The 2DEG is created between
the polar layer of La3" 0%~ and the charge-neutral layer of TiO,.

Since the discovery of the 2DEG at the LAO/STO interface
the study of the phenomena of transport and magnetism in oxide
interfaces has aroused enormous interest. In 2010, Perna et al.
[23] reported a metallic interface between LaGaOs deposited on
top of STO substrate. They observed similar values of electrical
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conduction as in LAO/STO, as well as a superconducting transition
at very low temperature.

More attempts to achieve conductive interface have been made
using La-based compounds, such as LaVO3 [24], where a thickness-
dependent metal-insulator transition was also reported. J. Bis-
caras et al. |25] observed metallic behavior and a superconduct-
ing transition at low temperature (~ 300 mK) at the interface of
LaTiO3/STO . In another example, Huang et al. [20] observed a
2DEG in (Lao‘gsl’oj) (A1065T3035)03(LSAT)/STO interface, where
they were able to improve the electron mobility at low tempera-
tures, almost 30 times higher (=~ 35.000 cm?V~!s™!) compared to
the one reported for LAO/STO.

In addition, non La-based oxides have been used to create con-
ductive interfaces with STO. Moetakef et al. [27] have reported con-
ductive interface between GdTiO; and STO, although they high-
light the role of oxygen-deficient STO as potential source of the
conductivity. At the CaZrO3/STO non-polar (001) interface, Chen
et al. [28] have reported electron mobility of the order of 60.000
em?V~1s71 via strain-induced polarization, which is among the
highest achieved for perovskite-type interfaces. Moreover, at the
~v-Al,O3/STO interface, where no polar discontinuity is present,
extremely high electron mobility has been reported (=~ 140.000
cm?V—1s1). 29, [30]

Furthermore, Jackson et al. |31, 4] have reported metallic
interfaces in embedded quantum wells of STO between GdTiOs;
and SmTiO3. Angular dependent magnetoresistance experiments
demonstrated exchange-coupling induced ferromagnetism in GdTiO3/
STO/GdTiO3 quantum wells, and antiferromagnetism in SmTiO;3/
STO/SmTiO3 quantum wells.

Finally, the phenomenology of the 2DEG was also extended
beyond STO, to the surface of KTaOj [32] and CaTiOs[14], or in-
terfaces like CaTiO3/YTiO3. [13]

Over the last few years different mechanisms have been put
forward to explain the metallic behavior of the LAO/STO inter-
face. One of them, the so called “Polar Catastrophe” considers an
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1.1. THE LAO/STO INTERFACE & THE 2DEG

intrinsic electronic reconstruction to avoid the effect of a polar dis-
continuity at the interface. Alternative pictures to this one rely on
the effect of extrinsic factors, like the presence of oxygen vacancies
in STO and/or LAO:; cation intermixing at the interface; or surface
adsorption of polar molecules, which can undergo electrochemical
reactions. These mechanisms are discussed in the next section.

1.1.1 Origin of the 2DEG
The Polar Catastrophe

One of the most widely accepted hypothesis to explain the forma-
tion of the 2DEG at the LAO/STO interface is the Polar Catas-
trophe. According to this model, the polarity of the (LaO)" and
(AlO9)~ layers build up an electric field in the LaO layer, which
acts as a gate field on STO (Fig. [L.2A). For a sufficiently large field
(thickness of LAO), the valence bands of LAO may reach the Fermi
energy forming holes at its surface. To compensate this charge,
electrons are attracted to the interface forming a 2D electron gas,
2DEG, at the Ti:d,, interfacial bands (Fig. |1.2B). This electronic
reconstruction of the interface compensates the charged surface of
LAO.

Additionally, the unit cells of STO closer to the interface un-
dergo an (intrinsic) tetragonal distortion and compression, due to
the epitaxial tension with LAO. Due to the mismatch between the
octahedral rotation pattern between the STO and LAO 33| 34} [35],
the 3d,, orbital of the Ti atom may be preferentially occupied, con-
tributing to the n-type conductivity. [36, B37]

First-principle calculations [38] 39 40] have predicted that the
critical thickness of LAO for the Zener breakdown to take place
is &~ 3.5 unit cells, which has been experimentally confirmed by
Thiel et al. and later on by numerous groups. [41] [42] 43, 36}, [44]
However, the experimental value of the carrier density falls below
the expected value of n ~ 3.3x10" cm™2.

In another experiment that supports the picture of the polar
catastrophe, Warusawithana et al. [46] studied the role of La stoi-
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Charge density Electric potential
A A

STO LAO
(B) (C)

Figure 1.2: A) Schematic representation of the polar catastrophe case: the
stacking of layers of polar LAO leads to a build-up potential that is essential for
the formation of the 2DEG. B) Electronic reconstruction at the LAO/STO in-
terface: when the maximum of the valence band reaches the bottom of the STO
conduction band, there is a net charge transfer to the interface. C) Schematic
representation of the in-gap states introduced by Vo or other defects, that act
as charge donors. Reprint from [45]



1.1. THE LAO/STO INTERFACE & THE 2DEG

chiometry in the formation of the 2DEG. They have studied samples
deposited side-by-side but with a continuous gradient of La: Al ratio,
based on the position and control of the MBE guns of La and Al
From their findings, they concluded that a necessary condition for
a conductive interface was that the La:Al ratio was < 0.97 + 0.03.
Since all the samples of different stoichiometry were all deposited
at the same time, they argue that mechanisms previously reported
as the source of the 2DEG (Vo in STO due to low PO, during
the deposition of substrate preparation, bombardment of STO by
the energetic ions during growth and chemical intermixing between
STO and LAO) can be discarded - at least for this particular study.

They report a consistent presence of B-site vacancies at the
insulating interface, whereas at the conducting interfaces no vacan-
cies were observed. Supported by first principle calculations, they
attribute this behavior to different ways to compensate the polar
discontinuity of the interface, depending on the stoichiometry of
the sample. In the insulating samples, the cation vacancies form at
the interface of La-rich samples in order to avoid the polar catas-
trophe, whereas in the conductive Al-rich samples, the diffusion
of cations away from the interface is blocked, leading to electronic
reconstruction, so that the polar catastrophe is avoided.

On the other hand, G. Herranz et al. [47], demonstrated the
formation of metallic 2DEG at interfaces between LAO and (111),
and (110) oriented STO. Furthermore, they observed similar results
for interfaces between STO and amorphous LAO, STO and yttria-
stabilized zirconia (YSZ). The lack of polar discontinuity at the
(110) interface, and the demonstration that a perfect crystalline
interface is not essential to the formation of a 2DEG, calls for an
alternative (or at least additional) interpretation for the origin of
this phenomena. Many authors suggested that the spontaneous
formation of oxygen vacancies during growth plays a fundamental
role in the appearance and properties of the 2DEG.
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Oxygen vacancies

Even though there is excellent control over the deposition methods
used to fabricate the thin films and interfaces, there is always the
possibility that defects, such as anionic/cationic vacancies, antisite
defects, impurities, etc will be incorporated in the crystal structure.
Although, in general, their contribution in the physical properties
of the materials is minimal, when it comes to atomically thin inter-
faces, combined with the presence of an electric field - such as in
the case of polar interfaces, the effect of vacancies and impurities
becomes very important.

One of the major drawbacks of the physical depositions sys-
tems, is the difficulty to achieve the correct oxidation state of the
compound, particularly when dealing with transition metal oxides,
since they can coexist in different valence states.

In order to achieve high crystalline quality, it usually neces-
sary to reach high deposition temperatures. On the other hand,
the vast majority of the LAO/STO interfaces fabricated in a PLD
system are usually produced at very low oxygen pressure, which in
combination with the high temperature, can lead to the creation
of oxygen vacancies. It is well known that STO is greatly suscep-
tible to creating oxygen vacancies, which determine the transport
properties of the material. For each ionized Vg, two free electrons
are incorporated to the 3d conduction band of the STO, changing it
from insulating to metallic (Fig. |45] according to the following
equilibrium relations:

STT103 — STTi03_5 + gOQ T
0% +— Vi + 2e”

Post-deposition annealing at high oxygen pressure, may result to
insufficient recovery of the oxygen stoichiometry.

In an effort to understand the contribution of the oxygen va-
cancies in STO on the origin and properties of the 2DEG at the



1.1. THE LAO/STO INTERFACE & THE 2DEG

Figure 1.3: Schematic illustration of the process of the ionization of an oxygen
vacancy. The ionized V¢ yields two free electron to the Ti:3d conduction band,
creating in gap states which contribute to the electrical conductivity of STO.

LAO/STO interface, Cancellieri et al. [48] have reported a con-
ductive interface for 2-3 unit cells of LAO (less than the critical
thickness) when deposited at low oxygen pressures. The carrier
concentration measured by Hall effect was of the order of ~ 10'7
cm 2. Post-deposition annealing of the sample at oxygen-rich at-
mosphere, completely suppressed this behavior, which confirms the

Vo as responsible for the metallic conduction.

In a different approach, Yu and Zunger [49] proposed a mecha-
nism, based on first principles calculations, that could explain the
appearance of conductivity at the LAO/STO interface. Accord-
ing to their proposal, the built-in polar field that resides inside the
LAO, produces a linear decrease in the formation energy of super-
ficial Vo as the thickness of the LAO increases. After the critical
thickness of ~ 4 unit cells is surpassed, the formation energy of the
superficial Vo becomes negative, meaning the spontaneous forma-
tion of the defects, even at ideal growth conditions. In return, the
free electrons travel from the surface to the interface, where they
eventually cancel out the built-in polar field that created them in
the first place. In addition, they claim that the density of the
formed 2DEG is controlled by antisite defects (where the Aly; de-
fects are the more favorable energetically), which act as acceptors
in the STO side of the interface. However, their concentration de-
creases dramatically when the LAO thickness is larger than ~ 4
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u.c, which is consistent with the picture so far.

In 2011 Santander-Syro et al. [50] observed by angle-resolved
photoemission spectroscopy (ARPES) the formation of a highly
metallic 2DEG at the surface of STO crystals cleaved under vac-
uum. They observed that the 2DEG was confined withing 5 u.c. of
the STO surface with a sheet carrier density similar to the observed
in LAO/STO interfaces. Furthermore, they studied STO crystals
with different bulk doping (from non-doped to highly doped) and
concluded that the observed 2DEG was decoupled from the bulk
electrons in all cases, suggesting that the principal mechanism be-
hind the 2DEG formation was the formation of oxygen vacancies
at the surface.

Another interesting work about the formation of a confined
2DEG on the surface of STO was reported by Bruno et al.. [5I] In
this work, low energy Art ion bombardment created a high con-
centration (~ 6%) of Vo, the presence of whom was confirmed
by cathodoluminescence measurements, creating a 2DEG of carrier
density n = 2.4 x 10'7 cm 2. The sample was metallic with resis-
tance values similar to the ones reported for LAO/STO interfaces,
although the confinement zone of the 2DEG was calculated to be
of the order of 200-300 nm, one order of magnitude larger, com-
pared to the LAO/STO interface. They also report the appearance
of a negative magnetoresistance due to spin-orbit interactions and
a change of sign in MR at lower temperatures, due to enhanced
scattering at the disordered region of the Vg, highlighting the role
of the Vo in the interpretation of magnetotransport phenomena.

In the following years, similar results were reported for the
(111) bare surface of the STO by Walker et al.. [52] Moreover, the
formation of a 2DEG at the bare surface of a film was reported
for two different materials than STO: King et al. [32] observed a
confined 2DEG at the surface of a KTaO;3; (KTO) thin film and
Muff et al. [14] at the surface of a CaTiOj3 thin film when cleaved
under vacuum. In all cases, the density of carriers of the 2DEG
can be tuned via UV radiation and exposure to oxygen, signaling
towards Vo as a possible source of the conductive states.

10
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Finally, the work by G. Herranz et al. [47] discussed above,
showing that a non-polar interface between amorphous oxides can
support a 2DEG demonstrates the main role played by oxygen va-
cancies in this phenomenology.

Surface Adsorption

Another mechanism proposed to explain interfacial conductivity is
based on the adsorption of polar molecules on surface of the films.
Zhang et al. [53] studied the effect of water adsorption on the
conductivity of the interface between STO and different oxides,
including polar and non-polar band and Mott insulators. They
concluded that surface oxygen vacancies interacting with water can
modulate the conductivity at the interface. [53]

Bristowe et al. [55] have proposed surface redox reactions as
the origin of the 2DEG at the LAO/STO interface, where surface
O?~ anions close to an oxygen vacancy transform to molecular O,
releasing 2 electrons to the interface conduction bands. This process
is similar to surface protonation, where H atoms from adsorbed
water attach to the oxygen atoms of the surface, promoting the
dissociation of water:

H,O = 10,+2e +2H"

and donating two electrons to the interface.

Later on, Brown et al. [54] were able to change up to 4 or-
ders of magnitude the conductivity of the LAO/STO interface by
liquid immersion and light exposure. According to their proposal,
when the heterostructure is immersed in various Lewis basic sol-
vents (acetaldehyde, ethanol, nitromethane, acetonitrile, dimethyl-
formamide, water or formamide) the hydroxylated LAO gets de-
protonated which leads to an insulating LAO/STO interface. Sub-
sequent exposure of the heterostructure to light reprotonates the
LAO surface though a photocatalytic oxidation of surface adsorbed
water that restores the conduction at the LAO/STO interface (Fig

19).

11
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Figure 1.4: Surface protonation/deprotonation a) Initially, the con-
duction band (CB) and valence band (VB) of the LAO/STO interface bend
to create an occupied conductive state at the interface. b) Solvent immersion
deprotonates the surface through an acid-base reaction, removing the source
of electrostatic attraction that holds the electron at the interface. Thus, an
electron leaves the system either through the electrodes or through exchange
with the solvent at the leads. With the interface state vacant, the system is in-
sulating. c¢) Ultraviolet light creates electron-hole pairs at the oxygen vacancy,
which are separated by the polar LAO potential. Specifically, the hole “bubbles
up" the VB potential in the LAO and segregates to the surface. d) The surface
hole oxidizes the adsorbed water, thereby generating a proton. This proton
can then interact with Lewis basic sites of the LAO. Reprint from [54]
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Cation Intermixing

Another mechanism proposed to explain the conductivity of the
LAO/STO interface considers the effect of cation intermixing at
the interface. This could be the result of either the polar field of
the interface, inducing an ionic reconstruction, or an effect of the ki-
netic growth of the heterostructures during the physical deposition
processes, by PLD or sputtering.

In general, the majority of the models used to predict and ex-
plain the conductivity of the LAO/STO interface assume an abrupt
interface. However, this seems rarely the case. Qiao et al. [56] have
performed an extensive study of the composition of the interface, as
well as the adjacent regions, by means of Rutherford backscattering
spectroscopy (RBS) and secondary-ion-mass spectroscopy (SIMS).

They have studied different samples with varying stoichiometry
in La:Al ratio (0.9, 1.0 and 1.1) and have observed a deep diffusion
of La into the STO substrate, as well as Sr diffusion into the LAO
films, for all three different compositions. They argue that not only
this intermixing is thermodynamically favored in order to compen-
sate interfacial dipoles due to the polar nature of the interface, but
also due to the energetic nature of the ions of the ablation plume
that promotes cation displacement in the substrate, and addition-
ally the possible creation of Vg, during the deposition process of
the LAO film (since Sr*™ and La®" have similar ionic radii).

Nakagawa et al. [57] studied both types of LAO/STO inter-
faces (n-type and p-type) and concluded that cation intermixing
at the interface was induced as a compensation mechanism against
the polar discontinuity (see Fig. , where the p-type interface ex-
hibits less interdiffusion. Furthermore, they reported the creation
of interfacial oxygen vacancies as an additional means of compen-
sation. Surprisingly they reported that at the p-type interface the
concentration of oxygen vacancies was higher than the one at the
n-type interface, even though the p-type was insulating, while the
n-type interface conductive.

In another case, cation intermixing at the interface can result
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b) AI0,/ST0/TiO,

AID,/L20/TiO,
--------- AI0,/Sr0/Ti0,
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Figure 1.5: ADF-STEM Images of the LAO/STO interface structure. a)
LAO grown on top of TiOq terminated STO. b) LAO grown on top of SrO
terminated STO. c) Averaged line profiles across the interfaces of a and b.
The lines correspond to the fit of an error-function curve to extract the average
interface width. The extracted interface roughness is o = 1.90 £ 0.11 u.c. for
the AlO2/La0Q/TiOs interface and o = 0.77£0.13 u.c. for the AlO2/SrO/TiO4
interface. Reprint from [57]

into “doped” STO, where the La®*" substitutes the Sr*™ ions. [58]
La,Sr;_,TiO3 has been known to be metallic for more than 5% dop-
ing, [59] so it is plausible that this particular intermixing could be
contributing to the formation of the conductive interface. Moreover,
the cation intermixing at the interface, also produces a tetragonal
distortion of the unit cells around the interface that favors the high
mobility of the electrons.

14
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Electrostatic Doping

Another way to induce the formation of a 2DEG is through the ap-
plication of an external electric field (see Fig. [1.6). Implementing
oxide heterostructures in a field-effect transistor (FET) configura-
tion, has been demonstrated to yield similar results as the STO-
based oxide interfaces in regards of carrier density, high electron
mobility and even superconducting transitions.

In 2006 Thiel et al. [41] demonstrated the formation of a quasi-
2DEG at the LAO/STO interface, induced by a gate voltage. They
confirmed that 4 unit cells of LAO is the critical thickness for con-
ductive interface, while demonstrating that for an insulating (3 u.c.
LAO) interface the applied gate field was able to provoke a metal-
insulator transition with changes in conductance up to 7 orders of
magnitude. For the already conductive interfaces, they were able
to modulate the conductance of the interface but without reaching
a metal-insulator transition.

iy
—

2DEG

Ag Electrode

Figure 1.6: Schematic illustration of the creation of a 2DEG at the LAO/STO
interface though the application of an external electric field.

In a simultaneous work, Ueno et al. [60] reported the forma-
tion of a 2DEG at the interface between STO and polyethetylene (a
polymer electrolyte) with carrier density nop > 10 cm™2 in FET
configuration. They found a superconducting transition at To =
0.28K while demonstrating the ability to modulate the 2DEG con-
finement as a response to the gate voltage applied.

Another example of reversible metal-insulator and supercon-
ducting transition in a 2DEG was reported by Nakamura et al.
[61] in a FET configuration of STO /parylene interface. More ex-
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amples were later on reported on LAO/STO interfaces and the
ability to modulate the carrier density and the confinement of the
induced 2DEG and control the insulator to superconductor transi-
tions. [62] 63, 64]

Nevertheless, extreme caution must be had when using high
electric fields or field effect devices based on ionic liquids. Jeong et
al. [65] have reported the creation of Vi in a VO, electrolyte-gated
system, where they have used ionic liquid as the gate material.
They have reported the manipulation of the metal-insulator transi-
tion (MIT) temperature for VO, thin films, depending on the gate
voltage. Their findings reveal that the mechanism behind the con-
ductive and insulating states was the creation and annihilation of
Vo in the thin film, due to the migration of oxygen ions towards
the ionic liquid, and not due to electrostatic doping.

1.1.2 Thermoelectricity and the 2DEG in STO

A very important observance is that the 2DEG has demonstrated
the possibility of a large modulation of its thermoelectric efficiency
by a gate voltage. Ohta et al. [66] reported an unusually large in-
crease of the Seebeck coefficient of a 2DEG formed at the STO sur-
face capped by nanoporous calcium aluminate (CAN) which served
as a gate insulator. Even though they observed a monotonically in-
creased carrier density for increasing gate voltage, they reported a
b-fold increase of the Seebeck coefficient when the 2DEG is confined
below a critical thickness.

Generally, the Seebeck coefficient is decreased with increasing
carrier density. However in this case, while the carrier density in-
creases, the thickness of the conductive sheet becomes extremely
thin due to the fact that the residual electrons in a thermoelectric
material are strongly confined by the electric field, leading to an
ultimate modification of the density of states (DOS). The increase
in the Seebeck coefficient occurs after the critical thickness for DOS
modification. [67, 68|

Using the formation of a 2DEG as a means to improve the ther-
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moelectric efficiency has also been studied at interfaces. Pallecchi
et al. [69)] have reported a very large phonon-drag contribution to
the thermopower of LAO/STO interface, which results into a huge
increase of the Seebeck coefficient, reaching values of =~ mV/K at
very low temperatures. Since phonon-drag is hard to observe in
bulk STO, they attribute this effect to the two-dimensional con-
finement and localization of the charge carriers to the interface.

600 -
T=300K
11 20 periods
500 1@ ——SrTi0, layer
1 9 unit cells
400
i 1 T SrTiy gNbg 504
= 1 1,2,4,8,16
2 3007 2 unit cells
% )
200
1 4 8 16
B S S— ...
] IS, = 108 LV K-
1 n,=2.4x10%" cm3
(R e I T LI L B R

o 1t 2 3 4 5 6 7
Thickness of SrTij gNb, ,05 layer (nm)

Figure 1.7: Seebeck coefficient at room temperature, as a function of the
SrTig.gNbg 203 layer thickness. An almost 5-fold increase of the Seebeck coef-
ficient is observed for SrTipgNbg 203 layer thickness less than 1.56 nm (four
unit cells of STO). Reprint from [7]

In addition, Ohta et al., [7, 8] have proposed a similar con-
cept for the fabrication of highly efficient thermoelectric materi-
als. They proposed the fabrication of STO superlattices, where
electron-doped (SrTipsNbg203) layers are embedded in insulating
STO films (see Fig. . They observed a dramatic increase in
the Seebeck coefficient, when the thickness of the conductive layers
was less than 4 unit cells. The value of the Seebeck coefficient for 1
unit cell thickness reached 480 1V /K, which is more than 4 times
larger than the one of the bulk SrTiggNbg2Os5.
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These improvements in thermoelectric efficiency, opens new
paths in the search for novel ways to obtain efficient, environmentally-
friendly thermoelectric materials, taking advantage of the reduced
dimensionality and the customization of the component materials,
tailoring their properties during the fabrication process.

1.2  Derivation of the general equations
for the thermoelectric parameters

The following sections discuss the basic derivation of the general
equations that describe the thermoelectric parameters, based on
the Boltzmann’s transport equation. The following theoretical de-
scription has been extracted mainly from J.M. Ziman’s Principles
of the Theory of Solids [T0] and FElectrons and phonons: the theory
of transport phenomena in solids. |T1]

1.3 The phenomenological transport co-
efficients

For en electronic system under small perturbations, the electric
current density J and thermal flux density Q, which tries to restore
the equilibrium of the system, can be described as linear functions
of the gradients of the electric potential E = 9V /dz = VV (E)
and the temperature gradient V'T: |70} [71]

1.1
Q= LrgE+ LpNVT (11)

In an isotropic system we can treat these coefficients as scalar prod-
ucts, rather than tensors. From these relations, we can obtain mi-
croscopic expressions for the physical quantities that we measure
on our experimental setup, such as the electrical and thermal con-
ductivity, the Seebeck coefficient and so on. In the absence of a
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temperature gradient (V7' = 0) and under the influence of a con-
stant electric field E, it is easy to see from Eq. [I.1]that the electrical
conductivity o equals the coefficient

In the opposite case, where the sample is under a temperature gra-
dient VT and with E = 0, we can find the expression for the thermal
conductivity, k, Q = —kVT. Putting J = 0 in the Eq. yields

E-_Lergr (1.3)

LgE
Substituting the expression for E in the second part of Eq. we
get

LTE X LETV

Q= Ly VT — T (1.4)

Lgg
which yields the expression for the electronic contribution to the
thermal conductivity:

Lrg - LET)

Re = — (LTT ) T
EE

(1.5)

Taking a close look at the above expression for the thermal conduc-
tivity we can conclude that an electric field is built up in order to
oppose the flow of electric current due to the heat flux inside the
sample. This way, the built-up electric field reduces the thermal
current in the sample.

The appearance of this electric field as a result of the thermal
gradient in the sample is a well known phenomenon and can be
measured experimentally. From Eq. we see that the field is
described as

E = SVT (1.6)

where S is called thermopower or Seebeck coefficient of the material
and is defined as
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Lgr
S=—-—— 1.7
Ton (1.7)

In similar fashion we can see that in the absence of a temper-
ature gradient V1" = 0, a thermal current Q appears due to the
presence of the electric field E, which is no other than the Peltier
effect. From this we can define as the Peltier coefficient

Lrg
I=— 1.8
T (1.8)

which is the conjugate of the Seebeck coefficient. Since the Seebeck
and Peltier coefficients are linked by the expression II = ST, we
can rewrite the Eq. as

J=0E - SoVT

, 1.9
Q=50TE — x VT (1.9)

where k¥ = Kk + 0TS?, the lattice and electronic contributions to
the thermal conductivity, as will be discussed latter.

Now that we have reached simple relations for the electrical
and thermal current densities, we can proceed and calculate the
macroscopic transport coefficients that describe the behavior of the
materials, such as the Seebeck coefficient and thermal conductiv-
ity. For this purpose, we are going to consider that the fields and
the current flow along the z direction, in an isotropic conductive
material with cubic symmetry and simple parabolic band for the
conduction of the carriers. Under these conditions we can rewrite
the transport coefficients more explicitly in terms of the Boltzmann
distribution function: |70, [71]

o0

_ 2¢° d fo
E=0
2q I dfo
Lgr = — ——g(F)E(E — E 1.11
ET 3T 8Eg( VE( Q)rd ( )
E=0
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2 [0
Lrg = —373* a—“g)g(E)E(E —O)rdE =TLgr  (1.12)
E=0
o [0
Lrr = - agg(E)E(E —()’7dE (1.13)

EO

where ¢ and m* is the charge and the effective mass of the elec-
tron, respectively, fq is the equilibrium distribution function, g(FE)
describes the density of states of the system, 7 is the scattering
mean free time, ¢ is the chemical potential, and E' is the electron’s
energy. These equations consider the variation of the distribution
function from the equilibrium fy, highlighting the non-equilibrium
nature of the transport phenomena.

1.3.1 The Seebeck coefficient

Using the definition of the transport coefficients, we can write the
general equation for the Seebeck coefficient as:

[e.9]

. X [ Shg(E)E(E - ()rdE
g LET _ . E=0

Lee T f o o(B) E7dE

g _ > 0

7 (1.14)

. ( Ef gfgg(E)E2rdE>
f g{g g(E)ETdE
The integrals in the above equation can be expressed generally as:
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K,=—

o7 [ 1 0fo(E)
2m*/g(E)TE oE dE
0

(1.15)

Cosr 2Nt s 0fl(E)

where we have taken into account that the scattering mean free

time depends on the energy as 7 = 79", and the density of states
(2m)3/2
212 h3

E'/2. Integrating by parts,

is given by the expression g(E) =
we get:

/ES+T+3/2%dE - (5 +7r+ ;) /E8+T+1/2f0(E)dE (1.16)

0 0

This way, the transport integrals K take the form:

23 3
(—)Q(m*)%TTO <s+r+§>(kBT)5+’"+3/2FS+T+1/2 (1.17)

F) = [ foemeras (1.18)

where we can make use of the reduced energy ¢ = E/kgT. The
numerical values of the Fermi-Dirac integrals F), can be obtained
for various values of the reduced Fermi energy n = (/kgT.

The expression for the Seebeck coefficient, in terms of the K
integral would be:

kp K,
S=_"Bl,_ 2L 1.19
. <n Ko) (1.19)
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and more explicitly

r+ §> F.. s

g _ks <n _ (r+3 ”2(77)) (1.20)
T\ (r+3)Fam

Solving this equation requires the use of numerical methods. How-

ever, if the reduced Fermi energy, n, is either much greater or much

less than zero, there is the possibility to use simple approximations

to the Fermi distribution function. We will analyze the expressions

of S in the limits which are relevant for the results presented in this
thesis.

Seebeck Coefficient for Metals and Degenerate Semicon-
ductors

In this case we are on the limit of n = (/kgT > 0, the Fermi level
is well above the edge of the conduction band. The Fermi-Dirac
integrals can be rewritten in the form of a converging series

/ e RL S O i

n+ 1 0&
1 Ofo [ ni1 d" f"“ E—n)"
n+1/ ( +Z dgm &= m! a
0
n+1 2
— + nfr]nilﬂ—_ _|_ P
n+1 6
(1.21)

To obtain a non-zero value for the Seebeck coefficient we need to use
the first two terms of the series to describe the Fermi-Dirac integrals
in Eq. and take ¢ = —e for the charge carriers. Therefore, we
end up with the expression:

7T2]€B /{ZBT 3
e ¢zt

S=— (1.22)
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From an experimental point of view, we can use the experimen-
tally measured magnitudes available and obtain information about
the more “internal” properties of a system, such as its degree of de-
generacy of the conduction bands, for example. As it is going to be
discussed later on the Results and Discussion section, it is possible
to extract meaningful information about the band degeneracy of
doped SrTiO3 system from the S(T) measurements.

Heikes Formula: The High Temperature Limit

Another significant limit to consider for the Seebeck coefficient is
at very high temperatures. Heikes [72] predicted that the ther-
mopower at higher temperatures would be independent of the tem-
perature and it would only depend on the entropy contributed by
each carrier (see Fig. [1.8)). Starting from the definition of the
chemical potential (:

¢ = —T(%) 4 (1.23)

where Y is the system’s entropy, /N is the number of particles, £
is the internal energy and V the volume. As T — oo, we can
calculate the entropy of the system in terms of the degeneracy g
of the high temperature state, using Boltzmann’s configurational
entropy equation:

Y =kglng (1.24)
so that
Olng
(= —k:BT< N >E,V (1.25)

Substituting the above term for the chemical potential in Eq.
we get:

. 1 Kl . 1 8lng Kl
§=— (g K0> _ qT(kBT o +KO> (1.26)
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where Ky and K are the transport integrals of the Eq. At the
limit of T — oo the second term of the above equation vanishes, so
that the final relation of the Seebeck at the high temperature limit
is:

kg O0lng
g — 2B
q ON

(1.27)

Now if we consider the particles present in our system as spinless
fermions, then from Pauli’s rule, two particles cannot occupy the
same site, which makes the degeneracy:

N 4!

~ NI(N,—N)! (1.28)

g
Using Stirling’s approximation and differentiating with respect to
N, we arrive at the expression of the well-known Heikes formula:

S = 2B 1 (1_—p) (1.29)
q P
where p = N/N, is the ratio of particles to available sites.

As we saw, the Heikes formula treats the particles as spinless
fermions in order to get to the final expression However,
thermopower is very susceptible to the degeneracy, so it is very
important to account for the spin and orbital degeneracy as well.
Koshibae et al. [73] proposed a modified Heikes formula, taking into
account the spin and orbital degeneracy. In the proposed model,
there are two kinds of sites, occupied and unoccupied. These site
are denoted as (I) and (IT), respectively. Therefore, the degeneracy
g is going to be given by the total number of ways of arranging the
two kinds of sites:

L!
[ gan)™ (1.30)

9=low N LI2L =)

where I denotes the number of unit cells, N the number of par-
ticles and g(;y and g(;;) are the degeneracies of the sites (I) and
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(IT) respectively. Using Stirling’s approximation in the previous
expression, yields the formula:

LN <@L> (1.31)
q ganl—x

where z = (2 — N)/L. From this expression we can see the impor-
tance of the fraction of conducting sites x/(1 — x), but furthermore
we can appreciate the importance of the ratio of the electronic de-
generacy for the ions responsible for the conduction. A large value
of this ratio yields a large contribution to the Seebeck coefficient
from spin and orbital entropy.

Heikes Limit

IS|

// Mott: |S| DaT A

Temperature

Figure 1.8: Tllustration of the temperature dependence of the Seebeck coeffi-
cient for three different values of carrier concentration. As the carrier concen-
tration increases, the value of |S| decreases. At the low temperature limit, the
value of [S| increases linearly with the temperature, whereas, when the temper-
ature reaches the Heikes high temperature limit, the value of |S| is independent
of the temperature.

1.4 Thermal conductivity - Basic theory

Heat transport is a very important field of study in a world of
continuous technological advances, especially regarding micro- and

26



1.4. THERMAL CONDUCTIVITY - BASIC THEORY

nanodevices and their applications. For example, one needs materi-
als and composites with very high thermal conductivity in order to
address issues with thermal management, especially in the field of
electronics, where overheating can be a very limiting factor in per-
formance. On the other hand, new thermoelectric materials need
to have a very low thermal conductivity to achieve desirable levels
of efficiency.

Either way, we need to deeply understand the basics of thermal
transport and use it to our advantage in both ends of the thermal
conductivity range. The following theoretical description has been
extracted mainly from T. M. Tritt’s Thermal conductivity: theory,
properties, and applications [(4] and High lattice thermal conduc-
tivity solids from D.T. Morelli and G.A. Slack. [75]

In general, heat can be transported inside a solid through var-
ious different ways, such as electron diffusivity, lattice vibrations
(phonons), spin waves (magnons), etc. Irrespective of the nature
of the excitations responsible for the heat transport, the thermal
conductivity describes the rate of energy transport in response to
a heat gradient. Therefore, it must be proportional to the energy
stored by the system, times the velocity at which this energy is
transported along a given length. This gives rise to a kinetic equa-
tion:

1
h=g Ea: Cavalg (1.32)

where C', v and A correspond to the heat capacity, velocity and
mean free path of the different « excitations. Generally Eq.
is very useful in estimating the orders of magnitude of the thermal
conductivity and can provide a decent phenomenological descrip-
tion. However, a more developed microscopic theory is needed in
order to understand the effect of the different parameters in a real
system (crystal structure, defects, etc) on the thermal conductivity.
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1.4.1 Electronic thermal conductivity

The electronic contribution to the thermal conductivity k. can be
obtained from Eq.

s (1.33)

2
( 3m*T 3{909 E(E — OTdE) )

9 o(E)ETdE
In terms of the transport integrals, previously defined, K, (Eq.
1.15)), the above expression can be summed up as:

1 K?
Ke = ﬁ (KQ - E) (134)

A convenient way to express the electronic part of the thermal
conductivity, is in terms of the Lorenz number, L = k./oT. From
the expression [I.34] and the electrical conductivity, we can express
the Lorenz number L as:

1 (K, K?
==|=-= (1.35)
¢*T?’\ Ky K§
Examining the electronic thermal conductivity in the limit of
(/kpgT < 0, in the non-degenerate approximation yields:

L= (k—B)Z(r + g) (1.36)

q

q?
m*
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which demonstrates that L does not depend on the Fermi energy,
as long as r in the dependence of the relaxation time on the energy,
is constant.

In the case of metal or degenerate semiconductor ap-
proximation (¢/kgT > 0) the expression [1.35] yields

L= ”—2(’%’3)2 (1.37)

which demonstrates that the Lorenz number L should be the same
for all metals and degenerate semiconductors and it should not de-
pend on the scattering law for the charge carriers. Therefore, we
can obtain a quite reliable value of the electronic thermal conductiv-
ity from the electrical conductivity, at least in the limits considered
here.

1.4.2 Lattice thermal conductivity

The heat transport in insulating, or even semiconducting materi-
als, is mostly carried out by collective crystal lattice vibrations,
known as phonons. Depending on their type of oscillation (in-
phase or out-of-phase), phonons are distinguished in acoustic or
optical phonons. Optical phonons don’t really contribute much to
the thermal conduction in the solid, mainly due to the small group
velocity v, = dfdi(f. Nevertheless, optical phonons may affect the
heat conduction by interacting with the acoustic phonons. In order
to find the general expression for the thermal conductivity, we need
to setup the phonon distribution function, 7.e. the average number
of phonons with a wave vector ¢ (Nz). The phonon distribution
function in equilibrium is given by the Bose - Einstein distribution:

1
N= —
q ehwlf/kBT _ 1

(1.38)

The different scattering processes tend to restore any phonon dis-
tribution Vg to its equilibrium Ng, at a rate
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N = N7 o vr) 2N 1.39
NN (enhE
where v, is the group velocity, and 75 is the phonon scattering
relaxation time. The total heat flux of all phonon modes is the sum
of the product of the average energy and group velocity of each
phonon mode ¢

Tq

Q= Z Nghwzvg (1.40)
7

Combining Eq. and yields:

0
Nz

VT

- 0
Q= Zthwqfuj < cos’f > 1, 57
q

(1.41)

=-3 > Nphwgogr, g
q

where 6 is the angle between v, and VT. We already know that the
lattice thermal conductivity due to an established thermal gradient
is given by —Q/VT, so we end up with the expression:

1 ON2
Fiph = 3 Z Nahwavy g 873 (1.42)
q

Although this expression seems familiar and relatively simple, it is
meaningless to try and calculate the value of k,;, for a real solid.
In order to be able to calculate the lattice thermal conductivity, we
need to make some approximations and then to evaluate different
phonon scattering relaxation times. Starting from the approxima-
tions, according to the Debye theory, i) we will use an average
velocity v that replaces v, for all the phonon branches and ii) all
phonon velocities are the same for all polarizations. After the De-
bye assumption, we replace the sum with an integral in the above

expression (Eq as
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o = = [ o aN‘?f( Ydq (1.43)
ph - 3 (T/UgTq aT q q ‘

where f(q)dq = (3¢*/27%)dq, and therefore f(w)dw = (3w?/27%v?)dw.
The Debye assumptions (Eq. |1.43) combined with Eq. and
[1.42] yields

wp

hw
1 T?)ersT
Kph = /hw37q(w)(hw/k3 )e dw (1.44)

212y / [eFsT — 1]2

where wp is the Debye frequency. Substituting © = hw/kgT and
defining 0p = hw/kpg as the Debye temperature, Eq. becomes

0p/T

(%B)g:rz / Tq(x)ﬁdz (1.45)

kg

22y

/iph

This expression is called the Debye approximation for the lattice
thermal conductivity.

The effect of the different parameters of the solid in the thermal
conductivity is accounted by their effect on the relaxation times
7. }(z), which are supposed to be additive:

T () = ZTgl(x) (1.46)

In the following, we will discuss the contribution of some of the
most common scattering processes to the relaxation time. We will
only consider the scattering processes in which there is a change in
the wave vector of the phonons, (Umklapp or U-processes).

Phonon - phonon relaxation time

The Debye temperature, 6p, defines the characteristic energy scale
of the crystal lattice, and determines the intrinsic mechanisms of
phonon dispersion in the material. At temperatures not too far
away from 6p, anharmonic phonon-phonon Umklapp scattering is
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the main mechanism responsible for x(T), which can be approxi-
mated by [75]:

o603,

k= E,szns/Q

(1.47)
where M is the average molar mass per atom in a crystal with n
atoms per formula unit (Z molecules per unit cell), 6=(V/nZ)/? is
the cubic root of the volume per atom, v is the Griineisen factor
and € is a constant.

Taking into account that multiple phonon frequencies contribute
to the thermal conductivity, the relaxation time to be included in

equation and would be [76]:
~=——wTe 3T (1.48)

At sufficiently high temperatures rkp, o< 1/T in most crys-
talline materials, reflecting the dominance of phonon-phonon Umk-
lapp scattering.

Phonon scattering by point defects.

When the linear dimensions of the defects are much smaller than the

phonon wavelength, then the scattering rate can be approximated
by [77):

_ \%4 M —m;
Tpp = U3W4Zfi(—)2 (1.49)

A7 M
where V' is the average volume per atom, v is the average sound
velocity, m; is the mass of a defect, f; is the fraction of defects,
and M is the average mass per atom. This approximation is valid

for point-defect scattering, like that produced by vacancies, atomic
substitution (interdiffusion) and isotope scattering.

Phonon scattering by crystal and domain boundaries.
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The phonon - boundary scattering rate is independent of the phonon
frequency and temperature, and can be approximated by the ex-
pression:

L = g (1.50)

where v is the phonon velocity and d is related to the size of grains
in polycrystalline materials, or the diameter of an effective cross-
sectional area in the case of a single crystal. The effect of domain
boundary scattering over x(T) can become very important at low
temperature, as the mean free path of the long-wavelength acoustic
phonons increases.

In Figure [1.9] we summarize the contribution of the scattering
mechanisms to x(T), in the different temperature ranges.

TPhonon — Defect
Scattering

 —

Kph (W/m K)

> Phonon = Electron
Scattering

T(K)

(Gl

L Phonon — Domain Boundary Scattering

Figure 1.9: Tllustration of the temperature dependent phonon thermal con-
ductivity for a crystalline solid, with the different scattering mechanisms asso-
ciated with each temperature segment.

For the particular case of the thin films studied in this thesis,
we will see that the effect of epitaxial strain, film thickness, phonon
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instabilities (ferroelectric distortions), vacancies, etc. play a very
important role over their thermal conductivity. As we will discuss
in the experimental chapters, the effect of these parameters can be
accounted for within the framework of the Debye approximation to
#(T) in the 7 approximation.

1.5 The perovskite lattice: crystal sym-
metry & octahedral rotations

In this work, we are going to focus on the oxide-family of per-
ovskites, of chemical formula ABOs; A and B are cations, normally
with valence 2%, 3% or 4. A common way or representing this
structure is through a network of corner-sharing BOg octahedra,
where the A-cation is in the center of a cube defined by 8 corner
sharing octahedral units. In the undistorted cubic structure the A-
cation is surrounded by 12 oxygen ions, the B-cation is octahedri-
cally coordinated by 6 oxygens, and the oxide ions are coordinated
by two B-cations and 4 A-cations. An example of an ideal cubic
perovskite structure is the SrTiO3 (see Fig. [1.10]).

Figure 1.10: Tlustration of the undistorted STO perovskite structure.

On the other hand, most of the perovskite compounds do not
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1.5. THE PEROVSKITE LATTICE

present this cubic structure. Substituting the A and B cations
introduces some stress into the structure, which changes its bond-
distances accordingly, in order to keep the maximum packing den-
sity. The Goldschmidt tolerance factor represents a geometric mea-
sure of closed-sphere packing, relating the A-O and B-O bond
lengths to the crystal stability: [7§]

t = _FatFRo (1.51)

V2(Rp + Ro)

where R4, Rp and Ry are the ionic radii of the A and B cations and
oxygen, respectively. [79] The perovskite structure is stable in the
interval 0.78 < t < 1.0. [80] Ionic replacement decreases t from the
cubic value (¢ = 1) through different BOg octahedral rotations and
deformation, i.e. variations in B — O and A — O bond lengths, thus
lowering the unit cell symmetry. Moreover, due to the coupling
between the structural distortions and the transport and magnetic
(through spin-orbit coupling) properties, these octahedral rotations
may determine, to a great extent, the physical properties of these
materials.

This is particularly important in the case of 3d oxoperovskites,
in which their narrow electronic bands are very susceptible to subtle
lattice distortions. This strong coupling between the lattice and
electronic degrees of freedom is actually the origin of their rich
variety of physical properties, including metal-insulator transitions,
ferroelectricity, superconductivity, magnetoresistence, etc. |11, 8T,
82, [83, [84]

In the case of thin films, cooperative octahedral rotations is an
important type of structural modification that accommodates the
tensile/compressive strain on the A-O and B-O bonds produced by
epitaxial growth. [85] 8] [87, [8§]

Therefore, determining accurately the effect of epitaxial strain
and/or the different type of vacancies present in the films stud-
ied in this thesis, over the TiOg octahedral rotations, is crucial to
understand their properties.
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1.5.1 Description of the cooperative rotations of
BOg octahedra in a perovskite

Glazer introduced a notation in order to describe the different octa-
hedral rotations that can be present in a perovskite. [89, 90| In the
perovskite structure, when an octahedron is tilted in any way, it
provokes the tilting of its neighboring octahedra (cooperative BOg
octahedral rotation). When present, this cooperative rotation is
the most important component in establishing the overall space-
group symmetry of the perovskite. In the concept of a generalized
classification of the possible ways of tilting, all the available tilts
can be described on the basis of three pseudocubic axes, and the
magnitude of the tilts are indicated by a set of three letters which
refer to rotation about the axes [100], [010] and [001] respectively

(Fig. [LT1).

[001]

[010]

Figure 1.11: Schematic illustration of the tilt angles of two corner-sharing
octahedra around the three pseudocubic axes, under the Glazer notation.

When the magnitude of the tilt is different along the three
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spatial directions, it is denoted as abc. Tilts of the same magnitude
are denoted by the same letter, ie. aac would correspond to tilts of
the same magnitude about the [100] and [010] axes, and an different
tilt about the [001] axis. When successive octahedra are tilted the
same way along a particular axis, then they are rotating in-phase,
and the notation would be a superscript + on the corresponding
letter. Out-of-phase tilting will be denoted as —, and the absence
of tilting will be denoted as 0 (Fig{L.12).

a%a%* a%°c

Figure 1.12: Schematic illustration of in-phase [left] and out-of-phase [right]
octahedral rotations in a perovskite structure, along the c-axis (001).

In the spirit of this notation and assuming that no repeat pe-
riod consists of more than two octahedra, there are 10 distinct
possibilities:

athtet athte ath ¢ a b ¢ 3 tilts
a®bt et a®bte a’b ¢ 2 tilts
a®t’ct a’b’c™ 1 tilt
a®b0c? no tilts

In these possibilities we haven’t taken into account the magnitude
of the tilts, something that becomes important when we want to
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examine the relation between the tilts and the crystal systems. The
effect of the tilting of the octahedra can be summed up in the fol-
lowing: (i) Unit cell lengths, (ii) Unit cell angles and (iii) The ap-
pearance of distinctive Bragg reflections The factor that is the most
important for this work is the appearance of new Bragg reflections,
which allow the identification of a given lattice distortion.

The tilting of the octahedra may result in the doubling of the
unit cell and as a consequence extra reflections are produced which
lie on the half-integral reciprocal-lattice planes. If we use as a
reference the doubled unit cell of the crystal under study, the extra
reflections can be indexed having some of the Miller indices (hkl)
odd, while the main reflections have all their indices even. Luckily,
the in-phase (+) and out-of-phase (-) tilts produce two distinct
classes of reflections. + tilts produce at least one even Miller index,
while — tilts result in odd-odd-odd reflections. More specifically:

produce even-odd-odd reflections with k #1
b* produce odd-even-odd reflections with ~ h #1

ct produce odd-odd-even reflections with h # k (1.52)
a~ produce odd-odd-odd reflections with k#1 '
b~ produce odd-odd-odd reflections with h#1

c produce odd-odd-odd reflections with h #k

There are 23 distinct tilt systems differentiated from one an-
other depending on the magnitude and the phase of the tilting of
the BOg octahedra (see Table [L.1). Although Glazer was the first
to propose a guide for the assignation of each tilt system to a space
group, later work by Woodward based on computer simulations in-
troduced some corrections on the space group assignation of the tilt
systems. [911, 92]

His corrections were made on the basis that some particular tilt
systems must exhibit small distortions of the octahedra, in order to
preserve their connectivity with each other. Furthermore, Wood-
ward made further predictions of the space group assignation of the
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tilt systems, taking into account the combined effect of cation or-
dering where two different B — O bond distances are present which
result in the deformation of the BOg octahedra.

@ 0,0,0 0.0,0.0

© o0loYeo oY0lele
CEODOMC OO

© 0,0,0 0,0,0.0

© 0JoJo oYeYe)e

© [oYo'e eYeveve

Himen © 0,0,0 0,0,0.0
© o0JoJo © ©

© oYoYeo oYeoveove

" 9+0.0,0 0,0,0 0,0,0.0
© © o0JoYo © ©

oYoYo'e [eYeYe eYeveve

Figure 1.13: Schematic illustration of different octahedral rotation patterns,
indexed by their space group symmetries.

The different tilt systems are summarized in Table and in

Fig. [L.13]
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Space groups for all possible simple tilt systems

Tilt- Tilt-System | Space Group (No or- | Space Group (1:1
System Symbol dering) Ordering)
Number

Three tilt systems

1 atbtcet Immm (#71) Pnnn (#48)

2 atbth™ Immm (#71) Pnnn (#48)

3 atatat Im3 (#204) Pn3 (#201)

4 athtce™ Pmmn (#59-2) P2/c (#13)

5 atate” P45 /nme (#137-2) P45 /n (#86)

6 athtb~ Pmmn (#59-2) P2/c (# 13)

7 atata~” P45 /nmc (#137-2) P45 /n (#86)

8 atb ¢~ P2 /m (#11-1) P1 (#2)

9 ata~c™ P2y /m (#11-1) P41 (#2)

10 ath™b~ Pnma (#62) P2;/n (#14-2)
11 ata~a~ Pnma (#62) P2 /n (#14-2)
12 a~b7c” F1 (#2) F1 (#2)

13 a b b~ 12/a (#15-3) F1 (#2)

14 a~a"a” R3c (#167-2) R3 (#148-2)
Two tilt systems

15 abtct Immm (#71) Pnnn (#48)

16 a’b bt I4/mmm (#149) P4y /nnm (#134)
17 a%bte~ Cmcm (#63) C2/c (#151)
18 a’btb~ Cmcm (#63) C2/c (#151)
19 a’b=c™ 12/m (#123) I1 (#2)

20 a’b b~ Imma (#74) 12/m (#123)
One tilt systems

21 alalcT P4/mbm (#127) P4/mnc (#128)
22 a%alc— 4 /mem (#140) 14 /m(#87)
Zero tilt systems

23 | a%C? | Pm3m (#221) | Fm3m (#225)

Table 1.1: List of all possible 23 simple tilt systems predicted by Glazer (No
ordering) and Woodward (1:1 Ordering). In Glazer’s predictions, the octahedra
were rigid and did not allow for deformations, while in Woodward’s predictions,

the octahedral deformations were taken into account.
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Chapter 2

Experimental techniques

2.1 Synthesis of the thin films

2.1.1 Pulsed laser deposition

All the samples studied in this work were prepared by Pulsed Laser
Deposition (PLD). [93] This is one of the most common meth-
ods of thin film fabrication, along with Molecular Beam Epitaxy
(MBE), [04] Sputtering, [95] and different chemical solution de-
position methods. [96] The thin films studied in this thesis were
fabricated in a PLD system by Neocera (http://neocera.com/).

Two different lasers were used to prepare the thin films studied
in this thesis: a KrF Excimer (Coherent COMPex, A\ = 248 nm,
pulse length ~20 ns) and a solid state Nd:YAG (Q-Smart, A = 266
nm,pulse length a6 ns). In our system, the laser enters a 45.72 cm
(18 inches) diameter vacuum chamber through a UV-grade laser
window, and impacts the surface of the target at ~45° (see Fig.
. Each pulse of the laser rapidly evaporates the material from
the target, forming an ablation plume which transfers the atomic
species to a substrate, retaining its stoichiometry. [97, O]

Most of the films studied in this thesis were deposited with a
laser repetition rate of 5 Hz. In our chamber the substrate is kept
~b c¢m above the target, glued with silver paste to a holder. The
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sample holder is in contact with an electric heater, which allows
to rise the temperature up to 960°C. The target is set to raster
circularly at a rate of 91°/min as well as horizontally at a rate
of 47°/min in order to make sure that the laser ablates its whole
surface. For the sake of a homogeneous deposition, the sample
holder is set to a 51°/min rotation.

Laser beam

|

Heater

Focusing Lens
Target Jwm Vacuum Pump
==

Figure 2.1: Left: Schematic illustration of a typical PLD system. Right:
Photograph of the laser ablation plume during a deposition inside the PLD
chamber of our system.

The pressure inside the chamber may be controlled between
~ 1078 — 5 x 10~ Torr during deposition. Both Oy and N, can be
used as background gases during deposition.

The final film thickness depends mainly on the background at-
mosphere of the PLD chamber, the number of pulses and the laser
fluence. Ex-situ X-ray reflectivity (XRR) analysis gives the infor-
mation about the thickness of the films so that the growth rate
(nm/pulse) can be estimated for each material and growth condi-
tions.

2.1.2 Target preparation

The target materials were synthesized by solid state reaction from
commercial reactants. For the fabrication of the ceramic target of
Nb:STO, nominal composition Nbg ¢551rTig 9503, commercial pow-
ders of SrCO;3 (99.995%), TiOs (99%) and NbyO5 (99.99%) (Sigma
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Aldrich) were stoichiometrically weighted for a nominal 5 % Nb
doping (Nb atoms will substitute the Ti ones), mixed together,
first by hand in a ceramic mortar and then in an agate mortar and
introduced in a ball mill where it was left to be ground and mixed
during 24 hours, at 150 rpm, with a change in the cycling direction
every 10 min. After that, the powders were pressed in a hydraulic
press for about 3 min at a 5 ton pressure, in order to form a dense
pellet of 2.54 ¢cm (1 inch).

Then the pellet was introduced in a tubular furnace with a flow
of forming gas (5% Hs, in Ny gas). The temperature increase was
held at 3°C/min until 200°C for 1 hour, and then increasing with
the same rate up to 1200°C where the target was sintered for 12
hours. The cooling rate was 3°C/min. After the first calcination,
the pellet was introduced for another 24 hours in the ball milling.
After forming a new pellet at the hydraulic press, a second step of
sintering was performed in the presence of forming gas at 1300°C
for 12 hours.

The composition and absence of secondary phases was probed
by X-ray powder diffraction (see Fig. , and energy-dispersive
X-ray spectroscopy (EDS)(see Fig. in a scanning electron mi-
croscope (SEM).

Both techniques show that the ceramic target is single phase
after this treatment, with a composition Nbg goS1rTig 9303, showing
some evaporation of Nb during the thermal treatment. This Nb
content was confirmed by EELS analysis on cross-section lamellae
studied by electron microscopy, as will be discussed latter.

In the case of the target of CaTiOj3, commercial powders of
CaCO3 (99.99%) and TiOy (99%) (Sigma Aldrich) were stoichio-
metrically weighted and mixed. The powders were grounded and
pressed as explained before. The pellet was subjected to a final
thermal treatment at 1400°C for 12 hours. Same as before, the
correct, composition was verified by X-ray powder (see Fig.
diffraction and EDS analysis (see Fig. [2.3).
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Figure 2.2: X-ray powder diffraction pattern of the Nb:STO [top| and CTO
[bottom] target with the corresponding reference peaks for each one.
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Spectrum 1
. Sr/(Ti+Nb) = 1.04 +/- 0.02 at.%
Ti
o
ik
Sr
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Figure 2.3: EDS spectra of the Nb:STO [top] and CTO [bottom]| target, in
order to determine their stoichiometry. The Nb:STO and the CTO targets
were close to stoichiometric, taking into account the accuracy of the technique.
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2.1.3 Substrate preparation

In this work, the thin films were deposited on top of various dif-
ferent single crystalline substrates in order to study the effect of
the compressive/tensile strain on the properties of the thin films.
Each substrate, had to undergo a different treatment prior to the
deposition in the PLD system, in order to secure the desired sur-
face termination. [99] In the case of STO substrates purchased
from (Crystec) (http://www.crystec.de/crystec-e.html), a wet etch-
ing procedure was followed, as described by M. Kareev et al. [100],
so that the STO substrates have a TiOy termination, in the form
of flat terraces.

AY =0.370 nm 1

Height (nm)
Height (nm)

0.
%.0 02 04 06 08 1.0 12

0.4 0.8 1.2 16

. 0.0 0.2 0.4 0.6 0.8
Distance (um) Distance (um) Distance (um)

Figure 2.4: AFM image of the topography of (a) an STO, (b) an LSAT, and
(c) a DSO substrate after surface treatments. Below each image is the line
profile between adjacent terraces with their respective height difference, AY.

The STO substrates are submerged into deionized hot water
(60°C) for 25 min, in order to induce the surface segregation of SrO
particles. Then they are introduced into an acidic solution (3:1
HCI:HN,) for 10 min and subsequently cleaned thoroughly with
acetone and methanol (for 10 min each). Each of the previous
steps are performed in an ultrasonic bath. Then, the substrates

46



2.2. STRUCTURAL CHARACTERIZATION OF THE FILMS

are treated thermally at 1000°C for 30 minutes in air, in order to
achieve the recrystallization of the surface. After this process, the
substrates are left with atomically flat TiO, terraces, as observed
in AFM (see Figl2.4).

Concerning the rest of the substrates that were used in this
VVOI’k7 the (LaAlog)o.g(SI’QAIT&O5)O.7 (LSAT), LaAlO3 (LAO) and
DyScO3 (DSO) as-received substrates were treated thermally in
ambient atmosphere at 1300°C, 1000°C and 1200°C, respectively in
order to achieve smoother surface termination and surface recon-

struction (see Fig. [2.4).

2.2  Structural characterization of the
thin films

After the deposition process, we performed a careful structural
characterization of the films. X-ray measurements provide infor-
mation about the thickness and density of the films, as well as the
crystalline quality, orientation, and epitaxial relation to the sub-
strate. The theoretical models and formulas discussed in sections
[2.2.1]and [2.2.2] have been extracted for the book Thin Film Analy-
sis by X-Ray Scattering by M. Birkholz. [I01] The equipment used
for this work was a PANalytical’s Empyrean diffractometer with
an Euler cradle and a Cu X-ray source (Ago1 = 1.5405 A, AKa2 —
1.5443 A). This diffractometer permits the individual adjustment of
various angles between the sample and the X-ray source/detector,
as depicted in the schematic illustration in Figure [2.5

2.2.1 X-ray reflectivity

X-ray reflectivity is a surface-sensitive technique used to character-
ize the thickness and roughness of thin films and multilayers. In
this method the diffractometer is operating in the symmetric 6/
260 configuration, at very small 6 angles. In contrast to the wide-
angle diffraction scan, the XRR experiment has to be performed in
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Incident Beam Diffracted Beam

/

Figure 2.5: Schematic illustration of the adjustable parameters in the diffrac-
tometer (PANAlytical, Empyrean) that was used in this work. w is the angle
between the incident X-ray beam and the sample surface, 0 is the scattering
angle between the sample surface and the detector. v is the polar angle and
¢ is the azimuthial angle. In addition, x,y and z correspond to the horizontal
and vertical displacements of the sample, which can be adjusted independently
of each other.

the parallel beam configuration, i.e. the in-plane beam divergence
should not exceed 0.05°and ideally would be even lower.

After the measurement, the plot of the intensity as a function
of the scattering angle 26 presents two characteristic features. The
first one is the critical angle: 6.. When 6<6., the X-ray beam
is totally reflected at the surface of the sample. The position of
0. depends on the difference between the density of the substrate
and the thin film. The second one are the intensity oscillations, or
better known as the Kiessig oscillations or Kiessing fringes.

The maximum intensities are observed whenever the phase dif-
ference A between the reflected and refracted beam is a multiple

of the wavelength A\. The phase difference A between two beams is
given by the relation (see Fig.

A = (AB+ BC)n — AD (2.1)

between the individual path lengths of both beams, where n is the
refractive index of the film. Elaborating this relation, we get

48



2.2. STRUCTURAL CHARACTERIZATION OF THE FILMS

Thin Film A O, _ C

Figure 2.6: Schematic representation of the reflected and refracted beams for
the derivation of their phase difference, A.

A =2tsinb, or A = 2t0;, = 2t1/0? — 02 (2.2)

The left-hand equation of the phase difference relation is similar
to the Bragg equation, with the film thickness ¢ substituting the
interplanar spacing d. A maximum is observed whenever the phase
difference is a multiple of the wavelength A = mA. The distance
between two adjacent fringes for 26,1 and 260,,, significantly above
0. scales like

201 — 20, ~

| >

(2.3)

The film’s thickness and density analysis of the XRR measure-
ment is made using PANalytical’s X'Pert Reflectivity software (see
Fig. . The determination of ¢ is performed automatically by
fitting the reflectivity curve with the thickness £, density p and
surface/interface roughness R, as free parameter. The rest of the
parameters (such as number of layers, type of materials, etc) are
introduced previously in the fitting software.
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Figure 2.7: Representation of the experimental data (open squares) of the
reflectivity measurement for the Nb:STO film on top of LSAT [left] and LAO
[right] substrate, along with the simulation (red line) performed by the software
X’Pert Reflectivity. The adjusted parameters for the simulation are density,
thickness and roughness. For this particular fitting, the results were p = 5.089
g/cm®, t = 25.401 nm and roughness = 1.47 nm for the LSAT substrate and
p = 5173 g/ecm3, t = 25.606 nm and roughness = 0.64 nm for the LAO
substrate.

2.2.2 X-ray diffraction

The lattice parameters of the films were obtained from High Res-
olution X-Ray Diffraction (HRXRD) experiments in different con-
figurations.

0 — 26 scan In this configuration, the X-ray beam is directed
towards the sample at an incident angle w, while the detector is
placed at the same angle # = w in order to pick up the scattered
beam. Throughout the measurement the X-ray source and the de-
tector are placed in various different angles but always maintaining
the 0 = w relation. In this measurement, only the hkl lattice planes
that are parallel to the surface contribute to the Bragg reflections,
where the Bragg relation has to be satisfied:

nA = thlk sin @ (24)

where n is the order of the reflection, A\ is the wavelength used
by the X-ray source, dy,; is the inter-planar distance of the crystal

20



2.2. STRUCTURAL CHARACTERIZATION OF THE FILMS
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Figure 2.8: XRD 6 — 20 pattern of a Nb:STO thin film deposited on top of
an STO substrate. Only the (00l) reflections of the film and the substrate are
present.

planes with the corresponding Miller index and 6 is the Bragg angle.
This type of measurement provides information about the relative
crystallographic orientation of the thin film and the substrate, and
it is the most common way to determine the lattice parameters of
the film corresponding to the planes perpendicular to the surface
(see Fig. [2.8).

In Figure 2.9] we show the X-ray 6 — 26 diffraction pattern
for a Nb:STO thin film grown on top of an LSAT substrate. The
measurement is centered around the (002) reflection of the film and
substrate. The out-of-plane lattice parameter of the film, in this
case the c-axis lattice parameter, can be obtained from these data,
using :

AMWh? 4+ k2412

€= 2sin 0 (2:5)

Moreover, we can observe the presence of interference fringes
close to the diffraction peak of the film (Laue oscillations). They
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Figure 2.9: XRD 60 — 20 pattern around the (002) reflection of the LSAT
substrate of a Nb:STO thin film deposited at different POy (10~ — 1073 Torr).
High crystalline quality of the film produces Laue oscillations in the diffraction
pattern. The dashed arrow indicates the displacement of the peak of the film
based on the POs used during the deposition.

have essentially the same origin as the Kiessig fringes observed in
the X-ray reflectivity measurements, but in this case the X-ray
interference is caused by the reflection between the atomic planes
of the film. Therefore, the obhservation of these oscillations around
the diffraction peak is a signature of the high crystalline quality
and low disorder in the film. From the position of the fringes it is
possible to calculate the thickness ¢ of the film :

. A 1
A, 2cosb

(2.6)

where A#,, is the distance between the fringes of order m. This
formula is a very useful tool to determine the film’s thickness from
the fringe spacing for planes parallel to the surface.

The film depicted in Figure is the same film as in Figure
2.7 The resulting thickness of the film using the calculation from
the Laue oscillations yields ¢ = 25.62 nm, whereas the calculated
thickness for the same film through the XRR fitting was ¢t = 25.4
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Figure 2.10: Left: XRD 6 — 20 pattern of a Nb:STO thin film deposited on
top of an LSAT, around the (002) reflection of the substrate. High crystalline
quality of the film produces Laue oscillations in the diffraction pattern. Right:
Calculating the thickness of the film using Eq. Taking into account the
results for orders m =1 — m = 5, the resulting thickness is 25.62 nm.

nm, indicating a good agreement between the two methods.

2.2.3 Reciprocal space mapping

Reciprocal Space Mapping is an w — 26 type of scan, where w is the
angle of the incident X-ray beam. This scan is performed around an
asymmetrical reflection and reconstructs a two-dimensional image
providing information about the in and out-of plane lattice param-
eters of the film, as well as the relaxation of the epitaxial stress of
the film grown on a given substrate.

A series of 26 scans are executed for a determined w angle
range, with the rest of the parameters remaining constant. The
two-dimensional representation of the scan can be reconstructed
by calculating the reciprocal space vectors (), and (), using the
following expressions:

Q. =sinfsin (0 — w) (2.7)

Qy, =sinfcos (f — w) (2.8)
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It is possible to extract the real space lattice parameters of
the films, using the reciprocal space vectors for determined crystal
structures. For the case of cubic lattice, the in-plane (o = ) and
out-of-plane (c) lattice parameters are calculated by the following
expressions:

AWhE + k2

=" 2.9

a 20, (2.9)
Al

c= — 2.10

20, (210

0.60

‘Eo.sg _i
& &

0192 0.198 0.204 0.18 0.20 0.22
Qx (r.l.u.) Qx (r.l.u.)

Figure 2.11: Reciprocal space maps around the asymmetric (103) and (103)
reflections for Nb:STO thin films deposited on top of (001)-oriented LSAT
[left] and (001)-oriented LAO substrate [right]. The film on LSAT grows fully
strained to the substrate, as shown by their identical in-plane lattice parameter,
Qz- The film on top of LAO substrate grows partially relaxed, with a larger
in-plane lattice parameter than the substrate.

Performing this type of scans gives visual information whether
the thin films grow on top of a substrate adapting their lattice
parameters, or not. An example is depicted in Figure It is
clear that while the in-plane lattice parameters of the STO thin
film deposited on top of the LSAT substrate are matched to the
substrate, the same film deposited on top of LAO substrate fails
to adapt on the much smaller in-plane lattice parameters of the
substrate and grows partially relaxed.
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2.2.4 Half-order Bragg reflections

The RSM scans are very useful in order to study the rotation/ dis-
tortion of the BOg octahedra in the crystal structure of the ABO;
perovskite materials.

As explained in section these cooperative octahedral rota-
tions accommodate the reduction of the B—0 — B angles and B—0
bond lengths produced by cationic substitutions in the perovskite
structure. They, therefore, change the orbital hybridization, and
may determine, to a large extent, the functionality of many per-
ovskite oxides. [102] 103, 104 1T, T05]

Given that these cooperative octahedral rotations produce a
change (doubling along certain directions) in the unit cell symme-
try, they can be characterized by following a series of distinctive
Bragg peaks occurring at half-order positions.

0.33+

032t
3
o 031}
0.30
-0.01 0.00 0.01
Q, (rlu.)

Figure 2.12: Reciprocal space map of the half-order Bragg reflection (303)

for an STO thin film deposited on top of an STO substrate at POy — 107°
Torr. The existence of this peak indicates an in-phase rotation of the TiOg
octahedra along the b-axis: b™ in Glazer’s notation.

Using the laboratory Empyrean diffractometer was sufficient to

detect the presence or absence of the BOg octahedral rotations in
the thin films, in spite of their low intensity. In order to detect the
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half-order Bragg reflections, a doubled unit cell was constructed in
the database of the equipment and then we performed RSM scans
around the appropriate half-ordered reflections that would predict
the presence or absence of rotations along the three pseudocubic
axes (see Fig. 2.12). From the previously measured lattice parame-
ters of our films and using the Bragg equation Eq. [2.4] we predicted
the 20 angle where the peak of the corresponding reflection would
appear, and performed careful w — 26 scans to detect/discard a
particular TiOg¢ rotation pattern.

2.2.5 Scanning transmission electron microscopy

Another important technique to evaluate the crystal structure qual-
ity of the samples is the scanning transmission electron microscopy
(STEM). This technique allows to visualize the thin films and the
interfaces with the substrates, as well as identify imperfections of
the crystal structure, such as dislocations, vacancies, interfacial
atomic diffusion with the substrate, etc. The measurements per-
formed for this work were made at The Laboratorio de Microscopias
Avanzadas at the Instituto de Nanociencia de Aragon (LMA-INA),
ARAID Foundation, in Zaragoza, Spain. The equipment used was
a FEI Titan Low Base, with a resolution of <1 A. The samples
(cross-section lamellae) preparation was made using a focused-ion
beam (FIB) microscope in order to reduce the thickness of the sam-
ple, so that the film and interface can be examined.

A typical STEM image of interfaces captured with a STEM is
depicted in Figure where identical thin films were deposited
side-by-side on two different substrates, STO [left] and LSAT [right]|.

Furthermore, it is possible to perform qualitative and quanti-
tative stoichiometric analysis of the thin films. The two usually im-
plemented techniques are electron energy loss spectroscopy (EELS)
and electron energy dispersive spectroscopy (EDS or EDX). Due to
the composition of the films, EELS study could not verify the sto-
ichiometry quantitatively because Nb and Sr high energy loss and
very small signal to be detected. However, using EDX it was possi-
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Figure 2.13: TEM image of the interface of a Nb:STO thin film on top of an
STO [left] and an LSAT [right] substrate.

ble to determine the composition of the films (see Fig. [2.14]). The
peaks of Sr and Nb are more separated and somehow more intense.
The results of the EDX composition analysis were: Ti ~ 48 + 0.5
at.%, Sr ~ 50.3 £ 1.0 at.% and Nb =~ 1.7 &+ 0.4 at.%, yielding a
nearly 1:1 cationic ratio.

T T T
11.39.10 Acquire EDX Search HAADF Point 1 Residual
11.38.10 Acquire EDX Search HAADF Point 1 Modeled Spectrum

= 11.39.10 Acquire EDX Search HAADF Point 1 Peak Fit
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Figure 2.14: EDX spectra for a Nb:STO thin film on top of an STO substrate.
The peak intensities are relatively high, which permits the extraction of reliable
quantitative results about the composition of the thin films.
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2.2.6 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful microscopic tech-
nique that gives information about the surface properties of the
samples. Since its invention by Binning et al. [106] in 1986 it has
played crucial role in the understanding and exploration of the mor-
phology and the physical properties of the samples’ surface in the
nanoscale regime. The principle of its function lies on the attractive
or repulsive interaction forces between the atoms of the cantilever
tip and the atoms of the sample’s surface. The attractive forces are
mainly short-range chemical forces, van der Waals and electrostatic
force. When measuring in this regime, the AFM tip and the sample
are not in contact and, depending on the sample-tip distance, one
force is more dominant than the other - since their effective range
is different.

The AFM tip is mounted on a vibrating cantilever and its mo-
tion is being monitored by a laser beam which is being reflected on
the cantilever to a photodiode, where the signal is being analyzed
(see Fig. [2.15). As the cantilever scans the surface of the sam-
ple, any changes in the morphology of the surface provoke changes
on the reflected laser beam and, thus, on the signal recorded by
the photo-diode. This way, a two-dimensional image can be re-
constructed that represents the surface of the sample with atomic
accuracy.

In this thesis, topographic imaging were performed in order to
examine the surface termination and roughness of the films, mainly
using the non-contact mode of measurement. In addition to the to-
pography, electric force microscopy (EFM), piezoelectric force mi-
croscopy (PFM) and scanning Kelvin probe microscopy measure-
ments (SKPM) have been implemented in order to study the surface
electrical potential and/or the ferroelectric response of the samples.

EFM is a non-contact technique that permits the detection of
surface electric potential of the sample due to the electrostatic forces
between the sample and the AFM tip, at the same time that the
surface topography is measured. In EFM mode, a lock-in amplifier
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Figure 2.15: Schematic illustration of the AFM working principles. While
the cantilever scans the surface of the sample, its movement is being monitored
by a laser beam reflected on the cantilever and analyzed by a photodiode which
converts the light to electrical signal and then reconstructed by the software to
a topography image of the surface. Image by Park Systems. [107]
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applies an AC voltage to the conductive EFM tip over a conven-
tional DC bias voltage applied by the controller. The lock-in also
reads the same frequency component from the output signal. The
total voltage between the tip and the sample can then be expressed

as: [108 109

V(t) = Vpo — Vs + Vac sinwt (2.11)

where, Vpe is the DC offset potential, Vg is the surface potential
of the sample and V 4¢ and w is the amplitude and frequency of the
applied AC potential, respectively. From these data, the surface po-
tential of the sample can be accurately determined. The frequency
w is chosen smaller (14-17KHz) that the cantilever oscillation fre-
quency (70-330KHz) so that the two signals don’t interfere.

The SKPM mode uses the same configuration as the EFM mode
and can be used to map the surface potential of the sample. How-
ever, it is much less sensitive to topographic effects. An example
of EFM and SKPM images taken on the same sample is shown in
Figure 2.16

= 25 5 75 10
a um

Figure 2.16: EFM images of the surface potential SKPM [left] and the EFM
phase [right] on a 23 nm film of CTO on top of LAO substrate, deposited at
POy = 1076 Torr. The two distinct regions have been previously polled with
—10V (left region) and +10V (right region).

In order to study the ferroelectric response of a sample, we can
use the PFM mode, in which the tip is in direct contact with the
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sample and can detect the distribution of remnant polarization of
the sample. While the conductive AFM tip is in contact with the
sample, a pre-set voltage is applied between the tip and the sample,
establishing an external electric field inside the sample. In a fer-
roelectric/piezoelectric material this would lead to electrostriction,
where the sample can locally expand or contract, depending on the
direction of the electric field. This local polarization is detected bt
the tip, and from this we can estimate the local polarization of the
sample.

3.0
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£ > 90 H
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©
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< 05 s -90
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Figure 2.17: Piezoelectric response spectroscopy (PFM spectroscopy) results.
The data correspond to a 23 nm CTO thin film deposited on top of LAO
substrate at POy = 106 Torr.

In addition, it is possible to perform PFM spectroscopy in a
single point of the sample. While the tip is in contact with the
sample and does not move, a voltage sweep is made (typically from
—10V to +10V) and the response of the sample is recorded. For a
ferroelectric sample this would lead to the typical hysteresis loop in
the Phase vs Sample Bias and butterfly pattern of the Amplitude
vs Sample Bias graphs (see Fig. 2.17).

The equipment used in this thesis for the AFM/EFM/PFM
measurements is an NX-10 Park Systems atomic force microscope,
for which there are various modules that can be used in order to per-
form different types of measurements. The probes used for the sim-
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ple topography images were either ACTA (Force constant: 37 N/m,
Frequency: 300kHz - Appnano) or AR5-NCHR (Force constant: 42
N/m, Frequency: 320kHz - Nanosensors), both non-contact. For
the EFM/SKPM/PFM measurements, the probe that was used
is ElectriMulti75-G (Force constant: 3 N/m, Frequency: 75kHz
- Budget Sensors), which is Cr/Pt coated and can perform both
contact and non-contact measurements.

2.3  Electrical and Seebeck coefficient
measurements

In this section we describe the methods used to study the trans-
port properties of the samples (electrical resistivity and Hall effect)
and the Seebeck coefficient. For all these measurements the follow-
ing equipment has been used: a Keithley 2152A nanovoltimeter,
a Keithley 6221 AC current source, a Keithley 2400 source me-
ter, a Lakeshore 332 temperature controller, a Keithley 4200-SCS
semiconductor characterization system, and a GW magnet with a
magnetic field range of +1.2 T. All the equipment was controlled
and the data collected by custom software designed in Labview.
For the electrical contacts, aluminum wire of 25 um were bonded
to the small Cr/Au pads on the sample surface.

All measurements were performed under dynamic vacuum (=
1075 mbar). The temperature dependent measurements were per-
formed in the range of 5—300 K in a Janis Research continuous flow
cryostat or in a Helium closed loop ARS cryostat. Specific magne-
toresistance measurements at lower temperatures were performed
in a PPMS (Quantum Design).

2.3.1 Electrical resistivity

The electrical resistivity of the samples was measured by the Van
der Pauw technique. [I10]. The samples have a flat shape and a uni-
form thickness, without holes or inhomogeneities and are isotropic
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with respect to the electrical transport. We place four contacts on
each corner of the sample. The area of the electrical contacts was
always much smaller than the area of the entire sample.

Figure 2.18: Schematic illustration of the measurement setup for the Van
der Pauw method. The current is injected from one side (I12) and the voltage
drop is measured on the opposite side V34. The measurement is repeated for
all four sides of the sample, rotating clockwise the contacts of current injection
and voltage drop measurement.

For the measurements, an electrical current is injected from one
side of the sample ([;5) and the voltage is measured at the opposite
side (V34). This way we can define the resistance as:

Vag

2.12
T, (2.12)

Rig34 =
To make this measurement more precise (avoiding contributions
from a thermoelectric voltage due to small temperature differences
between the edges of the sample) we injected the current through
all four sides (Ry234, Ro3.41, R3a12, Ra123) of the sample, and also
invert the polarity for each measurement. The value of each R is
calculated by the slope of the I —V curve at each temperature. We
can define the average resistance for two opposite sides as:

Ry — (Ri2,34 + Ro143 + Rsa12 + Raz 1)
N 4
and (2.13)
R — (Rosa1 + Rso14 + Ra1 23 + Ria32)
5=
4
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Finally this yields the Van der Pauw formula for the sheet resis-
tance:

R R

e TiRs 4 e iR =] (2.14)

In the case of our rectangular samples, the condition R4 = Rp
is satisfied, so we end up with the sheet resistance R, as:

7R

* T In2

In order to obtain the resistivity p of our samples, it is enough to

multiply the R, with the thickness of the film, obtained by the XRR
measurement.

(2.15)

7t

A 2.16
n2 ( )

p

2.3.2 Hall effect

In order to determine the type and concentration of the charge
carriers in the films, we performed measurements of the Hall effect.

When a magnetic field is applied in the direction 2z, while the
current moves along the z direction, then the carriers due to the
Lorenz force (F = q(v x B)) will deviate in a direction perpendic-
ular to both B and I. This leads to the charge accumulation on one
side of the sample and gives rise to the Hall voltage V. In the case
of the existence of only one of the two type of carriers (electrons
or holes), the sign of the V determines the specific type of charge
carrier present in the sample. The carrier concentration can, then,
be easily determined by the relation

IB
defining as
1
Ry = — (2.18)
qn
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Figure 2.19: Left: Measuring the Hall coefficient twice for inverted direction
of the magnetic field, so that offsets can cancel out. Right: I-V curves for the
four different configurations of measurement.

the Hall constant.

In order to measure the Hall effect in our samples, we have
implemented the Van der Pauw method (see Fig. , like we
did for the electrical resistivity measurements. Extra care must be
taken so that any contribution from the longitudinal magnetore-
sistance is not taken into account. For this reason, we inject the
current through contacts 1 and 3 (I3) and measure the voltage drop
at 2 and 4 (Va4) and taking two measurements, one with positive
magnetic field and one for negative (resulting in RBM and Riz54)-
After that, we repeat the same procedure by injecting the current
I54 and measuring the voltage Vg (resulting in R3, 5, and Ry, 5).

(R0 + R2+4,31) — (Ry394 + Roy31)

Ry = y

(2.19)

To determine R™ and R™, we measure the voltage drop for
different values of current, keeping the magnetic field constant. The
value of R and R~ is given by the slope of the voltage versus the
current. The same steps are followed for different values of the
magnetic field, typically up to 1.2 T, with a step of 0.1T (see Fig.
2.19).
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2.3.3 Seebeck coefficient

As explained in the first chapter of this thesis, the Seebeck coef-
ficient is defined as the ratio of the voltage difference across the
material and the temperature difference at these same points. The
value of the Seebeck coefficient is given by the slope of AV over AT

AV
S = AT (2.20)
For this purpose, we have designed and fabricated our custom
setup which is based on the heat-pulse method and ensures great
temperature gradient resolution (< 0.1 K) and immediate response

of the Seebeck voltage (Vgeen). The setup is depicted in Fig. [2.20

Figure 2.20: Image of the setup used for the Seebeck coefficient measure-
ments. We have deposited via optical lithography and sputtering platinum
resistances that are used as local thermometers (T1-T2) and heater (H). The
heater has been electrically isolated from the rest of the film to prevent inter-
ference with the Vgeep, which is measured at the points S1-S2.

The pattern of the thermometers and the heater were trans-
ferred to our samples by optical lithography. Afterwards, we deposit
via sputtering 5 nm of Cr (as an adhesive layer between the film
and the platinum) and 70 nm of Pt - the width of the thermome-
ters and heater was w = 10pum and the length [ = 1mm. After the
sputtering deposition is complete, we remove the photoresin in an
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ultrasonic bath of acetone (5 min) and ethanol (5 min). The ther-
mometers and heater were electrically contacted with aluminum
wires, using a wire-bonding equipment.

Once we have the pattern deposited on the film, we glue the
sample on a chip-carrier, using thermal or Ag-based paste to en-
sure good thermal contact. The sample is cooled under vacuum
(typically ~ 1 x 107¢ Torr) in a cryostat.

Before the measurements, we injected a constant current ( typ-
ically 1 mA) during 5 min, at the highest base temperature that
will be used for the measurements. This procedure favors the re-
crystalization of the Pt resistances and favors their thermal stability
and reproducibility of the measurements.

—+— Thermometer 01’
—»— Thermometer 02

200+

1501

Resistance (Ohm)

0 50 100 150 200 250 300
Temperature (K)

Figure 2.21: Temperature dependent resistance of the two thermometers
used in the Seebeck measurements. Each value of the resistance corresponds
to a certain temperature, which allows the precise measurement of the local
temperature in the film.

The second step is to calibrate the thermometers, running a
slow ramp (0.5 to 1 K/min) throughout the whole temperature
range for our measurements (see Fig. [2.21). This way we assign a
certain temperature to a given value of the Pt resistances, which
will be used in order to locally determine the temperature gradient
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created later by the heater. After the calibration of the thermome-
ters, we are ready to proceed with the measurement.

We stabilize the sample to the desired base temperature, long
enough so that we can assure that there is no temperature gradient
on the sample, which can be monitored through the signal of the
Vseep. After the thermal stabilization, we begin to inject current to
the heater in order to create a temperature gradient between the
two thermometers and the adjacent points of measurement of the
Vseep. After a very short time, the temperature gradient is constant.
Subsequently, we increase the value of the heater’s current in order
to create larger thermal gradient, typically up to ~ 1 — 2 K. The
stabilization of the thermal gradient and the response of the Vg, is
rapid and it allows the very accurate determination of the Seebeck
coefficient, as it can be observed in Figure Special care was
taken not to increase the base temperature during the measurement
more than ~ 8 K. This is particularly important when studying
samples close to a phase transition, where the Seebeck coefficient
may vary rapidly with temperature.
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Figure 2.22: Left: Creation of the thermal gradient steps, due to increasing
values of the current injected in the Pt heater (red line: thermometer 1 and
blue line: thermometer 2; green line corresponds to the values of the Seebeck
voltage. Right: Thermal gradient vs Seebeck voltage. The slope of this linear
fit is used to calculate the Seebeck coeflicient.
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2.4 Thermal conductivity measurements

The thermal conductivity is an important transport property, which
may give valuable information about the lattice dynamics in an
insulating material. Moreover, it is one of the magnitudes which
define the efficiency of a thermoelectric material. In this thesis, two
different methods were used to measure the thermal conductivity
of the thin films: the frequency domain thermoreflectance (FDTR),
and the 3-w method.

2.4.1 Frequency domain thermoreflectance

All the measurements performed with this technique were done at
the Mechanical Engineering department at the Carnegie Mellon
University, under the supervision of Professor Jonathan A. Malen,
during two separate short-term visits (Sept - Nov. 2016 and Apr -
Jun. 2017).

FDTR is a non-contact optical technique used to determine the
thermal conductivity of a solid material (liquid materials require a
modified setup). It is a quite versatile technique since it is possi-
ble to measure numerous different kind of samples, from bulk to
thin films and organic to inorganic materials, with a wide range of
thermal conductivities, from <1 to 1000 W/m K. FDTR can also
measure the interface thermal resistances between the various lay-
ers, as long as the values of the resistance is larger than 5 m?K/GW.
[111] 112]

In addition, it requires minimal sample preparation; only a
thin metal layer (typically Au as the transducer) is deposited on
the surface on the sample. One of the limitations is that the sample
is required to have a flat and smooth surface, since FDTR relies on
laser reflections. The thermal conductivity of the sample and the
sum of the interface thermal conductance are calculated by fitting
the experimental data to an analytical model, [T13] as discussed in
Appendix [A]

A schematic of the FDTR setup is depicted in Figure[2.23] This
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Figure 2.23: Schematic representation of the FDTR setup

technique implements two different continuous wave laser sources,
denoted as the pump and the probe. The pump laser (488 nm)
passes through an electro-optical modulator (EOM) in order to ob-
tain a sinusoidally intensity-modulated wave.

Then, the pump and probe laser beams are co-aligned in a beam
combiner and passed through a polarizing beam splitter (PBS) that
reflects both beams in a 90°angle towards the sample. Just before
the mounted sample, the beams pass through a quarter-wave plate
and the objective (in this work a 202 magnification objective was
used) that focuses the beams on the surface of the sample. The
pump laser beam impacts on the sample surface (covered by Au),
creating a sinusoidal heat flux, and a periodic temperature oscil-
lation. This temperature oscillation is detected by the probe laser
beam, by measuring the time variations of the reflective index.

Both beams are reflected by the sample and are guided to a
photodiode which converts the incoming laser beams to electrical
signal, which is measured by a lock-in amplifier.

After the measurement is made, the experimental data of the
phase difference between the pump and the probe laser beams are
fitted to a thermal transport model explained in Appendix [A| (see
Fig. [2.24), where the only free parameters are the thermal conduc-
tivity of the film and the sum of all the interface thermal resistances
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Figure 2.24: Obtained FDTR data (open symbols) and the fitted simulation
(solid line) that yields the value of the effective thermal conductivity

(the boundaries between substrate/film and film/transducer).

The local heat flux density ¢  across the sample is equal to
the product of thermal conductivity x and the local temperature
gradient —V7T created by the laser (assuming a one-dimensional
propagation):

, AT
= —kVT = —

(2.21)
- (Ax> AT 45 AT = —q”§

where Az would be the thickness of the film and Ax/k represents
the thermal resistance imposed by the material to the heat prop-
agation. The total thermal resistance includes contributions from
the film’s thermal resistance, and from the various interfaces (sub-
strate/film/Cr/Au) present in the sample. We can linearize this
equation, summing all the resistances of the different interfaces in
a single term:

Ax Ax
= + Rlnterface (222)
KR R film
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Figure 2.25: Schematic illustration of the cross section of the samples mea-
sured using the FDTR method. Between the layers of Au, Cr, thin film and
the substrate there are three different interfaces that contribute to the total
thermal resistance of the system for the cross plane propagation of the heat
flow.

Thus, plotting ijﬁ vs Ax for several different thicknesses of
the same film composition, provides the thermal resistance between
the film and the interface (see Fig. [2.26). In this model , we have
made the assumption that the thermal conductivity is independent
of the films’ thickness, which is an approximation validated by the

results, i.e. as long as the data fit to a straight line.

The resulting thermal conductivity values, typically present un-
certainties of the order of 10 — 25% due to the goodness of the
fittings of the heat conduction model and the input parameter un-
certainties, such as the film thickness, heat capacity the laser spot
diameter and the Au/Cr film thickness. In an attempt to minimize
these uncertainties we have measured different spots of the film,
until we could get reproducible results.

In FDTR, it is also necessary to measure the heat capacity of
the substrate, as well as the thermal conductivity of the substrate
and the transducer Au film.
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Figure 2.26: Linear fitting of the effective thermal resistance implemented
for the four different thicknesses of the films. The thermal conductivity and
the interface thermal conductance are extracted by the slope and intercept of
the linear fitting, respectively. The data correspond to Nb:STO films deposited
on STO substrates at PO, = 0.01 Torr

0.6 ; : T T T
LSAT £ DSO
o (o
05} STO ¢ LAO j ooo_oooo v
°°
o° RR
_ 0.4} oooo 6666&&8 1
5 0.3} o0 %g‘é‘%w ]
5 o° o8
UD- 0.2t oo%%% 4
O
0.1;&3&) S
0.0- .

0 50 100 150 200 250 300
Temperature (K)

Figure 2.27: Heat capacity of the four different substrates used in this the-
sis for the thermal conductivity measurements. LSAT, STO, DSO and LAO
correspond to (LaAlQO3)g.3-(SroAlTaOg)o.7, SrTiO3, DyScO3, and LaAlOg

73



Alexandros Sarantopoulos

The heat capacities of the various substrates were measured sepa-
rately in a PPMS equipment (see Fig..

For x the Au film, a glass substrate was introduced to the
sputtering chamber and a layer of Cr/Au film was deposited on
top of it. We then measured the electrical resistivity and used the
Wiedemann-Franz law to obtain its thermal conductivity.

The temperature dependent FTDR £(T) measurements were
performed using a cryostat with an optical window, under contin-
uous Ny flow evaporated from liquid No, controlled by an external
mass flow controller. The base temperature was adjusted by com-
bining the external Ny flow and an external heater. The rest of the
procedure was identical to the room temperature measurements.

2.4.2 The 3-w technique

The temperature dependence of some of the films presented in this
thesis was independently measured by the 3 —w method. [114] [1T5]
This method uses a metallic strip (in this work Pt) deposited on top
of the sample, that serves both as the heater and the temperature
sensor. We have deposited a Cr/Pt (10 nm/90 nm) by optical
lithography and sputtering, 10 um wide and 1 mm long (see Fig.
2.30). It is important to have a wide Pt strip compared tho the
thickness of the thin film, so that we can assume a one dimensional
cross-plane heat flux inside the film.

An AC-current with angular frequency w is driven through the
Pt strip which produces a conventional Joule heating on the sam-
ple’s surface at a frequency of 2w. This temperature oscillations
(AT) on the sample’s surface produce a small voltage drop along
the Pt strip at a frequency of 3w, which provides information on
the heat transport inside the sample. The magnitude of the tem-
perature oscillations can be described by the following relation

Re[Va,JAR

R
drT

AT = (2.23)
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Figure 2.28: Schematic diagram of the setup developed in our lab and used
during the thermal conductivity measurement, in order to obtain only the Vs,
component. The output signal from the Pt line contains both V4, and V3, com-
ponents of the signal. Adjusting the variable resistance (V.R.), the V., compo-
nent can be eliminated through the three differential amplifiers (AD8221BRZ).
[116]

Both voltages Vi, and V3, are monitored through a lock-in ampli-
fier (Stanford Research Systems SR810/SR830). In order to mea-
sure only the V3, voltage, we implement the setup described in
Figure which permits the elimination of the V,, voltage. The
in-phase component (Re[V3,]) of the V3, shows a linear region in a
Vs, vs In(2w) plot, while the out-of-phase (Im[V3,]) remains con-

stant (see Fig. [2.29).

Using the expression

VinI?R(%E
s = IZT;jT)ln(Qw) (2.24)
and fitting the experimental data, we can calculate the thermal
conductivity of the substrate. Here we have to remark that the
aforementioned linear region of the in-phase component of the V3,
also depends on the power per unit length applied to the Pt strip to
produce the heating of the sample. Therefore in every measurement
taken, we have optimized the power. In order to determine the
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Figure 2.29: Representation of the in-phase components (Re[V3,] - open
symbols) and out-of phase (I'm[Va,] - solid lines) of the V3, for various tem-
peratures for an LAO substrate. The light gray area indicates the linear region
(76 - 362 Hz) where the out-of-phase component of the Vs, is constant and the
linear fit is made to obtain the thermal conductivity.

temperature coefficient (dR/dT) of the Pt resistance, we previously
record the resistance values in a range of £10K around the base
temperature of the measurement and we use the slope of these data.

In order to determine the thermal conductivity of the film it
is necessary to measure both the thin film on top of the substrate,
as well as the bare substrate at the same time. Therefore, during
the deposition of the thin film inside the PLD chamber half of the
substrate is covered by a metallic mask so that the deposited film
occupies half of the substrate. Subsequently we evaporate two Pt
strips one on the bare substrate and one on the part of the thin
film (see Fig. [2.30).

The thin film behaves as a simple thermal resistance and adds
a frequency-independent temperature oscillation to the substrate.
Therefore, by measuring both the bare substrate and the film at
the same time, we can extract the temperature oscillation of only
the film by subtracting ATy = ATy, — ATy, (see Fig. 2.31)). The
resulting thermal conductivity of the film can, then, be calculated
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Figure 2.30: Photograph of the actual sample with the electrical connections
to the sample holder.
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Figure 2.31: Representation of the AT of a CTO thin film (¢; = 104 nm -
POy = 1075 Torr) on top of an LAO substrate (open circles) and the substrate
(open squares). From the difference between the two, it is possible to extract
the thermal conductivity of the film, as described in Eq.
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by the following expression:

IRt
e ATflw

(2.25)

The typical uncertainty for this method is ~ 10% and it is
mostly due to the uncertainties introduced by the measurement
of the thin-film, rather that measuring the substrate. Compared
to the FDTR method described in the previous section, the 3w
method is simpler. However it has other serious limitations, like
the impossibility of measuring electrical conductors (due to leaking
of the current through the Pt line), or the limitation to the situation
in which the thermal conductivity of the substrate must be at least
~) times larger than the thermal conductivity of the film.

As it is going to be discussed later in this work, there is a very
good agreement between the results of x measured by FTDR and
the 3w method.
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Chapter 3

Electron degeneracy and
intrinsic magnetic properties
of epitaxial Nb:SrTiO5 thin
films controlled by defects

3.1 Introduction

As it was discussed in the first chapter of this thesis, STO presents
numerous unexpected properties; for instance, its interface with
LAO or its bare surface under vacuum can become highly con-
ductive, magnetic and present improved thermoelectric efficiency,
among others. [I17, 62, [7] We have reviewed the different mecha-
nisms proposed to explain this type of behavior, although no con-
sensus has been reached about their origin yet. Nevertheless, many
of the interesting properties of the STO emerge in a modified state
from its pristine condition, such as incorporated defects, epitaxial
strain, reduced dimensionality, etc. Starting from this point of view,
we are going to focus on the properties of STO thin films as a stan-
dalone system, in order to explore the possibilities of reproducing
some of the phenomenology observed at the LAO/STO interfaces
and study the mechanisms that provoke this type of phenomena.
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We will study Nb-doped STO thin films and how the deliber-
ate incorporation of point defects and the application of epitaxial
strain can modify its structural properties. We have chosen to in-
tegrate a small amount of Nb (= 2 at%) so that the sample could
be electrically conducting, in order to perform the transport prop-
erties characterization and study the further effect of the anionic
(electron donors) and cationic (electron acceptors) defects. We then
discuss how the induced structural modifications influence the mag-
netotransport and thermoelectric properties. We will formulate a
conclusion about the origin of a magnetic phase and a low temper-
ature minimum in the resistivity of the samples, similar to what
has been reported in STO/LAO interfaces.
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Figure 3.1: Left: AFM image of the surface topography of a 50 nm thick
Nb:STO film deposited on top of an STO substrate at POy = 0.01 Torr. Right:
Graphic representation of the terraces of the Nb:STO film, where the height
difference is AY ~ 3.905A.

3.2 Experimental details

Epitaxial thin films of Nb-doped SrTiO3 (Nb:STO) were grown by
PLD (KrF, A = 248 nm, laser fluence 0.9 J/cm?, 5 Hz, at 800 °C) on
top of (001) TiO,-terminated STO (a = 3.905 A), and (001) LSAT
(a = 3.87A) substrates. Different films were fabricated at different
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oxygen pressures, in a range from 107 to 0.2 Torr. After the depo-
sition, the samples were cooled at the same oxygen pressure. The
conditions were optimized to obtain layer-by-layer growth, even in
films as thick as ~ 50 nm, with high quality interfaces (see Fig.

5.

3.3 Results and discussion

Growing stoichiometric films of STO by PLD is only possible in a
very narrow range of laser fluence, oxygen pressure and tempera-
ture. [118| 119, 120} 121} 97, 98, 122] Away from this window, the
samples always present a varying amount of cationic and anionic
vacancies, which produce a substantial enlargement of the unit cell.
[118] During this study, all the relative deposition parameters were
held constant, except for the POy, which will be regarded as a
means of tuning of the composition of the films.
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Figure 3.2: XRD patterns of 25(1) nm thick Nb:STO films grown on (001)
STO [left] and LSAT [right], at different PO5.

In Figure [3.2) are represented the XRD patterns for three films
deposited at different POo, where we can observe the (002) Bragg
peak of the film moving towards lower angles of 20, which translates
to an expansion of the out of-plane lattice parameter of the film
(c-axis), as the POy decreases. The same effect is observed for
films deposited on both substrates of STO and LSAT. This c-axis
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expansion has been related to both cationic (Vg,, Vr;) and anionic
(Vo) vacancies in previous studies. [118|, 123, 124]

In the case of Vo, the chemical expansion phenomenon can
occur, in which the crystal lattice expands as a result of the fact that
the two electrons donated by the Vg, are located in non-bonding
orbitals. [I25] This phenomenon is usually more pronounced in
oxide perovskites with transition metals, which have the versatility
to adapt in various valence states. [I126] However, post-annealing of
the films in oxygen resulted in a negligible variation of the lattice
parameter (see Fig. . Therefore, Vo can be ruled out as the
main source of this expansion.

Other possible sources of expansion could be the formation of
defects due to bombardment of the film with highly energetic ions
during deposition, [127, [128] or the presence of cationic vacancies.
[126, 129, 97, 122] Since the ionic radii of the cations in the per-
ovskite structure are much larger than the one of the oxygen ions,
the modification in the bond lengths, and thus, of the lattice ex-
pansion, is expected to be more pronounced after the formation of
cationic vacancies. In the range of laser fluence and oxygen pres-
sures used in this work, Sr vacancies (Vg,) are energetically favored
over V. [120]

10

"1 mTorr

+— As-grown E S 100m Torr 10— As-grown E o
—+—0, Annealed 218 +— 0, Annealed é ta

>
2

Intensity (a.u.)
E »
D oe
> 3
»,,
2%\
Intensity (a.u.)

Figure 3.3: XRD patterns for the samples as-deposited and post annealed
in oxygen. The samples were grown on LSAT at POz = 100 mTorr [left] and
1 mTorr [right] and annealed at POy = 1 mTorr and 100 mTorr, respectively.
The effect of oxygen annealing over the lattice parameters is negligible.
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We performed XPS analysis to determine the stoichiometry
of our samples, and confirmed an increasing amount of Sr vacan-
cies as oxygen pressure decreases (see Fig. . Within the res-
olution of our analysis, the samples grown at 100-200 mTorr are
nearly stoichiometric, and the amount of Vg, increases to ~ 5-7%
at lower pressures. The analysis also confirms the equal amount of
Nb (~1.8(1)%) in all samples.

Therefore, although the presence of Vy is expected to be in-
creasingly important as the oxygen pressure decreases, we conclude
that the major contribution to the lattice expansion in the whole
pressure range is due to doubly charged Vg,. [130]
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Figure 3.4: XPS spectra for various films. The background was subtracted
for each spectra. The data has been normalized to the Sr 3d peak, to make
evident the increase of the Ti/Sr ratio as the oxygen pressure decreases. The
sample at 100 mTorr is stoichiometric within the error of the measurements.

In addition to this out of-plane lattice expansion, our study
adds some important findings to previous works: X-ray analysis
shows that the epitaxial films grow fully strained at all pressures
(see Fig. on top of both substrates, exhibiting high crystalline
quality and sharp interfaces (see Fig. and [3.6)).

High Angle Annular Dark Field- Scanning Transmission Elec-
tron Microscopy and Geometrical Phase Analysis (HAADF-STEM
and GPA) show that the expansion of the c-axis parameter is homo-
geneous along the film thickness, even for 50 nm thick films (see Fig.
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Figure 3.5: High resolution RSM around the (-103) reflection on STO sub-
strate [left] for one film deposited at 1 mTorr and on top of LSAT substrate
[right] for one film deposited at 100 mTorr.

3.6h), not influenced by the presence of clustered defects. There-
fore, it can be concluded that there is a homogeneous tetragonal
distortion of the unit cell as the oxygen pressure is decreased. It is
very interesting that a small concentration of cationic vacancies is
able to produce a homogeneous tetragonal distortion of the whole
film, as shown in Figure [3.6] instead of a local expansion around
each defect.

This distortion can be quantified by At=(cs-a5)x100/a,, where
f, and s stand for film and substrate, respectively. The analysis of
the structural and microstructural data shows a different volume
for the films grown on STO and LSAT (see Fig. [left]), demon-
strating a dependence of the unit-cell expansion on the epitaxial
stress. Although growing Nb:STO on LSAT introduces a moder-
ately compressive stress (=~ 0.9%), the continuous increase of the
c-axis parameter with decreasing oxygen pressure is totally unex-
pected, on the basis of Poisson’s effect in a stoichiometric system.
(1311, 132]

Although the role of the V¢ seems to be trivial on the structural
properties of the films so far, it is really significant when it comes
to the transport properties of the films, especially at low PO,. This
increasing influence of oxygen vacancies can be further studied by
Hall effect in the whole PO, range , given the different nature of Vg,
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Figure 3.6: HAADF-STEM image of Nb:STO thin films deposited on STO
(bottom) and LSAT (top). GPA analysis showing the in-plane ¢,, and out of
plane ¢,, elongation, with respect to the substrate. A profile along the film
thickness is shown in panels d) and h). The analysis indicates a total tetragonal
distortion At ~ 1.5% for STO and =~ 2.5% for LSAT.
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Figure 3.7: Left: Pressure dependence of the tetragonal distortion for thin
films deposited on STO and LSAT (open symbols). The solid lines represent
the value of tetragonal distortion calculated for Poisson ratio of v = 0.23. The
dashed lines are guide to the eye. Right: Room temperature carrier density
as a function of the tetragonal distortion, determined by Hall effect measure-
ments for samples deposited on STO. The cross represents the theoretical value
expected for the nominal Nb-doping. The dashed lines are guide to the eye.

(e-acceptor), [133] and Vo (e-donor) over the total charge density.
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The electronic density determined by Hall measurements at
room temperature is shown in Figure [right] for a series of
films deposited on STO. The measured charge density shows two
distinct regimes as a function of At: for samples grown at high
oxygen pressure, the carrier density decreases continuously from
the expected nominal value, reflecting the increasing presence of
electron-trapping defects. Besides, growing samples below ~ 10
mTorr results in an increase of the carrier density, showing the im-
portant contribution of oxygen vacancies to the electronic transport
below this pressure range.

Therefore, there is a continuous change in the nature of va-
cancies as a function of the oxygen pressure. However, while they
show an opposite contribution to the electrical conductivity, only
Vs, produce a significant contribution to the tetragonal distortion
of the lattice.

Nevertheless, the presence of the Vo in a system can result into
unexpected properties, as it was extensively discussed in section
of the introductory chapter. Actually, in regard with the electronic
band structure of the STO, a change from one- to two-carrier trans-
port has been suggested at a universal critical density in LAO/STO
interfaces. [134], [135] Particularly, due to the contribution of lower
mobility carriers at large fields, this could result in a non-linear
contribution to the Hall effect at low temperatures.

The Hall data at various temperatures is shown in Figure |3.8
[left] for one of our films with At = 0.68%. At low temperature
there is a clear deviation from the low-field linear behavior, similar
to observations in LAO/STO interfaces. [135] [134] This behavior
is observed up to a given temperature T*, which marks a mini-
mum in the temperature dependence of the resistivity. An upturn
and saturation in the low temperature resistivity as shown in Fig-
ure [right|, was previously reported in electrolyte-gated STO,
associated to Kondo effect. [136], 137] The Kondo effect could be
described as the interplay between the mobile charge carriers and
localized Ti** magnetic moments.

In order to examine the possibility of the existence of the Kondo
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Figure 3.8: Left: Hall resistivity at different temperatures. The non-linear
behavior at high field disappears above T*. Right: The resistivity for two
samples grown at the same oxygen pressure on different substrates, indicating
the T* and the corresponding At. The solid line represents the fitting to the
Kondo equation (see Eq. .

effect in our film, we have performed a similar fitting for the resis-
tivity curves of our samples, using the model proposed by Lee et al.
[136] as can be seen in Figure|3.9||right]. According to the authors,
the resistance, above and below its minimum, can be described by
a Kondo model

R = Ry + ¢T? + pT® + Ry (T/T) (3.1)

where T is defined as the temperature at which the Kondo resis-
tivity is half relative to its zero-temperature value, Ry is the residual
resistance due to sample disorder, and the T? and T° terms repre-
sent the functional temperature dependence of the electron-electron
and the electron-phonon interactions, respectively. For the numer-
ical fitting of this model to the data, an empirical form for the
universal resistivity function was used

Ry (T/Tx) = Ry (T = 0) (%KTI?) (3.2)

where T = Ty / (2% — 1)1/2, and s was fixed as s = 0.225. The
numerical fit to our data, using Egs. and yielded Ry =
30.50,p = 0.0050Q/K2,q ~ 0, Rg(0K) = 1350, and Tx = 254K,
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for the case of Nb:STO film on top of STO substrate. In the case
of the film grown on top of an LSAT substrate, the fitting yields,
Ry = 222Q,p = 0.02Q/K?,q =~ 0, Rg(0K) = 1273Q, and Tx =
92K.

Even though the fitting of the proposed model to our data was
successful, the first hint that this could not be the case resides in
the T values. Normally the critical temperature where the Kondo
effect is significant are much lower that the ones obtained here.
Moreover, as shown in Figure [right|, T* increases linearly with
At, showing that the change in the conduction mechanism at low
temperature is determined by the total concentration of defects.

In addition, the resistivity of the samples increases as the tetrag-
onal distortion (and the defect concentration) increases (see Fig.
and further discussion). This, along with the absence of any
anomaly in the Seebeck coefficient at the Kondo temperature (see
Fig. B.13), suggests that in this case, the transition to a thermally
activated behavior observed below T* is most probably due to con-
ventional vacancy scattering, and not to Kondo effect.
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Figure 3.9: Left: Temperature dependence of the resistivity of Nb:STO thin
films deposited on STO substrates at different POy (resulting in different tetrag-
onal distortion). Right: Variation of T*, as a function of the tetragonal distor-
tion At.

On the other hand, a non-linear Hall effect could be due to an
anomalous contribution from a magnetically ordered phase. [138]
In fact, the presence of localized magnetic moments and magnetic
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3.3. RESULTS AND DISCUSSION

order in doped STO and LAO/STO interfaces is a controversial
issue, whose origin is still under discussion. [117, 139, 140} 14T]

An important test for the presence of localized magnetic mo-
ments and spontaneous magnetic ordering will come from the study
of the anisotropic magnetoresistance (AMR). Below T*, the trans-
verse MR (H in plane, perpendicular to the current, see Fig.
[left]) is positive at low field, and it turns to negative at ~ 5 T.
This behavior is identical to that been reported for an STO quan-
tum well embedded in antiferromagnetic SmTiOj3. [4] Their results
are depicted in Figure [right].

According to Jackson et al., this type of MR is attributed to
the proximity effect induced by the antiferromagnetic ordering of
the SmTiO3; matrix. They have reported that the magnitude of the
positive MR depends directly on the thickness of the quantum well
of the STO and it disappears after 3 layers of SrO. The authors
suggested that the antiferromagnetism could be the reason for this
positive mangnetoresistence, but its origin is still in dispute. On
the other hand, the negative magnetoresistance is attributed to the
suppression of the spin fluctuations with the increasing magnetic
field.
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Figure 3.10: Left: Magnetoresistance, for a 50 nm thick film deposited on
STO at 10 mTorr (At~ 0.68%) for various temperatures. The magnetic field is
applied in the plane of the film, perpendicular to the current. Right: Tempera-
ture dependence of the magnetoresistance of SmTiO3/STO/SmTiO3 quantum
well. Reprint from [4]
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In addition, measuring the perpendicular MR (H out of plane,
see Fig. [left]), we find out that is a non-monotonically-
decreasing function of H. This behavior was also observed in pre-
vious report by Brinkman et al., [117] (see Fig. [right]) while
studying the LAO/STO interface. According to the authors, this
behavior is attributed to spin scattering of the conduction elec-
trons off magnetic moments that reside at the interface, stemming
from the proposed polar discontinuity. Moreover, this behavior is
in principle compatible with a 2D weak anti-localization (WAL)
contribution to the magnetoresistance in the presence of a strong
spin-orbit coupling. [142] Nevertheless, we have observed this be-
havior in 50 nm thick, highly distorted films which should rule out
the 2D WAL scenario.
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Figure 3.11: Left: Magnetoresistance measured at 2 K for a 50 nm thick film
deposited on STO at 10 mTorr (Ata 0.68%). The magnetic field is applied
perpendicular to the surface of the film. Right: Magnetoresistance of an n-type
LAO/STO interface. Reprint from [117]

Additionally to the similar phenomenology that we have ob-
served in the in- and out-of-plane MR in our film, the MR in our
film exhibits anisotropic behavior when the magnetic field is rotated
from in-plane to out of-plane (see Fig. relative to the film’s
surface. This kind of anisotropy suggests that the source of this
spin-orbit scattering is a magnetic phase, rather than independent
magnetic moments (isotropic) at Ti** sites, which was the possible
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3.3. RESULTS AND DISCUSSION

mechanisms proposed in the two previous examples. Therefore, the
main findings of non-linear Hall effect, and AMR (in/out of plane)
observed in LAO/STO interfaces, can be also reproduced in thin
films of STO under different degrees of strain and concentrations
of cationic and anionic vacancies.
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Figure 3.12: Angular dependency of the out of-plane magnetoresistance.

Moreover, although Fe impurities are normally associated to
Ti, the fact that the MR is observed below a minimum which de-
pends on strain and not only on the composition of the films, makes
highly improbable that the AMR, effect is related to the presence
of magnetic Fe impurities in the films.

Apart from the influence of the Vo in the transport proper-
ties of the films, the change in the crystal structure of the material
caused mainly by the cationic defects, is expected to impact its
electronic band structure. The band structure and its occupation
can be tested experimentally from the temperature dependence of
the Seebeck coeflicient, for samples under different degree of distor-
tion. Given the band structure of STO, a good approximation for
the thermoelectric power of carriers at the bottom of its conduction
band could be derived from the Boltzmann equation for a parabolic
band (z-fold degenerate; see also Section [1.3.1)): [143]

5= (’%B) [~y + 6,() (3.3)
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r DF )
") = T DR

where y=(p/kpT) is the reduced chemical potential, r is the scat-
tering parameter for the energy-dependent relaxation time, 7(F) =
ToE", which for charged impurities can be taken to be 3/2, [70], [143]
40] and F, is the Fermi integral. Using the experimental values of
the charge density measured by Hall effect, average m* = 1.5m,,
from Shubnikov-de Haas [144], [142] and the following relation to
calculate the chemical potential:

- (27”’2#) %F ) (3.5)
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Figure 3.13: Temperature dependence of the Seebeck coefficient for thin
films deposited on STO [left] and LSAT [right], for different At. The lines are
calculations from equation

the thermoelectric power can be calculated from Eq. 3.5 taking the
band degeneracy z as the only adjustable parameter. The results of
the calculation (lines) are shown in Figure [3.13] along with the ex-
perimental data (closed symbols). There is a very good agreement,
between the calculation and the experimental data. But it is also
clear from these plots that films with larger At, fit better to the
curves with z = 4, in both STO and LSAT, while the films grown
at higher PO, (At small), fit better to the z=6 curve.
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These results demonstrate the significant effect of the structural
modification to the thermoelectric properties of the films. Since the
Seebeck coeflicient is sensitive to the electronic band structure and
degeneracy, as well as the charge carrier density, it is crucial, for
potential thermoelectric applications, to be able to control these
parameters during the deposition process of the films.

Density functional theory-based calculations [145] [146] on bulk
STO under various degrees of tetragonal distortion At~<0-3% (al-
lowing for octahedral rotations) were performed by Prof. Victor
Pardo at the Applied Physics department of the University of San-
tiago de Compostela (USC).

Spin-orbit coupling splits the to, states (effectively an 1=-1
triplet) [147] at the I'-point, into a low-lying doublet and an upper
lying singlet (see Fig. where the band structure for At = 2%
is shown) and the tetragonal distortion splits the doublet.
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Figure 3.14: Left: Band structure of bulk STO under a tetragonal distortion
At= 2% with the upper band split by spin-orbit coupling calculated ab-initio.
The low-lying doublet is split as a result of the tetragonal distortion. Right:
Total number of electrons with d,, symmetry as a function of the total number
of d electrons, which decreases as the tetragonal distortion increases.

The calculation showed that the on-site energy of the d,, elec-
trons increases with At, as they are relatively destabilized by the
octahedral elongation with respect to the d,, ,.. Therefore, a reduc-
tion of the relative weight of the zy electrons is anticipated from
the calculations as At and n increase, thus reducing the overall
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electron degeneracy inside the ty, manifold. This trend is observed
in Figure [3.14] in the range of doping relevant for comparison with
our experiments.

Therefore, thermoelectric power and ab-initio calculations sup-
port a scenario in which an additional band splitting is produced
in Nb:STO due to the presence of Vg,, whose amount is extremely
sensitive to deposition conditions. Moving the Fermi energy across
these bands will change the relative contribution from heavy /light
electrons to the transport properties of the system. Actually, a
change from one- to two-carrier transport has been suggested at a
universal critical density in LAO/STO interfaces. [134], 135] Our
results demonstrate that this is an intrinsic property of STO, under
certain conditions of strain and doping.

3.4 Summary and conclusions

To summarize, we synthesized Nb:STO thin films of high crys-
talline quality and sharp interfaces, whether under in-plane com-
pressive strain or unstrained. By tuning the PO, during the de-
position process, we were able to provoke a homogeneous tetrago-
nal distortion throughout the whole thickness of the films, mainly
due to the creation of cationic vacancies. This tetragonal distor-
tion combined with the increasing influence of oxygen vacancies at
lower oxygen pressures dictates the properties of our films, revealing
many interesting behaviors, previously observed in systems based
on LAO/STO interfaces.

The resistivity of our samples exhibits a minimum and a low
temperature saturation, which depends on the degree of the induced
tetragonal distortion and thus to the concentration of defects, even
though previous similar results in LAO/STO interfaces and gated-
STO associated the behavior to Kondo effect. The absence of any
anomaly at T* in the S(t) makes this scenario improbable. More-
over, we have observed anomalous Hall effect and the appearance
of magnetoresistance, similar to results for LAO/STO interface and
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SmTiO;/STO/SmTiO; quantum wells, where the behavior was as-
sociated with localized magnetic moments at the polar interface, or
with proximity effects due to the antiferromagnetic SmTiO3. Nev-
ertheless, the existence of an anisotropy in the MR of our samples,
points towards the existence of an intrinsic ordered magnetic phase
in defective STO thin films.

Moreover, we have demonstrated, through experiment and ab-
initio calculation, that by controlling the degree of the tetragonal
distortion in our films, we were able to control the electronic band
structure and its occupancy of our films. This has a significant
effect on the thermoelectric power and it could suggest new ways of
taking advantage of defects and strain for the improvement of the
thermoelectric efficiency in perovskite oxides.

97



Alexandros Sarantopoulos

98



Chapter 4

Influence of ferroelectric
domain walls 1n the thermal

conductivity of SrTiO3 thin
films

4.1 Introduction

In this chapter we present the analysis of the effect of strain on
the thermal conductivity of SrTiOgs thin films. STO is an incipi-
ent ferroelectric material, owed to the suppression of ferroelectric
transition by a preceding antiferrodistortive (structural) transition.
[5] This quantum paraelectric state of STO can be modified by
mechanical stress, [148] impurity doping, [149, 150] and Sr non-
stoichiometry, [I5I] among other mechanisms, leading to a sta-
ble ferroelectric state or relaxor ferroelectric behavior. As we will
demonstrate in this chapter, this phase transition could play a sig-
nificant role in therms of thermal transport in STO thin films.
Ferroelastic domain walls are natural interfaces occurring within
most ferroelectric materials. In the case of BiFeOs or Pb(Zr,Ti)Os,
these domain walls have been shown to be effective scattering cen-
ters for phonons, reducing considerably the thermal conductivity
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of the material as the domain-wall density increases (see Fig. [4.1).
[152] [153]
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Figure 4.1: Left: Thermal conductivity of BiFeOs films (filled symbols),
as a function of the temperature. The number of domains play a significant
role in thermal transport due to phonon scattering in the localized strain field
of the domain walls. The number of variants refer to the different types of
domains in the samples. They correlate approximately with the density of
domain walls. The data of bulk STO (open symbols) and amorphous Si (solid
line) are plotted for comparison. Reprint from [I52] Right: Real time change of
the thermal conductivity of the PbZrg 3Tip 703 of a Pb(Zr,Ti)O3 bilayer film at
room temperature, showing the dynamic response of the thermal conductivity
tuning effect of the domain wall density through the application of external
electric field. Reprint from [153]

In the following, we present the results of thermal conductivity
in films of SrTiO; under different degrees of epitaxial strain. The
thin films were deposited on top of three different substrates, with
negative (LSAT), zero (STO), and positive (DSO) in-plane epitaxial
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strain. As we have discussed in the previous chapter, the structural
modification that follows the incorporation of defects, as well as the
epitaxial strain plays a significant role, not only the morphological
aspect of the thin films, but also on their electronic structure and
in the development of a ferroelectric polarization in SrTiOs.

We will discuss the role played by ferroelectricity and domain
walls in the large differences observed in the x(T) of STO under
different degrees of strain. Finding new ways to reduce the thermal
conductivity of STO, which is already considered a potential ther-
moelectric material, is crucial in the search of achieving acceptable
values of ZT" in this compound.

The strategy presented in this chapter is general, and can be
used to control the thermal conductivity in other ferroelectric and
multiferroic oxides.

4.2 Experimental details

Epitaxial thin films of SrTiOs were grown by PLD (KrF, A = 248
nm, and Nd:YAG, A = 266 nm, laser fluence 0.9 J/cm? 5 Hz,
at 800 °C) on top of (001) TiO,-terminated STO (a = 3.905 A),
(001) (LaAlOs)g5(SrAlTa0g)e7 (LSAT, a = 3.87A), and (110) or-
thorhombic DyScOs (DSO, a,. — 3.95A) substrates. The oxygen
pressure was varied from 1072 to 0.1 Torr. After deposition the
samples were cooled at 5 °C, under the same oxygen pressure. The
conditions were optimized to obtain layer-by-layer growth, as has
been described in Chapter [3| The thermal conductivity measure-
ments were performed by the FDTR method, as described in section

241
4.3 Results and discussion

As we have shown in the previous chapter (Chapter , STO thin
films grow epitaxially on top of STO and LSAT substrates, regard-
less the PO, used during the deposition, exhibiting high quality in-
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terfaces and crystalline structure. Likewise, growing the thin films
on top of DSO, result in high quality thin films, fully strained to the
lattice parameters of the substrate, as it is shown in Figure[1.2][left|.
Moreover, a full width at half maximum (FWHM) of 0.033°f the
X-ray rocking curve around the (002) reflection demonstrates the
high quality of the STO film grown on DSO (see Fig. [right]).
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Figure 4.2: Left: High resolution RSM around the (103) asymmetric reflec-
tion of a 21 nm thick film of STO deposited on top of a (110) DSO substrate.
The reciprocal lattice units were translated to real space lattice parameters
for clarity. Right: Rocking curve of the same film, around the (002) reflection
of the STO film. The value of the full width-half maximum (FWHM) was
determined at 0.033".

Growing the thin films on top of LSAT imposes an in-plane
strain of the order of ~ —0.9% (compressive strain), while on top
of DSO substrates, the in-plane strain is of the order of ~ +1.15%
(tensile strain). Consequent with this, the X-ray diffraction pattern
around the (002) peak shows an angular increment as the epitaxial
compression decreases. The changes of the out of-plane lattice pa-
rameters of the thin films are in good agreement with calculations
using a Poisson ratio v = 0.23, as shown in Figure [right]. The
slightly larger experimental values of the c-axis can be attributed
to an additional elongation provoked by the incorporation of cation
vacancies during growth, as it was discussed in Section

On the other hand, apart from the epitaxial tension, growing
the STO thin films on top of DSO induces a change of the rotation
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Figure 4.3: Left: XRD patterns of the STO thin films grown on top of LSAT,
STO and DSO substrates at a PO2 of 0.1 Torr. Right: Values of the c-axis
parameter as a function of the in-plane strain imposed by each substrate. The
black symbols correspond to the expected values of the c-axis calculated for
STO with a Poisson ratio of v = 0.23. [131]

pattern of the TiOg octahedra, compared to those deposited on top
of STO or LSAT substrates. As it was reported in our previous
work, [154] STO thin films deposited on top of STO and LSAT
substrates, present the pattern of (aTb"c"), while the thin films
deposited on DSO substrates exhibit the (atb~¢™) or (a=b"¢™) ro-
tation pattern, which are compatible with a ferroelectric distortion,
and could have significant effects on the properties of the thin films.

Several authors have discussed the possibility of stabilizing a
FE distortion on STO thin films by applying epitaxial tensile strain.
The antiferrodistortive (structural) transition that occurs in STO
at around 105 K, from cubic to tetragonal, precedes and suppresses
the ferroelectric instability in this material. [I55] One way to avoid
the suppression of the FE transition is applying a biaxial strain,
which suppresses the structural phase transition. One of the first
reports of this effect was by Uwe and Sakudo [148] in 1976, who
observed the appearance of ferroelectric soft modes for large values
of stress.

In 2004, Haeni et al. [I56] reported the stabilization of FE
phase on STO thin films at room temperature. Their calcula-
tions had predicted that the thin films deposited on DSO substrates
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Figure 4.4: Phase diagram with the expected shift in T¢ for (001) STO with
biaxial in-plane strain, based on thermodynamic analysis. The white arrows
indicate the expected direction of the polarization. The black arrows indicate
the position of the LSAT and DSO substrates regarding the value of in-plane
strain €;. Reprint from [156]

would exhibit a stable FE phase, with the polarization parallel to
the surface of the film, while in the case on the film deposited on
LSAT substrate, the polarization would be along the out of-plane
axis, happening at a lower temperature (see Fig. 4.4). However,
their own (and others) experiments showed that the FE state was
suppressed on LSAT (in-plane compressive stress) as the structural
transition still occurs at a temperature higher than the FE transi-
tion. [5l [157]

On the other hand, for positively strained films, the FE tran-
sition occurs in the temperature region of 290-300 K. Small off-
stoichiometries lowers the transition to 230-260 K, and results in
relaxor-ferroelectric behavior. [15§]

In the following, we discuss the results of our study about the
effect of the FE domains on the thermal conductivity of STO. For
this, we measured the thermal conductivity at room temperature
in thin films grown on top of LSAT, STO and DSO substrates. We
extended the measurements down to ~100 K for the case of STO
on LSAT and DSO, to go across their expected Ty according to
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Figure 4.5: Left: Thermal conductivity of the STO thin films deposited on
top of LSAT, STO and DSO substrates at POy = 10! — 10~2 Torr. Right:
Interface thermal conductance (G) of the same thin films.

Figure (4.4

In Figureld.5|are presented the results for the room temperature
thermal conductivity (and interface thermal conductance, G) of
STO thin films deposited on LSAT, STO and DSO, using three
different PO, during each deposition. The purpose of using different
PO, was to introduce cationic/anionic defects, so their effect over
k can be studied and differentiated from any possible effect of a FE
distortion. The thermal conductivities were measured by FDTR,
as explained in Chapter 2.

Due to the reduced dimensions of the films, they have much
lower thermal conductivities than bulk STO (k300x = 11 W /m K).
[159, [160] For the films deposited on LSAT or STO, this reduction
is ~ 43%, but reaches ~ 78% for the samples deposited at DSO.
Although point defects produce a significant decrease of k in STO
(see also the results by Oh et al. [161] and Breckenfeld et al. [162]),
the concentration of defects in the present films is not enough to
account for the dramatic reduction observed in STO on DSO. Both
X-ray diffraction analysis (see Fig. and TEM show a high
quality crystalline structure for STO films deposited on DSO, which
rules out a massive concentration of defects which could justify this
reduction of k.

105



Alexandros Sarantopoulos

On the other hand, the thermal conductivity of the films de-
creases as POy decreases, due to the incorporation of a higher con-
centration of vacancies. However, even post-deposition annealing
at 107¢ Torr in thin films on LSAT in order to induce a very high
concentration of Vo, still keeps k ~ 4 W/m K (see Fig. [4.6), which

is about two times larger than the experimental values in STO on
DSO.
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Figure 4.6: Thermal conductivity of STO thin films deposited on top of LSAT
substrates. As-grown thin films deposited at PO, = 10! — 10~2 Torr (orange
symbols) and after ex-situ annealing at 10~° Torr.

On the other hand, the change in volume due to epitaxial stress
could have an effect on the thermal conductivity. The thermal con-
ductivity is proportional to the cube of the Debye temperature (Eq.
, and in the Debye approximation, the Griineisen parameter
can be expressed as the change in 6p with the unit cell volume,
—%. Growing STO on LSAT produces a reduction of its
unit cell volume of &~ —1%. Taking v = 1.5 [163] this change in
the volume will result in an increase of ~ 1.5% of 0p, and therefore
~ 3.5% increase of the thermal conductivity. In the case of the
film on top of DSO, the relative change in volume is ~ +2%, which
would decrease 0p by ~ 3%, leading to an overall reduction of
by ~ 9%. However, the reduction of x of STO on DSO is =~ 60%
with respect to the value in STO or LSAT. Therefore, we conclude
that the change in the volume cannot be responsible of the low x
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of STO on DSO.

The thermal conductance, GG, also shows large differences be-
tween STO deposited on DSO with respect to STO and LSAT. The
major factors that contribute to the interface thermal conductance
G, are the Debye temperature mismatch across the different inter-
faces (between the Au/Cr transducer layer and the film, as well as
between the film and the substrate) and the quality of each of the
interfaces. The Debye temperature for STO is 690 K, for LSAT is
500 K and for DSO is 520 K, while for Au and Cr are 178 K and 424
K, respectively. Since the values for GG are very similar for the films
grown on top of STO and LSAT substrate, we can assume that the
Debye temperature misalignment between the materials does not
play the most significant role in this particular case. On the other
hand, the surface roughness of the films is similar in every case, so
the Au/Cr/film interfaces can be assumed to be also similar.

Therefore, the low values of G in the case of the films on DSO
substrates must be interpreted in terms of structural quality of the
STO/DSO interface. The major difference between the STO films
grown on top of DSO and STO or LSAT is the large degree of the
in-plane epitaxial strain, which modifies both the lattice parameters
and the rotation pattern of the TiOg octahedra. Therefore we think
the most plausible explanation for this strong reduction of GG is the
effect of tensile stress (and orthorhombicity of the substrate) on the
rotation pattern of TiOg octahedra in the STO film.

In addition, as the PO, decreases, the values of GG increase for
the films deposited on LSAT and STO. This can be anticipated,
since as the defect concentration is increased, possible interdiffu-
sion at the interface between the films and the substrates blurs the
abrupt interface, and helps the heat transfer across a more gradual
interfacial barrier.

On the other hand, based on previous observation of FE at
room temperature in STO films on DSO substrates, as well as on
the reduction of k by ferroelectric domain walls, [T52] it is very ap-
pealing to associate the low x of positively strained STO to phonon
scattering by FE domain walls.
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As in other perovskites, the ferroelectric transition in STO is
expected to be of the soft-mode type. [164] This means that above
T¢, there should be a certain unstable phonon mode (the “soft
mode”) whose frequency decreases (softens) as T¢ is approached,
becoming zero at the critical temperature. The corresponding vi-
bration freezes at this temperature, resulting in a different struc-
ture, with different symmetry, and with a finite dipole moment.
Nuzhnyy et al. [165] studied the temperature dependence of ac-
tive phonon modes in STO by Fourier-transform infrared and time-
domain terahertz spectroscopy. They found that there is a soft-
mode driven ferroelectric transition below &~ 280 K in STO on top
of DSO, as well as an antiferrodistortive transition below ~ 175 K.

Therefore, the temperature dependence of x could provide fur-
ther information about the effect of a FE phase in the reduction
of the thermal conductivity observed at room temperature. Figure
4.7|shows the results for the thermal conductivity of STO thin films
on DSO and LSAT substrates, as a function of temperature.
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Figure 4.7: Temperature dependent thermal conductivity for STO thin films
deposited on top of DSO [left] and LSAT [right] substrate at PO2 = 0.1 Torr.
The red dashed lines correspond to fittings according to the Debye model for
the respective films. The gray dotted line corresponds to an increased boundary
scattering term.
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Below ~ 275 K, there is a large decrease in (T, of ~ 60%
compared to the room temperature value. The thermal conductiv-
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ity remains almost constant below 250 K, without any noticeable ef-
fect around the antiferrodistorsive transition temperature reported
by Nuzhnyy et al.. [165]

Similar temperature dependent measurements for STO grown
on an LSAT substrate, reveal a monotonic decrease with temper-
ature, with only a small deviation around 150 K (see Fig. .
This could also be the signature of a FE transtion (see Fig. ,
although, with only two points around this temperature, further
studies should be performed to confirm this hypothesis.

As it was discussed in section [I.4.2] the lattice thermal con-
ductivity in the Debye approximation is given by Eq. The
scattering term in that equation would be a sum of all the domi-
nant scattering processes. We can rewrite Eq. [I.46] as a sum of the
three dominant scattering processes for our study.

Tq_l(af) _TP118+751+TP113
v y? 5 _op 4 M—m;, (41)
= — — Te 3T p —
¥ v2ng e + 03 ;f( i )

The first term refers to the domain boundary scattering, the sec-
ond to the Umklapp processes and the third includes the scattering
processes caused by point defects, such as vacancies, impurities and
isotopes.

Using the equations and [4.1] it is possible to calculate an
approximate temperature dependence for the thermal conductivity.

Fitting the model to the experimental data (see Fig. [right])
in the case of the STO film on top of LSAT substrate, was straight-
forward. As input parameters, we have considered the Debye tem-
perature of STO 6p = 690 K, the Griineisen parameter v = 1.5 and
the sound velocity v = 7900 m/s, [163] M = 3.67x10~% kg/mol, and
an estimated concentration of defects Vo = 2.5% and Vg, = 1%,
since the thin films deposited at POy, = 0.1 Torr are nearly sto-
ichiometric, as it was discussed in the previous chapter. The re-
sulting scattering times were the following: 754 = 7.05 x 10571,
750 =9.04 x 1072571 and 7pp, = 2.59 x 107%s7L,
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In the case of the STO film on the DSO substrate, the fitting
to the Debye approximation was not so successful. For the initial
fitting, the same values were used as in the case for the film on
LSAT substrate, except for the concentration of defects, since a
higher epitaxial strain is more likely to induce more vacancies to
accommodate the lattice mismatch. As input parameters, the same
values for 0p, v, and M were used, while an estimated concentra-
tion of defects Vo = 8% and Vg, = 5% was chosen. The obtained
values for the scattering parameters were 7,5 = 7.05 x 101571
750 =9.04 x 107257 and 755, = 1.2 x 107#257! (red dashed line
in Figure lleft]). In an attempt to approximate the increased
boundary scattering form the FE domain walls, we have increased
the boundary scattering term one order of magnitude (gray dotted
line in Figure [4.7] [left]).

The model is unable to reproduce the abrupt reduction of &
below 275 K and the low temperature values. This is expected,
since within the model we cannot take into account the appearance
of a ferroelectric state. Nevertheless, increasing the boundary scat-
tering term by an order of magnitude, we could approximate the
almost constant lower temperature values, which could serve as an
indicator that indeed the thermal conductivity reduction could be
a result of increased boundary scattering from FE domain walls.

Therefore, we conclude that the stabilization of a FE state in
STO on DSO is responsible for its low thermal conductivity. The
low value already at room temperature indicates that the transition
region is very broad and extends probably beyond 300 K. Reducing
temperature below 275 K probably drives the whole sample into
the FE state, resulting in a small and temperature independent
thermal conductivity.

4.4 Summary and conclusions

To summarize, we have performed thermal conductivity measure-
ments for STO thin films under different degrees of epitaxial strain.
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The goal was to study a possible effect of phonon scattering by fer-
roelectric domain walls, which could influence the thermal conduc-
tivity of this material. We designed an strategy to differentiate the
effect of point defects, such as Vg, and Vo, and FE domain walls,
in the thermal conductivity of STO.

We have observed an = 35% reduction of the room tempera-
ture thermal conductivity in the films deposited on top of STO and
LSAT with respect to the bulk values for the STO. For the case
of STO deposited on DSO, this reduction reaches ~ 78%. Even
though the reduced dimensionality and the incorporated point de-
fects can explain the reduction in & for the films on STO and LSAT
substrates, the huge reduction for the films on DSO substrates is
attributed mostly to the appearance of a FE state. The effect of
the FE transition on « is further demonstrated by temperature de-
pendent measurements of the film on DSO, where there is a sharp
decrease of the thermal conductivity around ferroelectric transition
temperature.
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Chapter 5

Effect of epitaxial strain and
vacancies on the ferroelectric
-like response of CaTiO3 thin
films

5.1 Introduction

In this chapter we will present the study of the effect of epitaxial
strain and cationic/anionic vacancies on the transport properties of
CaTiOj3 thin films. In particular, we are going to examine closely
the possibility of establishing a ferroelectric state, previously ob-
served by numerous groups, |11}, 12, 166, 167| and study the condi-
tions of its appearance and/or its legitimate ferroelectric nature.

CTO is mostly known for its ideal perovskite structure, however
recent works have exhibited its potential for playing an important
part in functional applications. CTO is one of the perovskite oxides
that was reported to form a 2DEG on its interface with YTiOs,
[13] as well on its bare surface. [I4] Moreover, it is known to be an
incipient ferroelectric material, [10] however it wasn’t until recently
that it was reported the stabilization of a ferroelectric phase in thin
films. [111, 12, 166l 167]
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It was proposed that biaxial tensile strain suppresses the out-
of plane TiOg octahedral rotation and stabilizes a P4mm/I4mm
space group, compatible with a ferroelectric distortion. [168§]

This FE instability in CTO is highly correlated to the com-
petition between the cation displacements and the TiOg octahedra
rotation. In order to promote the stabilization of the FE state, the
natural rotation of the TOg octahedra in CTO must be avoided in
favor of the polar instability due to the cation displacements.

However, Yang et al. [167] claimed that FE can also be induced
by defect-dipoles in strain-free CTO thin films. In this case, the
origin of the FE state would be due to the formation of complex
defects and clustering of vacancies of the type Ca-O-0, showing a
net dipolar moment. The existence of nanopolar regions around
Sr?* vacancies, has also been proposed as a possible mechanism to
explain the origin of the FE state in STO films. [I51] [169]

On the other hand, macroscopic measurements of FE polar-
ization by Haislmaier et al. [166] in CTO thin films grown by
Molecular Beam Epitaxy (MBE), showed that deviations from sto-
ichiometry completely mask and suppress the ferroelectric ordering
in CTO. In particular, Ca-rich films introduced CaO rocksalt layers
interspersed through the whole film, while Ti-rich films presented
TiO, defect clusters. There is, therefore, a lack of consensus about
the role played by defects (cationic and anionic) on stabilizing the
FE response observed in CTO, either via formation of nanopolar
regions, or by suppression of TiOg rotation and stabilization of
tetragonal P4mm/I4mm phases.

Most of these reports utilized the local-response piezoelectric
force microscopy (PFM) to measure the FE polarization. However,
this technique can be severely influenced by changes in the surface
potential and local volume due to ionic (mostly oxygen) migration
under the influence of a strong electric field. This can be very
important in oxides like STO, particularly susceptible to oxygen
vacancy creation. [170, 171]

In this chapter we study the role of defects (oxygen and cationic
vacancies) on the structural and transport properties of CTO thin
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films under compressive/tensile stress. We will discuss if the modi-
fied crystal structure is compatible with ferroelectricity, under cer-
tain growth conditions. We will also explore the case of the mi-
gration of oxygen vacancies under the influence of an electric field
and/or a mechanical force (which can be erroneously interpreted
as a FE polarization) by EFM and PFM measurements. In ad-
dition, we report how the thermal conductivity of the thin films
is affected due to the incorporation of the defects, in combination
with epitaxial strain.

5.2 Experimental details

Thin films of CaTiO3 (CTO) were deposited at 700°C by Pulsed
Laser Deposition (PLD, KrF A = 248 nm, fluence ~ 1.5 J/cm, 5
Hz) on (001) LAO and (001) LSAT substrates. The sample thick-
ness was kept constant at 2242 nm. Oxygen pressure was varied
from POy,—1x107! to 1x107% Torr, in different depositions. Sam-
ples grown at PO, > 1x10~* Torr were too resistive (GQ) to be
measured in our setup. The thermal conductivity, x, of the films
was measured by FDTR . [112] 172, 111] Additional temperature-
dependent measurements were performed using the 3-w method.
[114] 115l 113

The surface potential and FE behavior of the samples was stud-
ied by Electrostatic Force Microscopy Dynamic Contact (EFM-DC)
or Piezoelectric Force Microscopy (PFM), and Scanning Kelvin
Probe Microscopy (SKPM), in an NX-10 Park Systems AFM. For
the experiments, we used Cr/Pt-coated Silicon tips with a force
constant of 3 N/m, under an excitation of 20kHz and 2VAC.

5.3 Results and discussion
Bulk CTO presents an orthorhombic structure (Pbnm) with lattice

parameters a = 5.379 A, b =5.436 A and ¢ = 7.639 A (pseudocubic
a. ~ 3.823 A). Therefore, growing CTO in top of LAO (a, = 3.790

115



Alexandros Sarantopoulos

A) and LSAT (a, = 3.868 A) imposes a degree of in-plane compres-
sive/tensile strain of —0.8% and +1.24%, respectively.

3.88 —
- CcTO
=3 3.841
Q
C
®
[o%
5 3.80r
5
(@)
376 . B
3.6 3.7 3.8 3.9 3.6 3.7 3.8 3.9
In-plane (&) In plane (A)
3.95 — : : 1 :
10” Torr 10" Torr

3.90}

P LSAT (103)
3.85} :

Out-of plane (A)

3.80} = CTO |

3.6 3.8 4.0 3.6 318 7 410 4.2
In-plane (A) In-plane (A)

Figure 5.1: Reciprocal Space Maps for the CTO films on LAO [top] and
LSAT [bottom] around the asymmetrical (103) reflection, for the two different
PO; used during the deposition. The arrows indicate the position of the out-of
plane lattice parameters of the films. All the films adopt the in-plane lattice
parameters of their corresponding substrate.

Figure[5.1]depicts the Reciprocal Space Maps (RSM) performed
at asymmetrical reflection (103) for films deposited under different
PO5 on LAO and LSAT substrates. The thin films deposited epi-
taxially on both substrates managed to adopt the in-plane lattice
parameters of the substrate regardless of the POy used during the
deposition (a; ~ a,). The out-of plane lattice parameters obtained
from the RSMs are identical to the values obtained from the fitting
of the (002) Bragg peak in the XRD patterns shown in Figure
The results of the variation of the c-axis with the POy is shown in
Figure for both sets of films.
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Figure 5.2: X-ray diffraction patterns around the (002) reflection of the

films deposited on LAO [left] and LSAT [right] substrates.

The clamping of the thin films to the substrate produces an
out-of-plane deformation, which can be quantified according to the
Poisson ratio, [132] which for a biaxially strained film is:

2v €,
—_— where v=——
(1—-v) €x
where €, = (as-ap)/ap; €2 = (cs-¢p)/cy .The subscripts f and b re-
fer to the values of the lattice parameters of the film and bulk,
respectively.

Assuming v =~ 0.23, like SrTiOs, [131] there should be an ex-
pansion of ~ 6% in the out of plane parameter of the films deposited
on LAO. On the other hand, the tensile epitaxial stress imposed by
the substrate of LSAT on CTO should result in an out-of-plane
contraction of &~ 6.5%. This is in excellent agreement with the ex-
perimental results for the samples deposited at the higher PO,, as
seen in Figure [5.3

On the other hand, reducing PO, results in a further elongation
of the c-axis, while the in-plane lattice parameters remain clamped
to the substrate (see Fig. . The gradual elongation along the
c-axis makes the films on LSAT to approximate the pseudocubic
lattice structure of bulk CaTiOgz, at low POs. On the contrary,
the films deposited on LAO depart progressively from this limit as
PO, decreases, until a certain saturation below PO, ~ 1075 Torr.

117



Alexandros Sarantopoulos

1.2 I I I I

0.8 éq’@@?
QD' oo -
© 8
§ 0.4 i
X 00puel
o~ [===--.
S -0.4 S

-0.8-0O—LAO - —LSAT

PO, (Torr)

Figure 5.3: c-axis parameter normalized to the pseudocubic value of CTO, for
films deposited on LAO (open circles) and LSAT (open squares) under different
POs. Solid symbols correspond to theoretical values of the c-axis assuming a
Poisson ratio of v = 0.23. The lines are guides to the eye.

The increase of c-axis can be attributed to an increasing amount of
Ca?" vacancies at low oxygen pressures, similar to the case of Sr**
in STO. [173]

Haislmaier et al. also reported a c-axis elongation as an ex-
pression of deviation from the perfect stoichiometry for CTO. They
reported that the stoichiometric window of CTO on LSAT would
be ¢ ~ 3.805 — 3.808 A (see Fig. [5.4).

Our films are very close to being stoichiometric when deposited
at POy = 0.1 Torr, while at the lowest PO,, the concentration
of cationic/anionic vacancies increases, as it is confirmed by mi-
croscopy analysis.

High-resolution STEM images and EELS analysis on the cross-
section lamellae of the films, indeed reveal nanometer-size segrega-
tion of Ti-rich regions, compatible with the clustering of Ca vacan-
cies in the samples synthesized at the lower pressures. This con-
trasts with a more homogeneous distribution of cations in the films
deposited at 0.1 Torr (see Fig. [p.5). As discussed before for the
case of STO, depositing the films at lower PO, will also increase
the amount of oxygen vacancies, Vo. However, post-fabrication
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Figure 5.4: c-axis of CTO as a function of the POy during the deposition
on LSAT. The stoichiometric window is referred to values of the c-axis that
correspond to fully stoichiometric samples, as reported in [I66]. The line is
guide to the eye.

annealing at different POy showed a negligible effect of Vi on the
c-axis expansion, confirming the dominant role of cation vacancies
in this effect also for CaTiOs3.

The GPA analysis of high-resolution STEM images taken on
cross-section lamellae are shown in Figure[5.6] The in-plane elonga-
tion €., shows a good matching to the film, although a progressive
relaxation is clearly visible moving away from the interface with
the substrate. This effect is more clearly visible in the samples
deposited at the lower pressures, where the amount of defects is
increased. Regarding the out of-plane distortion, ¢,,, it is more
homogeneous throughout the film and confirms the tendencies ob-
served in the X-ray diffraction analysis.

An alternative way of determining the structural quality of the
thin films and the influence of the incorporated defects on their
properties, is by measuring the thermal transport of the thin films.
The room temperature thermal conductivity of the films decreases
linearly as the c-axis increases (see Fig. , reflecting the increas-
ing amount of atomic defects in the films. An increase of ¢ ~ 1.5%
reduces k(T = 295K) by more than 50%, in line with previous
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Figure 5.5: Left: High-resolution STEM images of two films deposited on
LSAT at different PO5y. Right: Ca/Ti distribution maps from EELS analysis
of the same films. The concentration of Ca in the red regions marked by the
arrows is ~5% lower than expected.
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Figure 5.6: STEM and Geometrical phase analysis (GPA) maps for the CTO
thin film deposited at POy = 1 x 1076 Torr. The GPA maps visualize the
in-plane (g,,) and out-of plane (g,,) deformation of the film, using as reference
the interatomic distances of the substrate.
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observations in SrTiO;. [161]
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Figure 5.7: Evolution of the room temperature thermal conductivity of CTO
with the c-axis lattice parameter. The dashed line is a guide to the eye.

Apart from the cationic/anionic vacancies that act as phonon
scattering centers, the effect of the epitaxial strain should be taken
into consideration. It is important to remark that the films were
deposited on the LAO and LSAT substrates placed side-by-side in
the PLD chamber, in a single deposition for each oxygen pressure.
This way, the differences in the concentration and distribution of
defects, reflect the different way in which the orthorhombic CTO
accommodates the compressive/tensile epitaxial stress imposed by
each substrate.

Another important factor that has to be considered regarding
the thermal conductivity, additional to the increased concentration
of defects, is the rotation of the TiOg octahedral pattern. As it
will be discussed later more explicitly, the film of CTO on LSAT
deposited at POy, = 1 x 107! Torr, exhibits the rotation pattern of
(a*ta™c?), while the film deposited at POy = 1 x 107% Torr exhibits
no TiOg octahedral rotations (a’a’c?). The reduction between these
two samples in terms of thermal conductivity was ~ 40%.

Moreover, we performed temperature dependent thermal con-
ductivity measurements using the 3 — w technique for one of the
films previously measured using the FDTR technique at room tem-
perature. As it was explained in section [2.4.2] the 3 — w technique
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Figure 5.8: Temperature dependent thermal conductivity for the CTO thin-
film deposited on LAO substrate at POy = 0.1 Torr. The blue polygon sym-
bols correspond to measurements implementing the 3 — w technique, while the
green open circle to room temperature measurement using the FDTR tech-
nique. The red dashed line is fitted using the Debye approximation for «(T)
with T};}) = 3.5 x 10742571, The gray dotted line corresponds to the initially
calculated 757, = 4.71 x 107%35~" defect scattering term for an estimated va-
cancy concentration of ~ 6%.

has the limitation of not being able to measure electrically conduc-
tive samples and moreover, when the thermal conductivity of the
substrate is not much higher than the film, is hard to distinguish
between the two. For this reason, we were able to perform the tem-
perature dependent measurements for the CTO film deposited on
LAO (kpao = 12 W/m K at 300 K) at POy = 0.1 Torr, which is
insulating.

The results are plotted in Figure The agreement between
the room temperature values measured by 3 —w and FDTR is very
good. Following the same procedure as in Chapter [ we fitted the
temperature dependence for the thermal conductivity, by calculat-
ing the different scattering terms. As input parameters we have
considered the Debye temperature for the CTO as 6p = 790 K,
[I74] the Griineisen parameter v = 1.85, [I74] the sound velocity
v = 5893 m/s, [I75] M = 2.72 x 1072 Kg/mol, and an estimated
concentration of defects Vo, =~ 6% and Vo ~ 5%. The resulting
scattering terms were: 755 = 5.37 x 1010571 771 = 2.85 x 10719571
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and Tpp = 4.71 x 10743571,

However, the resulting x(7) from the calculations according
to the Debye model was higher than the experimental data (gray
dotted curve in Figure . Since the concentration of defects is
difficult to quantify, we have let the point defect scattering time
as a free parameter to see if the fitted value would be within the
acceptable limit. The fitted curve (red dashed line) in Figure 5.8
corresponds to a defect scattering term of 75}, = 3.5 x 10742571,
This is consistent with a number of Ca/O defects of the order of
~ 40%. This is obviously too large to be realistic. Looking at the
clustering of defects observed in Figure these results suggest
that the inhomogeneous character of the films deposited at low
PO, is responsible of the low k(7") observed experimentally. The
clustering of vacancies is not properly accounted by the w* term in
the Debye approximation. This term corresponds to the Rayleigh
dispersion, applicable only when the size of the defects is much
smaller than the phonon wavelength.

Vacancies play a very important role in the accommodation of
epitaxial stress in thin films, which in turn determines the transport
properties of the films to a large extent. Apart from compensated
(Schottky) defects, uncompensated Vo might form during cooling
in low PO,. Fully ionized Vo donate two electrons to the conduc-
tion band, resulting in a measurable electrical conductivity below
PO, ~1x107° Torr.

The films deposited at the lower oxygen pressure (PO, < 1075
Torr) show a metallic like resistivity above T*  and activated be-
havior with a tendency towards saturation below this temperature
(see Fig. [left]) similar to the one of STO films and LAO/STO
and CTO/YTiOj interfaces. In fact, both values of the charge den-
sity (n ~ 102!) and electron mobility (¢ ~ 1 ¢cm?*V~!s™!) reported
by Liu et al. [I3] for the CTO/YTiO3 interface, were comparable
to the ones obtained in our studies. The electron mobility in our
results is of the order of ;1 ~ 1 cm?V~1s™!, while the charge density
varies between n ~ 2 — 3 x 102%cm ™3, irrespective of the degree of
strain.
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Figure 5.9: Temperature dependence of the electrical resistivity [left] and See-
beck coefficient [right] for CTO deposited at low PO3 on LAO and LSAT. The
dashed lines are the calculated values of the temperature dependent Seebeck
coefficient.

Consistent with this, the Seebeck coefficient S(T) is also prac-
tically independent of the sign of strain, with a slightly lower value
for the CTO on LAO, due to its larger conductivity (see Fig. [5.9).
The absence of any anomaly of S(T) around T* suggest that conven-
tional vacancy scattering is responsible for this upturn of p(T<T*),
as discussed also for STO. The dashed lines in Figure[5.9|[right] cor-
respond to the calculation of the Seebeck coefficient, based on the
same procedure followed in Chapter [3|

This calculation used experimentally obtained data, such as the
charge density n, the effective mass m* and as only free adjustable
parameter the degeneracy of the electronic bands, z. For this cal-
culation, the input data were n = 2.63 x 10%° cm ™3 for the film on
LSAT and n = 2.98 x 10?° cm ™3 for the film on LAO, m* = 1.1m,
[176] and the band degeneracy for both films was z = 6. This means
that the structural distortion due to the c-axis elongation was not
enough to split the Ti:3d-ty, bands and lift the degeneracy, as we
reported for the case of STO thin films also deposited at low POs.

On the other hand, as discussed in the introduction, FE in
CTO was hypothesized to be intimately linked to the octahedral
rotations which accommodate the epitaxial tension. Therefore, this
effect should be strongly influenced by the distribution of vacancies
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in the film.

The orthorhombic Pbnm structure of CTO at room tempera-
ture is characterized by (a~a~c™) tilting of the TiOg octahedra. [90]
These rotations occur spontaneously in the perovskite structure to
accommodate the mismatch between equilibrium (Ca-O) and (Ti-
O) bond-lengths to a situation where (Ca-O)< +/2(Ti-O). [0, [78]
Tilting of TiOg in CTO compete with the polar instability, and
actually can prevent, the occurrence of a ferroelectric distortion of
the cationic sublattice in CTO. [177]

Eklund et al. [12] proposed that ~ 1.5% of tensile strain sup-
presses the octahedral rotations around the c-axis in CTO, thus
permitting to the polar instability of CTO to manifest and to in-
duce a FE state, which was also confirmed by further studies per-
formed by Biegalski et al.. [IT] As discussed before, the effect of
vacancies was also reported to be highly detrimental for FE, sup-
pressing the polarization as Ca/Ti deviates from 1. [166] However,
whether this suppression is related to a local relaxation of the epi-
taxial tensile stress, or to a global change in the rotation pattern
of the TiOg octahedra [85] incompatible with the FE distortion, it
is an important issue that has not been clarified.

The octahedral tilts in our films were investigated by X-ray
diffraction of the half-order reflections characteristic of each pattern
(see Fig. [(.10). For CTO on LAO (compressive stress), we iden-
tified the half-order reflections compatible with in-phase rotations
around the [100] and [010] cubic axis, and out-of-phase rotations
around the [001], irrespective of the oxygen pressure. Although
the comparison of the relative intensities does not allow us to dis-
tinguish between (ata*c™), of tetragonal P4,/nmec symmetry, and
orthorhombic (a*bTc™) Pmmn, it is clear that these rotations are
present in the whole range of PO, studied in this work.

On the other hand, for CTO on LSAT (tensile stress), the rota-
tion pattern changes from (ata™c?) at 1x10~! Torr, to (a%a’?) at
1x107% Torr. Therefore, cation/anion vacancies in CTO grown at
low POs, relax the epitaxial stress and suppress the octahedral rota-

tions, changing the structure of CTO from tetragonal (/4/mmn) to
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Figure 5.10: w-scans around different half-order peaks for CaTiOs films
grown on LSAT [left], and LAO |right|, at 0.1 Torr and 10~% Torr.
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cubic (Pm3m). In both cases, rotations of TiOg octahedra around
the c-axis are suppressed. Therefore, CTO on LSAT shows a struc-
ture compatible with the FE distortion, at any pressure, while CTO
on LAO does not.

However, a FE response was reported for CTO both on LSAT
[11] and LAO. [167] To solve this apparent contradiction we have
studied the effect of a local electric field on CTO under different
strain. This was monitored by following the surface potential using
EFM-DC (PFM) and SKPM. The results for the films deposited at
PO, = 1 x 107% Torr are shown in Figure A positive /negative
voltage bias applied to the sample produces a clear change in the
surface potential, with a change of the phase-voltage of nearly 180°.

25F ——LAO —— LSAT
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Figure 5.11: Left: EFM amplitude (top) and phase (bottom) for two areas of
CTO on LSAT (10x5um), scanned with —10V, +10V. Right: PFM amplitude
(top) and phase (bottom) hysteresis loops for the samples on top of LAO and
LSAT substrates.

When repeating these experiments on films deposited at an
POy = 0.1 Torr, with a negligible amount of Vo, we did not observe
any measurable change in the SKPM signal with respect to the
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background. All these suggests that the displacement of Vo by
the electric field is the origin of the amplitude/phase change of the
surface potential. These vacancy rich/poor areas achieved after
electric field poling correspond to high/low electrical conductivity
regions.

The absence of this effect in samples with a negligible amount
of Vo, discards electrochemical, [T78] triboelectric or surface effects,
like the formation of radicals, [I79] as the origin of this change in
the surface potential. Tt is also important to note that annealing
the samples at lower POy increases the charge density (measured
by Hall effect) in good agreement with the expectations for doubly
ionized oxygen vacancies. Therefore the possibility that Vo act as
charge trapping centers can be also safely discarded.

An electrostatic force acting on the tip due to accumulation/
depletion of charged-vacancies, may produce an effect similar to an
electromechanical response on the AFM tip. A paradigmatic exam-
ple is the FE-like, switchable electromechanical response observed
in LAO/STO interfaces due to the reversible movement of oxygen
vacancies. [180]

Important information to distinguish intrinsic FE response from
the ionic effect can be gained from the relaxation of the signal ampli-
tude. We followed the time decay of the voltage difference, AV (¢),
between the poled and pristine regions, from o up to ~ 12 h (see
Fig. [5.12). Assuming that Vo diffuse away from the surface after
removing the electric field, the solution of the Fick’s diffusion equa-
tion along the film-thickness, L, leads to the following time decay
of the surface potential: [181]

Va(t) = AV(ZO)V&SV@) ~ L4\/ED1/2 (t — to) "2 (5.1)

Vs(t) can be satisfactorily fitted to equation (5.1]) using a coef-
ficient of diffusion D(Vp) &~ 2.5x107"cm? /s (see Fig. [5.13). This
is very close to the value reported for D(Vp) in bulk STO at room
temperature. [182] [18T]
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-300 -200 -100 O 100 200 300 -300 -200 -100 O 100 200 300

+10V  -10V  900nN +10V  -10V  900nN

Figure 5.12: Time evolution of the SKPM voltage amplitude maps of the
areas after application of an electric field (£10 V) or a mechanical force (900
nN, 0 V) on CTO thin films grown on LAO [left] and LSAT [right] substrates.
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In order to further confirm the movement of oxygen vacancies
as the origin of the change in the surface potential observed in CTO
films, we have also tested the effect of a mechanical force applied
with the AFM tip on the distribution of these vacancies. The two
electrons donated by each V¢ go into a non-bonding band, and pro-
duce a local expansion of the crystal lattice. [125] Therefore, the
movement of charged oxygen vacancies may, in addition to chang-
ing the surface potential, produce a local expansion of the lattice,
similar to a piezoelectric effect. [170]

o4l T T R
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= +10V -10V 900nN AA ~
c 0.0 A pt
2 < 06} 5
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Figure 5.13: Left: Line-scan along the center of the areas after poling with
+10 V, and mechanical tip force (900 nN, 0 V), for CTO on LSAT and LAO.
Right: Time evolution of Vg(t) from Fick’s law of diffusion for £10 V and 900
nN (0 V). The solid line is the fitting to equation for a diffusion coefficient
D~2.5x10"Tem =3,

Due to the local lattice expansion associated to oxygen vacan-
cies, pushing against the surface of the film should move the vacan-
cies against the strain gradient generated by the load, and therefore
should decrease the surface potential. This is indeed observed in
both films, on LAO and LSAT (see Fig. [5.12). The decay of this
signal also follows the behavior predicted by equation (.1)), with a
similar D (see Fig. [right]). Any possible contribution from
flexoelectricity [183] should be negligible in this case, due to the
relatively large film thickness.

The results presented in this chapter show that an identical
FE-like response obtained in CTO deposited on LSAT and LAO,
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irrespective of the strain and crystalline phase (compatible or not
with a FE distortion). Therefore these results prove that the move-
ment of oxygen vacancies is responsible for the change in the surface
potential produced after the application of an electric field and a
mechanical force.

5.4 Summary and conclusions

To summarize the results of this study, we have been able to syn-
thesize high quality thin films of CTO and have good control of
the concentration of cationic/anionic defects during the deposition
process. This control over the defect concentration combined with
the different type of in-plane epitaxial strain (compressive or ten-
sile) allows for the control over the manifestation or suppression of
the TiOg octahedral rotations. The combined effect of these three
parameters has a clear effect on the transport and thermoelectric
properties of the films.

Due to the incorporation of a sufficiently high concentration
of Vo we obtained highly conducting samples, replicating a simi-
lar behavior to the one observed as a 2DEG at the CTO/YTiO;
interface. Moreover, by tuning the defect concentration and the
rotation pattern of the oxygen octahedra, we were able to achieve
an =~ 40% reduction of the room temperature thermal conductivity
in the films on LSAT substrates, suggesting CTO as a potential
thermoelectric material.

In principle, a stable FE state could be achieved by suppress-
ing the oxygen octahedral rotations around the c-axis for CTO on
LSAT, while no FE state has been predicted for CTO on LAO sub-
strates. While we were able to replicate the conditions required to
obtain a stable FE state in CTO on top of LSAT by being able
to control the TiOg octahedral rotation pattern around the c-axis,
we have observed a FE-like response for the CTO films on both
substrates.

We have demonstrated that the movement of oxygen vacancies
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under the influence of an electric field or a mechanical force pro-
duces a local change in the surface potential and a electromechanical-
like response, which can be misinterpreted as a FE signal for CTO
films on both LSAT and LAO substrates. Finally, irrespective of
their origin, our results show that bi-stable states of different elec-
trical conductivity can be written/erased in CTO with an applied
electrical field and a mechanical force, opening interesting possibil-
ities for applications in resistive switching devices.
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Chapter 6

Conclusions and outlook

In this thesis, we studied the thermoelectric properties of SrTiO;
and CaTiOs3 thin films, fabricated in a PLD system. We have been
able to achieve high quality thin film with sharp interfaces on sub-
strates that impose different degrees of epitaxial strain, and with
a good control over the amount of cationic and anionic vacancies.
The main general conclusions derived from these studies are:

1. The main phenomenology found in LAO/STO interfaces, that
is:

(a) a metallic-like temperature dependence of the electrical
resistivity at high temperature.

(b) a Kondo-like upturn of the electrical resistivity at low
temperature, below a characteristic T*.

(c) an anomalous component of Hall effect below T*.

(d) a large anisotropic magnetoresistance below T*.
can be reproduced in epitaxial thin films of SrTiOj. Differ-
ent degrees of strain are accommodated by creating different
amounts of cationic/anionic vacancies, which produce local

Ti*>T magnetic moments, and are responsible of all this rich
phenomenology.
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2. Cationic vacancies produce a homogeneous tetragonal distor-
tion of the lattice in the whole film. This distortion has an
effect in the band structure of the system, changing the effec-
tive band occupancy and determining the Seebeck coefficient
to a large extent.

3. The presence of ferroelectric domain walls in Sr'TiO3 grown
on DyScOj produces a large reduction of the thermal conduc-
tivity of the material. Temperature dependent measurements
of the thermal conductivity show a very good agreement with
previous IR and Terahertz spectroscopic characterization of
the soft-phonon mode transition in SrTiOs;.

4. Epitaxial strain, through the controlled production of vacan-
cies, induced ferroelectric transitions, or the effect on elec-
tronic band degeneracy, offers a unique opportunity to control
the thermal conductivity, thermoelectric power and electrical
conductivity of SrTiOjs, partly independent from each other.

5. Most of the phenomenology observed in SrTiO3 can be also
reproduced in epitaxial thin films of CaTiO3 under different
degrees of epitaxial strain. This oxide, like SrTiO3, com-
bines a high oxygen mobility at room temperature, with a
very low energy for vacancy creation. These results further
demonstrate that cationic/anionic vacancies are responsible
for most of the phenomenology described in polar oxide inter-
faces. Other oxygen conductors (perovskites, spinels, brown-
millerites, etc) with Ti**/3% active redox pairs, are prone to
show this phenomenology, as well.

6. The high oxygen mobility at room temperature in CaTiO;
can be exploited to change the local properties of the films,
by using the electric-field or the force produced by an AFM
tip. The electromechanical response produced by oxygen va-
cancies can be erroneously interpreted as a ferroelectric po-
larization.
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7. In terms of pure thermoelectric efficiency, the best values of
ZT (300 K) obtained in our films are ~ 0.025, still too low for
any practical application. Combining the best values of S, p,
and k obtained in different films at room temperature:

e x of SrTiO3 on DyScOs, 2.3 Wm 1K1
e p of SrTiO3 on LSAT, 7.83 x 1073  cm.
e S of SrTiO3 on SrTiOs, 280 puV KL
would produce Z7T'(300 K) ~ 0.1. The temperature depen-

dence of S, p, and k does not foresee a better performance at
high temperatures.

Therefore, our results show that it is very improbable that a
large value of ZT', with practical applications, can be achieved
in Sr'TiO3 or CaTiO3 thin films.
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Appendix A

Frequency domain solution
for the surface temperature
of a layered structure

In this section we will describe the theoretical model used to extract
the thermal conductivity values during the FDTR measurements.
This model was developed by D.G. Cahill. [113]

To find the frequency domain solution [184] we consider a semi-
infinite solid, when the surface is heated by a periodic point source
of unit power at angular frequency w

— . A1l
T .
where ¢(r) is the temperature per unit power, ¢ = (iw/D), K

is the thermal conductivity of the solid, D its thermal diffusivity,
and r the radial coordinate. Taking advantage of the cylindrical
symmetry of the laser beams, we use the Hankel transforms [I85]
186] and the solution simplifies to

1
- /<g(47r2k:2+q2)1/2
Since in this thesis we are working with thin films, we have
to look for the solution for a layered geometry. Feldman [187] has

G(k) (A.2)
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developed an algorithm that modifies the solution G(k). The final
result is obtained iteratively: numbering the layers by n = 1 for
the surface layer, the iteration starts from the farthest layer from
the surface. In reality in an FDTR setup the heat cannot reach the
other side of the bottom layer (the substrate), therefore: BT = 0
and B~ = 1.

BYY _ 1 femie 0 [T ndr T = Tn B*
B_ 2/}/71 O eunLn Yn + Yn+l Vn -+ Yn+1 B_ —

(A.3)
where
u, = (4r%k? + g2)Ireet? (A.4)
5 W
= — A.
W=7 (A.5)
Vi = Enln (A.6)

Each layer n is described by three parameters: the thermal
conductivity x, thermal diffusivity D,, and thickness L,,. This way,
for a layered structure we will use as a solution:

Bf+B;) 1 (A7)

G(k) = —
(£) <BT—B1_ M

The intensity p(r) of the pump laser that heats periodically the
surface has a Gaussian distribution:

2A 6_27‘2/11]8

p(r) = (A.8)

Tws
where wy is the 1/e? radius of the pump laser, A is the amplitude
of the heat absorbed by the sample at frequency w. The Hankel
transform of p(r) is

2,2 2
T kS wj

P(k) = Ae (A.9)
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The distribution of the temperature oscillations 0(r) at the sur-
face is the inverse product of G(k) and P(k):

0(r) = 2 /0 h P(k)G (k) Jo(2rkr)kdk (A.10)

where Jj is the Bessel function of the first kind of zero order.

The surface temperature is determined by the changes in the re-
flectivity with temperature (thermoreflectance), using a probe laser,
whose reflected intensity changes according to the temperature pro-
file on the surface of the sample. Its intensity presents Gaussian
distribution with w; the 1/e? radius of the beam. The probe beam
measures a weighted average of the temperature distribution 6(r):

4 oo
AT = — O(r)e 2" "irdr (A.11)
wy Jo
The integral over r is the Hankel transform of a Gaussian, leaving
a single integral over k that must be evaluated numerically:

AT = 27A / G(k)e ™ * Ws+vd) 2 g, (A.12)
0

This is the final expression that we are using in order to extract
the effective thermal conductivity of the samples. Since the laser
beam radii for the pump and probe laser is practically the same,
we will use wg = w; = w. The fitting of the data is performed for
two variables, the thermal conductivity x and the beam’s radius
w. However, previous calibration and determination of the actual
radius of the laser beam permit us to fit the data mainly for the
value of the thermal conductivity.

In Table [A]is presented an example of the parameters for a 10.9
nm film of Nb:STO deposited on top of a DSO substrate, with the
capping layers of Cr and Au.
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Parameter | Au Layer | Cr Layer | Film/Interface | Substrate
k (W/m-K) | 117.9 117.9 coef(1) 1.3
p (Kg/m?) 19300 7190 4699 6900
C, (J/KgK) | 129 460.5 532 123
L (nm) 72.3 9.9 10.9 500000

The only unknown for the fitting is the effective thermal con-
ductivity. In order to separate the contributions of the thin film
and the sum of the interfaces, we follow the procedure described in

section [2.4.1]
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Appendix C

Resumen en castellano

C.1 Introduccion

El comienzo de este siglo ha estado marcado por un avance ex-
ponencial de la tecnologia, dando como resultado dispositivos mas
pequenos y rapidos que nunca. Sin embargo, el uso cotidiano de
esos dispositivos electronicos viene acompanado por un consumo ex-
cesivo de energia. Por eso es imprescindible el desarrollo de fuentes
de energia limpias y sostenibles. En las tltimas décadas se ha pro-
ducido un gran esfuerzo para el desarrollo de fuentes de energia
limpias, como la energia solar y eélica. Sin embargo, en la mayoria
de los procesos de produccion y utilizacion de energia, se pierde
una gran parte en forma de calor. Esa energia se puede aprovechar
a través de los materiales termoeléctricos. El efecto Seebeck cuan-
tifica la propiedad de los materiales conductores de generar una
diferencia de potencial eléctrico como consecuencia de un gradiente
de temperatura, en la ausencia de corriente eléctrica.

La eficiencia de la transformacién de energia del gradiente tér-
mico a eléctrico (el efecto termoeléctrico) se evalia a través de la
figura de mérito ZT, la cual se define como: ZT = S?0T/k. S es el
coeficiente de Seebeck, o es la conductividad eléctrica, x es la con-
ductividad térmica y T la temperatura absoluta. Los dispositivos
comerciales necesitan un Z7T = 1, pero hasta hoy en dia, los ma-
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teriales termoeléctricos més eficientes estan basados en elementos
metalicos pesados como el Pb, Sb, y Te, cuéles se pueden degradar
a temperaturas muy elevadas y ser toxicos en algunos casos.

Por ese motivo es necesario el desarrollo de materiales ter-
moeléctricos eficientes basados en elementos més seguros. Sin em-
bargo, aumentar la eficiencia termoeléctrica es un reto dificil, ya
que las propiedades responsables estan entrelazadas y es muy difi-
cil cambiar uno de los coeficientes de transporte sin afectar a los
otros. Para mejorar el Z7, un material necesita presentar un alto
coeficiente de Seebeck (semiconductores con baja densidad de por-
tadores), alta conductividad eléctrica (metales) y baja conductivi-
dad térmica (aislantes). Una familia de materiales semiconductores
que es prometedora, es la de los materiales basados en 6xidos que
presentan la estructura cristalina de perovskita. Las caracteristicas
de esa familia son la estabilidad térmica y eléctrica, asi como su
versatilidad quimica.

Aparte de la seleccion de los materiales adecuados, también es
muy importante el proceso de su fabricacion. El gran avance de
la tecnologia ha permitido el desarrollo de técnicas de deposicion
fisica, como la deposicion por laser pulsado (PLD), la epitaxia de
haces moleculares (MBE), la deposicion atomica por capas (ALD)
y la pulverizacion catodica (Sputtering). Estas técnicas permiten
tener una precision en nivel atomico al fabricar los materiales lo cual
da la oportunidad de mejorar sus propiedades funcionales. Una via
prometedora para el diseno de nuevos materiales termoeléctricos es
la fabricacion de peliculas delgadas, ya que el control sobre su di-
mensionalidad anade un factor mas para poder controlar, de forma
separada, sus propiedades de transporte.

En este aspecto, uno de los materiales mas interesantes en la
familia de los 6xidos con estructura de perovskita, es el titanato
de estroncio, SrTiO3 (STO). Es un material diamagnético, aislante
paraeléctrico quantico, con un ancho de banda de 3.2 eV. Fue el
primer 6xido superconductor identificado [I] y se puede conver-
tir en conductor eléctrico a través de dopaje cationico (La, Nb) o
anionico (SrTiO3_s5). También se ha reportado presentar compor-
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tamiento ferromagnético, ferroeléctrico y se ha usado cémo material
base para aplicaciones de resistive switching. [4] [5, [6] Cuando se
reduce su dimensionalidad, exhibe un gran aumento en su eficiencia
termoeléctrica, lo cual le coloca entre los materiales termoeléctricos
potenciales. |7, 8]

Ademas, la interfase entre el STO y el, también aislante, LaAlO3
(LAO), presenta un gas bidimensional de electrones (2DEG) de alta
movilidad, debido a un desajuste de polaridad entre los dos materi-
ales, lo cual hace que la interfase exhibe comportamiento metalico.
[9] Ademas, se ha reportado la observacion de magnetismo, su-
perconductividad y poder termoeléctrico elevado en esta interfase.
Esos fenomenos también se han observado en interfases de STO con
otros materiales aislantes, o en la superficie de STO en alto vacio.
Hasta ahora, no hay un consenso sobre un mecanismo concreto de-
tras de la formacion del 2DEG, pero entre los mas importantes son
el desajuste de polaridad de la interfase, la creacion de vacantes de
oxigeno, la adsorcion superficial de moléculas polares, o la mezcla
de cationes en la interfase entre los dos éxidos.

Otro material interesante de la misma familia es el titanato de
calcio, CaTiOs (CTO). Es un material aislante, pero se convierte
en conductor eléctrico cuando es deficiente de oxigeno o cuando
se somete en reemplazamiento catidnico. Es un material poten-
cialmente ferroeléctrico, [10, 11, 12] como el STO, y también hay
estudios en los cuales se ha observado la formacion de un gas bidi-
mensional de electrones en su superficie en condiciones de vacio o
cuando esté en contacto con el, también aislante, YTiOs. [13] [I4]
Esa versatilidad del CTO lo hace un material prometedor para dis-
positivos funcionales o como parte de sistemas basados en déxidos
mas complejos.

El objetivo de esta tesis es estudiar las propiedades fundamen-
tales de transporte de estos dos 6xidos basados en Ti, e investigar
como los cambios en las condiciones de crecimiento, defectos incor-
porados, y otras modificaciones estructurales relacionadas con la
tension epitaxial, pueden influir sus propiedades funcionales. Em-
pezaremos estudiando el efecto de la tensién epitaxial y la incor-
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poracién de defectos anidnicos y cationicos sobre las propiedades
del STO, y como podemos manipular su estructura para enten-
der su efecto en la respuesta termoeléctrica de este material. A
continuacién, nos concentramos en el estudio del transporte del
calor en el STO y como esa manipulacion estructural afecta uno
de los pardmetros mas importantes, la conductividad térmica, para
la eficiencia termoeléctrica. Por dltimo, presentamos los resultados
sobre las propiedades del CTO y cémo la tensioén epitaxial com-
binada con vacantes ani6nicos puede cambiar sus propiedades de
transporte eléctrico y térmico. Ademas, demostramos que a través
de la manipulacion de las vacantes de oxigeno se puede conseguir
una respuesta del material parecida a respuesta ferroeléctrica.

C.2 Técnicas experimentales utilizadas
en este trabajo

Todas las muestras estudiadas en este trabajo son peliculas delgadas
de espesor nanomeétrico, fabricadas mediante la deposicién por laser
pulsado (PLD), una de las técnicas mas empleadas para la fabri-
cacion de peliculas delgadas. El equipo de PLD utilizado en este
trabajo utiliza dos laseres distintos, un KrF Excimer (A = 248nm,
duracion de pulso ~ 20 ns) y un laser de estado solido Nd:YAG
(Q-Smart, A = 266 nm, duracion de pulso ~ 6 ns). El haz del
laser entra en un caAmara de alto vacio, la cual puede mantener
una atmosfera controlada (PO, = 1078 — 5 x 107! Torr, de Ny o
O,), e impacta al blanco del material deseado para la deposicion.
El impacto crea una pluma de ablaciéon cual transfiere las especies
atomicas al sustrato, manteniendo la estequiometria. El sustrato
estd colocado a una distancia de 5 cm enfrente del blanco y esta en
contacto con un calentador que puede elevar la temperatura hasta
960°C.

Los blancos de PLD de varias composiciones fueron prepara-
dos a través de una reaccion de estado solido de reactivos com-
erciales. Para la fabricacion del blanco de titanato de estroncio
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dopado con niobio (Nbg 055rTig 9503), polvos comerciales de SrCOs,
TiO5 y NbyO5 fueron mezclados a mano y en un molino de bolas,
a continuacioén, compactados en una prensa hidraulica para formar
un blanco circular de 1 pulgada de didmetro. A continuacién, el
blanco fue sinterizado en horno tubular durante 12 horas a 1200°C
en flujo continuo de gas de 95%N; - 5%H;. El proceso fue repetido
con la segunda sinterizacion a 1300°C. El mismo proceso fue seguido
para la fabricacion del blanco de CaTiOs, con la diferencia de que la
sinterizacion fue en atmosfera de aire y a temperatura de 1400°C.
La composiciéon correcta de los blancos fue comprobada a través
de difraccion de rayos X y de espectroscopia de energia dispersa
(EDS).

Un paso muy importante que mejora la calidad de las pelicu-
las delgadas es la preparacién previa de los sustratos donde se
depositaran las peliculas delgadas. Los sustratos de STO pasan
por un proceso de limpieza con agua destilada, un pulido super-
ficial humedo por acido clorhidrico para eliminar las capas su-
perficiales de SrO y un tratamiento térmico final a 1000°C du-
rante 30 min. Después del proceso, la superficie del sustrato se
queda con las terrazas atomicamente planas de TiOs. Los sustratos
de (LaAlOg)(),g(SrgAlTaO5)0_7 (LSAT), LaA103 (LAO) y DYSCO?,
(DSO), se han sometido a tratamientos térmicos a 1300°C, 1000°C
y 1200°C, respectivamente, para obtener una terminacion superfi-
cial més plana.

Una vez fabricadas las muestras, se evalia el espesor y la es-
tructura cristalina a través de medidas de reflectividad (XRR) y
difraccion (XRD) de rayos X, respectivamente. En XRR, el haz de
rayos X incide a la muestra en angulos casi rasantes y la interferen-
cia constructiva entre los planos atémicos paralelos a la superficie,
produce una oscilacion de maximos y minimos a la senal difrac-
tada. Ajustando la senal obtenida se consigue informacion sobre el
espesor y la rugosidad de la superficie de las muestras. En XRD, el
haz incide la muestra en angulo 6 y se difracta en w, manteniendo
siempre la relacion # = w. Los planos atomicos hkl paralelos a
la superficie contribuyen a las reflexiones de Bragg y proporcionan
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informacion sobre la orientacion cristalografica y del pardmetro de
red cristalina perpendicular a la superficie de la pelicula delgada.
La medida que proporciona informacion sobre los parametros de red
cristalina paralelos a la superficie de la muestra, se puede obtener
a través de medidas de cartografia del espacio reciproco (RSM),
alrededor de reflexiones de Bragg asimétricas. Es una medida im-
portante, ya que da informacién sobre si la pelicula delgada ha
adoptado los parametros de red del sustrato o no.

Ademas, estudiando las reflexiones de Bragg semi-enteras, se
puede obtener informacion sobre la rotaciéon de los octaedros de
TiOg de la estructura de perovskita, cual puede ser determinante
para las propiedades de las peliculas delgadas. Otras técnicas de
caracterizacion estructural de las peliculas delgadas son las técnicas
de microscopia electronica de transmision y barrido (STEM) pro-
porcionando visualizaciéon directa de la estructura cristalina de las
muestras, v la microscopia de fuerzas atéomicas donde examinamos
la topografia de la superficie y la respuesta ferro-piezoeléctrica de
las muestras.

El siguiente paso es la caracterizacion del transporte eléctrico
y termoeléctrico de las muestras. Para medir la conductividad
eléctrica, implementamos la configuracion Van der Pauw, donde la
muestra se conecta eléctricamente en las cuatro esquinas con hilos
de aluminio y se inyecta corriente por dos adyacentes y se mide el
voltaje entre las dos de enfrente. Este proceso se repite cuatro veces
rotando la posicion de inyecciéon de la corriente y la medicion del
voltaje. Asi se pueden eliminar desajustes que introducen ruido en
la medida. Usando una configuracion similar y aplicando un campo
magnético, podemos estudiar el efecto Hall y obtener informacion
sobre la concentracion de portadores libres en las muestras.

Para la caracterizacion termoeléctrica, hemos desarrollado un
sistema de medidas propio en nuestro grupo, que garantiza medidas
precisas con gran resoluciéon térmica. En la superficie de la pelicula
delgada evaporamos lineas de platino disenadas por litografia 6p-
tica, las cuales sirven cémo calentador y termometros locales. Antes
de la medida actual, calibramos los dos termémetros realizando una
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rampa de temperatura muy lenta, asi asignando un valor de re-
sistencia a una temperatura. En la medida del coeficiente Seebeck,
la muestra esta estabilizada térmicamente a una temperatura base
y empezamos a inyectar corriente eléctrica en el calentador local,
cual crea un gradiente térmico en la muestra. Los termémetros
capturan la subida local de temperatura y en puntos adyacentes
medimos el voltaje de Seebeck al mismo tiempo. Asi obtenemos
una relacion entre gradiente de temperatura y el voltaje Seebeck
con alta resolucién que nos permite determinar el coeficiente See-
beck de la pelicula delgada.

Para la caracterizacién del transporte térmico de las peliculas
delgadas se han usado dos técnicas distintas, la termoreflectancia
de dominios de frecuencia (FDTR) y la de 3 —w. FDTR es una
técnica optica y de no contacto que se puede implementar en mues-
tras solidas o liquidas, con la gran ventaja de poder medir muestras
eléctricamente conductoras. Tiene una gran versatilidad en el tipo
de muestras en la que se puede implementar y tiene un rango de
resolucion muy grande, ya que puede determinar valores de con-
ductividad térmica desde 1 hasta 1000 W /m K. La preparacion
previa de las muestras es minima, ya que solo se necesita una capa
metalica (tipicamente de Au) depositada sobre la superficie de la
muestra, que actia como transductor de la energia del pulso de
laser en energia e forma de calor a la muestra. Esta técnica uti-
liza dos laseres continuos co-alineados, de los cuales uno (laser de
bombeo) calienta la superficie de la muestra de manera periodica y
el otro (laser de medida) se implementa para detectar los cambios
de la senal producida por el cambio de la reflectancia de la capa
de Au. La senal del laser de medida se analiza y se ajusta en un
modelo de transporte térmico, de donde se obtienen los valores de
la conductividad térmica y de la conductancia de la interfase.

La técnica de 3 — w utiliza una linea de platino (Pt) evapo-
rada en la superficie de la muestra, cual sirve como calentador y
detector de temperatura a la vez. Es una técnica muy implemen-
tada para medidas de conductividad térmica en peliculas delgadas,
aunque tiene una limitacién importante, ya que solo es aplicable
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en muestras eléctricamente aislantes. El procedimiento de la me-
dida empieza con inyectar una corriente alterna en la linea de Pt
de frecuencia w, la cual produce un calentamiento tipo Joule en la
superficie de la muestra, en una frecuencia de 2 — w. Estas oscila-
ciones de temperatura en la superficie de la muestra producen una
caida de voltaje a lo largo de la linea de Pt, con una frecuencia
de 3 — w. Ese voltaje proporciona informacion sobre el transporte
térmico en la muestra. Cuando se mide una pelicula delgada, la
dependencia con frecuencia del voltaje 3 — w incluye informacion
sobre el transporte térmico de la muestra y el sustrato a la vez.
Para aislar la informacién que corresponde solo a la pelicula del-
gada, se procura dejar una parte del sustrato sin pelicula, usando
una mascara durante el proceso de deposicion. Asi, se puede medir
a la vez la muestra y solo el sustrato y, restando las dos senales, se
puede obtener la conductividad térmica de la pelicula delgada.

C.3 Resultados y conclusiones

Para estudiar el efecto de las vacantes cationicas y anidnicas sobre
las propiedades termoeléctricas del STO, hemos fabricado peliculas
delgadas de STO ligeramente dopadas con Nb (Nb:STO), deposi-
tadas en dos sustratos distintos: en STO, que no supone ninguna
tension epitaxial y en LSAT que impone una compresion epitaxial
en el plano a la pelicula delgada de STO. Se han realizado varias
deposiciones de peliculas de Nb:STO, usando distintas presiones de
oxigeno dentro de la cAmara del PLD. Hemos observado que al dis-
minuir la presion de POs», la concentracion de defectos cationicos y
anionicos aumenta y eso resulta en una expansion del parametro de
la red cristalina con direccion fuera del plano. Esa expansion combi-
nada con el hecho que el parametro de red en el plano se mantiene
constante, resulta en una distorsiéon tetragonal homogénea de la
celda unidad de la pelicula delgada. Dicha distorsion tetragonal
aumenta en funciéon de la disminuciéon de la presion de oxigeno, la
cual nos permite controlar las caracteristicas de las muestras en el
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momento de la deposicién.

Hemos observado que debido a esa distorsion tetragonal y la
presencia de vacantes de oxigeno, las peliculas presentaron com-
portamiento similar a lo observado en las interfases de LAO/STO,
como la presencia de un comportamiento tipo Kondo en la resis-
tividad eléctrica, o la aparicion de un efecto Hall anéomalo a baja
temperatura. Ademads, hemos observado en nuestras muestras la
presencia de magnetoresistencia en- y fuera del plano, un compor-
tamiento idéntico a lo observado en interfases de LAO/STO y de
SmTiO3/STO, previamente asociado con la polaridad de la inter-
fase y con momentos magnéticos aislados. Sin embargo, nuestras
muestras presentaron una anisotropia magnética, cual indica que la
posible fuente de ese comportamiento es una fase magnética orde-
nada en STO puro, debido a la presencia de vacantes de Sr-O, que
inducen la presencia de Ti** : 3d' magnéticamente polarizable.

Ademas, la distorsion tetragonal afecta también las propiedades
electronicas y termoeléctricas de las muestras. Controlando la dis-
torsion tetragonal nos permite controlar la ocupacion de las ban-
das electronicas de Ti:3d-to4, abriendo caminos alternativos para el
control y la mejora de la eficiencia termoeléctrica. Por otra parte,
hemos realizado estudios sobre el efecto de la tension epitaxial y los
defectos incorporados en la red cristalina de las muestras sobre la
conductividad térmica. Hemos depositado peliculas delgadas sobre
sustratos de LSAT, STO y DSO, cual corresponde a una tension
epitaxial compresiva (—0.9%), nula y extensiva (+1.15%), respec-
tivamente, a los parametros de red de las muestras en el plano. A
mayores, hemos realizado deposiciones a tres presiones de oxigenos
diferentes, asi incorporando distinta concentracion de defectos para
cada tanta de muestras. El efecto de la dimensionalidad reduce
la conductividad térmica de STO, sobre los sustratos de STO y
LSAT, a un 43%, comparando con el STO masivo. Célculos teoricos
predicen una reduccion de 3.5% por el efecto de la tension epitaxial
debido al sustrato de LSAT, lo que estd de acuerdo con los re-
sultados observados experimentalmente. Adicionalmente, creando
intencionalmente vacantes de oxigeno, resulta a una reduccion adi-
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cional de la conductividad térmica, a un porcentaje del 30%.

Sin embargo, el STO sobre DSO tiene una reduccion de 78%,
en vez de la prevista de un 9% por la tension epitaxial aplicada
a la pelicula delgada. Ademés, midiendo la conductividad tér-
mica en funcién de la temperatura, encontramos una disminucién
abrupta de la conductividad térmica para temperaturas menores
que los 275K, la temperatura donde estaba prevista teéricamente
y comprobada experimentalmente en otros estudios, la transicion
ferroeléctrica del STO cuando esta depositado en DSO. Por debajo
de la temperatura de transicién, los valores de la conductividad
térmica se mantienen casi constantes. Eso indica que la conduc-
tividad tan baja para este caso es muy probable que sea debido a la
formacion de dominios ferroeléctricos y la fuerte dispersion de los
fonones sobre ellos. En la literatura, se han reportado resultados
en sistemas parecidos de que los fonones se dispersan fuertemente
en las paredes de dominios.

Usando un modelo para la aproximacion de Debye sobre la con-
ductividad térmica, pudimos ajustar los datos de la conductividad
térmica del STO sobre LSAT, calculando los términos de dispersiéon
de los fonones mas importantes para nuestro sistema: la dispersion
debido a las fronteras de las peliculas delgadas, los defectos y de
los procesos Umklapp. En el caso de STO sobre DSO, el modelo
de Debye no reproduce la transicion abrupta en la conductividad
térmica alrededor de los 275K. Sin embargo, se pudo obtener una
descripcion general para los dos extremos, para la alta temperatura,
con términos de dispersién parecidos al caso de STO sobre LSAT,
y para la baja temperatura, calculando un término aumentado de
dispersion por las fronteras (en la region ferroeléctrica).

Por tltimo, hemos fabricado y estudiado peliculas delgadas de
CTO en dos diferentes sustratos, LAO y LSAT, imponiendo una
tension epitaxial compresiva y extensiva, respectivamente. En este
caso, no hemos realizado sustituciéon catiénica, asi que para obtener
muestras eléctricamente conductoras fue necesario crear vacantes de

oxigeno (cada vacante de oxigeno ionizada aporta dos electrones en
la banda de conduccion del Ti:3d). Como en el caso de STO, las
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vacantes catidonicas provocadas por la deposicion de las peliculas
delgadas a baja PO, producen una expansion de la red fuera del
plano, pero en el caso de CTO, combinado con la tensiéon epitaxial,
se pueden modificar los patrones de las rotaciones de los octaedros
TiOg. La diferencia entre el CTO depositado sobre LSAT de man-
era estequiométrica y con una cantidad de defectos elevada se refleja
por un cambio en el patréon de las rotaciones de los octaedros, de
(atata’) a (aa’a’). La combinacion de los defectos elevados y el
cambio en el patréon de las rotaciones se refleja en un cambio en la
conductividad térmica del 40%, cual colocaria el CTO sobre LSAT
como posible material termoeléctrico.

Ademas, creando més vacantes de oxigeno, las muestras se ha-
cen mas conductoras eléctricamente, con un comportamiento casi
idéntico a los estudios reportados sobre la creacién de un gas de
electrones bidimensional en la superficie o en la interfase del CTO
/YTiO;z. Adicionalmente, observamos que el poder termoeléctrico
no depende de la tension epitaxial, como en el caso del STO.

El CTO sobre LSAT es compatible con una fase ferroeléctrica
mientras haya una supresion de las rotaciones de los octaedros en la
direccion fuera del plano y mientras se mantiene la estequiometria
del material. Sin embargo, en medidas de microscopia de fuerzas
electrostaticas hemos observado comportamiento compatible con
una fase ferroeléctrica en las peliculas delgadas depositadas en am-
bos sustratos. Este comportamiento se ha observado so6lo en mues-
tras eléctricamente conductoras, lo que subraya el papel de los va-
cantes de oxigeno. Aplicando un voltaje externo o fuerza mecénica,
fuimos capaces de manipular las vacantes de oxigeno, reproduciendo
una fenomenologia parecida a un material ferroeléctrico, debido
a la expansion y contraccién de la red cristalina como resultado
del movimiento de las vacantes de oxigeno. Este es un resultado
importante, ya que demuestra que el movimiento de vacantes en
6xidos tipo perovskita como el STO o el CTO produce un efecto
electromecanico similar al de un sistema ferroeléctrico, por lo que
ambos efectos pueden confundirse facilmente.
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