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Motivation

Scientists have always explored new ways to understand and improve physical properties of
materials in order to adapt them to the needs of our society. Particularly in the past two
decades, metal oxides have drawn much attention due to the outstanding functional
properties (catalysis, ferroelectricity, magnetism, multiferroics, superconductivity, spintronics,
etc [1-6]) exhibited in bulk sizes. The enhancement of existing properties and discovery of
new phenomena associated to nanoscaling of materials has also supposed a breakthrough in
materials science leading to the development of nanoscience and nanotechnology, where the
main goal is to unfold how materials function at such small scale, predict new properties and
design cost-effective devices for real applications. In this sense, two different procedures have
been followed to decrease material dimensions to the nanoscale: top-down and bottom-up
approaches. While the former is based on methodologies that downscale materials to a certain
size and shape (e. g. lithography), which are expensive, time consuming and may be reaching
their limit in miniaturization [7]; the later depends on self-assembling and self-organization
processes to arrange the constituents of materials and spontaneously design complex

structures with high homogeneity in shape and size [8].

The actual economic situation together with resource scarcity and expensive extraction
costs has also forced scientists to design cost-effective and environment-friendly
methodologies that allow the production of scalable oxide heterostructures (i. e. thin films
and nanostructures) with reduced residues and resource consumption. The use of chemical
methods such as Chemical Solution Deposition (CSD) has recently driven much attention,
arising as an optimum approach for such purpose [9-11, and references therein]. However,
because solution-based methodologies are rather new, the knowledge gathered about the
thermodynamic and kinetic aspects governing nucleation and growth of such heteroepitaxial
systems are still in debate. Thus, the aim of this thesis is not to optimize the physical

properties of the oxides studied, but to employ innovative processing techniques such as

1
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Rapid Thermal Annealing and Pulsed Laser Annealing of CSD precursors at atmospheric
conditions to understand the mechanisms leading to crystallization of different oxide
heterostructures which should allow the optimization and wide use of these methodologies

on industrial applications.



Part I

Introduction and experimental

procedure






Chapter 1

Introduction

The concise summary made in this chapter is directed to provide a comprehensive overview
of the importance of functional oxides in different fields, as well as highlight the recent
advancements achieved. Specifically, we will focus on the application of the Chemical
Solution Deposition (CSD) as a viable methodology for the low-cost and large-scale
production of oxide heterostructures, also mentioning the working principles involved. A

brief guide outlining the topics covered in this thesis is also given at the end of the chapter.

1.1 Functional oxides

Since long time ago, humanity have taken advantage of oxide materials; for example, the use
of different oxides of iron, copper and other compounds as pigment for inks [12], or the
uncovering by the ancient greeks of the magnetic properties of lodestone which contains a
magnetic oxide called magnetite (Fe3O4). Although some oxides have been studied
previously, during the last century it became an extremely fertile topic with the discovery of
behaviors such as ferroelectricity in BaTiO3 (1942), high temperature superconductivity (1986)
in compounds containing copper oxide such as YBayCu3O7; , (YBCO) and colossal
magnetoresistance in strontium and calcium doped lanthanum manganites (La; ,M,MnOs,
M=Ca, Sr).

The development of nanoscale materials have boosted even more the research in the field
of oxides which possess very appealing physical and chemical properties for real applications
such as ferromagnetism, ferroelectricity, colossal magnetoresistance, multiferroicity,
superconductivity, high k-dielectric, catalysis and photocatalysis, ionic conductivity,

photoelectric activity, metallic conductivity and semiconducting behaviour [1, 3-6, 10, 13-16].

5



1. Introduction

Particularly, we will focus on four oxide materials widely employed in the aforementioned

applications:

¢ Cerium dioxide (CeO3) heterostructures represent a valuable improvement for scientific
and technological applications since they exhibit remarkable functional properties. For
instance, CeO; can be used in electronic devices due to its compatibility with silicon, high
chemical and mechanical stability, and high dielectric constant [17, 18]. Furthermore,
the formidable optical properties make it very useful for optical coatings and solar cells
[19, 20]. CeO; also presents important catalytic properties and oxygen diffusion, very
appealing for fuel cell and sensing devices [1, 16]. Finally, it has been the chosen buffer

layer for coated conductors in high temperature superconductors [21].

¢ Lanthanum nickelate (LaNiOs or LNO) is one of the conductive oxides that have been
proposed as a suitable alternative to substitute platinum electrode architectures
(Pt/Ti/SiO2/Si) often used in microelectronic applications to avoid fatigue and leakage
issues in ferroelectric thin-films [22]. Moreover, LNO is simple in composition,
stoichiometric in oxygen content and with a lattice parameter (a=3.851 A [23]) similar to
most ferroelectric oxides. Finally, it has been confirmed that the ferroelectric films

prepared on LNO had excellent electric properties [24, 25].

e Barium strontium titanate (Ba; ,Sr,TiOs or BST) is a well-known room temperature
ferroelectric material when the barium content is found between 0.7 and 1. In particular,
we employed the Bag gSry 2 TiO3 stoichiometry which experiences a phase transition to a
non-ferroelectric structure at ( 50 °C. The remarkable optical and electric properties
make of BST a suitable material for applications such as non-linear optics, uncooled
infrared detectors, thermal imaging, dynamic random access memories (DRAM) or

microwave dielectrics [26-30].

¢ Lanthanum manganites (La; ,Sr,MnO3 or LSMO) are a family of oxides that exhibit
very different properties such as ferromagnetism, metallic conductivity,
antiferromagnetism and colossal magnetoresistance [14, 31, 32, and references therein].
These properties can be modified by changing different parameters like composition,
oxygen stoichiometry, strain state and temperature. Specifically, we will investigate the
Lag 7Srg sMnO3 composition due to its a highly metallic and ferromagnetic behavior at
room temperature, and recently, it has also driven some attention for its use in

non-volatile resistive random access memories (NVRAM) [33-35].



1.2. Chemical solution deposition (CSD): a bottom-up methodology for the growth of oxide
heterostructures

1.2 Chemical solution deposition (CSD): a bottom-up methodology

for the growth of oxide heterostructures

Two different general strategies have been developed in order to produce oxide
heterostructures at the nanoscale. On the one hand, the top-down approach makes use of
tools such as lithography or other etching techniques to downscale bulk or near-bulk sized
materials to nanoscale dimensions. On the other hand, the bottom-up approach is based on
the spontaneous arrangement of a material’s constitutive components through energy
minimization and atomic diffusion, i. e. self-assembling and self-organization processes.

Bottom-up growth of oxide heterostructures is mostly done with techniques such as
molecular beam epitaxy (MBE), chemical vapor deposition (CVD), radiofrequency magnetron
sputtering or pulsed laser deposition (PLD) which require expensive vacuum systems
[32, 36-39]. However, the deposition of chemical solutions have been demonstrated a highly
promising route being able to compete with the aforementioned methodologies due to the
ability to prepare very economical and homogeneous solutions with a precise control over
their stoichiometry, and the flexibility for large-scale applications.

Recently, chemical solution deposition (CSD) has been increasingly used for the
development of oxide heterostructures. On the one hand, single oxide thin films such as SiO,
and TiO, for optical coatings [40, 41] or CeO; in catalysis and buffer layers in superconducting
applications [1, 16, 21, 42]. In addition, more complex oxides have been grown as thin films
using this methodology. Essentially a wide range of ferroelectric, dielectric, superconducting,
electronically conducting, ferromagnetic, magnetoresistive or multiferroic compounds such as
(Ba,Sr)TiO3 (BST), Pb(Zr,Ti)O3 (PZT), YBaaCuzO7 , (YBCO), LaNiOs; (LNO), (La,Sr)MnOs
(LSMO) and BiFeOs (BFO) [21, 24, 32-34, 43-45]. On the other hand, growth of self-assembled
nanostructures have been hardly investigated until recently, because they were thought to be
undesired products generated during thin film growth. There are three different ways to
obtain nanostructured templates; the first benefits from thermodynamic instabilities caused
by strain and are present in films below a certain thickness [46, 47], where the driving force
towards nanostructuration is the reduction in the total energy of the system; the second is
caused by the spontaneous formation of outgrowths on a film surface during high
temperature thermal treatments [48]; and the third, closely related to the first one, is based on
the use of ultradiluted solutions which leads to the formation of extremely thin films which

will split into islands due to strain relaxation mechanisms [11, 35, 49-53].



1. Introduction

1.2.1 Precursor solution synthesis

The conventional CSD procedure (Fig. 1.1) consists of the preparation of a solution by mixing
the precursors stoichiometrically, usually inorganic or metal-organic salts, dissolve them in
suitable solvents and making them react, in some cases, through heating or refluxing.

Several points must be considered in the selection of appropriate precursor salts and
solvents. Precursor solutions may be highly dependent on solvent variations, molarity of the
solution and processing conditions like heating rate, annealing temperature and atmosphere,
which control the film microstructure and structural evolution. Thus, they should be simple in
preparation, allow the control of the final stoichiometry and homogeneity must be kept after
decomposition. Furthermore, cracking can occur because of the enormous weight loss and
densification undergone in the deposited film. The addition of chelating agents can help to
smooth film densification and minimize the cracking problem. Solution aging is also an
important factor since functional properties may decrease their performance.

Different categories can be used to classify the chemical routes followed depending on the
solution preparation, behavior and reactions of the deposited precursor film during drying and

decomposition. Here, we will describe the most common processes.

® In sol-gel processes, the precursors, mainly alkoxides, suffer a hydrolysis and
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Figure 1.1: Steps involved in the chemical solution deposition (CSD) methodology.
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heterostructures

polycondensation, leading to the formation of metal-oxygen-metal bonds. This route is,
primarily, based on the used of alcohol solvents such as 2-methoxyethanol. These
solvents are able to solubilize a wide range of precursors offering a highly reproducible
methodology with minimal aging of the solution. Refluxing is often required for the
homogeneous mixing of solution constituents. Different oxide thin films like PZT [54]
and LNO [25] have been grown using this route. However, some organic solvents may

be harmful and less toxic alternatives must be used for industrial applications.

* In metal organic decomposition (MOD), solutions can be seen as a mixture of the individual
precursors because for their preparation relatively large compounds such as carboxylates
are dissolved in non-interacting solvents, typically parent acids, toluene or xylene. This
route has been widely used in many oxides (i. e. LSMO [33], YBCO [21], CeO; [55]).
The main advantage of this route is the relatively low temperature required to achieve

decomposition and crystallization of stable phases.

* In hybrid routes, multiple types of metal organic salts such as carboxylates and alkoxides
and chelating agents are used. This route can be extremely complex due to the amount
of reactions occurring at different stages like chelation, hydrolysis and polymerization.
In addition, solutions may undergo a continuous reactivity after its synthesis resulting in
a temporal variation of precursor characteristics and, thus, an alteration of the final film
properties [56]. Some examples of this route are the so-called nitrate [57], citrate [58] and

Pechini [59] methods.

In all cases, it is important to control the composition, especially when some constituents
may be volatile or diffuse into the substrate, as well as for the active generation of secondary
phases. In addition, solution viscosity, molarity and solvent must be adjusted for the coating
technique and substrate employed to ensure an optimal deposition.

Solutions used in this work, described in section 2.2, are more likely to follow the MOD
route, although a combination of different processes cannot be discarded since the previous

classification is very general.

1.2.2 Deposition and film drying

Among all techniques available, there are four techniques which have been proved highly

useful for the deposition of solutions.



1. Introduction

In first place, spin-coating is a widely used technique at the laboratory scale either for the
preparation of thin-films or in photolithography. Basically, it consists of the dispensation of a
small quantity of solution on a planar substrate (e.g. single crystal oxide, Si wafer, etc) placed
at the center of a spinner and held usually by applying vacuum to its rear side. Then, the
substrate is accelerated to a continuous angular velocity, between 1000 and 8000 rpm, and kept
there for a certain amount of time. Spinning velocity, acceleration and time, solution viscosity

and molarity will determine the thickness of the final film.

Secondly, spray-coating has been extensively used by the semiconductor industry and
makes use of an aerosol to deposit thin films, mainly, on non-planar substrates. The
transformation of the precursor solution into microscopic droplets is carried out through an
atomization process. Then, the aerosol is transferred into the chamber where the deposition

will take place by gravitation or by an electrostatic field.

In third place, dip-coating is broadly used in industrial applications and enables the
formation of a film using a reel-to-reel process. Initially, the substrate is immersed into a
liquid bath with the solution of the coating material. Then, the substrate is pulled out from the
container at a constant speed leaving a deposited film onto it. Parameters such as viscosity,
density, surface tension and withdrawal rate will determine the final film thickness. In order
to produce high-quality and uniform films, an exhaustive control of the environment,

deposition and drying process must be taken.

Finally, inkjet printing is a very novel technique for the preparation of thin films. It is based
on the coverage of a substrate by ejecting precisely controlled droplets (in the range of
picolitres) of ink-solution. The deposition is performed by single- or multi-nozzle printheads
working using the so-called drop-on-demand technology. There are principally three different
approaches in the design of a printhead to control the formation and ejection of droplets
(thermal, electromagnetic or piezoelectric). The later is the most extended approach and it
uses a piezoelectric material located at the nozzle which allows the ejection of droplets with a
controlled volume when a small voltage is applied. Inkjet printing is influenced by
parameters such as ink viscosity, drop volume and speed, surface tension, contact angle with
the substrate, evaporation rate of the solvent, etc. In addition, it has some advantages over the
previous techniques such as scalability, a closed ink cartridge and controlled film thickness by
drop pitch. The controlled deposition allows the consumption of less solution and design of
patterns for the production of devices. However, the growth of functional oxide thin-films by

inkjet printing is still quite new and, thus, it requires a case-by-case development and
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optimization.

1.2.3 Removal of organic species and crystallization

Right after deposition, the film contains an important fraction of organic material including
solvent that may remain inside the film porous structure. Thermal treatments are often used
to eliminate those organic species and proceed to the formation of the desired oxide phase,
however, alternative methodologies such as laser annealing can be used for that purpose as we
will show in Part III.

During heat treatments an elimination of free volume takes place through rearrangement
and relaxation of the gel film. In essence, the solvent is evaporated and all
metal-oxygen-carbon and metal-oxygen-hydrogen bonds are broken leading to the formation
of a metal-oxygen-metal (M-O-M) network. In general, it is believed that this M-O-M network
is in an amorphous or nanocrystalline state. Different reactions occur during the
aforementioned transformation such as the formation of volatile organic species with or
without oxygen (pyrolysis and thermolysis, respectively), elimination of OH groups
(dehydration) and oxidation of species [10, 56].

The approaches followed up to induce the decomposition of organic constituents and
achieve crystallization can be separated in two-step and one-step methods. On the one hand, in
a two-step process the removal of organic species is achieved through a separate low
temperature heat treatment. The sample is usually placed either on a hot-plate or in a tubular
furnace at temperatures between 200 °C and 400 °C. Afterwards, a high-temperature heat
treatment (700-1000 °C) is performed in order to induce the crystallization of the desired oxide
phase. On the other hand, in a one-step process the specimen is heated up to high
temperatures, and decomposition of organic constituents and crystallization occur in the same
experiment. Here, the separation between both processes will be determined by the heating
rate. At slow heating ramps, specimens are gradually heated up, and thus, removal of organic
species and crystallization take place at significantly separated temperatures. If faster heating
ramps are employed ( 50 °C s 1), it is possible that some degree of overlap exists between
both processes.

Regardless, high-temperature thermal treatments employed in the crystallization of oxide
heterostructures are often time-consuming processes and forbid the growth of films on
temperature-sensitive substrates or patterning of films straightforwardly. Consequently,

different photo-irradiation techniques have been employed as an alternative to conventional
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heating methodologies. Even though densification and crystallization of metal-organic films
has been accomplished by infrared and visible laser annealing [60-63], ultraviolet (UV)
radiation has been extensively used because highly energetic photons are more likely to
induce precursor film decomposition and oxide phase crystallization. In this sense, direct or
RTA-assisted UV lamp irradiation has achieved low-temperature crystallization of multiple
oxide materials like SiO,, TiO2 and PbTiOs-based compounds [64-67]; yet processing times
involve several hours of irradiation. Per contra, UV pulsed laser annealing has accomplished
the crystallization of multiple oxide films, directly or assisting thermal treatments, such as
La; ;Sr,MnOs, Ba; ,Sr,TiO3, YBayCu3O7 , or PbTiOs-based compounds with effective
heating times in the range of micro to milliseconds [68-72, and references therein].
Interestingly, most of these works have been able to produce polycrystalline films. However,

only very few have successfully reported heteroepitaxial growth.

1.3 Outline of the thesis

The crystallization of oxide heterostructures is a very prolific topic due to the numerous
functional properties described above. Although different strategies have been developed to
produce these heterostructures, we have explored new methodologies combined with the
deposition of chemical solutions to optimize their generation and comply with industrial
applications by studying nucleation and growth mechanisms.

The manuscript has been divided in the following parts. Part I includes a brief
introduction to the state-of-the-art and a general description of the chemical solution
deposition (CSD) methodology for the growth of functional oxides, already presented in
Chapter 1, as well as the experimental procedure followed to grow the different CSD-derived
heterostructures investigated (Chapter 2). In essence, we explain the different substrates
employed and their surface conditioning, the preparation of various precursor solutions and
its deposition, as well as the distinct techniques used for the decomposition of the
as-deposited films and crystallization of the oxide phases studied. Furthermore, we describe
my implication on the different techniques utilized for sample characterization.

Part II is dedicated to the study of nucleation and growth of oxide heterostructures by
thermal treatments, starting with an introduction to the theoretical aspects concerning
nucleation and growth (Chapter 3). The innovative use of rapid thermal annealing (RTA)

furnaces have been crucial in our experiments due to the fast heating rates achieved allowing
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to precisely identify nucleation and coarsening mechanisms. Particularly in Chapter 4, we
present the results obtained in the study of nucleation and growth of Ce;9Gdg102 4
nanoislands showing the capabilities of CSD to prepare nanostructured oxide templates,
study their nucleation and kinetic evolution, as well as the influence of different island
energies and strain to their final shape. Chapter 5 makes use of the knowledge gathered
previously to extend it to the study of different oxide thin films systems such as
Cep 9Zrp 102 4, LaNiO3 and Bag sSr( 2 TiO3.

In Part 111, we present a novel technique employed for the growth of oxide heterostructures
based on laser irradiation of CSD precursors at atmospheric conditions. Particularly, Chapter 6
gathers the fundamental aspects regarding laser processing of materials and the thermal
simulations performed to understand the crystallization mechanism through this approach. In
Chapter 7, we take advantage of laser-induced annealing to develop a low-temperature
decomposition methodology, also suitable for the generation of micrometric patterns. Finally,
Chapter 8 shows the results obtained when attempting to epitaxially crystallize oxide thin
films (Ceg 9Zrg 102 4, LaNiOs3, Bag gSrp 2TiO3 and Lag 7Srg 3MnOs3) by pulsed laser annealing
of the corresponding decomposed CSD precursor films.

The main conclusions of this research are gathered in Part IV. The manuscript includes
an appendix (Part V) at the end with a description of the various characterization techniques

employed during this thesis.
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Chapter 2

Experimental procedure

The interesting benefits of chemical solution deposition (CSD) regarding its flexibility,
scalability and low-cost application are the fundamental aspects why this methodology has
been adopted in the present work.

In this chapter, we detail the experimental methodology used for the preparation of the
different oxide heterostructures (i. e. thin-films and nanostructures) studied in this thesis. It
comprises a short description of the materials employed, the selection and surface
conditioning of substrates, the synthesis and deposition of stoichiometric chemical solutions,
as well as the techniques used for the decomposition of metal-organic precursors and the
crystallization of different oxide phases. Finally, a list of the characterization techniques

described in the Appendix A and my implication in each one is also mentioned.

2.1 Substrates and surface conditioning

Substrates used to be considered a passive element only supplying mechanical support,
however, they have been found to act as an active template during the heteroepitaxial growth
of materials. Particularly, they are of significant importance in the growth of high quality
heterostructures presenting exceptional properties. Since interfacial effects at the nanoscale
have demonstrated key to develop new and interesting functionalities [73, 74], a great effort
has been done to properly control the quality and smoothness of substrate surfaces [75].

Here, we will describe the structure of the different single-crystalline substrates employed
and the conditioning treatments followed prior to the deposition of chemical solutions. Finally,
we will present two different substrates very appealing for the large-scale application of some

of the oxides studied.
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2.1.1 Single-crystalline oxide substrates

Nucleation and growth of oxide heterostructures is driven by the presence of the substrate
below and, therefore, their crystalline structure and surface characteristics are essential to
determine the final properties and morphology of the system. Typically, single crystal oxide
substrates are a fundamental component in the generation of epitaxial heterostructures, and
many examples can be found in the literature such as different functional thin films:
ferroelectric, ferromagnetic, multiferroic, magnetoresistive and high temperature cuprate
superconductors [32, 75, 76].

In this section, we intend to describe in general terms the different single crystal substrates
employed: yttria-stabilized zirconia Y203:ZrO2 (YSZ) which has a fluorite structure and,
LaAlO3 (LAO) and SrTiO3 (STO) both with a perovskite structure.

2.1.1.1 Fluorite structure substrate: Y203:Z2rO-

Yttria-stabilized zirconia (YSZ) is the result of doping the structure of zirconia (ZrO3) with
a certain amount of yttria (between 8-40 mol % Y»0O3). By doing so, the unstable structure
of ZrO,; which is monoclinic at ambient conditions, and transforms into a cubic phase only at
very high temperatures ({ 2650 K), stabilizes into the cubic fluorite structure (Fm3m) at ambient
conditions [77]. The unit cell of YSZ is displayed in Fig. 2.1.

Yttria doping enhances ZrO, resistivity against thermal stresses making it very useful as a
thermal barrier coating (TBC) for gas turbines and jet engines [78]. In addition, due to the
generation of oxygen vacancies with doping, it becomes an extraordinary ionic conductor
useful in the fabrication of Solid Oxide Fuel Cells (SOFC) [79].

YSZ substrates used in our studies are 5 mm x 5 mm x 0.5 mm, polished from one side and

. Y3+ /7t

& O*

Figure 2.1: YSZ unit cell displaying the arrangement of yttrium (Y>%) and zirconium (Zr*+) cations (blue), and

oxygen (O? ) anions (red).
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contain a 9.5 mol % of Y203 which would correspond to a substrate with a composition
Y0 19Zr0 8101 9. According to the literature, a lattice parameter between ay 5z=5.13 A (9.4 mol
% [80]) and aysz=5.14728 A (10 mol % [81]) should be expected. X-ray diffraction (XRD)
measurements from our substrates give a lattice parameter ay57=5.143 A, which is in good

agreement with the aforementioned values.

2.1.1.2 Perovskite structure substrates: (001)-SrTiOs3, (001)-LaAlO3 and (011)-LaAlO3

The perovskite structure is the elemental unit of many inorganic materials, particularly oxides
which adopt the ABOs configuration with two inequivalent A and B metal cations and O
anions that bond to both. The model perovskite has a cubic structure where the larger cation
(A) has a 12-fold coordination to oxygen, while the smaller one (B) sits at the centers of the
octahedra formed by oxygens in a 6-fold coordination (Fig. 2.2). As it has been mentioned
before, many oxides have a perovskite structure, but most of them do not present a cubic
symmetry at room temperature. Alternatively, they exhibit a shift in the cation positions and
tilting of the oxygen octahedra leading to space groups with lower symmetry like
orthorrombic (e. g. CaTiO3 or CdTiOs [82]), tetragonal (e. g. BaTiO3 or PbTiOs [83]) or
rhombohedral (e. g. LaAlOs or LiNbOs3 [84]) structures which are, frequently, the cause of

properties like ferroelectricity [85], colossal magnetoresistance [86] or superconductivity [87].

(001)-S1TiO3
SrTiO3 (STO) or strontium titanate is an example of cubic perovskite structure (Pm3m) at
room temperature (A=Sr and B=Ti). STO substrates have been widely employed due to its

suitability for the epitaxial growth of oxide thin films in multiple applications such as high

(a)

Figure 2.2: (a) Cubic perovskite unit cell displaying the position of the A (green) and B (blue) cations, and the
oxygen anions (red). (b) Perovskite depicting the position of the oxygen octahedra with the B cation in the middle.
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temperature superconductors, ferroelectricity, ionic conductivity or magnetoresistivity
[73, 88, 89]. Furthermore, it can be used as a crystalline gate dielectric material, because it can
be grown on silicon avoiding the formation of silicon dioxide [90] and, promoting the
integration of other perovskite oxides on silicon because of the low lattice mismatch between
them.

STO has two (001) chemical terminations, Sr-O and Ti-O5 surfaces, both with neutral electric
charge. It is possible, then, to have a surface with either a Sr-O or a Ti-O; termination, or
a combination of both. More details in how to control this terminations will be provided in
section 2.1.1.3. The (001)-oriented STO substrates used in our experiments are 5 mm x 5 mm
x 0.5 mm in size and polished from one side. According to the supplier (Crystec), their lattice
parameter is as70=3.905 A, in good agreement with the values reported in the literature [91]

and confirmed from our own XRD measurements.

(001)- and (011)-LaAlOg

LaAlO; (LAO) or lanthanum aluminate (A=La, B=Al) presents a rhombohedral structure R3¢
(a=b=c=5.3547 A and = = =60.113°) at low temperatures and transforms into a cubic
perovskite through a second order phase transition at around 500 °C. Therefore, it is more
adequate to treat it as a pseudocubic perovskite with a=b=c=3.788 A and = = =90.096° [92].

LAO has been extensively employed for high-temperature superconducting microwave
devices [93] because it has a low dielectric constant and loss values at high frequencies.
Similarly to STO, its lattice mismatch with YBayCu3O7 , (YBCO) is small, has a similar
thermal expansion coefficient, and it does not react with it [94, 95].

There are two feasible chemical terminations for (001)LAO surfaces, Al-Os and La-O, with
negative (AlO2 ) and positive (LaO") electric charge, respectively. The (001)-oriented LAO
substrates used in this thesis are 5 mm x 5 mm x 0.5 mm in size and one side polished.
According to the supplier (Crystec), their lattice parameter is a;40=3.82 A, which is close to
either the literature values (ara0=3.789 A [92]) or the ones we obtained by XRD
measurements (ay10=3.79 A).

Alternatively, (011)-oriented LAO substrates with the same dimensions as the (001) have
been employed. Fig. 2.3 presents a comparison between the atomic arrangement of a (001)-
and a (011)-oriented LAO substrates. On the one hand, the (001)LAO (Fig. 2.3a) shows the
Al-Os-terminated surface with an interplanar distance dopi=arao. This configuration is

symmetric along the <001> directions. On the other hand, the (011)LAO (Fig. 2.3b) presents
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an antisymmetric arrangement due to the (011) orientation, with the interplanar distance

dp11=2.68 A. Additional information about the (011) orientation of the LAO can be found in

the literature [96].

Figure 2.3: Comparison of the atomic arrangement between a cross-section of (a) a (001)LAO substrate and, (b)
a (011)LAO substrate. Lanthanum is represented in green, aluminium in blue and oxygen in red. The lattice

parameter ar 40=3.79 A is represented alongside (011) interplanar distance dy11=2.68 A.

2.1.1.3 Substrate surface conditioning

The ability to improve the quality of substrate surfaces is crucial in the growth of
heteroepitaxial architectures. Thus, processing of the as-received substrates is required in
order to obtain a clean, smooth surface free of impurities and single-terminated. In addition,
when single crystals are cut along a crystallographic plane (e. g. (001), (011), (111)), there is an
inevitable misorientation that will result in slightly tilted surfaces with a miscut angle,
typically, of ( 0.1-0.2°.

A wide range of experimental and theoretical works have explored different processes in
order to clean and prepare atomically flat surfaces [97, and references therein]. These
treatments allow the surface to reorganize its atoms into a more energetically favourable
structure in the form of atomically flat terraces. Fig. 2.4 exemplifies the case of (001) surfaces,
where the atomically flat terraces are separated by steps of height (n + 3)a, being a the lattice
parameter and n = %, 1, %, 2...The smaller the miscut, the wider the terrace will be, as it
follows from Eq. 2.1,

a
t = — 2.1
an 3 (2.1)

where ) is the width of the terrace. Most as-received substrates present na and (n+1 2)a steps

which, for perovskites, is indicative of the coexistance of A-O and B-O, terminations.
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Substrate

Figure 2.4: Sketch depicting the miscut of ( 0-0.2° present in the as-received substrates and step formation after

the atomic rearrangement.

The as-received substrates were exposed to a general cleaning procedure through
ultrasonication in acetone and methanol during 5 minutes in each case (from now on, it is
understood that any reference to “cleaning” of substrates or samples implies the use of this method
unless additional comments are made). This allows us to remove non-polar and polar impurities,
respectively, from the surface while maintaining the stoichiometry. Figs. 2.5a, d, g and j show
the Atomic Force Microscopy (AFM) images of the as-received substrates after cleaning.
Substrate terraces due to the miscut angle are apparent in some cases, but in order to achieve
high quality and well-defined surfaces, different methods where used depending on the
substrate.

Particularly, it is worth noting the case of STO, where different strategies have been
developed [98, 99, and references therein]. The methodology we applied is based on the work
of Koster et al. where an etching NH4F-HF solution of controlled pH was employed in order
to obtain a single-terminated surface [99]. The process consists of making react the Sr-O
termination with CO; and water by cleaning the substrates in a Milli-Q purified water bath for
10 min and produce SrCO3 and Sr(OH),. Then, the Sr-hydroxide is dissolved in a NH4F HF
(5:1) diluted solution (Sigma-Aldrich) for 60-90 s to precisely control the etching process.
Afterwards, the acid is removed with more Milli-Q water leaving a Ti-O; terminated surface.

Finally, a thermal treatment (standard treatment) is employed to promote the formation of
the stair-like morphology. In essence, the substrates are placed on an alumina crucible and in a
quartz tube that goes inside a high-temperature furnace. Then, they are heated up to 900 °C at
15°C min ! and keep there for 5 h in a constant oxygen flow of 0.5 1 min !. Cooling to room
temperature is done at 10 °C min !. Figs. 2.5b-c present the AFM image and corresponding
line scan of an STO substrate after the chemical etching and the thermal treatment described.

Although the methodology found in the literature to generate atomically flat terraces in

(001)- and (011)-oriented LAO substrates suggests a heating process up to 1500 °C for 10 or 20
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Figure 2.5: AFM analysis of the epitaxial substrates. Topographic images of (001)STO substrates: (a) as-received,
(b) after the chemical and thermal treatment and (c) corresponding profile. AFM images of (001)LAO substrates:
(d) as-received,(e) after the thermal treatment and (f) line scan. Topography analysis of (011)LAO substrates: (g)
as-received, (h) after the thermal treatment and (i) profile. AFM images of (001)YSZ substrates: (j) as-received,

(k) after the thermal treatment and (1) corresponding line scan.

h in air [100], we applied the standard treatment, as in the previous case, due to the inability
to achieve such high temperatures with our furnaces. This treatment has been tested in a large
set of substrates and several thesis, presenting high reproducibility and successful results.

Figs. 2.5e and {, and Figs. 2.5h and i show the AFM images and corresponding line-scans of a
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(001)LAO and (011)LAO substrates, respectively. The presence of some holes on the surface of
the as-received (011)LAO which remain after the thermal treatment (Figs. 2.5g and h) has also
been reported by Wang et al. [100]. The etching procedure designed for STO was also tried on
LAO substrates by other members of our group without any apparent changes as expected,
since the chemical etching specifically attacks the Sr-O termination.

Few treatments have been found in the literature regarding the obtainment of terrace-like
surfaces on YSZ substrates [101, 102]. Nevertheless, a previous work in our group gave more
insight to the matter [103]. Since the standard heat treatment is unable to develop such
morphology, either additional or higher temperature treatments were necessary. Again,
because of the inability to achieve very high temperatures and to give more time for surface
reconstruction, we chose to extend the duration of the standard annealing from 5 to 15 h,

which allowed the formation of a step-terrace morphology (Fig. 2.5k).

2.1.2 Technical substrates

Although single-crystalline substrates have proven to be extremely adequate to grow epitaxial
heterostructures, they lack for their capability of integration in current technologies for device
fabrication which mainly work on silicon or metal substrates. In order to overcome that
problem, complex substrate architectures combining different types of materials have been
designed.

In this section, we intend to describe in general terms the technical substrates employed:

ABADYGY7 /stainless steel and coated silicon wafers.

2.1.2.1 ABADYS7Z on stainless steel

The use of the ABADYSZ /stainless steel architecture is closely related to the field of coated
conductors (CCs) and the discovery of the second generation tapes based on the high
temperature superconductor YBCO. The typical architecture of a CC is depicted in Fig. 2.6.
The combination of several buffer layers between the flexible metallic substrate and the YBCO
film is mandatory if one wants to obtain the best performances, since they act as a barrier
preventing the chemical reaction with the YBCO and as a texture base. One of the many
techniques used for the large production of CCs is the Alternating Ion-Beam Assisted
Deposition (ABAD) developed by Usoskin et al. [104]. This approach consists of a mechanical
polishing of the polycrystalline stainless steel until a roughness of ( 2-3 nm is achieved. Then,

the substrate is guided through a high-vacuum reel-to-reel system and exposed to an
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Figure 2.6: Typical architecture for a coated conductor. In general, some buffer layers are placed between the

metallic substrate and the high temperature superconductor film. Another layer is deposited on top of the HTS

film as protection.

alternating deposition and etching process of the desired oxide buffer layer, YSZ in this
particular case. Initially, the YSZ film is randomly oriented on top of the metallic substrate
and epitaxy develops as the film thickness increases through the ABAD process, typically,
requiring around 0.8-1 ym in thickness for the case of YSZ. Fig. 2.7a shows the final surface

morphology of the YSZ film after the ABAD process. The roughness of the film is ~1.7 nm
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Figure 2.7: Structural and morphological characterization of a YSZ film grown using the ABAD methodology.
(a) AFM topographic image depicting a final film roughness of 1.7 nm and a planarity of ~62.3%, (b) XRD?
diffraction pattern showing the polycrystalline stainless steel and the epitaxial YSZ film, (c) (200) rocking curve
of YSZ exhibiting an average FWHM of 5.5°. (d) phi-scan of (111)YSZ with an average FWHM of 12.9°.
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and its planarity! ( 62.3%. 2D-XRD measurements in Fig. 2.7b depict the polycrystalline
peaks corresponding to the stainless steel substrate and the (002) reflection of the YSZ buffer
layer. The crystalline quality is quite good with an average out-of-plane texture =~ =5.5° (Fig.
2.7c) and an average in-plane misorientation 7=12.9° (Fig. 2.7d). Notice that the values of

and 7 are highly influenced by the texturing process and, therefore, the precise value
close to the surface will be smaller. Still, both morphological and structural values are slightly
larger as compared to the YSZ single crystal (Table 2.1), leading to samples with higher
density of microstructural defects. These large amount of defects present in the APAPYSZ
substrates as compared to the single crystals could have an influence on the crystallization of
oxide materials by laser irradiation as we will discuss later in Part III. The ABAPYSZ /Stainless
Steel substrates (Bruker HTS GmbH) are approximately 5 mm x 5 mm, the stainless steel is 100
vm thick, while the ABAPYSZ film has a thickness of ( 1 vm (Fig. 2.8).

Table 2.1: Comparison of YSZ morphological and structural parameters between the single crystal and the
ABADYy Gz

A (°) | A7 (°) | RMS (nm)
Single crystal 0.1 0.12 0.26

ABAD 55 129 1.7

Figure 2.8: Cross-sectional TEM image showing the ABAPYSZ/Stainless Steel architecture. The “BAPYSZ film

usually has a thickness ( 1 vm.

!Planarity evaluates the percentage of flat area from Atomic Force Microscopy images. Further details about

the calculation procedure are explained in [105].
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2.1.2.2 Silicon wafers

Single crystal silicon wafers are another type of technical substrates. There has been an
historical tendency to use this material by the semiconductor industry due to its good
integration with microelectronics, well-established electronic, mechanical and fatigue
properties, and in some high-cost and high-efficiency photovoltaic applications.

Nevertheless, silicon presents a reactivity problem with some oxides such as lead
zirconium titanate (Pb[Zr,Ti; ,]O3 or PZT). For this reason, it is necessary to deposit a buffer
layer. The chosen material must have a high structural compatibility with perovskite oxides,
commonly employed for electronic applications and also serve as a bottom electrode. The use
of platinum, which has a cubic structure with a lattice parameter (a=3.92 A) very close to that
of most perovskite oxides, is widely extended. However, due to its reactivity with silicon, a
thin titanium film is deposited between them as an adhesion layer [106], giving rise to the
Pt/Ti/SiO2/Si architecture (Fig. 2.9). The platinization process of silicon wafers is performed
by sputter deposition and the surface of the as-received wafers have a roughness of { 0.8 nm

and a planarity ( 90.5% (Fig. 2.10a).

The Pt film is uniaxially textured with a preferential (111) orientation (Fig. 2.10b). The
rocking curve of the (111) reflection (Fig. 2.10c) displays a FWHM of 11° which confirms a
certain out-of-plane orientation of the Pt grains whereas the phi-scan measurement (Fig.
2.10d) indicates that those grains are randomly oriented in the in-plane direction. Apart from
platinum, other materials have been used as buffer layer like RuO3, ZrO; and LaNiO3 (LNO).
In particular, we have deposited LNO on silicon wafers by using the CSD methodology that
will be described in detail later (section 2.2). Structural details of LNO can be found in section

2.2.2.

Briefly, after the silicon wafer has been cleaned, the as-deposited LNO film is pyrolyzed at
400 °C for 5 min using a hot-plate. Then, the sample is heated up to 700 °C at 20 °C's ! for 1

Figure 2.9: Cross-sectional scanning electron microscopy (SEM) image of the platinized-silicon wafer

architecture.
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Figure 2.10: Structural and morphological characterization of a platinized-silicon wafer. (a) The AFM
topographic image shows a surface roughness of 0.8 nm and a planarity of { 90.5%. (b) XRD? diffraction pattern
showing the polycrystallinity of the Pt film. (c) (111) rocking curve of Pt with a FWHM of 11°. (d) Phi-scan

measurement of the (111) reflection.

min. This process is repeated as many times as needed until the desired thickness is reached,
3-4 times ( 90 nm (Fig. 2.11) with the solution concentration typically used ({ 0.2 M). The
final LNO film has a RMS roughness of 0.9 nm and a planarity of 85.1% (Fig. 2.12a). Despite
being a highly planar film, XRD measurements show that it is uniaxially textured on top of the
amorphous SiO, layer with a preferential (001) orientation (Fig. 2.12b). In-depth analysis of the
(002) reflection from the rocking curve (Fig. 2.12c) shows that the out of plane misorientation is

=3.9°, indicating a highly oriented film in that direction. However, phi-scan measurements

(Fig. 2.12d) reveal that there is no in-plane preferential orientation. Both the 4-inch platinized

Figure 2.11: Cross-sectional scanning electron microscopy (SEM) image of the LNO-coated silicon wafer.
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Figure 2.12: Structural and morphological characterization of an LNO-coated silicon wafer. (a) The AFM (2 x 2
vm?) topographic image shows a surface roughness of 0.9 nm and a planarity of ( 85.1%. (b) XRD? diffraction
pattern showing the polycrystallinity of the LNO film. (c) (002) rocking curve of LNO with a FWHM of 3.9°. (d)
Phi-scan of the (110) reflection.

or LNO-coated silicon wafers (NOVA Electronic Materials, LLC) were cutted in small pieces
of aproximately 5 mm x 5 mm and cleaned prior to the deposition of the desired precursor

solution.

2.2 Chemical Solution Deposition: synthesis and deposition of

solutions

The fundamental aspects of CSD have already been discussed in section 1.2. In the next section,
we will focus on the experimental procedure applied for the preparation of different precursor
solutions, as well as the deposition methodology utilized prior to the growth of oxide thin-
films and nanostructures. In all cases, the coating of the substrate was carried out by spin-
coating. The influence of environmental humidity was carefully controlled by performing the

deposition in a closed box with a Ny flow.
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221 Cep9Mp10; y (M=Gd,Zr) precursor solutions

Cerium dioxide (CeO3) presents a cubic fluorite structure with a lattice parameter a=5.405 A
[107]. Additionally, it is typically doped with either Zr** or Gd** ions; generally, because of
the enhancement in the epitaxial growth attributed to a grain boundary reconstruction caused
by an increase in the atomic mobility, and elimination of C atoms at the grain boundaries
[108]. Previous works suggested that the optimal concentration of dopant is around 10%
[109, 110]; however, a recent study has found that a doping content between 30 and 70% could
prove significantly better for Zr*t cations [111]. Lattice parameters for Ceg9Zry102 , and
Cep9Gdp 102 4 are 5.385 A [112] and 5.413 A [107], respectively.

The preparation of CeO; solutions is a well-known issue in our group which have
involved several thesis [113-116]. To synthesize the doped-CeO solution with a 10% of
dopant, we chose cerium (III) acetylacetonate hydrate (Ce[CH3COCHCOCHs]3 xH20),
gadolinium (III) acetylacetonate hydrate (Gd[CH3COCHCOCH:3]3 xH20) and zirconium (IV)
acetylacetonate (Zr[CH3COCHCOCHS3]4) from Sigma-Aldrich as starting precursor salts.
Firstly, the dopant precursor (Zr** (25.0 mg) or Gd3* (22.7 mg)) was dissolved in 2 ml of
propionic acid ([CH3CH2COOH]3) (Sigma-Aldrich) and, then, stirred for 10 min at 50 °C.
Secondly, we added the stoichiometric amount of Ce3t (196.8 mg) and stirred another 30
minutes at 50 °C, obtaining a yellow and transparent solution. The total metal concentration of
the solution was controlled to be 0.23 M with respect to cerium, with a viscosity of 3 mPa s
and a contact angle of 8-10°. The stability is about one month if it is kept at the appropiate
conditions of humidity and temperature. Diluted solutions used for the generation of
nanostructures were prepared by adding additional amounts of propionic acid until the
overall concentration was 0.008 M. The precursor solutions were deposited on cleaned
substrates ((001)-YSZ, ABAPYSZ/SS, (001)- and (011)-LAO) by spin-coating at 6000 rpm (3000
rpm s 1) for 2 minutes. Immediately after the deposition, samples were dried in a hot-plate at
90 °C for 10 min. Details about precursor decomposition and oxide crystallization will be

given in section 2.3.

2.2.2 LaNiOj precursor solutions

Lanthanum nickelate (LaNiO3 or LNO) has a rhombohedral structure R3¢ (a=b=c=5.385 A and
= = =60.84° [117]) that can be approximated to a pseudocubic perovskite (A=La, B=Ni) with
lattice parameter a=3.851 A [23].
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2.2. Chemical Solution Deposition: synthesis and deposition of solutions

The procedure followed for the preparation of LaNiOs solution is very similar to that
found in the literature [25]. In essence, 866.0 mg of lanthanum (III) nitrate hexahydrate
(La[NOsz]3 6H20) and 497.7 mg of nickel (II) acetate tetrahydrate (Ni[CH3COO], 4H>0) from
Sigma-Aldrich, previously dehydrated at 100 °C for 12 h and 200 °C for 3 h respectively, were
dissolved in 10 ml of 2-methoxyethanol (CH3OCH2CH2OH) (Sigma-Aldrich) and refluxed at
125 °C for 12 h. Finally, a very stable (>4 months) and green solution was brought to volume
in order to obtain a concentration of 0.2 M with respect to the lanthanum. The precursor
solution with a viscosity of 2.9 mPa s and a contact angle of 9° was deposited on cleaned
substrates (Silicon wafers, (001)-STO and LAO) by spin-coating at 6000 rpm (6000 rpm s ') for
2 minutes. Shortly after the deposition, samples were dried in a hot-plate at 90 °C for 10 min.

Then, precursor films were decomposed and crystallized as it will be indicated in section 2.3.

2.2.3 BagsSrg 2 TiO3 precursor solutions

Barium strontium titanate (Ba; ,Sr,TiO3 or BST) is a perovskite oxide (A=Ba or Sr, B=Ti) with
a tetragonal lattice (a=b=3.980 A, ¢=4.003 A and = = =90° for x=0.2) that can also be
transformed into a pseudocubic structure with a lattice parameter a=3.993 A (for =0.2) [118].

For the preparation of the Ba gSr 2 TiO3 solution, we dissolved 306.5 mg of barium acetate
(Ba[CH3COO]z) and 64.4 mg of strontium acetate (Sr[CH3COQ]») in propionic acid (Sigma-
Aldrich) for 3 h. Then, we add 426.4 mg of titanium (IV) isopropoxide (Ti[OCH(CH3z)2]4) and
600 v1 of acetylacetone (CH3COCH2COCHs3) for stabilizing purpose. Finally, we bring the
solution to volume up to 5 ml, adding propionic acid to obtain a concentration of 0.3 M with
respect to the titanium, and stir the mix for 2 h. BST precursor solutions have a viscosity of
2-4 mPa s and a contact angle of ( 10°. Deposition was done on cleaned substrates (LNO-
coated silicon wafers, (001)LAO and (001)LNO-coated LAO) by spin-coating at 6000 rpm (6000
rpm s 1) for 2 minutes. Films were dried in a hot-plate at 90 °C for 10 min, and decomposed

and crystallized as we will describe in section 2.3.

2.24 Lag7Sro3MnOj; precursor solutions

Lanthanum strotium manganite (La; ,Sr,MnO3 or LSMO) is a rhombohedral perovskite oxide
(A=La,Sr and B=Mn) with a=b=c=5.465 A and = = =60.3° (for =0.3) that has associated a
pseudocubic lattice with a cell parameter a=3.873 A and = = =90.26° [119].

The preparation of the metallic ferromagnetic Lag 7Srg sMnOs3 precursor solutions has been

developed in our group [120]. Mainly, it consists in the mixing of 663.7 mg of lanthanum (III)
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acetate hydrate (La[CH3COO]3 H20), 431.9 mg of Sr[CH3COQO]; and 519.1 mg of manganese
(I) acetate (Mn[CH3COOQ]s) in acetic acid. Then, the mixture is stirred at 50 °C for 10 min.
The final solution is brought to volume with the addition of acetic acid up to 10 ml to obtain
a molar concentration of 0.3 M. The solution, which has a viscosity of 2.5 mPa s and a contact
angle around 10°, was deposited on cleaned (001)-STO substrates by spin-coating at 6000 rpm
(6000 rpm s ') for 2 minutes. Shortly after the deposition, samples were dried in a hot-plate at

90 °C for 10 min. Decomposition and crystallization will be covered in the next section.

2.3 Decomposition and growth methodologies

In this section, we are going to describe the different techniques employed for the
decomposition of precursor solutions and growth of the multiple heterostructures studied. In
general, we chose a two-step methodology where, initially, the organic species of solutions are
decomposed with a low-temperature thermal treatment and, then, the crystallization of the
desired oxide phase is induced either by a high-temperature thermal annealing or through
laser irradiation. Although we have mostly employed the thermal decomposition of precursor
films using tubular furnaces, we will demonstrate in chapter 7 that it is possible to achieve an

equivalent degree of decomposition using low-energy laser treatments.

2.3.1 Decomposition of metal-organic precursors through Conventional Thermal

Annealing

After the spin-coating procedure, samples are placed in an alumina covered crucible which is
subsequently put inside a quartz tube, previously cleaned with water, soap and acetone. Then,
the tube is introduced in a tubular furnace set at the appropiate decomposition temperature
which may vary depending on the precursor solution. Note that the methodology described
here has been applied to pyrolyze either single- or multi-layered system. The multideposition
process will involve the combination of several spin-coating and decomposition steps until the
film has the desired thickness.

It has been found in the literature that the decomposition of Ce-propionate powders takes
place at a temperature between 300-350 °C [121], which has been confirmed by performing
thermogravimetry (TG) measurements of our own CeO; gel-derived powder (Fig. 2.13). The
mass loss observed is associated to the evaporation of the remaining propionic acid and the

decomposition of Ce-propionates. Furthermore, it has also been reported very recently that
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Figure 2.13: Thermogravimetric measurements of gel-derived powder for the different precursor solutions: CZO

(—), LNO (—) and BST (—) using a heating ramp of 10 °C min ' in Os.

the decomposition temperature of ceria precursor thin-films can be decreased to temperatures
below 200 °C [122]. However, that decrease in temperature must be combined with an
increase in the duration of the thermal treatment which is time consuming considering that
those processes are often performed at slow heating rates (( 10 °C min 1!). In spite of that, we
decomposed the precursor films directly at a temperature of 300 °C by previously heating the
furnace up and once it reaches the desired temperature, the sample is introduced and kept

there for 10-30 min. The oxigen flow was set to 0.12 1 min 1.

Secondly, the decomposition process of LNO gel-derived powder reported in the literature
takes place at a temperature close to 375 °C [123]. Our own TG measurements from gel powders
show similar results (Fig. 2.13). The weight loss observed below 160 °C may be attributed to
the evaporation of 2-methoxyethanol solvent, while the remaining loss between 200 and 400
°C can be related to the pyrolysis of residual alkoxide and acetate groups. The metal-organic
precursors are fully decomposed at a temperature ( 375 °C. Keeping in mind what has been
observed in the case of CeO;, we can expect that LNO precursor thin-films decompose at lower
temperatures, thus, we chose 350 °C as the pyrolysis temperature. The procedure followed, as
in the previous case, consists of introducing the sample into a preheated tubular furnace at 350

°C and keep it there for 10-30 min with a circulating O flow of 0.12 1 min .

In third place, the BST solution based on propionic acid has been synthesized in our group
and, thus, no particular information about the decomposition temperature was available on
the literature. Regardless of that, we determined the appropiate temperature through TG
analysis of BST gel-derived powder and it was found that the pyrolysis temperature was 450
°C (Fig. 2.13). The mass loss observed can be attributed to the evaporation of propionic acid

and decomposition of metal-organic precursors. As in the previous cases, the furnace was
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heated up to 450 °C, followed by the introduction of the sample, keeping it there for 10-30
min. No oxygen flow was applied during the process.

For the decomposition of LSMO (Fig. 2.13), a slower procedure has been followed in order
to keep a flat surface morphology. Thus, we heated the samples up at 3 °C min ! to 300 °C for

30 min. No oxygen flow was used during the process.

2.3.2 Crystallization by Conventional and Rapid Thermal Annealing (CTA and
RTA)

Conventional Furnace Annealing (CTA) and Rapid Thermal Annealing (RTA) are two of the
three techniques utilized in this thesis for the crystallization of functional oxide
heterostructures. In particular, CTA has been used for comparison with the results obtained
by RTA, but both techniques are mainly based on sample heating through mid-far infrared
radiation. However, there is a significant difference on how the heating is produced. While
tubular furnaces work with electric resistances, RTA furnaces produce heat by means of
infrared lamps. This difference is vital because it gives RTA a remarkable advantage over
tubular furnaces, offering the possibility to avoid thermal drifts, as well as being able to heat
samples orders of magnitude faster, ( 10-30 °Cs ! instead of 0.05-0.5 °Cs ! for tubular
furnaces. Moreover, RTA can reach even higher heating rates (up to 250 °C s 1), but losing
control over thermal drifts and precision over the final temperature. Another important
difference is that in tubular furnaces gas flows during the annealing whereas it is stagnated in
the RTA furnace. Maximum temperatures achieved in both cases are very similar, 1100°C for
tubular furnaces and 1200 °C for RTA. Fig. 2.14 presents an schematic representation of both
experimental setups.

Although more detailed information about the experimental conditions used will be
provided in the corresponding section of the thesis (Part II), Table 2.2 presents the general

range of parameters for each material and technique.

Experimental comparison between CTA and RTA

As we mentioned, there are no significant differences regarding the type of heating produced
by conventional or rapid thermal annealing sources. Nevertheless, it is of vital importance to
evaluate if any variations in thin films growth exist in terms of the final film morphology and
crystallization when using the same processing conditions.

For this purpose, we compared the growth of different oxide thin films using tubular and
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Figure 2.14: Schematic representation of (a) tubular furnace and (b) RTA furnace setups.

Table 2.2: Comparison of different annealing conditions between furnace and rapid thermal annealing

methodologies.
CTA RTA
Annealing Heating Annealing Heating
Oxide
Temperature (°C) | Rate (°C s—!) | Temperature (°C) | Rate (°C s—1)

CeOy 900-1100 0.16-0.5 700-1200 0.5-20
LaNiOs 550-800 0.16-0.5 700-800 0.5-20
Bag gSrp.2TiO3 650-900 0.05-0.5 700-900 0.5-20

RTA furnaces. Samples were heated up to 700 °C (LNO) and 900 °C (CZO and BST) at 0.5
°C-s~! for 30 min in Os. On the one hand, Fig. 2.15 illustrates the surface analysis of different
samples grown using both techniques and presenting comparable roughness and grain size.
On the other hand, Fig. 2.16 presents the XRD spectra of the previous samples and shows
that there are no significant variations in terms of crystalline quality between RTA and CTA
samples. Thus, it can be concluded that the differences between both techniques using the
same annealing conditions are minimal and may be caused by statistical uncertainties rather

than distinct experimental setups.

2.3.3 Pulsed Laser Annealing (PLA)

Pulsed laser annealing (PLA) is the other technique employed on this thesis. Although laser
irradiation can also be used to decompose precursor films, as we will demonstrate later in

chapter 7, we have mostly used it for crystallization purposes. The main difference of using
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Figure 2.15: AFM images and corresponding profiles of (a) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO
obtained with RTA and CTA as indicated. Films were grown at 900 °C (CZO and BST) and 700 °C (LNO) with a
heating rate of 0.5 s ! for 30 min in O,.
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Figure 2.16: X-ray diffraction measurements of (a) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO obtained
with RTA (—) and CTA (—). Films were grown as indicated in Fig. 2.15.

lasers instead of thermal treatments lies in the optical excitation of materials and the short
pulsed nature, monochromaticity and spatial confinement of the UV laser radiation which
allows us to obtain heating rates orders of magnitude higher (up to 10'2 s 1) and, thus, work

in conditions completely out of thermodynamic equilibrium. Here, we will describe the
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experimental characteristics of our system, further details about the physical principles
involved can be found in chapter 6.

Many experimental setups can be designed because of the versatility of light as compared
to other techniques. The one we present here has been designed and adapted during the
development of this thesis and is schematically represented in Fig. 2.17. The most important
part is a Brilliant Nd:YAG laser (Quantel) which can work at three different wavelengths
(1064, 532, 266 nm), has a pulse duration at the FWHM (full width at half maximum) of 7~3-5
ns, a repetition rate of 10 Hz and a gaussian-shaped beam. The laser energy is measured with
a LabMax detector coupled with an EnergyMax J-50MB-YAG sensor, and the maximum
values at each wavelength are around 390, 160 and 60 m], for 1064, 532 and 266 nm
wavelengths, respectively. In order to adjust the laser energy to our needs, we can modify the
delay between the flashlamp? and the Q-Switch?.

Although it will be described in detail later, for understanding purposes we can define the
laser fluence (F) as the energy per unit area in the laser spot (Eq. 6.2). Having the Nd:YAG
beam a nearly gaussian spatial distribution of ~6 mm of diameter, two different values of
fluence can be used as reference: the average fluence (F;,) seen as the total energy of the beam
divided by the spot area (the theoretical beam radius is defined where the beam intensity
decays 1/ e? at the center); and the maximum fluence (F,,,=2-F,,) at the center of the

gaussian beam. In this manuscript, we will always be refering to F),,,; as fluence for

Energymeter™

Figure 2.17: Setup used for the crystallization of heterostructures with laser. (a) Picture of the real distribution of

equipments. (b) Path followed by the beam.

?Flashlamps are one of the pumping mechanisms used to induce the laser effect in solid-state lasers like

Nd:YAG. It consists of a linear quartz tube, two sealed electrodes, and a gas fill [124].
*Q-switching is the method used in some lasers for the generation of a pulsed beam. The pulses produced with

this method have an extremely high peak power (in the range of gigawatts) as compared to the same laser operating
in a constant output mode. Compared to other pulse generation methods, Q-switching offers lower pulse repetition

rates, higher pulse energies, and longer pulse durations.
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simplicity. Moreover, all results that will be presented have been obtained at a wavelength of
266 nm which has been demonstrated the most effective to achieve crystallization in the
heterostructures studied. The maximum fluence that can be obtained at that wavelength is
( 400 mJ cm 2. However, such high fluences have been never used due to ablation events
taking place in our system. The ablation threshold depends on the laser, pulse properties, as
well as the optical and thermophysical properties of each heterostructure. We found ablation
thresholds of ( 80-150 mJcm 2 for oxides like LNO and LSMO on STO and BST on
LNO/LAO, and ( 200 mJ cm 2 for doped-CeO; on YSZ.

The rest of the setup is formed by a beam shutter and a motorized X-Y-Z stage (Thorlabs)
both operated by computer and allowing us to control, respectively, the number of accumulated
pulses and the location to be irradiated with good precision, as well as an Ultramic 600 heater
(Watlow) for treatments at different base temperatures (25 to 600 °C). Although our set-up is
now equipped with a vacuum system that would allow us to work at lower pressures and
atmospheres, all the experiments have been conducted in air at ambient pressure. Table 2.3

shows the range of fluences used for each material.

Table 2.3: Range of laser fluences used for the different oxides studied.

Oxide Fluence (m] cm 2)
Ceg 9Zrg 109 10-80
LaNiOj3 20-40
Bag gSrg 2 TiO3 20-40
Lag 7Srg sMnOs 20-40

Besides the Nd:YAG laser, an excimer laser was also used during a short-term stay in the
group of Prof. Susan Trolier-McKinstry at the Materials Research Institute (MRI) from the
Pennsylvania State University (PSU). Basically, the main difference is that the laser effect is
obtained from the excitation of a kripton/fluorine gas mixture by an electrical discharge. This
excimer KrF laser had a wavelength of 248 nm, a repetition rate of 20 Hz, a pulse duration at
the FWHM of 6( 25 ns and the resulting beam had a top-hat spatial distribution, i. e. the

fluence is spatially homogeneous.

Additional information about both lasers can be found in Chapter 6 and the literature [124,

125].
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2.4 Characterization techniques

The aim of this section is to state the different contributions and collaborations for the various
characterization techniques employed during the development of this thesis. Further
information about the working principles of the techniques mentioned below will be provided

in the corresponding sections of Appendix A.

Precursor solutions characterization. Techniques involving the characterization of
precursor solutions comprise from the measurement of rheological parameters such as
viscosity and contact angle to the analysis of decomposition through Fourier transform
infrared spectroscopy (FTIR).

Rheological and contact angle measurements were conducted with the help of technicians
from the Materials Science Institute of Barcelona (ICMAB-CSIC) clean room facilities, while
FTIR measurements were performed exclusively by me after the appropriate training. Analysis

of the data acquired was completely carried out by me.

Morphological characterization. Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) were the techniques employed for the analysis of surface morphology of
different samples. Measurements of samples and subsequent analysis of data were conducted
by me after a period of training on how to operate the equipment.

FESEM images were acquired by me either at ICMAB or at the Materials Research Institute
(MRI) from the Pennsylvania State University (PSU).

Structural characterization. Structural characterization involves the use of techniques such as
X-ray diffraction (XRD), Transmission Electron Microscopy (TEM) and Reflection High-Energy
Electron Diffraction (RHEED).

For XRD, most of the measurements conducted at ICMAB (A. Crespi, F. J. Campos and ]J.
Esquius) and the Catalan Institute of Nanoscience and Nanotechnology (ICN2) (P. Garcia)
were performed by the technicians with an active exchange of information, whereas XRD
measurements done during a three-month stay at the MRI were carried out exclusively by me
after the appropiate training in the use of -2 and 4-circle geometry diffractometers. All data
obtained was completely analyzed by me.

On the other hand, TEM sample preparation by mechanical polishing has been done in

collaboration with other members of our group (F. J. Belarre and M. de la Mata), while
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preparation by Focused-lon Beam (FIB) was carried out at Advanced Microscopy Laboratory
from the Institute of Nanoscience of Aragon (LMA-INA) in Zaragoza. Data was acquired by
M. de la Mata at “Serveis cientifico-tecnics” of University of Barcelona and TEM facilities from
ICN2 and LMA-INA. All data analyses and structure simulations were performed by M. de la
Mata as a part of her PhD, supervised by Prof. Jordi Arbiol.

RHEED measurements of our samples were carried out by N. Dix at ICMAB and data was

analyzed with the help of Dr. R. Hiihne from IFW Dresden.

Physical properties measurements. Three different techniques have been employed for the
measurement of physical properties. Measurements of the optical properties of our samples
by UV-Vis-NIR spectroscopy and the corresponding data analysis have been done exclusively
by me after the appropiate training. Ellipsometry measurements were done by the clean-room
technician (Dr. E. Le6n) and data was analyzed by me.

For the resistivity measurements, I prepared the samples with a four-probe configuration.
Resistivity and magnetic measurements were carried out by the technician (B. Bozzo) from the
Low Temperatures and Magnetometry Service at ICMAB. Data analyses related to electric and
magnetic characterization was completely done by me.

Piezoresponse force microscopy measurements were carried out by A. Gémez at ICMAB
and the data was analyzed by me.

Capacitance and polarization measurements and data analysis were done by me after the
appropiate training at the MRI (Pennsylvania, USA). The data is not shown in this manuscript.

Finally, X-ray photoelectron spectroscopy data acquisition and analyses were carried out by

Dr. L. Martinez-Orellana at Materials Science Institute of Madrid (ICMM-CSIC) facilities.

2.5 Summary and conclusions

To sum up, we have explained the principal characteristics of the substrates, either single
crystal or technical, used in this work. In addition, we mentioned the state-of-the-art
regarding substrate surface conditioning and our own strategy. While single crystals require
heat treatments at high temperature (900°C), ambient pressure, and under flowing oxygen to
develop well-defined step-terrace morphologies, no additional treatment besides a general
cleaning procedure was applied on the technical substrates.

Then, we presented the methodology followed for the preparation of the different

precursor solutions, as well as the parameters utilized in the spin-coating deposition, typically
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6000 rpm for 2 min. In addition, we described the procedure that will lead to the
crystallization of oxides consisting of a low-temperature thermal treatment in order to
decompose the spin-coated precursor gel films and either a high-temperature thermal
treatment with tubular and RTA furnaces or laser annealing was used to achieve
crystallization.

Finally, we stated the different contributions for each technique involved in the

development of the thesis.
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Nucleation and growth of oxide
heterostructures through thermal

treatments
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Chapter 3

Fundamental aspects of nucleation and

growth of CSD oxide heterostructures

The basic principles of CSD growth route have been explained in section 1.2. However, a deep
understanding of the thermodynamic and kinetic principles governing the crystallization of
oxide heterostructures generated from self-assembling and self-organization processes is vital
to design new materials and devices. Essentially, controlling nucleation and growth is

important because they dictate the final morphology of the system.

Therefore, the aim of this chapter is to give an overview of the general knowledge available.
In particular, we will start describing the different energy terms determining the final shape of
the system. Once the thermodynamic aspects influencing the final morphology are known,
we will discuss the path towards the achievement of crystallization in CSD which, essentially,
consists of nucleation and growth mechanisms. Even though the description made here is
directed to CSD crystallization and self-assembling of heterostructures, in the experimental
chapters (chapters 4 and 5) we will specifically contrast it with the crystallization of different
oxide heterostructures analyzed. The theoretical aspects have been mainly extracted from the

books of Markov [126], Kelton and Greer [127], Porter and Easterling [128], and Flemings [129].
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3. Fundamental aspects of nucleation and growth of CSD oxide heterostructures

3.1 Morphology selection in heteroepitaxial growth

The understanding of the thermodynamic aspects behind heteroepitaxial growth! is of vital
importance if one wants to unveil the final morphology of a system, i. e. thin films or
nanoislands.

The first classification for heteroepitaxial growth, proposed by Bauer [130], uses a
thermodynamic analysis based on the "wetting" of substrate when a material is deposited to
determine if a system prefers to grow as a 2D thin film or break into 3D islands. The wetting
condition derived from Young’'s equation’ was defined as the change in surface energy

= s+ i s due to the deposition of a film, where ; is the substrate surface energy, ; the
interface energy, and ; the film surface energy.

Analyzing the relation between free surface and interface energies, the different

heteroepitaxial growth modes (Fig. 3.1) are:

¢ Frank-van der Merwe or 2D growth [132] if we reach the full wetting condition ( ;> ;+ ).

In this case the film is said to grow "layer by layer".

o Volmer-Weber or 3D growth [133] if ;< ;+ ;. The system prefers to grow by creating

three-dimensional islands.

¢ A third growth mode has been proposed as an intermediate step, i. e. Stranski-Krastanow
[134]. It considers the growth of a strained 2D film which undergoes a transformation to
3D nanoislands after a certain thickness as mechanism to relief strain and decrease the

system energy.

Frank- Volmer-Weber Stranski-
van der Merwe Krastanow

Figure 3.1: Different heteroepitaxial growth modes proposed after Young s equation.

!Growth is said to be epitaxial when an ordered crystalline material grows on top of a crystalline substrate with
a specific crystallographic order. The growth is homoepitaxial if film and substrate are the same material, while if

they are a different phase the growth is called heteroepitaxial.
2Young's equation (ys=";+7y cos ) is extracted after minimizing the surface energy required to generate a

spherical cap island with a wetting angle 6 (Fig. 3.4b) [131].

44



3.1. Morphology selection in heteroepitaxial growth

As it has been shown, surface and interface energies have been the basic thermodynamic
parameters considered to influence the final morphology of a heterostructure. The former
measures the gain in energy due to the breaking of chemical bonds, and consequently, the
formation of a free surface, while the later assumes that interfaces between materials are
described, likewise, by an energy per area term. Even though its contribution has been
predicted to be lower than the sum of the energy of free surfaces of the materials involved,
interfaces can play a vital part in islands’ formation [135] or other phenomena such as the
recent superconducting properties at the interface of insulating oxides [136]. Nevertheless,
measurement of interface energies is often complicated, and only a few island-related cases
from first principles have been theoretically evaluated [137-139].

In addition, other terms besides chemical bonding such as the rearrangement of atoms and
formation of new bonds, i. e. surface reconstruction, and strain may have a substantial
contribution to surface [131, 137, 140] and interface [126] energies. In fact, surface energy
values estimated from ab initio calculations often consider the energy associated to surface
reconstruction. However, the effect of strain should not be neglected since it may have an
influence in the morphology of the system. All the strain contributions on the growth of

heterostructures will be evaluated next.

3.1.1 Influence of strain

Heteroepitaxial system are defined by the growth of two different crystalline materials one on
top of the other, therefore, a mismatch due to the difference in lattice parameters must be

expected. The mismatch can be written as

Qg af
== " 3.1
v 31
where a, and ay are the lattice parameters of substrate and film, respectively. In addition, this
lattice mismatch will have an energy term associated influencing the final morphology of the

system, i. e. the elastic strain energy [137],

EY = Nijkt i k1dV (3.2)

|

DN =

where \;;p; is an array of elastic constants, ;; is the non-uniform strain tensor caused by the
lattice mismatch, and V' is the volume of the system.
It is clear from Eq. 3.2 that the elastic strain energy for a film will be EY,( Qafc. Thus, if the

mismatch increases, so it does the elastic strain energy of the system, and hence, an epitaxial
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3. Fundamental aspects of nucleation and growth of CSD oxide heterostructures

thin film with a large difference in lattice parameter with the substrate it is more likely to
introduce some relaxation mechanisms such as the inclusion of dislocations at the interface
between film and substrate [137, 140]. As a result the elastic strain relaxation energy of a film

can be described by EY, A 2af.

elast™

In extremely strained systems, the film will have a strong tendency to split into
nanoislands as a mechanism of relaxation, mainly because they have more freedom to adapt
their lattice towards their bulk structure since they are less restricted in the in-plane direction
(Fig. 3.2a). Thermodynamically, this is possible because the energy barrier needed to
introduce a dislocation is 3 times higher than the required to generate an island [141], and
consequently, there exists a competition between both relaxation mechanisms [137, 140]. In
some cases both can occur simultaneously, as in TiSi, and CoSiy [142], or Ce; ,Gd,O2
(CGO) [51] nanostructures; where after a certain height is reach, island relaxation occurs
through the inclusion of misfit dislocations and the truncation of the pyramid-like shaped
islands. So, the formation of islands produces an enhancement of the relaxation with respect
to a film of the same volume, and this relaxation is stronger when the height & of the island is
larger than its lateral size L (Fig. 3.2b and c) due to the presence of less strained regions [137].

Altogether will lead to a decrease of the overall energy of the system.

Figure 3.2: (a) Strain relaxation due to the formation of 3D nanoislands. Reproduced from [143]. (b,c) Influence
of island s shape on volume elastic relaxation. Relaxation will be higher when h is larger than L. Reproduced from

[137].

Additionally, since islands have a finite size, a stress field § is created around the edges,
leading to an elastic deformation of the substrate which also reduces the energy of the system
[137]. Accordingly, the elastic relaxation energy of a nanoisland comes from the combination
of multiple terms such as the elastic volumic energy, the relaxation caused by tilted facets, the
mismatch strain and intrinsic surface stress discontinuity interplay, as well as other sources.
Tersoff and Tromp [139] proposed a simple approach to include these effects on the elastic
relaxation energy of a 3D island assuming that lateral sizes (s and t) are larger than its height

h, a constant out-of-plane contribution to strain, and an isotropic in-plane term for the elastic
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3.1. Morphology selection in heteroepitaxial growth

stress tensor d;. Then, the elastic strain relaxation energy is given by

-

o t
Eogst = 2ch? sln/ﬂh} —i—tln/;h} (3.3)

where c:ég(l ¥) 20v, with ¥ and v being the Poisson ratio and the shear modulus,

respectively; and m=e 32

cot , with  the angle between lateral island facets and the
substrate.

Besides this classical approach to describe the influence of strain on the stable morphology
of a heteroepitaxial system, other theoretical approaches have been proposed to describe the
strain effect on surface and interface energies themselves [126, 144]. This is particularly
noteworthy in the case of 3D islands where strain has been proved to define their final shape
[11]. First principle calculations for some specific cases (i. e. group-IV materials) have shown

that the predicted values of surface energy may be modified between 10 and 20% [144]. In

general, the surface energy per unit area can be renormalized as [145]

1
=+ byt 5 @Skt (3.4)
ij ijkl
where is the unstrained surface energy, d;; is the surface stress tensor, and S;;;; is the 2nd
order surface strain tensor.

Likewise, the influence of strain on the interface energy may be also significant. In this case,

the presence of dislocations must be taken into account, then [126]

str

;= i+ Esr( r) + Eais( ) (3.5)

where ; is the unstrained interface energy and accounts for the different nature and strength
of chemical bonds, Eg,( ,) is the interface strain energy per unit area which is a function of
the residual and homogeneous lateral strain ,, and Ey;5( ) is the misfit dislocation energy per

unit area which depends on the mean dislocation density .

3.1.2 Total energy of films and nanoislands

The main contributions to a heterostructure energy can be distinguished between the energy of

a planar film and that of a single island. The energy for the former case can be written as
Efilm = Esurf + Eelast (36)

where E,, s is the sum of surface energies of film and substrate, as well as the interface

energy, and E,s: is the elastic strain relaxation energy. In thin-films, this last term accounts
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3. Fundamental aspects of nucleation and growth of CSD oxide heterostructures

for the volumic strain energy with the general form described in Eq. 3.2, the relaxation energy
associated with the introduction of misfit dislocations, and the energy caused by grain
boundaries.

If the system is a 3D nanoisland, the surface term contains terms associated to islands shape,
while the elastic relaxation takes into account the aforementioned contribution of island edges.

The last term considers the interaction between islands. Its general form is then
Eisland = Esurf + Eelast + Eedges + Eint (37)

If we assume a diluted array (E;,:=0), it can be written as a function of its volume V" as [137]

f292V1 3 Vl 3

, _ 23 2 13
EistanaV)=( )V fix gV 3 In 54 +f3V (3.8)
Esw‘f E;/last E:Zi:i
l;edges

elast
The Eg,, s term includes the variation of surface energy due to the formation of an island
instead of a film, as well as other geometric factors due to the creation of tilted facets, etc. The
EY .. considers the volume relaxation of the island, while the E°%95 is the relaxation

e elast

associated to island’s edges, being a the lattice parameter. Finally, E<9¢

hort 18 the short-range

contribution of edges with being a characteristic energy per unit length, and f; coefficients
are factors linked to the geometry of islands. While the E°?** term is always positive and

short

works against the formation of the island, the elastic relaxation terms (EY, , and E:ﬁlgg) are
always negative and contribute to the decrease in energy of the system due to the creation of
an island. However, the surface energy term can be either positive or negative, and thus, be
against or in favor of island’s formation.

Nonetheless, islands not always grow isolated and some long-range elastic interactions
between them may be expected. For this reason the inclusion of an extra term FEj,; must be
considered. Such interactions are mediated by the substrate and can be associated to strain
fields created by the island/substrate lattice mismatch, as well as the contribution of the stress
field & at the edges [137]. Fig. 3.3 presents an example where an island with lower lattice
parameter is expanded to match the substrate. To counterbalance the force generated, the
substrate tends to compress around the edges of the island creating a strain field. This effect,
which will be seen by other islands as a repulsive force reducing the influence of coarsening,
can be thought as a dipole-dipole interaction that will act as the driving force towards
self-organization [147].

Even though temperature effects are often of vital importance in the generation of

nanoislands, the description made here has been done considering the case where no thermal
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3.2. Nucleation in heteroepitaxial systems

Figure 3.3: (a) Non-distorted mesh of island/substrate system. (b) Resulting deformation due to strain.
Reproduced from [146].

instabilities are present, i. e. T=0 K. This means that the islands size distribution is very
narrow, although it should broaden as temperature increases. Temperature may also influence
their equilibrium shape as it has been observed for Ge [148] and CGO [51] nanostructures.
The reader is referred to the work by Meixner et al. [149] for further details about the

influence of temperature.

3.2 Nucleation in heteroepitaxial systems

In the description of nucleation®, we are considering the heterogeneous situation since it
seems to be the most probable event. However, we will also mention homogeneous nucleation

because in thin-film growth it may exist a competition between both events.

3.2.1 Heterogeneous nucleation

Despite the recent improvements in experimental techniques, most studies related to
nucleation are mainly focused on the analysis of kinetics [150] because the observation of
nucleation events is usually limited to a specific range of thermodynamic and kinetic
conditions, or its influence may be masked by other processes such as coarsening, which
presents a similar behavior, making extremely complicated, if not impossible, to evaluate.
Nevertheless, the classical nucleation theory (CNT) is the most simple formalism for the
thermodynamic analysis of nucleation. Basically, it states that small clusters of a new phase
stabilize if they are able to surpass a thermodynamic barrier G, which occurs after they grow

beyond a critical size r .

*Nucleation consists in the formation of small nuclei of a new phase during a phase change. We can define two
types of nucleation. On the one hand, nucleation is homogeneous if the probability to form a nuclei of a new phase
is the same in any part of the system, while nucleation is heterogeneous if nuclei are more likely to form in specific

parts of the system such as inhomogeneities, interfaces or on substrate surfaces.
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3. Fundamental aspects of nucleation and growth of CSD oxide heterostructures

The general approach to calculate this energy barrier considers the formation of a solid
nucleus in a supercooled liquid or glass, which has associated a change in the Gibbs free
energy (. In CSD-derived heterostructures, the driving force governing this change is the
decrease in free energy between the initial amorphous state and the final crystalline one ( G,)
as illustrated schematically in Fig. 3.4. This change can be generally written as

G= V Gy + (3.9)

volume term  surface term

In the first term, i. e. volume contribution, V is the volume of the nucleusand G, = v v
is the Gibbs free energy difference per unit volume which depends on the change in chemical
potential ( v), i. e. supersaturation, and the volume of the smallest unit v, e. g. unit cell
volume. The second term  accounts for the change in surface energy due to the formation of

a nucleus, as well as its surface area.

CSD derived
amorphous film

>

&6

g |[Equilibrium
Slliquid ——
]

£ |Crystal

& [Crysta

Temperature Tmp

Figure 3.4: Thermodynamic change in free energy G, for CSD crystallization as a function of temperature. The
individual free energies of CSD amorphous and crystalline phases are plotted together with the ideal supercooled

liquid energy. Reproduced from [10].

If we consider that for homogeneous nucleation the equilibrium shape is often assumed
to be a spherical droplet with radius r, and that for heterogeneous nucleation it consists of a

spherical cap (Fig. 3.5), the Gibbs free energy barriers are [10]
166

Ghom=73( G.J? (3.10a)
and
G = L) = Gt ) (3.10b)
het 3( Gv)2 hom .

for homogeneous and heterogeneous nucleation, respectively. The critical size that a nucleus

has to overcome in order to be stable is, for both cases,
2

a( G) _ _
o =0 r = o (3.11)
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3.2. Nucleation in heteroepitaxial systems

Figure 3.5: Schematic representation of the liquid-drop model used for the calculation of the Gibbs free energy.
The dashed blue line illustrates the spherical form considered in homogeneous nucleation, while the solid orange

line is the spherical cap shape for heterogeneous nucleation.

where  is the surface energy of the new interface.

In Eq. 3.10b the first term corresponds to G, and f( )={2t< )fll c0s )* s a function

hom
associated to the heterogeneous nucleus’ shape (Fig 3.5). Since 0 f( ) 1, the probability to
form a nucleus with a size r is higher in the heterogeneous nucleation case because the
barrier is lower (Fig. 3.6a). A value of f( )=0 5 has been employed to illustrate G,,,. The
mathematical derivation and analysis of homogeneous and heterogeneous Gibbs free
energies, and analogous energy barriers can be found elsewhere [126-129].

For small values of undercooling ( T=1T,,, T),i. e. the driving force towards nucleation,

Gy(= v v)is[128]
L, T
Gy = o (3.12)

where L,, is the latent heat of melting per unit volume and 7, the melting point. Then, the

critical radius r and the free energy barrier G depend on the undercooling as % and

ﬁ, respectively. Again, the size of G, with temperature is smaller than G, due to

(a) (b)
*
b>)‘0 hom
[
Q
=)
5}
o
9}
—
=
Supersaturation (Ap) Temperature
Figure 3.6: Homogeneous (blue) and heterogeneous ( ) Gibbs free energy barriers as a function of (a)

supersaturation and (b) temperature. A value f( ) = 0 5 has been used for the representation of G,,.
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3. Fundamental aspects of nucleation and growth of CSD oxide heterostructures

the f( ) factor, therefore, it is more probable to nucleate heterogeneously at a given
temperature (Fig. 3.6b). During the generation of oxide heterostructures, heterogeneous
nucleation should be expected. However, homogeneous nucleation cannot be discarded,
particularly, at low temperature were both events may have similar probabilities [127]. Thus,
careful control of temperature is vital to promote heterogeneous over homogeneous

nucleation in heteroepitaxial systems.

In terms of a CSD-derived system (Fig. 3.4), the dependence of r and G with
temperature indicates that far from the melting point, crystallites are small and G, is large
enough to allow nucleation. Per contra, as we approach the melting temperature, nuclei size
increases and the driving force becomes small, difficulting nucleation due to large energy
barriers. The same behavior happens when there are intermediate phase transitions which
introduce a middle step in the free energy minimization path, adding an extra reducing factor
to the driving force for crystallization.

It is evident that the type of nucleation will be dictated by the energy supplied during the
thermal annealing, therefore, the effect of temperature is extremely important to define the
final morphology of our system [10]. Fig. 3.7 shows the relation between nucleation barriers
and the thermal energy kg7’ as a function of temperature with three different regions that can
be identified: a region where G kg7 (region 1), another for G  kgT (region 2) and the
last one where G >>kpgT (region 3). Notice that theratio G kg7 becomes very large at a
certain temperature (7;,) and diverges at the melting point (7},,). It seems from Fig. 3.7 that
nucleation decreases as kBiT >>1 because the thermal energy would not be enough to overcome
the energy barrier and promote nucleation. More insight about the nucleation behavior will be
given in section 3.2.3.

In addition, it is worth noting the effect of the heating rate in materials with multiple
nucleation events, particularly at low temperatures. In conventional thermal annealing (CTA),
the use of slow heating rates promotes the initial stages of nucleation and growth at low
temperatures and they proceed while the system is heated up. Then, there is more energy
available for more than one nucleation event which may have distinct growth rates. On the
contrary, through the use of faster heating rates, i. e. by rapid thermal annealing (RTA),
nucleation and growth are shifted to higher temperatures postponing densification and
crystallization as well [151], and in some cases the formation of intermediate phases can be

avoided increasing the driving force for crystallization [152].

Besides thermal annealing techniques (CTA and RTA), pulsed laser annealing (PLA) has
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3.2. Nucleation in heteroepitaxial systems

AG"/k,T

Temperature T_ T'mp

Figure 3.7: Schematic representation of the ratio between the nucleation barrier (AG*) and the thermal energy of
the system (kpT). Three regions can be identified: a blue one where AG*<kpT, a green one for AG*>kgT, and
a red one for AG*>>kpT.

been recently used to study nucleation and growth [72]. In these treatments, heating is not
homogeneous through the film which leads to a large thermal gradient between surface and
interface, and consequently, different nucleation and crystallization phenomena as compared
to thermal treatments. Furthermore, heating rates are orders of magnitude faster than the ones
reached with thermal annealing, i. e. the system is far from thermodynamic equilibrium,
which could significantly speed-up nucleation and growth processes. Further details about

laser crystallization will be described in Part III.

3.2.2 Influence of strain in heterogeneous nucleation

All the discussion made previously has been done without considering the influence of strain
on nucleation. However, its role seems to be of vital importance defining the system’s
morphology on single crystal substrates as stated in section 3.1.1.

In the particular case of heterogeneous nucleation, a nucleus is forced to match the
substrate due to the lattice mismatch. This creates an in-plane strain in the nucleus which in
turn generates one of opposite sign in the normal direction caused by the accommodation of
the crystal structure to the deformation, i. e. Poisson effect. Then, it seems logic that the Gibbs
free energy barrier must be modified accordingly to consider its influence. Such effect can be
interpreted as an overall change of the Gibbs free energy (Eq. 3.9) due to the presence of a
strain energy density (AG,->0), resulting in a nucleation barrier with the form [128]

167r’y]3:
3(AG, — AGgy)

AG;kzet,str - Qf(e) (313)
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3. Fundamental aspects of nucleation and growth of CSD oxide heterostructures

A different way to define that variation pointed out by Markov considered that the shiftin G

G,= G /1 }2/1 ”’J 2 (3.14)

where is the strain, is the work required to break bonds between first neighbor atoms, and

can be written as [126]

v is the aforementioned supersaturation which is proportional to 7T=T,,, T. In this case,
the dependence of G ;, can be seen as the need to surpass a supersaturation larger than the
strain energy per bond n for a nucleus to form.

In either way, the energy barrier will be larger for a strained system at a given

supersaturation (Fig. 3.8), and thus, more energy will be needed to achieve nucleation.

Free energy

Ne  Supersaturation

Figure 3.8: Influence of strain on the nucleation barrier. Reproduced from [126].

Besides modifying energy barriers, strain also affects the type of heterogeneous nucleation,
i. e. 2D or 3D. The simplest interpretation is to include the contribution of strain to the
description mentioned at the beginning of section 3.1. Although Markov combines the
contribution of strain with the interface energy [126], such effect could be seen as an
additional term (> 0) . Therefore, nucleation will be 2D if , ;+ ;+ g, whilst when

s< s+ i+ sr 3D nucleation will be promoted instead.

3.2.3 Nucleation and nucleation rates

After the thermodynamic analysis made, it is also interesting to determine the rate of nucleation
N=4 which is a way to quantify the amount of nuclei that are able to form after overcoming

a nucleation barrier G . In general, the nucleation rate is a thermally activated process also
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3.2. Nucleation in heteroepitaxial systems

depending on the atomic mobility that can be written as

N exp/ ]:zn] exp/ kBGT} (3.15)

Atomic mobility ~ Energy barrier

where @, is the diffusion activation energy of nucleation, and kg is the Boltzmann constant.
The first term takes into account the effect of atomic mobility which is essentially thermally
activated and might not be negligible, while the second quantifies the number of nuclei that
grow beyond the nucleation barrier. In the analysis of the nucleation rate behavior with
temperature, it is assumed that @), is constant, whereas G has a strong dependence with
temperature.

Fig. 3.9 depicts the three different regimes that can be observed, which are also related to

those presented in Fig. 3.7 and will differ from one material to another:

1. When temperature is low, nucleation is limited by the extent of atomic mobility because
Qn>>kpT. The rate of nucleation rises with temperature, as well as atomic diffusion

does.

2. Ata certain temperature, atomic mobility is large enough to allow nucleation (Q,,( kgT).
The energy barrier to form a nuclei has a dominant role and G ﬁ G rises with

temperature faster than k7', and thus, the nucleation rate decreases with temperature.

3. Despite atomic mobility is large, the energy barrier G is too high ( G >>kgT) and
nucleation is practically suppressed at a critical temperature (7,,) below the melting point

(Tomp)- The driving force G|, is too small as depicted in Fig. 3.4.

In most systems, atomic diffusion is large enough due to the temperatures employed. Thus,
nucleation is only associated to the energy barrier term described in Eq. 3.15and G ( ﬁ
Furthermore, Eq. 3.15 will be very useful in situations where the formation energies of distinct
crystalline orientations are substantially close, allowing us to determine the degree of
coexistence between them [51].
In Fig. 3.10, we have plotted the dependence of homogeneous (/NV},,,) and heterogeneous
(Nhet) nucleation rates with temperature in linear and logarithmic scales, considering that
G has the form described in Egs. 3.10a and 3.10b with f( )=05 for the same atomic
diffusion term in both cases. Since the energy barrier for heterogeneous nucleation is lower

than the homogeneous one (Fig. 3.6), its rate will be always larger [127, 128] and the difference

will increase with temperature as shown in Fig. 3.10. Moreover, we can see in Fig. 3.10b that
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Figure 3.9: Nucleation rate dependence with temperature when the effect of atomic diffusion is considered. Three
regions can be identified: a blue one where diffusion dominates (Qn,>kgT and AG*<kgT), a green one when the
energy barrier rules over atomic diffusion (AG*>kgT), and a red one when nucleation is practically suppressed

(AG*>>kpT and AG*>>Q.,).
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Figure 3.10: Nucleation rate dependence with temperature when the effect of atomic diffusion is contemplated for
homogeneous and heterogeneous nucleation in (a) linear and (b) logarithmic scales. The heterogeneous barrier has

been calculated from Eq. 3.10b with f(6)=0.5.

the regions described in Fig 3.9 are shifted towards higher temperatures for heterogeneous
nucleation as the striped boxes delimited by dashed red and blue vertical lines indicate for
homogeneous and heterogeneous nucleation rates, respectively. Thus, Ny, is depressed at
lower temperatures than N, het-

A similar way to evaluate the difference between both nucleation rates is to calculate the

ratio between them (N, / Niom) assuming that the atomic diffusion terms are constant (C,om,

and Cj;) and that AGj, ,=AG; . f(0) (Eq. 3.10b). Therefore:

Nhet Chet <AG2 - AGZ t) Chet (AGZ (1 - f(@)))
— = — X om &) = ex o . 3.16
N, hom Chom P kBT C’hom P kB T ( )
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influencing grain coarsening and epitaxial crystallization

Hence, the ratio will be always bigger than unity as illustrated in Fig. 3.11, i. e. higher
probability to nucleate heterogeneously although at low temperatures both events may present

similar probability.
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Figure 3.11: Ratio between heterogeneous and homogeneous nucleation. Eq. 3.16 with f(6)=0.5 has been used.

3.3 Growth in heteroepitaxial systems: thermodynamic and kinetic
mechanisms influencing grain coarsening and epitaxial

crystallization

Similarly to what happens during nucleation, growth is thermodynamically and kinetically
governed. After stable nuclei are formed, they begin to enlarge spontaneously at expenses of
others. This thermodynamic process called Ostwald ripening [153] is ruled by the reduction
in energy associated to a decrease in the overall surface/volume ratio of the system promoting
the formation of larger crystallites by atomic diffusion from other smaller crystallites, what has
been called Coarsening. An additional growth mechanism of importance is Coalescence which
can be either static [154] when two nuclei grow independently from Ostwald ripening and,
eventually, match merging as an individual entity; or dynamic [155] when merging of two
nuclei have an origin in the separated diffusion of the two nuclei, sometimes promoted by
attraction forces.

During the growth of epitaxial heterostructures (Fig. 3.12), the driving force towards
recrystallization from random to epitaxial grains is the decrease of the total energy of the
system. Therefore, if random grains are large, their associated energy will be low, thus
reducing the driving force towards recrystallization or reorientation. As a result, the

recrystallization rate to epitaxial grains will be small.
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Figure 3.12: Schematic representation of the change in free energy G, as a function of temperature for the
transformation between an amorphous or a nanocrystalline material into epitaxial grains. The influence of the

grain size in the case of nanocrystalline materials is also schematized.

Although growth has a thermodynamic contribution, the distribution of atoms is

principally governed by kinetic processes usually described by the Fick’s laws [156]:
Jc = DcVC (First law) (3.17)

and

—f = V Jc = DcV2C (Second law) (3.18)

where J¢ is the mass flux, C is the concentration or density of atoms, and D¢ is the Fickian
diffusion coefficient or diffusivity.

Besides the concentration gradient VC, other sources such as gradients of chemical
potential Vv, electric potential VU, elastic interactions VU, and temperature VT’ could
also influence atomic diffusion [156]. If we consider the sum of drift forces resulting from

these gradients F, the mass flux can be generally written as
Jtot == JC + uCF (319)

where J¢ is the Fickian mass flux, u the effective mobility caused by the external forces F, and

C' is the concentration.

Self-limited grain growth and epitaxial crystallization

The kinetic behavior of grain growth was first described by Burke and Turnbull [157] for
polycrystalline materials in isothermal conditions. Essentially, they assumed that
reconstruction of grain boundaries was driven by energy minimization and surface area

reduction through atomic diffusion. Then, grain growth behavior can be described by a
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growth rate dS dt:

M
d5 = (3.20)

E e
with a general solution [158]

ST ST =kt (3.21)

where S and S are the average and initial grain size, M is the grain boundary mobility, the
grain boundary energy, k,=nM G, 2 is a material constant, and n (2 n 4) a growth
exponent. Although this description has been widely employed in many cases, it is still
inadequate to describe grain growth in the nanometer range where the movement of grain
boundaries is often limited by the dependence of atomic diffusion on grain size or the
presence of crystalline defects [159, 160].

In this sense, isothermal grain coarsening, as well as epitaxial crystallization, can be easily
described as a function of time ¢ by a self-limiting behavior of the form [159-161],

S@)  So=(Sma S0) |1 exp / ;}' (3.22)

where Sy and S, are the initial and final states, respectively, and @ is the characteristic
relaxation time defined at 0.63 5,4, as we schematically represented in Fig. 3.13. Then, a
characteristic diffusion coefficient at a fixed temperature Dr can be calculated from the

previous parameters employing

(Smax 50)2
D= ————— .
T 7 (3.23)

Since diffusion is a thermally activated process, we can obtain the dependence of the diffusivity

- -/4-0.63.S_

X

‘0 T Time, t

Figure 3.13: Schematic representation of a self-limited behavior, for example, associated to grain growth. The

characteristic relaxation time 0 is defined at a value of S(¢t)=0 63 Syaz-
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with temperature by fitting the data assuming that it follows an Arrhenius law [159-161]

o]

3.24
T (3.24)

D:Doexp/

where Dy is a pre-exponential factor which depends on parameters such as geometrical
constants and the lattice constant, and g is the activation energy for diffusion. Both
quantities are assumed to be constant.

Typically for films grown using thermal treatments, grain boundary diffusion mechanisms
are often considered as the main driving force towards grain coarsening and epitaxial
crystallization [159, 161, and references therein]. However, we will see later that non-Fickian
diffusion could play an important role in heterostructures grown by laser annealing where

laser-matter interactions lead to extreme thermodynamic conditions.

3.4 Summary and conclusions

In this chapter, we presented a theoretical description of the fundamental concepts employed
in the study of nucleation and growth mechanisms.

Firstly, we introduced a general classification of heteroepitaxial growth based on
thermodynamic principles, as well as an extensive description of the final energy of the
system and the influence of strain on it.

In addition, we presented the usual definition of the classical nucleation theory highlighting
the differences between heterogeneous and homogeneous nucleation barriers and rates with
temperature, again detailing the influence of strain.

We also described generally the multiple aspects of grain coarsening and epitaxial
crystallization. Basically, we presented the different terms contributing to atomic diffusion, as
well as a self-limited growth model employed in the characterization of multiple systems and,

in particular, to the nanostructures and films analyzed in this thesis.
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Chapter 4

Interfacial Cep 9gGdp 102 y oxide
nanostructures: a thermodynamic and

kinetic study

The formation of nanostructures have experienced an important boost recently due to new
functional properties exhibited at such small scales in fields like catalysis, electronics, optics,
magnetism, etc [35, 162-164]. However, in the late nineties and early noughties some works
already reported the spontaneous arrangement of nanoislands due to morphological
instabilities in highly strained epitaxial films [9, 46, 47]. Later on, other authors took
advantage of this phenomenon to generate self-nanostructured patterns [3, 13, 39]. In CSD,
this effect of films splitting into islands and pits, i. e. spontaneous dewetting, is generally
caused by thermodynamic instabilities and has been observed in different oxide films such as
CeO7 [39], YBCO [47] or PbTiO3 [46]. However, the generation of nanoislands from this
approach is rather unpredictable and uncontrollable in terms of final shapes and sizes. In this
sense, the use of ultra-diluted solutions has been surprisingly fruitful obtaining islands with

defined and reproducible morphologies [11, 35, 49-53, 165].

Few works of CSD-derived nanoislands have dedicated their efforts to analyze nucleation
and growth using a conventional thermal annealing (CTA) approach [35, 49, 51, 52].
Nevertheless, such methodology uses slow heating rates (1-30 °C min !) and it may be
extremely complicated to comprehensibly understand and separate nucleation and coarsening
events. Therefore, here we present a new methodology making use of Rapid Thermal

Annealing (RTA) furnaces that are able to achieve faster heating ramps ({ 20 °C s ') enabling
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independent analysis of nucleation and coarsening of nanoislands. Since both techniques
have the same heating mechanism, the differences that may arise will be dictated by the range
of heating ramps achieved with each of them (section 2.3.2).

Cerium dioxide (CeO3) nanostructures represent a valuable improvement for scientific and
technological applications since they exhibit remarkable functional properties very appealing
for many applications. As previously mentioned, it can be used in electronic devices, optical
coatings, solar and fuel cells, or as a buffer layer in coated conductors for high temperature
superconducting applications [1, 16-21]. Also, CeOs is typically doped with Zr** or Gd3* ions
due to the improvement in its atomic mobility, preventing the retention of C and, therefore,
enhancing epitaxial growth [108]. Particularly for nanoislands, we used a Gd-doping content
of 10% which is the optimal concentration reported [109, 110].

In this chapter, we analyze in detail the stable shape, nucleation and growth of
Cep9Gdp 102 , (CGO) islands grown on different substrates from theoretical and
experimental perspectives. The use of (001)YSZ, and (001)- and (011)-LAO substrates will
allow us to evaluate the effect of strain during their formation. We will also refer to the work
developed by Dr. Marta Gibert during her thesis in our group, and reproduced here using this
aforementioned new methodology for completeness and comprehension of the underlying

phenomena.

4.1 Theoretical approach for the study of nanoislands” morphology,

nucleation and growth

The thermodynamic model used in this work to analyze the different energy contributions and
shape of CGO islands is based on the previous knowledge mentioned in section 3.1 that was
also reported by Gibert et al. [166] and summarized here for completeness. It assumes that
islands are far from each other, and thus, the E;,; term in Eq. 3.7 is negligible. In addition,
the general shape considered is a nanoisland with a trapezoidal-prismatic shape (Fig. 4.1) with
height h; both in-plane dimensions a (short axis) and b (long axis) are the full width at half
maximum values. Facets corresponding to short and long axes are tilted at an angle and ,
respectively. The shape consists of a truncated island because this is the most usual shape for
CGO nanostructures as we will see later. For conciseness, the different energy items will be
12) 12y,

expressed in terms of the effective diameter (D=(ab)" ©) and the lateral aspect ratio (c=(b a)

The energy required to form a parallelepiped island with the morphology described in Fig.
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Figure 4.1: General island shape considered for the theoretical thermodynamic analysis.

4.1 is mainly composed by the contribution of the surface energies due to the creation of an
island and the elastic relaxation energy associated with the interfacial misfit strain. Then, it can

be written as

1
FEistana = 11D?* — 42hD [ ccot 6 + = cot 8 +2hD(£+ 7a )
c sinf  csind
L /oD EDf 4.1)
—ah2D! = cr
ahD{Cln<A>+5CID<CA>}'

Erclaz

In the Ey,, s term, y1=7:+7;—7s and y2=7;—v;+7s, where ;, 7; and ~, are the surface energies
of island’s top facet, substrate-interface and substrate, respectively, while v, and ~, are the
surface energies of the short and long lateral facets. Table 4.1 presents the values for the
different parameters corresponding to the two CGO island orientations observed
experimentally that will be described later. The surface energy for the (001)-oriented YSZ
substrate is 1.75 J-m~2 [168]. However, for a (001)-oriented LAO substrate it can be 1.37 J-m—2
if it is a LaO-terminated surface or 1.79 J-m~2 if it is an AlOs-terminated surface [169],
therefore, we will consider an average value (7¢%,=1.58 ]-m~2) in our calculations. Surface
energy values for (011)-oriented LAO substrates have been found to be 1.93 J-m~2 [170].

Although interface energy values are unknown, some works mention that they are usually

below the sum of free surface energies of the materials considered and no noticeable variations

Table 4.1: Surface energies for the CGO top () and lateral facets (v, and ~,), and angles between island and
substrate (6 and §) [39, 167]. The island morphology is depicted in Fig. 4.1.

Island orientation | 6 (°) | 6 (°) | 74 J-m™2) | v J-m~2) | v, -m~2)
(001) 54.7 54.7 3.25 ’)/111:154 ’}/111:1.54
(011) 35 45 2.45 Y001=3.25 | 7111=1.54
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should be expected [131]. Nevertheless, the influence of interface might not be negligible in
certain cases, and consequently, it will be evaluated later.

The E,¢q,; term has been derived following the work from Tersoff and Tromp [139]
explained in section 3.1. However, a generalization of Eq. 3.3 was developed in a previous
work by Gibert et al. [166] with the inclusion of a dimensionless factor accounting for the
stress anisotropy , as well as a A coefficient which considers the contribution of the edges
and depends on island’s height (A=kh) [39, 137]. A values have been considered to be
between 0.5 and 5.5 nm. Moreover, =§2(1 W) Bv with§ being the island stress tensor, ¥ and
v the Poisson ratio and shear modulus of the substrate, respectively. The value of the stress
tensor can be estimated considering 6 ( Y [137], where Y is the Young modulus and the
lattice mismatch. Common perovskite values for this parameters have been considered, i. e.
Y'=200 GPa, »=80 GPa and ¥=0.3 [94, 171].

This theoretical development will be used later as a mean to evaluate the thermodynamic

contribution of coarsening from the minimization of the energy density [39, 139]

FE; 1 2 c
w‘l/and - ﬁl 52 ceot + c cot } + D SiIbl CSi(Ill
- Bours V- 4.2)
—h 1111/01)} + cln/D}
D ¢ A cA

Eretaz V

were the volume of a nanoisland has been defined in terms of the effective diameter (V=hD?).

Following a similar development as the one presented in Chapter 3, we can analyze the
nucleation stage. It should be noted that at the very early stage of nucleation where the critical
size is considerably small (few nanometers), the main contribution to the overall energy of an

island will come from the surface energy term in Eq. 4.1 which can be written as [51]
Egwr= D*+ hD (4.3)

where ++ i sand = 2 cesc + q¢ lesc (¢ ++ ) ccot +c lcot

Accordingly, the variation in Gibbs free energy for this particular case is

2
G(D) = h% v+ D*+ Dh (4.4)

where ¥ is the unit cell volume, and v is the change in chemical potential between the
epitaxial and amorphous/nanocrystalline state and has been defined to be positive. Then, the
energy barrier and critical size for the nucleation of a CGO nanoisland are

2 h2

G =———— 4.5
P " (4.50)
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and

D =—H—— 4.5b
v+ ( )

[\
|+

respectively.
Although the contribution of strain to the island’s energy has only been considered in the
E,clqz term, its influence on surface and interface energies could be strong enough to modify

its shape or nucleation barrier. Thus, we will evaluate its effect too.

4.2 Shape selection of nanostructures

In this section two different examples of epitaxial CGO nanostructures will be described. On
the one hand, we will investigate the growth of isotropic islands on (001)-oriented YSZ and
LAO substrates in oxidizing atmosphere. On the other hand, anisotropic nanowires will be
grown on (011)-oriented LAO substrates in O9, while it will be shown that it is possible to
grow other anisotropic morphologies on (001)LAO substrates if a reducing Ar-Hs annealing
atmosphere is used instead. In particular, we will study and compare in detail the stable
shape, structure and oxidation state of these nanostructures. The influence of biaxial strain,
and surface and interface energies in the stabilization of islands’ shape will also be analyzed
from a theoretical point of view. Finally, some hints about islands” kinetic evolution will be

derived using thermodynamic calculations.

4.2.1 Isomorphic CGO nanostructures

The formation of isotropic CGO nanoislands have been observed on two different single crystal
substrates, (001)-oriented YSZ and LAO (Fig. 4.2), during high temperature (( 1000 °C) thermal
treatments by RTA in oxygen atmosphere. As we can see from Fig. 4.2a, CGO islands grow on
(001)YSZ substrates with a square-shaped base oriented 45° from the 100 substrate axes, while
in Fig. 4.2b islands’ shape is aligned with the 100 LAO substrate axes.

In the case of YSZ substrates, both materials (YSZ and CGO) have a fluorite structure and
are completely compatible from the chemical point of view. A cube on cube disposition of
the structures is to be expected (Fig. 4.3a). Apart from that, the theoretical compressive lattice
mismatch ( 5% (aysz=5.145 A and acco=5.413 A) between the two structures is sufficiently
high to lead to the formation of nanoislands.

High-resolution TEM analysis of nanoislands (Figs. 4.3b-d) shows that their shape consists

of a truncated pyramid. This shape has already been observed before on CGO islands grown
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[010]YSZ

Figure 4.2: Isotropic CGO nanoislands on (001)-oriented single crystal (a) YSZ and (b) LAO substrates. Both
AFM images correspond to samples annealed at 1000 °C, 20 °C s ! for 15 min in Os.

on other substrates [39, 51], as well as films deposited on YSZ by sputtering where islands were
generated due to fluctuations created by strain [172]. Other oxides grown on YSZ such as In,O3
nanodots by MBE [173] or LSMO nanoislands by CSD [35] have shown the same morphology
as well. In some thin films, faceted grains with the same shape can also be identified, as we
will see in chapter 5.

As it can be seen from Fig. 4.3b, the top facet corresponds to the (001) plane and the
arrangement of YSZ and CGO lattices is cube on cube with the configuration
(001)CGO[100] (001)YSZ[100] (Fig. 4.3d). Regarding lateral facets, Fig. 4.3b seems to indicate
a (011) orientation for the lateral facets. However, there are two possibilities for nanoislands
on YSZ to display lateral (011) facets when samples are cut along substrate axes as shown in
Figs. 4.3e and f. Since the specimen was cut parallel to substrate axes during TEM sample
preparation and AFM images (Fig. 4.2a) show that CGO islands display a 45°-rotated cubic
shape with respect to YSZ axes when seen from above, we can deduce that sample
preparation causes a misleading perspective and lateral facets of CGO nanoislands on YSZ
have the lowest surface energy configuration of CGO, i. e. the (111) orientation (Table 4.1), as
observed previously in other cases [11, 51, 166].

The degree of relaxation of these islands can be evaluated by the separation between misfit

dislocations which for a fully relaxed bulk system is calculated from [174]

S=— (4.6)

where b =(a 2) h?+ k?+1? is the modulus of the dislocation Burgers vector and is the
lattice mismatch. In this case, b :% 100 gives a theoretical separation of ( 5.4 nm, close to
the experimental value ( 5 nm (Fig. 4.3¢c). This islands seem to be fully relaxed even for small

sizes as it is shown in Fig. 4.3d.
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Figure 4.3: (a) Solid sphere model showing the matching between CGO and YSZ structures along the
[010]CGOI||[010]Y SZ direction. Isomorphic CGO nanoislands grown on (001)YSZ. (b) High-resolution TEM
depicting the parallelepipedic shape of a single island. (c) Inverse-filtered image of (b) generated with the (001)
reflections of CGO and YSZ, and depicting island dislocations every ~5 nm. (d) Fourier Transform of (b) showing
the cube on cube arrangement of CGO and YSZ lattices, as well as the epitaxial relationship between island and
substrate. (e) 45°-rotated and (f) non-tilted island solid sphere models sketching lateral facets and their relation

with TEM sample preparation.

On the other hand, the case of CGO islands grown on (001)LAO is particularly interesting
because, unlike the previous case, both crystallographic structures are atomically different
(fluorite on perovskite). Even though the island shape is the same, and a truncated pyramid
with (111) lateral facets and a (001) top facet is observed (Fig. 4.4a), the CGO lattice sits 45°
rotated with respect to that of LAO, i. e. (001)CGO[110]||(001)LAOJ[100], as shown in Fig. 4.4b
and already reported by Gibert et al. [51]. The particular disposition of CGO provides a real
theoretical matching of e=(as — di10) /d110~—1%, where d;190=3.827 A is the interplanar
separation of (110) planes of the CGO fluorite structure. Gibert et al. pointed out [11, 116] that
such interfaces are very likely to present oxygen vacancies since it seems that there is not
enough room to arrange oxygen atoms of both structures as we schematically represented in

Fig. 4.4c. In this case, the mean separation of dislocations for islands grown on LAO is larger
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(b)

{CGO[001]

tLAO[001]

Figure 4.4: Isomorphic CGO nanoislands grown on (001)LAO. (a) High-Angle Anular Dark Field Scanning
Transmission Electron Microscopy (HAADF-STEM) images depicting the parallelepipedic shape of a single
nanoisland. (b) Fourier Filtered image of (a) showing the epitaxial relationship between island and substrate.
(c) Solid sphere model sketching the interface between CGO and LAO lattices along the [110]CGO||[100]LAO

in-plane direction.

than their size in most cases S~38 nm (from Eq. 4.6 and assuming ‘?):% (110))). Therefore,
the presence of oxygen vacancies and its distribution could have an important contribution to
strain relaxation as we will see later.

The isomorphic islands described so far have been obtained in O, atmosphere. However,
it is also possible to achieve such morphology on (001)LAO when annealing at T~800 °C in
Ar/5%-Hj and short annealing times [51]. If higher temperatures or longer annealing times are
used, a transformation from (001)CGO nanodots to (011)CGO nanowires occurs. This transition
is associated to specific thermodynamic and kinetic situations as it will be explained later in

section 4.3.5.

4.2.2 Inducing shape anisotropies

Besides the formation of isotropic nanoislands, it is also possible to obtain islands with one of
their in-plane directions larger than the other, i. e. nanowires, by changing substrate
orientation from (001)- to (011)-LAO (Fig. 4.5a) or growth conditions, i. e. annealing
atmosphere from O, to Ar-H, and going to high enough temperature (~1000 °C) as it has been
demonstrated by Gibert et al. using slow conventional furnace annealing [52]. Although we
have focused on the study of nanowires induced due to a modification of the substrate
orientation, we reproduced the latter case using RTA treatments for completeness and
comparison (Fig. 4.5b). Both nanowires shown in Fig. 4.5 were grown by RTA at 1000 °C, 20
°C-s~! for 15 min. Besides the different LAO orientations used, nanowires from Fig. 4.5a and

4.5b were grown in O and Ar-Hy, respectively. The reason why in Fig. 4.5a there are parallel
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nanowires whereas in Fig. 4.5b they are orthogonal will be explained in section 4.2.5.

(a) (b)

[010]LAO

o
3
r | | , z
I—»[O—l]LAO L»[IOO]LAO

Figure 4.5: Anisotropic CGO nanowires on (a) (011)- and (b) (001)-oriented single crystal LAO substrates. Both

AFM images correspond to samples annealed at 1000 °C, 20 °C s ' for 15 min in O and Ar-Ha, respectively.

Cross-sectional HAADF-STEM images of nanowires grown on LAO(011) (Figs. 4.6a and d),
and corresponding power spectrum analyses (Figs. 4.6b and e) show that these nanostructures
have a trapezoidal-like shape with a (011)-oriented top facet and (111) lateral facets along the [0-
11]JCGO [100]LAO direction, and (010) lateral facets along the [100]JCGO [0-11]LAO direction.
In addition, it is clearly seen that in-plane axes of CGO and LAO lattices are rotated 90° which
gives a theoretical compressive lattice mismatch = d-1¢ d$5° d$5°9( 1% (where dpy
are the interplanar distances of both CGO and LAO structures) in both directions, i. e. strain is
isotropic as in the case of (001)CGO nanoislands on (001)LAO. Then, the shape anistropy will

be driven by different energies of lateral facets as we will see from thermodynamic analyses.

A solid spheres model of the interface in both in-plane directions (Figs. 4.6c and f) shows
that matching between CGO and LAO cation lattices is, indeed, good. However, some
vacancies should be expected at the interface due to overlapping of oxygen atoms between
both structures. Although the lattice mismatch is low, the mean separation of dislocations
should be between 40 and 50 nm, similarly to what has been observed for isotropic (001)
nanodots on (001)LAO. This value is larger than most nanowires” width but not their length;
however, HAADF-STEM images analyzed were not long enough to find any dislocations.
Since the theoretical mismatch is low ( ( 1%), the formation of oxygen vacancies at the
interface could act as a strain relaxation mechanism, reducing the driving force towards misfit

dislocation formation.

As we said previously, (011)CGO nanowires have been already grown on (001)LAO
substrates in Ar-Hy by Gibert et al. Although, they present the same lateral facets like those
grown on (011)LAQ, i. e. (111) facets along the long direction and (011) facets along the short
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Figure 4.6: Analysis of (011)CGO nanowires on (011)LAO. (a) Cross-sectional HAADF-STEM image, (b) Power
spectrum (Fast Fourier Transform or FET) analysis of (a), and (c) solid spheres model of the interface along the [0-
11]CGO||[100]LAO direction. (d) Cross-sectional image, (e) power spectrum analysis of (d), and (f) solid spheres
model of the interface along the [100]CGO||[0-11]LAO direction.

direction, the arrangement between them and the (001)LAO substrate is substantially
different, i. e. the in-plane alignment consists of a direction ([0-11]JCGO||[010]LAO) with a low
compressive mismatch of —1% and another direction ([010]JCGO|[[100]JLAO) with a large
tensile mismatch of 5%. This particular disposition led to a matching of 2 CGO unit cells with
3 LAO unit cells (following a domain matching epitaxy (DME) model [175]) and,

consequently, to the presence of an extremely high density of misfit dislocations [52].

4.2.3 Tuning oxygen stoichiometry of nanostructures

In the previous section, it has been repeatedly stated that oxygen vacancies are likely to be
present in the structure of CGO due to the particular arrangement of nanostructures at the
interface with substrates. X-ray photoelectron spectroscopy (XPS) is a good technique to
evaluate the oxidation state, even though it tends to overestimate the amount of Ce3* [176]; it
must be assumed that only around 20-30 % of the top part of the sample is being sensed due
to the known limitations in the electrons mean free path and thickness. Previous XPS

measurements performed on CGO nanodots grown by CSD in an oxygen atmosphere showed

70



4.2. Shape selection of nanostructures

that they have an extremely high amount of oxygen vacancies, i.e. a ratio
Ce3t/Ce'™ (%) ( 40/60 [51].

Measurements of oxygen vacancies in CeO; nanoparticles through STEM-EELS suggest
that vacancies are mainly located at their surface [177]. Similar experiments have been carried
out on CGO nanodots indicating a large amount of Ce®" ions along them, i. e. high content of
oxygen vacancies. Nevertheless, conclusive results could not be extracted because it was
found that either sample preparation by PIPS or interaction with the electron beam during
imaging may influence the oxygen content of cerium oxide as reported in [178]. Song et al.
also found presence of oxygen vacancies by STEM-EELS at the interface of CeO; thin-films on

(111)YSZ grown by PLD, although their preparation procedure was the same as ours [179].

An alternative method supporting the presence of oxygen vacancies at the interface has
been proposed by Solovyov et al. from the analysis of reciprocal space maps obtained using
synchrotron X-ray diffraction [180]. Examination of symmetric and asymmetric reflections
allowed them to deduce that islands smaller than 40 nm are compressed in the out-of-plane
direction and present a large in-plane tensile strain. Modeling of reciprocal space maps was
done considering that strain depends linearly on island’s size. This is only true if oxygen
stoichiometry is inhomogeneous along islands and vacancies concentration is slightly larger at
the interface. Actually, this assumption could also be consistent with high ionic conductivity
values such as those reported by Garcia-Barriocanal for YSZ/STO heterostructures [73] that
have been attributed to the presence of large amounts of oxygen vacancies at the

fluorite / perovskite interface.

This phenomenon is not exclusive of isotropic islands, but it could play a vital role in the
structural relaxation of nanowires. Gibert et al. also evaluated the oxygen stoichiometry of
(011)CGO nanowires grown on (001)LAO in Ar-H, atmosphere, and reported a larger amount
of Ce?" ions (Ce®*/Ce*t(%)=65 35) [51], which is translated to an enhanced presence of
vacancies with respect to nanodots grown in O,. Despite the Ar-H, annealing atmosphere
contributes to the formation of oxygen vacancies, the complicated arrangement of (011)CGO
nanowires on (001)LAO, which are only stabilized on this substrate under Ar-Hj, may
promote oxygen deficiencies at the interface as Gibert et al. proposed [11]. The large content
of oxygen vacancies could lead to an enhanced kinetic evolution of these nanowires as we will

see later.

The oxygen stoichiometry of (011)CGO nanowires grown on (011)LAO in O3 has also been
evaluated by XPS as described in section A.1.2. Fig. 4.7 depicts the Ce 3d core level spectra

71



4. Interfacial Ceg.9Gdp.1O2_, oxide nanostructures: a thermodynamic and kinetic study

with a deconvolution of the individual contributions. The resulting integration of the
individual peak areas is reported in Table 4.2. The overall ratio between Ce®** and Ce** ions is
calculated by summation of the peaks colored in green and red, respectively, which reveal a
ratio equivalent to that observed for isotropic nanodots, i. e. Ce3*/Ce**(%)~40/60. In spite
of these results, XPS measurements of 20 nm-thick CGO thin-films in our group have shown
that the amount of Ce®" ions is significantly smaller, i. e. ~0% in Oz [108]. Probably this could
change if ultrathin films (~5 nm) are measured. Consequently, we hypothesize that
nanoislands dimensions together with their particular arrangement with substrates may

contribute to a great extent defining the amount of oxygen inside the CGO structure.

The presence of oxygen vacancies in 3D systems has already been measured by different
methods such as EELS or XPS for example in CeO, nanoparticles. They have found that
small-sized ones are fully reduced, i. e. 100% of Ce3" ions, while oxygen vacancies in larger
nanoparticles are distributed along their surface [176, 177, 181]. Several phenomena could
explain this event such as the larger surface-to-volume ratio of these systems compared to

thin-films allowing oxygen to deplete faster or chemical terminations different than that of
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Figure 4.7: XPS Ce 3d core level spectra of (011)CGO nanowires grown on (011)LAO in Oy atmosphere at 1000
°C, 20 °C-s~* for 5 min. The fitted components shadowed in green correspond to Ce3T ions, while those shadowed

in red to Ce*t ions.

Table 4.2: Quantification of the individual peak areas extracted from Fig. 4.7 and normalized to the sum of all

peak areas.

vo (%) | v (%) | v1 (%) | va (%) | v3 (%) | wo (%) | w (%) | wr (%) | us (%) | us (%)
397 | 1501 | 1533 | 881 | 11.81 | 359 | 13.58 | 1388 | 798 | 6.04
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(111)facets which have shown a greater probability to form oxygen vacancies [181].
Nevertheless, it is still an open issue requiring further investigation.

Additional details on how the XPS measurements and data analysis is performed can be
found in Appendix A.1.2. The influence of nanowires shape on their kinetic evolution will be

discussed in sections 4.2.4 and 4.4.

4.2.4 Thermodynamic stability of nanoislands morphology

From the beginning, CGO isotropic and anisotropic nanostructured systems do not fulfill the
wetting condition since ycgo+7vi>7s, and this supports the experimental evidence that
nanoislands are the preferred morphology. In addition, the stability and final shape of
different nanostructures can be verified using the thermodynamic model explained in section
4.1, where the strain relaxation energy is considered too. Initially, the unknown contribution
of the interface energy ~; has not been considered for simplicity, although its possible effect
will be evaluated as well later on.

Fig. 4.8a shows the dependence of 141, Esyrf and Eycjq, on the lateral aspect ratio c for a
(001)CGO nanoisland (D=20 nm and ~A=7 nm) on a (001)LAO substrate. ~All energy
contributions are isotropic around c=1, and E},, presents a minimum at that point which
proves that the lowest energy configuration is when the island’s shape is isomorphic. The
parameters used for the calculations are a=10" J-m~3, f=1 and A between 0.5 and 5 nm; the

surface energy of the substrate was considered to be 7% ,=1.58 - m~2. The effect of the
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Figure 4.8: Energy calculations for isomorphic CGO nanoislands. (a) Total (—), surface (- - -) and relaxation
(- - -) energies as a function of the lateral aspect ratio c for (001)CGO islands on (001)LAO. Parameters used
are D=20 nm, h=7 nm, a=10" ]-m=3, B=1 and A between 0.5 and 5 nm. (b) Total energy as a function of c,
and (c) energy density (E/V') as a function of the effective diameter D of nanodots on YSZ (—), AlOs- (—) and
LaO-terminated LAO (—) substrates. The red-dashed (- - -) curove is the one obtained for v¢%,,=1.58 J-m~2.
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surface energy of the substrate has been evaluated in Fig. 4.8b, where the total energy of an
island is higher for a LaO-terminated LAO substrate ( fjoozl 37 Jm ?) than for an
AlO;-terminated one ( ‘21140021 79 ] m 2). Usually, we can expect that our LAO substrates do
not have a unique termination, therefore, there is a region where the island energy should be
(colored area in Fig. 4.8b). For simplicity, we took the mean value of (001)LAO surface
energies (red-dashed curve). Even though the surface energy of YSZ substrate ( ysz=1 75

Jm 2) is similar to ‘L“AOO, the energy for an island grown on YSZ is lower due to a larger

strain relaxation energy ( cco ysz> cco LAO)-

In order to evaluate if there is a stable maximum size for these nanodots or, on the contrary,
there is a tendency towards coarsening; we have calculated the change in energy density £ V'
(Eq. 4.2) as the effective diameter D increases. From Fig. 4.8¢, it is clearly seen that the & V
curves present a minimum for a D=10 20 nm. This means that isotropic CGO nanoislands
grown on YSZ and LAO substrates will have a stable size, and consequently, a limited kinetic
evolution as it will be shown later. The energy density curves exhibit the same behaviour
observed in Fig. 4.8b due to substrate surface energies and strain.

The stability of nanowires have been analyzed as well, again without considering the
contribution of ;. Figs. 4.9a and b present the dependence of Ej1q;, Esyrf and Ereq, on the
lateral aspect ratio ¢ for (011)CGO nanowires on (011)- and (001)-oriented LAO substrates,
respectively. In both cases, it can be observed that the contribution of surface energy is
anisotropic (c>1), while the relaxation energy is isotropic in the former case and anisotropic in

the later. This difference in the strain relaxation energy is due to the particular arrangement of

(b) 40

0.1 1 10

Figure 4.9: Energy calculations for anisotropic CGO nanowires. Total (—), surface (- - -) and relaxation (- - -)
energies as a function of the lateral aspect ratio ¢ for (a) (011)CGO nanowires on (011)LAO, and (b) (011)CGO
nanowires on (001)LAO. Parameters used are D=40 nm, h=4 nm, =108 Jm 3, =1 (a) or =5 (b), and
A=4 4 nm.
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4.2. Shape selection of nanostructures

CGO and LAO lattices in each case, i. e. isotropic strain when nanowires grow on (011)LAO,
and anisotropic when they are grown on (001)LAO (section 4.2.2). Parameters used for the
calculations are D=40 nm, h=4 nm, =108 m 3, and A=4 4 nm. =1 for nanowires grown
on (011)LAO, and =5 for those grown on (001)LAO. LAO surface energies used in the

calculations are 911 )=193] m 2 [170] for a (011)-oriented surface, and 9%/,=158] m 2.

Nanowires present a stable size like nanodots, but it seems that this value depends on c as
exemplified for (011)CGO nanowires on (011)LAO in Fig. 4.10a. It can be seen in Figs. 4.10b
and ¢, and experimentally later in section 4.4 that the aspect ratio rises with the optimum size
Dy, and E 'V values diminish. Consequently, it appears thermodynamically more favourable
for nanowires to keep enlarging in one direction, and thus, promote coarsening. If we compare
nanowires grown on (011)LAO and (001)LAO, the reduction in energy in the former case takes
place at lower values of D,,; than in the later. This could be attributed to a thermodynamic
reinforcement of the kinetic evolution of nanowires grown on (001)LAO. This behavior could
have two different origins. On the one hand, strained islands with isotropic surface energies
and shapes may have an spontaneous shape instability above a certain critical size which will
lead to an arbitrary enlargement in one of the two orthogonal directions. On the other hand, in
islands with initial anisotropic surface energies and shape (our case), the elongation will take
place along the direction with a lower surface energy due to minimization. Finally, we believe
that this effect is farther promoted for nanowires on (001)LAQO substrates because they have

anisotropic Eyy,r and E,.cjq., Wwhereas on (011)LAO only E,, s is anisotropic.

After all the discussion made about shape and stability of nanostructures, it is important to
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Figure 4.10: (a) Energy density (E V') as a function of the effective diameter D for (011)CGO nanowires on
(011)LAO. Curves correspond to fixed values of the lateral aspect ratio: ¢=05 (—),1(—),2(—),4(—), 6 (—),
8 (—) and 10 (—). (b) Energy density dependence on the optimum size Dy, and (c) Doy as a function of the
lateral aspect ratio c for (011)CGO nanowires on: (001)LAO (blue circles) and (011)LAO (red circles).

75



4. Interfacial Ceg 9Gdp 102 , oxide nanostructures: a thermodynamic and kinetic study

highlight the influence of parameters such as and  which include the influence of
isotropic/anisotropic strain and surface energies. In fact, a phase-like diagram can be built
considering distinct values of both parameters as reported by Gibert et al. [166] and
reproduced in Fig. 4.11 for completeness. The parameters used to build this diagram are
D=50 nm and h=4 nm, although similar diagrams can be obtained for other values of D and
h. From Fig. 4.11, different situations can be identified. When values are at least two orders
of magnitude larger than (=107 Jm ® and — 1 (diamond-like region). Islands should have
lateral dimensions with a>b. This is not in agreement with the formalism used where b>a,
and therefore, it is a very unlikely situation. Having values of <1 would imply that for
islands with an anisotropic biaxial strain, those values will be inverted. For instance, if we
consider the case of (011)CGO nanowires on (001)LAO which are known to have dissimilar
values of strain, the in-plane direction with large strain should be the [0-11]CGO [100]LAO
instead of the experimentally observed [010]CGO [100]JLAO. Furthermore, if =0, the
coherence of nanostructures along one of the in-plane directions would break. When is
rather small (striped green region), the contribution of E,,; will dominate over the F,,
term, and nanostructures elongation will be promoted endlessly. However, this is not the case
for the nanostructures analyzed, since thermodynamic calculations show a dependence
between their lateral aspect ratio and optimum size, which will also be demonstrated
experimentally in section 4.4. If and values are large (region with red vertical lines), the
relaxation term dictates the behavior of islands” energy and the island shape is detached from
10° gz

107 |
_lo!
Lo
= ;
10!
102

10 ST '
10° 102 100 10° 10' 102 107

p

Figure 4.11: Phase diagram depicting different in-plane anisotropic shape regions as a function of and values.

The black-dashed line (- - -) indicates the region of isotropic nanostructures. Parameters used are D=50 nm and

h=4 nm. Adapted from [166].
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4.2. Shape selection of nanostructures

strain and surface energies, which again it does not seem to be the case of the nanoislands
studied.

Regardless, there is a region (yellow region) that contains the different situations observed
experimentally. For instance, two possible types of nanoislands can be found when =1, i. e.
either isotropic (001)CGO nanoislands on (001)-oriented YSZ and LAO substrates or (011)CGO
nanowires on (011)LAO. There, the isotropy/anisotropy in surface energies will lead to the
former or later situations, respectively. Finally, for values of 3>1, the strain anisotropy will

lead to nanostructures like (011)CGO nanowires on (001)LAO.

Influence of interface energy

The effect of interface energy may not be negligible as we mentioned before, especially when
two different structures (e. g. fluorite and perovskite) are grown one on top of the other as
CGO on LAO. It is believed that the interface energy per unit area must be lesser than the total
energy densities values of the surfaces in contact [131]. In the following calculations (Figs. 4.12
and 4.13), we will consider the interface energy to be between 7;=0 J-m~2 and ;=1 J-m~2.
The maximum value of ; has been chosen to be comparable with the sum of top facet surface
energies of the system, i. e. a 20% of Y22, + 7%%,. In the case of isotropic islands (e. g.
(001)CGO on (001)LAO) represented in Fig. 4.12, the total island energy as a function of the
lateral aspect ratio ¢ and energy density as a function of the effective diameter D rise with

interface energy. Nevertheless, there is no influence in the stable shape of islands since the

minimum value can still be found at c=1 (Fig. 4.12a). However, this variation of the interface
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Figure 4.12: Energy calculations for isomorphic (001)CGO nanoislands on (001)LAO considering the effect of
interface energy. Results for values of v;=0 J-m~2 (—) and v;=1 J-m~2 (—): (a) Total island energy as a function
of the lateral aspect ratio c. Parameters used are D=20 nm, h=7 nm, a=10" [-m~3, =1 and A between 0.5 and

5 nm. (b) Energy density as a function of the effective diameter D for a=10% J-m~3,
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energy from 0 to 1 J-m~2 results in a drastic rise of the maximum island size from 20 to ~50 nm
(Fig. 4.12b).

The same variation of +; for nanowires moves the total energy to higher values as it has
been observed for nanodots, but contrarily to them, there is a small shift of the lateral aspect
ratio ¢ to low values as illustrated in Fig. 4.13a. Similarly to nanodots, the energy density £/V
experiences a displacement to higher values, and the optimum diameter increases (Fig. 4.13b).
Consequently, although the exact values of interface energies are unknown, its effect may be

really significant and should be considered.
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Figure 4.13: Energy calculations for anisotropic (011)CGO nanowires on (001)- and (011)-LAO substrates

considering the effect of interface energy. Results for values of v;=0 J-m~2 (— and — curves) and v;=1 J-m~>

(— and — curves): (a) Total island energy as a function of the lateral aspect ratio c. Parameters used are D=40
nm, h=5 nm, a=108 J-m™3 and A=5.5 nm. =1 for nanowires grown on (011)LAO and 3=25 when grown on
(001)LAO. (b) Energy density as a function of the effective diameter D for c=4.

4.2.5 Broken degeneracy of CGO nanowires on (011)LAO

Two possible arrangements have been obtained for nanowires, i. e. parallel or orthogonal,
depending on substrate orientation as shown in Fig. 4.5. Remember that nanowires on
(011)LAO present a low strain configuration of —1% along both in-plane directions, i. e.
[100]CGO||[0-11]LAO and [0-11]CGO||[100]LAO. On the other hand, nanowires obtained on
(001)LAO have a low strain of -1% in the [0-11]CGO||[100]LAO direction, whereas it is ~5%
along the [010]JCGO||[100]LAO direction.

Besides parallel nanowires, we observed in Fig. 4.5a the presence of small islands which
resemble to nanodots. In order to unveil the structural arrangement of such features we

performed High Resolution Transmission Electron Microscopy (HRTEM) and HAADF-STEM
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4.2. Shape selection of nanostructures

$(011) LAO

Figure 4.14: (a) HRTEM image of a short length island of (011)CGO on (011)LAO, (b)) HAADF-STEM image
of a similar island with a CGO[100]||LAO[1-10] zone axis, and (c) power spectrum of (b) showing that the
configuration of the island is (011)CGO[100]|(011)LAO[0-11]. The sample was grown at 1100 °C, 20 °C-s~*

for 5 min in Os.

analyses presented in Fig. 4.14. These studies reveal that these small islands have a truncated
pyramid-like shape and their configuration corresponds to that of (011)CGO nanowires on
(011)LAO, i. e. (011)CGOJ[100]|[(011)LAO[0-11]. Consequently, it is likely that the large strain
configuration cannot nucleate on these substrates due to its high energy barrier.

If we consider the contribution of strain on the nucleation barrier of CGO nanoislands (Eq.
4.5a), we can obtain an expression similar to Eq. 3.13 that takes into account the contribution
of strain AG:

—I%h?

str = . [_h ( Au AGm) N W} : (4.7)

Using this equation, we can plot the dependence of the nucleation barrier of CGO nanowires

200
= 150

< 100

.
& 50

0

Au (107 )

Figure 4.15: Nucleation barrier dependence with supersaturation for different values of AGs: AGg = 0 (black
line), AGs = Apjv ( line), AGs = 3Au/v (green line) and AGy = 5Ap /v (red line).
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with the supersaturation for different values of G, (Fig. 4.15). If we assume that G,( v v,
the energy barrier for nanowires with high strain will be always larger at a given value of v.
Even though we do not know the exact supersaturation, nucleation is very likely forbidden for
the highly strained configuration, and thus, this could explain that only parallel nanowires are

able to form.

4.3 Nucleation of CGO nanoislands

Once the morphological aspects of different nanostructures studied are known, it is important
to understand how the system evolves to reach such equilibrium shapes and dimensions. For
these reasons, we investigated the formation process of nanoislands from temperatures where
the metal-organic film is decomposed, up to growth temperatures. In addition, the influence on
nucleation and kinetic evolution of CGO nanostructures for different growth conditions such

as heating rate, dwell temperature and annealing time have been evaluated too.

4.3.1 Pyrolysis state of CGO precursor films

In our experiments, the formation of nanoislands is preceded by a low temperature treatment
({ 300 °C) where the metal-organic precursor film is decomposed as described in section 2.3.1.
A surface analysis by AFM performed after this treatment (Fig. 4.16) shows that the layers are

extremely flat with roughness below 0.5 nm.

(b)

Figure 4.16: AFM images of pyrolyzed CGO precursor films after a low temperature treatment at 300°C for 30
min on (a) (001)YSZ, (b) (001)LAO, and (c) (011)LAO substrates.

Fig. 4.17 presents RHEED investigations of (001)CGO nanodots (Fig. 4.17a) and (011)CGO
nanowires (Fig. 4.17d), having equivalent diffraction patterns to those reported for similar
structures [50]. The measurements for their respective substrates are depicted in Figs. 4.17b

and e. In addition, RHEED analyses of precursor films after the pyrolysis treatment (Figs.
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4.3. Nucleation of CGO nanoislands

(001)LAOK(¢) After pyrolysis

(001)CGO||(001)LAO

(011)LAO|(f) After pyrolysis
substrate

(011)CGO||(011)LAO

Figure 4.17: RHEED measurements of (001)CGO (001)LAO: (a) (001)CGO nanodots, (b) (001)LAO substrate,
and (c) pyrolyzed precursor film. RHEED measurements of (011)CGO (011)LAO: (a) (011)CGO nanowires, (b)
(011)LAO substrate, and (c) pyrolyzed precursor film.

4.17c and f) reveal that those films are amorphous since only a diffuse halo is observed with
no reflections from the CGO structure.

A deeper investigation performed with HRTEM (Fig. 4.18) unveils different interesting
results in terms of system’s morphology and crystallinity that were not seen on RHEED
measurements. For instance, extraordinarily small epitaxial truncated pyramids of ( 2 nm in
height can be distinguished in an amorphous layer after the pyrolysis of CGO precursor films
on (001)YSZ substrates (Fig. 4.18a). Secondly, a ( 2 nm thick film with randomly oriented
CGO grains have also been obtained for CGO on (001)LAO as shown in Fig. 4.18b, where the
different grains can be identified after the image has been filtered by Fourier analysis. In
addition, it is also feasible to achieve out-of-plane epitaxy with a certain degree of in-plane
misorientation as seen in the Fourier-filtered TEM image (Fig. 4.18c) for CGO grown on
(011)LAO. Finally, it is even possible to achieve epitaxial ultra-thin films (( 1 nm thick) on
(001)LAO as can be appreciated in the HAADF-STEM analysis presented in Fig. 4.18d.

In summary, multiple crystalline situations and even heteroepitaxial growth with
substrates have been found for CGO precursor films right after decomposition. This clearly
differs from the general believe of CSD that after such low temperature treatments the

material is assumed to be in a fully amorphous state. Actually, Schwartz and Schneller [10, 56]

81



4. Interfacial Ceg.9Gdp.1O2_, oxide nanostructures: a thermodynamic and kinetic study

(001)YSZ

5nm

Figure 4.18: TEM analysis of different CGO heterostructures after a pyrolysis treatment at 300 °C for 30
min. HRTEM and power spectrum analysis of (a) CGO on (001)YSZ showing small epitaxial (001) truncated
pyramids (2 nm in height) embedded in an amorphous film; (b) partially amorphous film and polycrystalline CGO
nanograins on (001)LAO; and (c) partially crystalline CGO film on (011)LAO presenting different grains with
the same orientation. (d) HAADF-STEM image of an epitaxial (001)CGO film grown on (001)LAO.

identified an amorphous M-O-M structure in lead-based oxides, while in other cases such as
barium/strontium titanates intermediate crystalline carbonate phases are formed before the
oxide. However, the structure we observe is not an amorphous/intermediate phase, but the
final oxide. This means that the CGO system has a substantially large supersaturation and
atomic mobility at such low temperature (300 °C) which leads to a considerable driving force
for crystallization from an amorphous phase. Actually, it has already been reported by Roura
et al. [121, 122] that ceria precursors are always in a nanocrystalline state after decomposition

at very low temperatures, i. e. below 200 °C.
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4.3. Nucleation of CGO nanoislands

4.3.2 Influence of the heating rate on nucleation

After revealing the evidence of some incipient crystalline state after decomposition, it is vital
to understand what is the influence of the heating ramp up to the high temperature growth
treatment, and how we can separate islands’ nucleation from coarsening.

Fig. 4.19 shows AFM images of CGO grown on (001)-oriented YSZ and LAO, and (011)LAO
substrates at 1000 °C with heating rates from20°Cs ' t0 0.5°Cs !
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Figure 4.19: AFM images of (001)CGO nanodots grown on (001)-oriented (a) YSZ and (b) LAO, and (c)
(011)CGO nanowires grown on (011)LAO. Nanostructures have been grown at 1000 °C, in Oy atmosphere with
heating rates of 20, 10, 5, and 0.5 °C s . No dwell time was used, i. e. quenched samples.

Analyzing the data extracted from AFM, we can see how the density decreases by
reducing the heating rate from 20 to 0.5 °C s ! for the different cases (Fig. 4.20a). This drop in
density can be associated to a large influence of coarsening at slow heating ramps. Indeed,
Fig. 4.20b shows that the mean volume of islands rises when the heating rate is lowered
suggesting that coarsening has an important effect when islands’ are sustained to slow
heating ramps. Actually, this evidences that all studies about nucleation done with

conventional thermal treatments, i. e. with slow heating rates (<5 °C s 1), are strongly affected
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Figure 4.20: (a) Density and (b) mean volume for quenched (001)CGO mnanodots grown at 1000 °C on
(001)-oriented YSZ (red diamonds) and LAO ( ), and (011)CGO nanowires on (011)LAO (green
triangles). The black-dashed vertical line (- - -) indicates the true nucleation situation where coarsening

contribution is negligible.

by coarsening and, therefore, fast heating rates ({( 20 °C's ) must be used if one wants to
minimize its effect and be able to study nucleation and coarsening separately. If we compare
the rise in volume experienced by nanowires with that of nanodots, it clearly seen that

coarsening evolution is larger in anisotropic islands.

In order to determine the different contributions to the mean volume. On the one hand,
we investigated the evolution of the equivalent diameter D and height & on isotropic islands.
Even though D and h increase their size (10 to 20 nm and 2.5 to 3.5 nm, respectively) when
the heating ramp is slowed down from 20 to 0.5 °Cs ! (Fig. 4.21), it is clearly seen that the
diameter is the main contribution to the volume evolution. On the other hand, the width a of
nanowires increases from 14 to 20 nm, while their length b goes from 40 to 90 nm (Fig. 4.22a).
Similarly to nanodots, nanowires’ height does not evolve much (Fig. 4.22b). Therefore, the
main contribution to nanowires rise in volume comes from the increase in the lateral aspect
ratio ¢ (Fig. 4.22b) which is thermodynamically promoted as we mentioned in section 4.2.4.
Another important point is that the volume reduction is non-linear with the heating ramp.
This behavior could be associated to a variation of the nucleation rate with temperature as it
has been stated in section 3.2, though some coarsening evolution of nanostructures cannot be

fully neglected.
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4.3. Nucleation of CGO nanoislands

4.3.3 Influence of temperature on nucleation

To prove that nucleation rates depend on temperature, we performed various experiments
from 800 to 1200 °C, at 20 °C s ! with a fast cooling down to temperatures below 600 °C at
( 20-40 °Cs !. Fig. 4.23 presents the increase of island dimensions with temperature for
(001)CGO nanodots on (001)YSZ and (001)LAO substrates, and (011)CGO nanowires on
(011)LAO substrates. If we compare Figs. 4.23a and b, we can see that CGO nanodots on YSZ
nucleate at higher temperatures than those grown on LAO. The possible thermodynamic and
kinetic reasons for this phenomenon will be explained later.

Another point to highlight is the fast evolution of these heterostructures at temperatures
as low as 800 °C. Although it may seem by AFM that the system consists of a continuous and
granular film (Fig. 4.23b), HAADF-STEM analysis reveals that it is instead arranged in the form
of isolated and relaxed epitaxial islands only in 50 seconds from room temperature to 800 °C,
as indicated in Fig. 4.24 for (001)CGO nanodots on (001)LAO.

More importantly, temperature indeed has an influence over nucleation rates. This is more
clearly seen in Fig. 4.25, where a significant decrease in density is achieved by rising the
annealing temperature. If we fit the data considering the barrier term of the nucleation rate
(Eq. 3.15) and G having the form described in Eq. 4.5a with v=(vL,, T) T, we can
obtain the initial density of nuclei Ny and the latent heat of melting per unit volume L, for
each type of nanoisland. Parameters used for the calculations are h=1 1 nm, v=0 158 nm?,

Tmp=2400°C; and values for each heterostructure can be found in Table 4.3 and have been
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Figure 4.21: Dependence with the heating rate of: (a) the equivalent diameter D, and (b) the height, for (001)CGO
nanodots on (001)-oriented YSZ (red diamonds) and LAO ( ) substrates. Samples were grown at
1000 °C without dwell time.
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Figure 4.22: Heating ramp dependence of nanowires (a) width a (red circles) and length b (blue squares), and (b)

lateral aspect ratio c (green triangles) and height h ( ). Samples were grown at 1000 °C doing a

quench.

calculated using the expressions and constants reported in section 4.1.

Table 4.3 shows that despite (001)CGO nanodots on (001)LAO have a similar value of L,,
to (001)CGO on (001)YSZ, i. e. 4.810° Jm 3 and 5.0 10° J m 3 respectively, Ny is two orders
of magnitude larger. This could point out towards an enhanced driving force for nucleation
at 0 K for nanodots on LAO compared to those grown on YSZ. On the other hand, (011)CGO
nanowires on (011)LAO present a L,, around three times lower than nanodots, while Nj is
between three and five orders of magnitude larger. Despite it may seem that a small variation of
the experimental values may lead to a large change in the results obtained, it should be noticed
that the derived parameters must have a physical meaning. For instance, the nucleation barrier

G must be positive and increase with temperature, which will highly depend on the value
of Ly,. In the case of nanowires, data fitting has been done assuming that the initial nuclei have

a lateral aspect ratio 1.8<c<2.5; otherwise, either fitting was impossible or G was negative.

Table 4.3: and  wvalues for the different heterostructures studied. This parameters have been calculated using
the expressions and constants reported in section 4.1. Initial density of nanoislands (No) and the latent heat of

melting per unit volume (L,,,) obtained from data fitting.

Heterostructure TJm 2) | & (Jm 2)| Ng(slands - um 2) | L,, (10° J-m 3)
(001)CGO (001)YSZ |  0.47 1.50 27 104 5.0
(001)CGO (00D)LAO |  0.71 1.67 42 106 48
(011)CGO (0I1LAO |  0.63 0.52 5 1010 16
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Figure 4.23: AFM images of (011)CGO nanodots grown on (001)-oriented (a) YSZ and (b) LAO, and (c)
(011)CGO nanowires grown on (011)LAO substrates. Quenched samples with a heating ramp of 20 °Cs !
and temperatures of 800, 900, 1000, 1100, and 1200 °C.

(b)

Figure 4.24: (1) HAADF-STEM image and (b) corresponding power spectrum analysis of a CGO sample grown
on (001)LAO at 800 °C, 20 °C s without dwell time.

We calculated the nucleation barrier by employing Eq. 4.5a and the parameters described
in Table 4.3. For a temperature 7=1000 °C, we obtain that G, (001)YSZ:(3 8 07) 10 %
I, Gyps onpao=11 05) 10 ®Jand Gy oiypao=25 08) 10 '?]. This values
are a result of the density of nuclei presented in Fig. 4.25. In addition, the energy barriers are
around 3-18 times larger than the thermal energy of the system (kg7'( 1.4 10 2°J at 1000 °C). In
order to validate these results and determine any possible inconsistencies, we have also fitted
the data employing the classical equation for heterogeneous nucleation (Eq. 3.10b). It has been

found that the variation between nucleation barriers was at most of 10 2° J at 1000 °C. The
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Figure 4.25: Density of nanostructures as a function of temperature for CGO nanodots on (001)-YSZ (red
diamonds) and LAO ( ), and (011)CGO nanowires on (011)LAO (green triangles). Solid lines
indicate the fitting of the nucleation rate for each heterostructure from Egs. 3.15 and 4.5a. Parameters used for the

calculations are h=1 1 nm, v=0 158 nm3, and appropiate parameters from Table 4.1.

nucleation barrier of CGO nanodots on YSZ is around one order of magnitude smaller than
that on LAO which does not explain why no islands can be appreciated below 1000 °C for CGO
on YSZ. A more theoretical approach to the thermodynamic origin of the shift in nucleation

will be discussed in section 4.3.4.

Regardless of the results presented, it cannot be completely discarded the influence of
coarsening since at these high temperatures atomic diffusion is very important. In fact, a
theoretical work from Meixner et al. [149] pointed out that kinetic mechanisms rule over
thermodynamics in nucleation, leading to a temperature-enhanced enlargement of sizes. Fig.
4.26 present the variation of volume with the heating rate at 1000 °C plotted together with the
temperature variation at 20 °C s ! for CGO nanodots and nanowires. The kinetic evolution of
isotropic nanoislands at 20 °C s ! rises with temperature indicating that some coarsening may
be present, although it is smaller than the one achieved using slow heating ramps (Figs. 4.26a
and b). The only case where the evolution with temperature seems to compete with that of the
heating rate is for CGO nanodots on YSZ annealed above 1100 °C (Fig. 4.26a). The trend
followed by nanowires (Fig. 4.26¢) is the same as the one observed for nanodots, although
temperature evolution seems more important, especially for temperatures above 1000 °C
where the mean volume of nanowires is of the same order of that at the slowest heating rates.

The isothermal coarsening evolution of nanoislands will be investigated in section 4.4.
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4.3. Nucleation of CGO nanoislands

4.3.4 Thermodynamic analysis of the shift in nucleation between islands grown on
(001)YSZ and (001)LAO

In the previous section we have shown that nucleation rates decrease with temperature (Fig.
4.23). Then, it seems logic to analyze what parameters influence those barriers (section 3.2.1).

The first thing to stress out is what it seems to be a shift to higher temperatures of nucleation
for CGO nanodots on (001)YSZ as compared to (001)LAO. This phenomenon could not be
attributed to a higher nucleation barrier for CGO on (001)YSZ since we have demonstrated that
it is actually one order of magnitude smaller. However, the calculation of nucleation barriers
has been done without considering the influence of strain and interface energies.

The contribution of strain is easily addressed as shown in sections 3.2.2 and 4.2.5. In
essence, nanodots grown on YSZ have a larger strain configuration than those grown on LAO
( cco vsz{ D% vs cqgo raol{ 1%). Large values of strain will rise the energy barrier for a
given supersaturation and delay nucleation [126, 128]. Hence, more energy will be needed in
the system to overcome the energy barrier and achieve nucleation, i. e. higher temperatures
will supply more thermal energy.

Usually, nucleation barriers are determined assuming only island surface energies (Eq.
4.5a). However, the interface energy may also contribute shifting the barrier to different
values of supersaturation. Since CGO and YSZ have a fluorite structure, we assumed that its
interface energy must be lower than that on LAO (perovskite structure) for the representation
of the nucleation barriers. Thus, we used ¢¢© Y52=05]m 2 and ¢¢© L49=1Jm 2 for

the calculations. Fig. 4.27 shows that the nucleation barrier of CGO on YSZ is shifted to low

b
(Ei.)\ (001)CGO on (001)YSZ ( 3\ (001)CGO on (001)LAO ()\ (011)CGO on (011)LAO
2 15] # I E15] - N
5] i / i N 1 ] n bl L
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Figure 4.26: Mean volume dependence on temperature for (001)CGO nanodots on (a) (001)YSZ (diamonds), (b)
(001)LAO (squares), and (c) (011)CGO nanowires on (011)LAO (triangles). The heating rate dependence at 1000

°C has been plotted for comparison.

89



4. Interfacial Ceg.9Gdp.1O2_, oxide nanostructures: a thermodynamic and kinetic study

1000 v T u T u T u T T T
' |cdo on ]
(= 800_ (001)YSZ _
= === >
‘_,‘O 600 r AM,AT N
— I > ]
— 400} N T ]

© 200} [ |GGk oo1)tA0 !
o L |

20 2.5 3.0 35 40 45 5.0
Ap (10 J)

Figure 4.27: Nucleation barriers for CGO on (001)-oriented YSZ (—) and LAO (—) substrates. The dashed
arrows indicate the displacement caused by an increase in the interface energy. Values of interface energies are
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values of supersaturation (Au~AT=T,,—T) which goes in favor of the fact that the nucleation
temperature must be higher than for CGO on LAO. If we consider the influence of interface
energy (77 94=0.5]-m~2 and 7/49=1]-m~2), it can be seen that E;,,; moves the barriers to large
values of Ap and given that the interface energy of CGO on LAO should be much larger, its
energy barrier must be shifted to even higher supersaturations. Therefore, a higher

supersaturation (lower temperature) is needed to nucleate CGO nanodots on LAO.

4.3.5 Transformation of CGO isotropic to anisotropic islands on (001)LAO

substrates

The growth of (011)CGO nanowires can be also achieved on (001)LAO if the annealing
atmosphere is changed to Ar-Hj [52]. In this case, the study of the influence of the heating
ramp reveals an interesting transition between isotropic and anisotropic nanostructures (Fig.
4.28a). Coexistent self-assembled islands presenting different crystallographic orientations is a
phenomenon that appears to be rather natural in many oxides [53, 173] and could be related to
nucleation events with close energy barriers.

The detailed analysis of islands” density (Fig. 4.28b) shows that at fast heating rates the
system consists mainly of orthogonal nanowires, while the presence of nanodots rises when
the heating ramp is slowed down. A plausible explanation is that by using fast rates the

system goes directly to temperatures where nucleation of nanowires is promoted over
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4.3. Nucleation of CGO nanoislands

nanodots, whilst using slow heating ramps it goes first through the nanodots nucleation
barrier. Indeed, similar experiments varying temperature as the ones performed by Gibert et
al. [51] but at faster heating rates (20 °C s !) show a transition between (001) nanodots and
(011) nanowires with temperature (Fig. 4.29a), which is related to a lower energy barrier for
the (001) orientation at large values of v, i e. low temperatures, as we see from

thermodynamic calculations (Fig. 4.29b).
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Figure 4.28: (a) AFM images and (b) density illustrating the transformation from (001)CGO nanodots (red
pentagons) and (011)CGO nanowires ( ) grown on (001)-oriented LAO substrates at 1000 °C, in

Ar-Hy atmosphere with no dwell time. Heating rates investigated are: 20, 10, 5, and 0.5 °C s 1.
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Figure 4.29: (1) AFM images of (001)CGO nanodots and (011)CGO nanowires on (001)LAO and temperatures
of 800, 900, 1000 and 1100 °C, at 20 °C s '. (b) Nucleation barrier for the formation of both (001) (—) and (011)

(—) CGO nanostructures as a function of the chemical potential ( v) (Reproduced from [51]).
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4.4 Coarsening of CGO nanoislands

Besides the thermodynamic aspects leading to nucleation of islands as a relaxation mechanism
in highly strained systems, the influence of diffusion mechanisms also plays an important role
in the definition of island’s size and shape [182]. In CSD-derived systems, all the material
have already been deposited from the beginning of nanoislands formation and growth. Thus,
we expect our system to likely behave close to a thermodynamic equilibrium, contrarily to
what is observed in physical methods such as pulsed laser deposition. Nevertheless, a great
discussion has been generated in relation to whether thermodynamic or kinetic mechanisms

control nanostructuration.

After successfully identifying the conditions that allowed us to reduce the effect of
coarsening with the heating ramp and study nucleation separately (section 4.3.2), we can
evaluate the true contribution of coarsening for the different nanostructures. AFM analyses of
(001)CGO nanodots on (001)YSZ (Fig. 4.30) and (001)LAO (Fig. 4.31), and (011)CGO
nanowires on (001) and (011)LAO (Fig. 4.32), respectively, show their sizes increase with both
temperature and time.

Actually, we already knew that temperature had an effect on the volume of nanoislands
(Fig. 4.26), which was mainly attributed to nucleation events, although coarsening could
contribute too. A more careful analysis of the mean volume dependence with time reveals
that its rise is similar for both isotropic nanodots on (001)YSZ and (001)LAO (Figs. 4.33a and
b), while nanowires are greatly affected by coarsening (Fig. 4.33c). This proves what has
already been reported from thermodynamic calculations in the literature [139, 166] and
anticipated in section 4.2.4 for our particular systems. Coarsening of nanodots is
thermodynamically promoted until they reach an optimum equilibrium size D, (Fig. 4.8c),
whereas nanowires continuously enlarge to reduce the energy of the system (Fig. 4.10).

Regarding the particular case of nanoislands obtained in Ar-Hy, we can see that nanodots
follow a similar trend as the ones grown in O, (Fig. 4.33b); despite they should have an
increased kinetic evolution provided they are grown in a reducing atmosphere. On the other
hand, orthogonal nanowires present a relatively faster evolution than those obtained in Os.
This could be attributed to the particularly large amount of oxygen vacancies introduced by
their structural arrangement on LAO substrates, as well as the Ar-H, annealing atmosphere
(section 4.2.3) together with thermodynamic and kinetic mechanisms that will be discussed in

section 4.4.2.
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15 min ] O min

Figure 4.30: AFM images showing the coarsening evolution at different temperatures of (001)CGO nanodots

grown on (001)YSZ substrates in Oq. The heating ramp is 20 °C s 1.

0 min 5 min 15 min 30 min

Ar—H2

Figure 4.31: AFM images of the kinetic evolution with time, using a heating rate of 20 °C s ! for (001)CGO
nanodots grown on (001)LAQO substrates at (a) 800 °C in Ar-Ha, and (b) 900, 1000 and 1100 °C in Oa.
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Figure 4.32: AFM images displaying the influence of coarsening at 20 °C s 1 for (011)CGO nanowires grown
on (a) (011)LAO substrates at 900, 1000 and 1100 °C in Os, and (b) (001)LAO substrates at 1000 °C in Ar-Ho.
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Figure 4.33: Mean volume variation with temperature and time in Oz of (001)CGO nanodots on (001)-oriented
(a) YSZ (diamonds), (b) LAO (squares), and (c) (011)CGO nanowires on (011)LAO in O (up triangles). The red
squares and down triangles indicate the evolution of (001)CGO nanodots at 800 °C and (011)CGO nanowires at
1000 °C grown on (001)LAO in Ar-Hy atmosphere, respectively.
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Figure 4.34: Dependence with temperature and time of: (a) the equivalent diameter and (b) height for (001)CGO
nanodots on (001)YSZ in Oq (diamonds), and (c) the equivalent diameter and (d) height for (001)CGO nanodots
on (001)LAO in Oy (squares). The red squares indicate the evolution of (001)CGO nanodots grown on (001)LAO
at 800 °C in Ar-Hy atmosphere.

4.4.1 Coarsening of CGO nanodots driven by atomic mobility

The separate investigation between the different contributions to nanodots volume (Figs. 4.33a
and b), i. e. the equivalent diameter and height should allow us to identify which one has a

main influence on their coarsening.

Fig. 434 presents the diameter and height evolution for isotropic nanodots with
temperature and time. A similar trend to the one observed for the volume (Figs. 4.33a and b)
can be identified, i. e. both dimensions increase with temperature and time, showing a

saturation behavior which is more pronounced at high temperature.

If we fit the data considering a self-limited growth (Eq. 3.22), we can obtain the relaxation
times for in-plane V"% and out-of-plane 6 "* directions (Figs. 4.35a and b). Both relaxation

times decrease with temperature which could indicate an enhanced atomic mobility at higher
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temperatures. Furthermore, 0N Ds ghrinks faster than 0V %, and thus, diffusion should be faster
along the in-plane direction.

The in-plane and out-of-plane diffusion coefficients (DVP* and DVP?) can be extracted
from islands” dimensions and relaxation times by applying Eq. 3.23 (Figs. 4.35c and d). Both

diffusion coefficients rise with temperature and D"?* is around one order of magnitude larger
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Figure 4.35: Dependence with temperature of: (a) in-plane and (b) out-of-plane relaxation times (6N 7* and
ONPs), and (c) in-plane and (d) out-of-plane diffusion coefficients (DNPs and DNP#). Arrhenius plots of (e)
DNPs and () DNPs. (001)CGO nanodots on (001)YSZ and (001)LAO are represented by diamonds and squares,

respectively.
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4.4. Coarsening of CGO nanoislands

than DVPs, as predicted from the temperature dependence of the relaxation times.

Since diffusion seems to follow an Arrhenius-like thermally-activated process (Eq. 3.24), the
corresponding Arrhenius plots allow a more detailed analysis of this process from the in-plane
and out-of-plane activation energies (Qév Ds and Qév Ds) and pre-exponential factors (Dév Ds and
D{'P%). On the one hand, the activation energy Q)”*=(13 02) 10 9 J is marginally higher
than QYP*=(11 02) 10 9], therefore, a little more energy is required to activate in-plane
diffusion. Despite it should be noted that both activation energies are around 6-7 times larger
than kT (= 1 76 10 2°Jat 1273 K), this values are in agreement with those reported in systems
with thermally-activated coarsening [159, 161, 183].

On the other hand, D)P*=(60 01) 10 '® m?s ! is 60 times larger than D}'P*=(9 8
01) 10 ¥ m?s L. Essentially, this could be understood as the driving force for in-plane atomic

mobility being substantially larger than the out-of-plane one.

4.4.2 Diffusion-enhanced enlargement of CGO nanowires

Likewise, the different contributions to nanowires” volume (Fig. 4.33c) can be evaluated
separately as shown in Fig. 4.36. An equivalent saturation behavior to that observed for
nanodots in section 4.4.1 can be seen for nanowires” width and height, whereas their length

seems to saturate at significantly longer times.
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Figure 4.36: Dependence with temperature and time of: (a) the width a, (b) length b and (c) height h for (011)CGO
nanowires on (011)LAO in Og (up triangles). The red down triangles indicate the evolution of (011)CGO
nanowires grown on (001)LAO at 1000 °C in Ar-Hy atmosphere.

Fitting the data applying the previously mentioned self-limiting model (Eq. 3.22) allow

us to extract the relaxation times for nanowires’ width HNaWS, length 6 ]\G)WS and height gNW's

HNWS

and

(Figs. 4.37a-c). On the one hand, we confirm that QNGWS

decrease with temperature

following an equivalent trend to that of nanodots (Figs. 4.35a and b). On the other hand, 6%V
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Figure 4.37: Dependence with temperature of: (a) width, (b) length and (c) out-of-plane relaxation times (9N V#,
O™ and ONV'*), and (d) width, (e) length and (f) out-of-plane diffusion coefficients (DN}V*, DNV* and
DNW#). Arrhenius plots of (¢) DVVs, () DN}V and (i) DNV, (011)CGO nanowires on (011)LAO and
(001)LAO are represented by up triangles and red down triangles, respectively.

has a quite surprising behavior, i. e. it increases with temperature and its values are one order
of magnitude larger than 6V and V'V*. This could point out to an unlimited enlargement of

nanowires like it has already been anticipated from thermodynamic calculations (section 4.2.4).

Again, we can calculated from Eq. 3.23 the diffusion coefficients for the width DNV¢, length
DNs and height DVW* of nanowires. Figs. 4.37d-f show that the different coefficients rise
with temperature as expected from a thermally-activated process (Eq. 3.24). On the one hand,
the temperature dependence of nanowires’ width and height diffusion (D"!V* and DVW*) is

equivalent to nanodots in-plane and out-of-plane diffusion (D% and DV%) as expected from
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4.4. Coarsening of CGO nanoislands

their corresponding relaxation times, i. e. D™V is around one order of magnitude larger than
DNWs_ On the other hand, DVV¢ is around two and three orders of magnitude larger than
DNWs and DNW#, respectively, which again evidences an enhanced coarsening of nanowires’

length.

Like nanodots, the Arrhenius plots of DNWs, DNWs and DVWs (Figs. 4.37g-i) allow a more
exhaustive analysis of the diffusion process from the calculation of the activation energies
Q17s, QYWs and Q)#) and pre-exponential factors (D)<, D)'Ws and D{'V*). Although,
it can be seen that the activation energy QY"s=(17 06) 10 '° ] is in a similar range to
QY =(22 09)10 ¥Jand QYVs=(26 09) 10 '°], we expect that less thermal energy
should be necessary to activate the width diffusion process compared to the other ones.
Notice that the activation energies are between 9 and 15 times larger than kg7 (= 176 10 2°]
at 1273 K), again in line with thermally-activated coarsening processes [159, 161, 183]. These

values of QYW are around two times higher than the activation energies for nanodots

diffusion which should indicate a delayed diffusion for nanowires to higher temperatures.

If we look at the pre-exponential factors, the driving force for width diffusion D)'"s=(3 6
02) 10 * m2s ! is two and four orders of magnitud smaller than DY"Ws=(34 05)10 4
m?s 'and DY"<=(52 06) 10 m?s !, respectively. Consequently, the larger length driving

force can compensate the higher activation energies improving coarsening of that direction.

In summary, we have demonstrated that nanowires” width and height atomic diffusions
behave similarly to nanodots” diameter and height, i. e. DVP% and DVV'* have faster atomic

diffusions versus temperature than DVP* and DVW's

as shown in Fig. 4.38. Finally, nanowires
could enlarge almost indefinitely because their length diffusion versus temperature is even

faster than DVVs and DNW* (Fig. 4.38b).

Several reasons may contribute to the phenomena described. Considering the case of
isotropic islands, there exists a thermodynamic driving force promoting islands” growth until
they reach an optimum stable size and it decreases as sizes approach to that value (Fig. 4.8c).
In addition, nuclei are close to each other during early stages of growth which also facilitates
diffusion of atoms. Finally, the presence of a repulsive strain field with origin in the isotropic
biaxial strain stimulates nucleation, while it hinders the growth rate as islands grow [184].
Although atomic diffusion also influences early stages of growth in anisotropic
nanostructures, there is no thermodynamic restriction towards unlimited growth as shown in
Fig. 4.10. Li et al. noted that nanostructures presenting an anisotropy in surface energies and

shape should enlarge along the lower surface energy facet in order to decrease the overall

99



4. Interfacial Ceg 9Gdp 102 , oxide nanostructures: a thermodynamic and kinetic study

(a) 05 (b) 05 , _
Py DN\\;)

o T 04 w7 04 b
< 203 = o3 ™
= ,CEI [OR= Il,a
2202 2202

S— o SN—
301 S 0.1
2 Z &

° 00— S 0.0f

0 200 400 600 800 10001200 0 200 400 600 800 10001200
Temperature (°C) Temperature (°C)

Figure 4.38: Comparison between in-plane and out-of-plane atomic diffusions for CGO (a) nanodots and (b)

nanowires.

island energy [185]. Actually, this is what we observe for (011)CGO nanowires on (001) and
(011)LAO substrates which tend to elongate along the direction presenting 111 facets
having the lowest surface energy (Table 4.1).

Gibert et al. proposed additional mechanisms to explain the fast kinetic evolution of
(011)CGO nanowires grown in (001)LAO substrates in Ar-Hy [52]. On the one hand, they
observed dynamic coalescence, i. e. displacement of islands as a whole entity and integration
into another island. On the other hand, attractive/repulsive elastic interactions also played an
important role, where strain fields with opposed sign have an inclination to attract each other
forming connected perpendicular nanowires such as those observed in Fig. 4.32b, while strain

fields with the same sign will repel each other forming arrays of parallel nanowires Figs. 4.32a

and b.

4.5 Summary and conclusions

In this chapter, we have presented the different stable morphologies that can be obtained by
tuning the relation between biaxial strain and surface energies. Essentially, we have shown that
isotropic CGO nanoislands grow on (001)YSZ and (001)LAO substrates in oxygen, whereas if
the substrate orientation or the annealing atmosphere are changed to (011)LAO and Ar-Hj,
respectively, it is possible to induce anisotropic islands. The modification of the annealing
atmosphere can be used to tune the oxygen content of these nanostructures and may influence
their kinetic evolution.

Thermodynamic models have been applied to demonstrate the stability and evolution of

CGO nanostructures; while nanodots present a lateral aspect ratio c=1 and should have a
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limited coarsening (energy minimum in E V curves), nanowires have values of ¢>1 and
should enlarge indefinitely as their £ V decreases by increasing the lateral aspect ratio.
Different interface energies may slightly modify the results obtained in terms of energy and
size (nanodots), as well as lateral aspect ratio (nanowires).

In addition, it has been shown that two different anisotropic shapes have been obtained, i.
e. parallel with a strain configuration of 1% on (011)LAO ([100]CGO [0-11]LAO and
[0-11]CGO [010]JLAO) or orthogonal nanowires with two possible strain configurations on
(001)LAO, i.e. [0-11]CGO [010] with a low compressive mismatch of 1% and
[100]CGO [100]LAO with a high tensile mismatch of 5%. We demonstrated that the reason we
have parallel nanowires on (011)LAO is because the higher energy barrier of the high strain
configuration forbids their nucleation at the experimental conditions employed.

Nucleation and growth of nanostructures have been investigated too. Surprisingly, the
CGO system is already formed at very low temperatures and it can even be epitaxially grown,
oppositely to what is observed commonly in CSD growth. In addition, we demonstrated that
nucleation and kinetic evolution can be studied independently by diminishing the contribution
of coarsening, rising the heating rate from conventional furnace annealing (<0.5°C s !) to RTA
((20°C s 1) values.

The dependence with temperature of nanoislands also showed that there was a small
growth in sizes, although it was not comparable to the evolution observed by slowing down
the heating rate. Moreover, it was proved that at relatively low temperatures ({ 800 °C), there
are already individual epitaxial nanostructures.

Parameters such as strain and interface energy modify nucleation barriers to higher
temperatures as it has been shown experimentally for (001)CGO nanodots on (001)YSZ in
comparison with those grown on (001)LAO. Another example illustrating barriers with
different temperatures was that of CGO on (001)LAO in Ar-Hs, where nanodots were able to
grow at slow heating rates, whereas at high rates we were able to select more precisely the
nucleation conditions to form nanowire templates. This effect was related to the dependence
of the nucleation barrier with temperature, i. e. nanodots nucleated at lower temperatures
than nanowires.

Finally, coarsening evolution of nanodots demonstrated that they follow a self-limited
growth process. In addition, atomic diffusion is thermally-activated, i. e. diffusion is
enhanced with temperature, and it is faster in the in-plane direction due to a larger driving

force. Nanowires’ coarsening along their width and height follow a trend similar to nanodots,
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whereas their length has a larger driving force which could point towards an almost
unlimited evolution in agreement with thermodynamic calculations.

Overall, the deep study undertaken has enabled a better comprehension of the CSD-derived
CGO heteroepitaxial nanoislands, bringing more knowledge on the still poorly understood
nucleation and growth processes of oxide nanostructures. The methodologies and analyses
employed in this chapter could prove fundamental for the investigation and improvement of
nucleation and growth processes of many oxide heterostructures and have been systematically

applied in the next chapters of this thesis.
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Chapter 5

Functional oxide thin-films grown by
rapid thermal annealing of

metal-organic precursors

Chemical solution deposition (CSD) of metal-organic precursors is a very versatile, scalable
and low cost methodology to obtain oxide thin-films. Few works have been devoted to the
study of nucleation and growth mechanisms and, in most cases, they were focused on the self-
assembling of nanoislands using conventional thermal annealing (CTA) treatments [11, 35, 49—
53] or on the formation of polycrystalline oxide films [186, 187]. It has been demonstrated in
Chapter 4 that nucleation and coarsening of CGO nanoislands can be studied independently
when fast heating are used by means of RTA furnaces. Nonetheless, nucleation is still poorly
understood, particularly for CSD heteroepitaxial thin film growth.

CSD has also been broadly explored to develop crystalline oxide thin-films for optic,
catalytic, electric, magnetic or superconducting applications [21, 32, 40, 45]. To ensure good
physical properties heteroepitaxial growth is often required; typically, involving single
crystalline substrates, high temperatures and long annealing times. Furthermore, grain size
and crystallinity affect those properties in great measure [24, 188]. Therefore, giving more
insight on the crystallization characteristics and microstructural engineering is fundamental to

develop effective ways for thin film growth with high performance functionalities.

Regardless of their scientific and industrial importance, common investigations of CSD film
growth have been only investigated deeply in counted cases such as lead zirconate titanate [152,

189] or more recent publications about cerium oxide [159, 161]. Also, it is notable the case of
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yttrium barium copper oxide (YBCO) where a remarkable effort has been made to understand
nucleation and growth processes in order to produce high-temperature superconducting films
with outstanding properties [21, 190]. Additionally, thin film studies are mainly focused on the
dependence of surface morphology and stress relaxation with thickness or temperature [191,
192], and the small amount of literature that tried to carefully analyze the temporal evolution
of their surface and microstructure is almost exclusive for those films produced using physical

techniques [159] or based on theoretical descriptions [193, 194].

In this chapter, we will show that it is possible to properly tune the processing conditions
to achieve fully epitaxial films from the thermal treatment of CSD-deposited metal-organic
precursors by RTA. Moreover, we will try to give more understanding about nucleation and
coarsening of CSD-derived films from both experimental and theoretical points of view.
Specifically, we will investigate the crystallization by RTA of three different oxide epitaxial
heterostructures and compare them with those produced by conventional thermal treatments.
In first place, we will study the growth of Cey9Zry 02 , (CZO) films on (001)YSZ. Among
the multiple properties of CZO mentioned in previous chapters, it has been selected due to the
low lattice mismatch with YBCO and its high chemical stability which makes it highly suitable
for the production of coated conductors [21]. The YSZ substrate is also a vital element
employed in coated conductors. Secondly, LaNiO3 (LNO)/(001)STO heterostructures will be
also analyzed because LNO is highly conductive and can be used as a low-cost electrode [24].
Finally, we will also study Bag gSrp 2 TiO3 (BST) thin-films grown on (001)LAO since it exhibits
room temperature ferroelectric, piezoelectric and pyroelectric properties very useful for many

applications [26-28].

The substrates used on the different heterostructures, which provide epitaxial growth,
have been selected because of their chemical and structural compatibility, and due to the
relatively small lattice mismatches with their corresponding films, i. e. 4 5% for CZO/YSZ,
1 4% for LNO/STO and 5 1% for BST/LAO. Even though mismatches are relatively low, the
strain generated could have a critical influence on films nucleation and growth as shown for
nanoislands (Chapter 4). Therefore, it will be appealing to analyze the microstructure and
different origins of strain relaxation for completely epitaxial films, as well as the
transformation process to full crystallization. In this latter case, we will first study the state
after decomposition and demonstrate that some degree of crystalline phase and even epitaxy
can coexist at very low temperatures. Then, we will examine the film nucleation stage

distinguishing between 2D and 3D growth modes which depend on the oxide heterostructure.
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Finally, we will evaluate the crystalline growth and grain boundary elimination from the
investigation of the isothermal evolution of surface morphology, i.e. grain size and

roughness, and its relation with epitaxial crystallization and microstructural relaxation.

5.1 Morphological and structural characterization of fully epitaxial

films

In this section, we will present a complete morphological and structural study of the different
epitaxial oxide films investigated with rapid thermal annealing (RTA) and compare them with
those grown using conventional thermal annealing (CTA). Both thermal techniques show
similar results when the same processing conditions are used (shown experimentally in
section 2.3.2), demonstrating that heat radiation mainly drives the film growth. However, RTA
enables very fast heating rates which will benefit the differentiation between nucleation and
growth processes. Having confirmed that there are no perceivable differences between both
techniques, we investigated the growth of epitaxial thin-films at the optimal conditions found
in this thesis or in previous works from our group. Essentially, we used a temperature of 900
°C for Ceg 9Zrg 102 4 (CZO) and Bag gSrg 2TiO3 (BST) films due to high atomic mobility of the
species at such temperatures, and 700 °C for LaNiO3; (LNO) films because this oxide
experiences a phase transition above ( 825 °C [195, 196]. Samples were annealed in oxygen
using heating rates of 0.16 °C s ! for CTA and 20 °C s ! for RTA. Fig. 5.1 displays the surface
characterization by AFM of the thin-films studied and corresponding line scans.

In first place, CZO films grown on YSZ at 900 °C for 30 min (RTA) and 8 h (CTA) (Fig. 5.1a)
present flat terraces with average grain sizes of 60 and 130 nm, and roughness of 0.7 and 1.0,
respectively (Fig. 5.2). LNO films crystallized on STO at 700 °C for 30 min (RTA) and 4 h
(CTA) (Fig. 5.1b) also show flat terraces with grain sizes of 30 and 100 nm, and roughness of
0.7 and 1.2 nm, respectively (Fig. 5.2). Lastly, BST films grown on LAO at 900 °C for 30 min
(RTA) and 4h (CTA) (Fig. 5.1c) also present flat and large terraces with grain sizes of 80 and
215 nm, and roughness of 3.0 and 4.5 nm, respectively (Fig. 5.2). Average sizes and roughness
have been calculated without considering the second set of grains present in BST films which
have diameters of ( 50 nm and would increase the RMS roughness to 4.8 and 5.3 nm,
respectively. Later on we will show that these outgrowths are not detrimental to achieve
epitaxial multilayers. Summarizing, grain sizes of all films are larger for those annealed using

CTA treatments than the ones grown using RTA. In several of the cases, the grain size by CTA
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Figure 5.1: AFM images and corresponding profiles of (1) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO
obtained with RTA and CTA as indicated. CZO films were grown at 900 °C for 30 min (RTA) and 8 h (CTA),
LNO films were grown at 700 °C for 30 min (RTA) and 4 h (CTA), and BST films were grown at 900 °C for 30
min (RTA) and 4 h (CTA). Heating rates were 20 °C s ! in RTA and 10 °C min * (( 0.16 °C s ') in CTA. Films

were annealed in Os.
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Figure 5.2: (1) Roughness and (b) average grain size for CZO, LNO and BST thin films grown on YSZ, STO and
LAO substrates, respectively, with RTA and CTA using the annealing conditions mentioned in Fig. 5.1.
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doubles that of the RTA. However, the dimensions obtained are very similar to other oxide
films prepared by CSD [165, 197]. The simplest explanation for larger grains is that coarsening
is enhanced in CTA due to longer annealing times than RTA. Despite that, it is known that
nucleation and nuclei sizes are temperature dependent, and thus, the slow heating ramps of
CTA will also modify film microstructure [10, 165]. It must be noted that RTA ensures the

confinement of nucleation to a precise temperature due to the fast heating rates achieved.

Film quality is mainly controlled by grain size and porosity, thus, controlling pore
formation (Fig. 5.1a and b) or reducing the presence of a bimodal distribution of grains and
grain boundaries (Fig. 5.1c) should improve film’s roughness. Our results suggest that RTA is
able to get more homogeneous and smaller grains, hence, reducing surface roughness (Fig.

5.2a).

Multiple sources may influence porosity such as retained organic matter after
decomposition in regions like grain boundaries (GB) [55, 198], combined with fast
crystallization or grain coarsening due to reduced time densification [198, 199]. The use of
elevated pyrolysis and crystallization temperatures may enhance densification because of
high mobility of species [10, 200]. Consequently, appropriate selection of substrate or seed
layer, processing conditions, cation doping and stoichiometric control should improve film
densification and grain size [55, 109, 198, 201]. Overall, RTA seems a very controllable and
tunable technique suitable to reach films with high quality, i. e. elevated grain size
homogeneity, low roughness and reduced porosity.

We have employed X-ray reflectometry (XRR) experiments (Fig. 5.3) to measure the
thickness of these films from the analysis of the spacing between oscillations , as explained
in Appendix A.3.1. Table 5.1 shows a comparison of the thickness for CZO, LNO and BST
films with concentrations of 0.23 M, 0.2 M and 0.3 M (section 2.2), respectively, grown using
either RTA or CTA treatments and calculated from Eq. A.2. Even though these concentrations
are close to the solubility limit, their stability is still high. Besides, they allow the study of
ultrathin films from their dilution or multideposition for the production of thicker films.

Thickness values are between 20 and 35 nm, and there are no significant changes in
thickness between RTA and CTA which indicates an equivalent degree of densification from
both thermal treatments. Notice the much reduced processing time in the case of RTA. These
measurements show that the quality of our films is rather high, because they are very
sensitive to surface variations, and when films are substantially porous or rougher, low angle

reflections are obstructed and no thickness values can be deduced.
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Figure 5.3: XRR measurements of CZO (—), LNO (—) and BST (—) thin films grown on YSZ, STO and LAO,

respectively, with rapid thermal annealing. Films were grown as mentioned in Fig. 5.1.

Table 5.1: Thickness analysis for films grown by CTA and RTA. Data has been calculated from XRR

measurements presented in Fig. 5.3 using Eq. A.2.

Thickness (nm)
Oxide CTA RTA
CZO [ 19.7 0.7 1209 09
LNO | 232 041|259 1.3
BST | 358 1.1 |33.7 0.8

Fig. 5.4 presents the XRD characterization of the previously mentioned oxide films. We
can see that they grow epitaxially with the (00l) out-of-plane orientation on top of the (001)
substrates. Additionally, there are no secondary phases or polycrystalline material present.
The (002) peaks of CZO and BST (Figs. 5.4b and f) are placed at slightly higher 2 angles with
respect to the bulk position, indicating a compression of the out-of-plane lattice which differs
from the one expected in heteroepitaxial growth on substrates with smaller lattice parameters.
It is also important to notice the slight shift in the 2 position of the (002)LNO peak (Fig. 5.4d)
which could be associated to strain relaxation mechanisms. The analysis of such phenomena

and other contributions to strain will be studied in section 5.2.
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Figure 5.4: Full range and (002) peak centered

0-20 (°)

0-20 (2)

2 of (ab) CZO on YSZ, (c,d) LNO on STO, and (e,f) BST
on LAO obtained with RTA (—) and CTA (—). Growth conditions for different heterostructures are indicated in
Fig. 5.1.

5.2 Strain relaxation mechanisms of heteroepitaxial thin-films

Strain is one of the most important parameters controlling oxide thin-films microstructure and
functional properties in heteroepitaxial oxide growth, since it modifies the overall and local
crystalline configuration of materials [202, 203]. There are several factors influencing strain
relaxation of thin-films which may result in a certain amount of residual stress once growth is

completed [131, 204]. Here, we are going to focus on macroscopic strain due to compositional
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variations by oxygen vacancies, lattice mismatch and thermal expansion coefficients (TEC).
Those regarding grain growth and grain boundary recrystallization, usually called microstrain,

will be investigated in section 5.3.5.

5.2.1 Heteroepitaxial lattice mismatch and Poisson ratio

The interaction between film and substrate generates a macroscopic elastic strain due to
differences in lattice parameters also known as macrostrain. From the point of view of
epitaxial growth, one usually finds that if a thin film grows strained on a substrate with a
smaller (larger) lattice parameter, the cell compresses (expands) along the in-plane direction in
order to match with the substrate, leading to an expansion (compression) in the perpendicular
direction.

The bulk lattice constants for the three heterostructures studied (CZO on YSZ, LNO on STO
and BST on LAO) shown in Table 5.2 indicate that CZO and BST in-plane lattice parameters
should be reduced due to a compressive strain caused by YSZ and LAO smaller cell parameters.
An expansion of the lattice constant in the perpendicular direction should then be expected. On
the other hand, LNO lattice should expand in-plane induced by a tensile strain created by the
STO larger cell parameter, while compressing the lattice in the out-of-plane direction. However,
films will tend to relax towards their bulk lattice constant when the strain is too large, for
instance, by introducing misfit dislocations among other mechanisms [205, 206]. Film thickness
has been found to be a key parameter. When film thickness is large enough, the accumulated
strain gets too high and strain relaxation mechanisms enter into play [192, 206, 207]. Of course,
this will strongly depend on initial theoretical mismatches. If these are high, strain relaxation

will occur at much lower film thickness.

Table 5.2: Theoretical lattice parameters [23, 81, 91, 92, 112, 118] and mismatch calculated using Eq. 3.1.

Oxide | Bulk cell parameter (A) | Lattice mismatch (%)
CzZO 5.385
-4.5
YSZ 5.143
LNO 3.851
14
STO 3.905
BST 3.993
-5.1
LAO 3.788
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Table 5.2 also shows that CZO and BST theoretical mismatches are quite large, i. e. -4.5%
and -5.1% respectively, which should lead to the appearance of some relaxation mechanisms.
Contrarily, LNO has a relatively smaller mismatch with STO which may not be enough to
induce film relaxation.

The compressive/tensile overall effect exerted on the heteroepitaxial film is often evaluated

from the calculation of the Poisson ratio ¥ using the expression for a film under 2D stress [192]

20
SR (5.1)
where ¢ and ¢ are the parallel and perpendicular strains calculated from the variation of in-
plane and out-of-plane cell parameters (a and c) with respect to their bulk values (apy; and
Cbulk) using [192]

a a c ¢
e =k and e =tk (5.2)

Abulk Chulk

Typically, values of ¥ are found between 1<¥<0 5, i. e. the isotropic regime. If 0<¥<0 5,
the out-of-plane direction of a film reacts oppositely to the in-plane one. This usually leads
to a smaller perpendicular deformation than the one suffered in-plane, i. e. the volume is not
preserved. The only case where the volume is maintained is for ¥=0 5 (ideal rubber situation).
When ¥>0 5, the out-of-plane deformation follows the same behavior, but the effect should be
larger than the one experienced in-plane as we will see for CZO and BST films on YSZ and
LAO substrates, respectively. In the unusual event that ¥<0, the film expands (compresses)
out-of-plane accordingly to a tensile (compressive) strain in the in-plane direction. Although
this exceptional behavior has not been observed in our case, it has been reported for several
materials and some oxides [208, 209].

XRD measurements, particularly, Reciprocal Space Maps (RSMs) allow us to evaluate the
macrostrain of our films, which is translated into a shift in the 2 position of (hkl) peaks and
could be attributed to the different sources mentioned before. Fig. 5.5 presents the asymmetric
RSMs of the (-224) reflection for CZO on YSZ, the (-103) reflection for LNO on STO, and the
(-103) reflection for BST on LAO. These heterostructures were grown using RTA furnaces with
the conditions described in section 5.1. Equivalent results were obtained for samples grown
using CTA which are summarized in Table 5.3.

Applying the procedure detailed in Appendix A.3.1 to analyze RSMs, we were able to
extract in-plane and out-of-plane lattice parameters (a and c) for the different oxide thin-films,
obtain the averaged strains in both directions and the Poisson ratio for each case (Table 5.3).

The in-plane lattice parameters of CZO are 5.39 A and 5.386 A for CTA and RTA, while the
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Figure 5.5: Reciprocal space maps of (a) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO grown with RTA
using the conditions mentioned in Fig. 5.1. The (-224) asymmetric orientation was measured in (a), and the (-103)

reflection in (b) and (c).

Table 5.3: Lattice parameters and strain values for the in-plane (a and € ) and out-of-plane (c and ¢ ) directions,

and Poisson ratio (¥).

Oxide a(A) c (A) £ (%) £ (%) v
CTA 5.390 0.002 | 5366 0.002 | 0.09 0.07 | -0.33 0.05 | 0.64 0.11
RTA 20 5.386 0.002 | 5.369 0.001 | 0.02 0.04 | -0.28 0.03 | 0.88 0.19
CTA 3.897 0.001 | 3.822 0.002 | 1.19 0.05 | -0.75 0.05 | 0.24 0.08
RTA ENO 3.903 0.002 | 3.826 0.002 | 1.35 0.1 | -0.65 0.1 | 0.19 0.14
CTA 3.994 0.001 | 3.973 0.002 | 0.03 0.03 | -0.50 0.05 | 0.91 0.21
RTA BeT 3.997 0.003 | 3.966 0.002 | 0.10 0.08 | -0.68 0.03 | 0.77 0.16

out-of-plane values are 5.366 A and 5.369 A, respectively. Accordingly, the CZO Ilattice is
almost relaxed on YSZ along the in-plane direction with strains of 0.09% (CTA) and 0.02%
(RTA), and slightly compressed along the out-of-plane one with strains of -0.33% (CTA) and
-0.28% (RTA). Likewise, the lattice parameters along the in-plane direction for BST films are
3.994 A and 3.997 A for CTA and RTA, respectively, whilst out-of-plane lattice constants are
3.973 A (CTA) and 3.966 A (RTA). As a result, its lattice is almost relaxed along the in-plane
direction with parallel strains of 0.03% (CTA) and 0.10% (RTA), and the out-of-plane direction
is slightly compressed with perpendicular strains of -0.50% (CTA) and -0.68% (RTA).

Briefly, CZO and BST films are almost relaxed along the parallel direction, whereas the
perpendicular one is slightly compressed as compared to bulk cell parameters (Table 5.2). This
tetragonal distortion of their lattices is very surprising since it is completely detached from the

expected behavior in heteroepitaxial growth. Actually, the Poisson ratio ¥ for these films
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(Table 5.3) reveals that their values are above ¥=0 5 (outside the isotropic regime). This
atypical behavior has been previously reported for CZO in other thesis from our group
though it was not fully understood [114, 115]. Moreover, this distortion has also been
observed in the literature for other oxide films obtained with physical methods. Some of these
works attributed the lattice deformation to different thermal expansion coefficients between

film and substrate [210, 211]. The influence of such mechanisms will be discussed later.

Fig. 5.6 shows the HRTEM images of CZO and BST films grown with RTA at 900 °C, 20
°Cs ! in Oy for 10 min and 5 min, respectively, and their corresponding power spectrum
(Fourier transform or FFT). The information contained in the power spectrum (FFT) confirms
that films have some degree of relaxation due to the double spot observed. Although it is
possible that dislocations act as a relaxation mechanism for these films, their presence could
not be unveiled. In this case, HRTEM image filtering was not possible because variations in
the phase caused by thickness inhomogeneities and strain created contrast modulations which
masked dislocations or produced artifacts, i. e. dislocations appeared in places where they
should not be. Therefore, if the film has a cell parameter sufficiently different from that of the
substrate, two sets of reflections will be observed in the FFT like in the case of CZO and BST

films. Typically, this implies that those films are fully or partially relaxed and the presence of

Figure 5.6: HRTEM images and power spectrum analysis showing the presence of mismatch for (a) CZO on YSZ,
and (b) BST on LAO. Films were grown with RTA at 900 °C, 20 °C s * in Oz for 5 min (BST) and 10 min (CZO).
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dislocations could be one of the relaxation mechanisms present.

Instead, LNO presents the expected behavior for films grown epitaxially on substrates
with larger lattice parameters and having a small mismatch (Table 5.2). Their in-plane cell
parameters are 3.89 A (CTA) and 3.903 A (RTA), almost matching that of STO (asro=3 905 A),
while the lattice is compressed along the out-of-plane direction to values below aZYC (Table
5.2), 3.822 A (CTA) and 3.826 A (RTA). This results in lateral tensile and perpendicular
compressive strains of 1 2% and 0 65% for CTA, and 1 4% and 0 75% for RTA, respectively.
The Poisson ratio calculated with these strains (Table 5.3) are close to the typical one for
perovskite materials (¥( 0.3), i. e. isotropic regime. The same trend here described has already
been reported for CSD-LSMO films grown on STO from another thesis in our group [212].

HRTEM image and power spectrum analysis of a LNO film grown on STO with RTA at 700
°C,20°Cs !in Oy for 10 min (Fig. 5.7) show that the film is strained in-plane with a lattice
constant equal to the substrate, confirming the results obtained from reciprocal space maps. In
addition, no separation between out-of-plane power spectrum spots is observed. This could
be attributed to the small difference between LNO and STO lattice constants compared to the
previous cases. Therefore, the compression suffered in the out-of-plane direction cannot be

observed.

Figure 5.7: HRTEM images, Fourier transform analysis and Fourier-filtered images of a LNO film grown on
STO. The film was grown with RTA at 700 °C, 20 °C s * in O for 10 min.

5.2.2 Thermal expansion effects on strain relaxation

A plausible explanation for the abnormal distortion of CZO and BST cells on YSZ and LAO
substrates is that additional strains could be induced while cooling down to room temperature
due to different thermal expansion coefficients (TEC or ) [211]. A more detailed analysis of

this behavior has been performed by calculating the theoretical variation to in-plane and out-
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of-plane bulk constants due to the influence of TECs (a4, and ¢,) using [211]

S.z: = Siz(C31+C32) Cs3 (5.3b)

and
ath = apuik (14 Szz) (5.4a)
Cth = Cpuik (1 + S22) (5.4b)

7 and ; are the linear TECs values of film and substrate, ay,, and cp,, are the parallel and
normal bulk lattice parameters, and S;, and S, the corresponding strains. C3;, C32 and C33 are
the elastic tensor constants of the film and T is the difference between annealing and room
temperatures.

In Table 5.4, we present the thermal expansion coefficients (TECs) and elastic constants
required to evaluate their contribution to strain, as well as the final lattice parameters caused by
such effect for the different heterostructures investigated. We can see that ¢z is significantly
larger than y sz which leads to an expansion of the in-plane CZO cell constant to 5.399 A
and a compression of the out-of-plane value to 5.376 A. The lattice parameters for the in-
plane (a&29=5 390 A and a$%49=5 386 A) and out-of-plane (c543=5 366 A and c$49=5 369 A)
directions reported in Table 5.3 seem to be in agreement with this effect.

Likewise, BST and LAO also present similar differences between TEC values, again
resulting in the expansion of aﬁLST to 4.003 A and the compression of cﬁZST to 3.983 A. Again,
these cell constants are in line with those reported in Table 5.3 for the in-plane (a24,=3 994 A
and aB71=3997 A) and out-of-plane (cZ74=3973 A and cE5%=3966 A) directions,
confirming the most probable thermal origin of such deformation. On the other hand, LNO
does not show an appreciable change in lattice parameters due to thermal effects (a5V9=3 848
A and cENVO=3 853 A) and the cell constants along the in-plane direction (a5Y9=3 897 A and

akQ=3 903 A) expand to fit the substrate, while the out-of-plane ones (c5¥9=3 822 A and

cE¥Q=3 826 A) compress accordingly. Elastic constants used in this case have been taken from
STO (Table 5.4) since precise values for LNO were not found.

In summary, these results seem to indicate that films having relatively large compressive
mismatches and thermal expansion coefficients with the substrate like CZO on YSZ, BST on
LAO or LiNbOs3 on sapphire [211] will suffer a deformation of the cell with an expansion of

the in-plane lattice parameter and a compression of the out-of-plane direction. On the other
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Table 5.4: Thermal expansion coefficients (TECs o ), elastic constants (Csq, Cso and Csg) and calculated

variations in lattice parameters due to thermal expansion (ay, and cyp). Data can be found in Refs. [94, 213—

219].

Oxide | (10 ® K 1) | (Cs1 + C32)/Css | am (A) | e (A)
CzO 126 0.68 5399 | 5.376
YSZ 9.7 - - -
LNO 8.2 0.49 3.848 | 3.853
STO 9.4 - - -
BST 12.9 0.96 4003 | 3.983
LAO 10.0 - - -

hand, when films possess small tensile mismatches and TEC variations with substrates like
LNO or LSMO [212] on STO, they would rather prefer to stay strained and, therefore, the
behavior observed may only be associated to the expected in heteroepitaxial growth of strained
films. Finally, it would be interesting to see what would happen in other combinations of lattice

mismatchs and TECs.

5.2.3 Oxygen vacancies influence on strain relaxation

Other sources of elastic anomalies must also be considered like the presence of oxygen
deficiencies. In fact, it is known that oxygen vacancies may expand the lattice constant,

essentially, because the ionic radius of low valence ions is usually larger [220-222].
Particularly, ceria is a well-known material used for solid oxide fuel cell (SOFC)
applications due to its high ionic conductivity (i. e. oxygen diffusion), and its lattice can
sustain an exceptionally large amount of oxygen vacancies. In fact, several configurations
have been reported to show oxygen vacancies, for instance, at the surface of cerium oxide
nanoparticles [181]. We have also demonstrated in Chapter 4 that CGO nanoislands have a
considerable amount of Ce3" ions which indicate the presence of oxygen vacancies [223].
However, their evaluation in thin films have proven much difficult and controversial. A work
in our group reported fully oxidized, i. e. a Ce'" content of 100%, CSD-ceria films on YSZ
using XPS [108]. Moreover, we will see in Chapter 8 that EELS analysis of CZO films prepared
by FIB are fully oxidized. Nevertheless, Song et al. reported very recently a high deficiency of
oxygen at the interface of ceria films grown on (111)YSZ by PLD, while the rest remained fully
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5.2. Strain relaxation mechanisms of heteroepitaxial thin-films

oxidized [179]. Ceria has such good ionic conductivity that the amount of oxygen vacancies in
its structure it is very likely to be affected by the preparation and measurement techniques
employed.

Oxygen vacancies in LNO have been measured using electron diffraction and evaluating
the oxidation state of Ni cations [224]. Later, Sdnchez et al. correlated the metal-insulator
transition for LaNiOsz , which becomes non-conductive when oxygen stoichiometry is
reduced beyond z=0 25 [221]. Resistivity measurements for our LNO films grown on STO
using the methodology described in Appendix A.4.4 (Fig. 5.8) show that they are highly
metallic suggesting that the number of vacancies must be below the aforementioned value if
there are any. Additionally, resistivity values are equivalent to those reported in the literature

for samples produced from chemical or physical techniques [221, 225, 226].
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Figure 5.8: Resistivity measurements for LNO on STO. Films were grown using RTA (red circles) and CTA (blue
squares) at 700 °C, 20 °C s ! for 15 min and 700 °C, 10 °C min 1 for 1 h, respectively, in O,.

Although no direct evidence of oxygen reduction have been found for BST, it has been
reported that this system undergoes a dielectric relaxation which has been linked to the
existence of oxygen vacancies [227-229]. Essentially, measurement of the dielectric response
for BST films showed a drastic increase of the dielectric constant and loss above 200 °C; a
phenomenon attributed to the displacement of vacancies which behave as polarons when an
external AC electric field is applied [230]. Regardless, room temperature piezoresponse force
microscopy (PFM) measurements for a BST film at 900 °C, 10 °C min L for 4 hin Oy (Fig. 5.9a)
show that it is possible to write two square domains, at +7 V (outter square) and -7 V (inner
square), with inverse polarization. Additionally, hysteresis loops of amplitude and phase

(Figs. 5.9b and c) have been recorded, indicating a piezo/ferroelectric behavior in the film.
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The quality factor Q and remanence d33 values, calculated as explained in section A.4.6, for an
AC voltage of 2.5 V are Q( 80 and ds3( 25 pm V !. Remanence ds3 is well below the bulk
value (diTO bulk (190 pm V ! [231]) and slightly lower than the range of values reported for
BaTiOs in the literature (30-100 pm V 1 [232, 233]). However, it must be noticed that films in
the literature are thicker than our films and ds3 values have been reported to increase with

film thickness [234].
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Figure 5.9: Piezoresponse Force Microscopy (PFM) measurements of a BST film annealed at 900 °C, 20 °C s !

for 30 min in Os. (a) PEM phase image showing the written domains with a voltage of +7 V (outter square) and

-7 V (inner square). Hysteresis loops are representative of (b) amplitude and (c) phase.

Despite unequivocal evidence of vacancies has not been found and further
characterization using less invasive compositional techniques (XAS, XANES, EXAF, etc)
would be required to precisely determine the oxidation state of these films, it is very likely
that our samples are oxygen reduced to some extent, and thus, the lattice parameter is
modified accordingly. Although this may have some contribution in our films, we can
conclude that different thermal expansion coefficients between film and substrate is the main
contribution to strain relaxation for CZO and BST films on YSZ and LAO, while LNO films on
STO may be only influenced by heteroepitaxial strain since their TECs are very similar and no

significant oxygen vacancies are expected.

5.3 Growth of oxide thin films by CSD

In this section, we will investigate the different stages that lead to the formation of the fully
epitaxial thin films described in previous sections. In first place, we will analyze the initial
state of the films right after decomposition, experimentally and theoretically, and compare it
with that of CGO nanoislands. Later, we will study the kinetic evolution of single deposition

and multicoatings (3 depositions) of CZO as a model case, and compare it with more complex
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oxide heterostructures investigated, i. e. LNO and BST films on STO and LAO, respectively.
The morphological and epitaxial evolution will be described, as well as the structural and
microstructural characteristics. Furnace annealing have been used for comparison with RTA

studies.

5.3.1 Study of CSD-pyrolyzed precursor films

The general belief in CSD is that after deposition and decomposition of metal-organic
precursors, films consists of amorphous or nanocrystalline precursor oxide phases [10, 56].
However, we demonstrated in Chapter 4 that in the case of CGO precursors there exists
already a driving force to crystallization and even epitaxial growth at 300 °C. In addition,
Roura et al. have reported that fully decomposed and polycrystalline ceria films can be
produced at temperatures below 200 °C by employing long annealing times (( 1 h) [122]. In
our case, we decomposed CZO, LNO and BST films at temperatures of 300, 350 and 450 °C,
respectively, in order to keep the pyrolysis time between 10 and 30 min. The selection of
temperatures was done from thermogravimetric measurements of powder samples as it has
been explained in section 2.3.1. Nevertheless, it must be considered that thin-films will be
decomposed at lower temperatures or faster than powder samples since decomposition
involves diffusion and transport limited processes [122]. Decomposition was assured through

Fourier-transform infrared (FTIR) spectroscopy analyses as detailed in Appendix A.1.1.

The morphological characterization illustrated in Fig. 5.10 shows extremely flat surfaces
with roughness below 0.5 nm of CZO, LNO and BST films pyrolyzed on YSZ, STO and LAO,
respectively, for 10 min (BST) and 30 min (CZO and LNO) at the temperatures mentioned

before. It is worth mentioning that decomposition of CZO propionate precursors involves a

(a) CZOonYSZ (b) LNOonSTO (c) BST onLAO
300 °C, 30 min

350 °C, 30 min

450 °C, 10 min

Figure 5.10: AFM images of pyrolyzed films of (a) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO.
Decomposition was done in a pre-heated furnace at 300, 350 and 450 °C. Pyrolysis times were 30 min for CZO
and LNO, and 10 min for BST.
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transition to a molten state [121], i. e. starts at temperatures close to their melting point ({ 235
°C). Although this phenomenon may be irrelevant for the slow decomposition performed with
thermal treatments, we will show in chapter 7 that it will affect the final surface morphology

when employing extremely faster pulsed laser treatments.

XRR measurements shown in Fig. 5.11 allow us to obtain the thickness of the different
films after decomposition and prior to crystallization. Table 5.5 shows that thicknesses are
( 26 nm, ( 39 nm and ( 43 nm for CZO, LNO and BST, respectively. After high-temperature
crystallization at their corresponding experimental conditions (section 5.1), films will

experience a densification between 20-35% (Table 5.5).

The structural characterization of these pyrolyzed films to identify their crystalline state
has proven rather complicated. For CZO, we expected that the film would be composed of
random polycrystalline nanograins with a minimum size [122], and a tiny amount of epitaxial

grains at the interface (section 4.3.1). Typical 2 measurements (Fig. 5.12a) were only able

10F e
05 10 15 20 25 30
Grazing angle ()

Figure 5.11: X-ray reflectometry of CZO (—), LNO (—) and BST (—) pyrolyzed films. Decomposition was done
in a pre-heated furnace at 300, 350 and 450 °C. Pyrolysis times were 30 min for CZO and LNO, and 10 min for
BST.

Table 5.5: Thicknesses of CZO, LNO and BST films after decomposition and prior to crystallization. The degree
of densification reached after high-temperature annealing has been calculated considering the values from Table

5.1.

Oxide | Thickness (nm) | Densification (%)

CczO 262 3.3 25
LNO 38.7 4.6 35
BST 425 5.8 20
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a) 10° . ; . : b - c) 8 ; .
(/)\ (002)YSZ—i 300 °C, ( 300 2C, 30 min () 300 °C CzO(111)
§ 10°} o 90 min| (1 layer) (002)Ysz JEK olarﬁ?rs’ | ysz(oo2)
~— B < L | Y
104} =
= (111)CZO 2 411 Tayer, | !
él g 90 min | !
8 8 2 ayer, I :
>—<g 0 mi I
(111)CZO 0 , o
20 25 30 35

0-20 (°)

Figure 5.12: XRD measurements of CZO thin films on YSZ. (a) 2 representation of films (1 and 3 layers)
annealed during 90 min. (b) 2D-XRD image of a single-layered film pyrolyzed for 30 min, and (c) corresponding
2 representation including 1-layered and 3-layered films pyrolyzed for 90 min. Specific conditions used to

reduce substrate s contribution are described in section A.3.1.

to detect the commented polycrystalline (111)CZO reflection for 3-layered films pyrolyzed at
300 °C for 90 min. In order to detach the film from substrate contribution and see more clearly
if polycrystalline or epitaxial material was present, 2D-XRD measurements were performed
using especial conditions to eliminate substrate’s contribution as described in section A.3.1.
Integration of the 2D image (Fig. 5.12b) allows us to see a small peak whose intensity increases
with the pyrolysis time from 30 to 90 min, and with thickness from 1 to 3 layers (Fig. 5.12c). In
addition, an approximate determination of the particle size was calculated using the Scherrer
formula (section A.3.2). Table 5.6 shows that particles are really small after 30 min of pyrolysis
with sizes of ( 2 nm. Particle dimensions slightly enlarged to ( 4 nm after 90 min of treatment,
and to ( 6 nm if the number of coatings is increased from 1 to 3 layers. In turn, this leads to an
increase of the surface roughness from 0.3 to 0.4 and 0.7, respectively, and indicates a moderate
coarsening of the polycrystalline nanograins at the pyrolysis conditions when long times are

used.

For LNO films, there is no evidence of polycrystalline or epitaxial growth from XRD

measurements (Fig. 5.13). Characterization by HRTEM could not be done after several trials

Table 5.6: Particle size and RMS roughness of pyrolyzed CZO thin-films.

Depositions Particle size (nm) | RMS roughness (nm)
1 layer (30 min) 2 2 0.3
1 layer (1h 30 min) 4 2 0.4
3 layers (1h 30 min) 6 1 0.7
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Figure 5.13: XRD measurements of LNO thin films on STO. (a) 2D-XRD image of a single-layered film pyrolyzed
at 350 °C for 90 min, and (b) corresponding 2 representation including a 3-layered film pyrolyzed with the

same duration.

due to problems during specimen preparation. Therefore, we expected the film to consists of
amorphous material, and thus, we used the pyrolysis conditions commented before (350 °C
and 30 min).

Similar results were found for BST films where no crystalline peaks could be identified
(Figs. 5.14a and b). Surprisingly, HRTEM analysis of a film pyrolyzed at 450 °C for 30 min (Figs.

5.14c-e) reveals that there is a considerable amount of epitaxial BST grains at the interface, in

5 : ,
450 °C
(011)BST (002)LAO]
Fr3 layers,l (002>BST\.
30 min ..
Ot I "
" LAO k | I|
1 layer, ' i
i M%%WW
1}

b0 25 30 35 40 45 50

Figure 5.14: XRD measurements of BST thin films on LAO: (a) 2D-XRD image of a single-layered film pyrolyzed
at 450 °C for 30 min, and (b) corresponding 2 representation including a 3-layered film pyrolyzed with the
same duration. HRTEM characterization of a pyrolyzed film at 450 °C for 30 min (c) and (d), and (e) corresponding

power spectrum analysis.
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some cases being as high as the film thickness, and the rest of the film remains amorphous with
no polycrystalline crystallization. The total amount of epitaxial material must be rather small
since it could not be detected by XRD. Additionally, some degree of relaxation of the epitaxial
grains has been identified from the two separated spots in the corresponding power spectrum
analysis (Fig. 5.14e).

Contrarily to what Schneller et al. comment [56], no precursor phases were found prior
to the final phase crystallization. The most probable explanation for this event is that the rate
for heterogeneous nucleation dominates over homogeneous nucleation, even though at low
temperatures both events may have very similar probability to occur (Chapter 3). In order to
diminish the presence of epitaxial BST at this early stage, the pyrolysis time for the upcoming

results was reduced to 10 min.

5.3.2 Thermodynamic analysis of CSD films” nucleation

We now want to address the type of nucleation that should be expected in CZO, LNO and BST
thin films on YSZ, STO and LAO substrates, respectively, from the thermodynamic point of
view.

The usual description to predict the growth mode is based on the simple analysis of surface
energies between substrate , interface ; and film f (Section 3.1). We have taken (( 109
since it is the film orientation we are crystallizing. It can be seen from Table 5.7 that CZO films
should present a 3D growth provided ;< ;+ ¢, while the growth mechanism for LNO and
BST should be 2D because > ;+ ;.

The case of doped-CeO, has been described in depth in Chapter 4 and HRTEM images of

Table 5.7: Energies of the (100) surfaces and interface energies of the different heterostructures investigated
[39, 167-169, 235-237].

Oxide | 100 surface energy (J/m?) Interface energy ~;
CzO 3.25
Low (fluorite on fluorite)
YSZ 1.75
LNO 1
Low (perovskite on perovskite)
STO 1.2
BST 1.13
Low (perovskite on perovskite)
LAO 1.58
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partially grown films confirm the 3D growth (Fig. 5.15a, and 5.22b from section 5.3.4). Fig.
5.15b seems to confirm that the growth mode for LNO films on STO is indeed 2D because
the truncated pyramid-shaped grains have not been observed. In addition, an ultra-diluted
LNO solution (0.04 M) has been employed to confirm the growth mode for LNO. If after high
temperature annealing the system had split into islands then growth would have been 3D as
in doped-CeO,. However, it can be seen in Fig. 5.16 that LNO follows the substrate steps and
no nanoislands are present, which again corroborates the 2D growth mode. The separation of
the LNO film at the substrate steps is still unclear. However, similar results were reported on
(001)STO substrates due to the selective growth of different chemical terminations, i. e. SrO
and TiOy, after high temperature and long time treatments (1100 °C for 30 min) [238, 239].
Despite this two cases can be explained just with the relation between surface energies,
BST films on LAO seem to follow a 3D growth instead of the expected 2D one (Fig. 5.14c). It

has been mentioned in section 3.2.2 that strain can have a relevant influence in nucleation if

10 nm 10 nm

Figure 5.15: HRTEM images showing the growth mode of: (a) CZO film on YSZ, and (b) LNO on STO. Samples
were grown at 20 °C s * for 10 min in Oy with RTA. The annealing temperatures of CZO and LNO were 900 °C
and 700 °C, respectively.
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Figure 5.16: (a) AFM image and (b) corresponding line scan of an ultra-diluted LNO film grown on STO. The
solution concentration was adjusted to 0.04 M. Growth was done at 700 °C, 10 °C min Lfor 1 hin O, using a

CTA furnace.
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its contribution is large enough, and thus, it could explain the transition between 2D and 3D
growth. If we consider the lattice mismatch between film and substrate for each heterostructure
(Table 5.2), it can be observed that LNO films have a relatively low mismatch which should
lead to a strain energy small enough to prevent a 3D growth. Oppositely, CZO and BST should
possess a considerable strain energy due to the large mismatch with their respective substrates.
A 3D mode should already be expected for CZO, but it seems feasible that BST nucleation

changes from 2D to 3D nucleation.

5.3.3 Isothermal grain coarsening in CSD oxide films

Functional properties are known to be strongly influenced by film microstructure [24, 188].
Therefore, it is important to understand how films” morphology evolves with the annealing
time in order to produce devices with high performance.

Fig. 5.17 presents the AFM characterization for the three oxide films (CZO, LNO and BST)
grown with rapid thermal annealing at 20°C s !

the optimal temperatures for each oxide (900 °C for CZO and BST, and 700 °C for LNO). A

in Oy after 1, 5, 15 and 30 min of annealing at

detailed analysis of the morphological evolution (Fig. 5.18) reveals that film’s roughness
decreases with time as grain size increases. Initially, one should expect a rise in films’
roughness with grain coarsening if spherical grains are present together with a corresponding
larger peak-to-valley difference [113, 240-242]. However, the kinetic evolution of grains is also
accompanied by grain boundary zipping processes and atomic mobility, i. e. reduction of
grain boundaries and porosity [243], and more importantly the formation of flat terraces
common in epitaxial growth due to energy minimization mechanisms [194], which lead to a
reduction in roughness. The larger roughness of BST films compared to that of CZO and LNO
films could be either linked to the larger grain size or to the presence of a bimodal distribution
of grains as shown in section 5.1, where some amount of taller grains easily augment film’s
roughness. Although one could suspect that these grains are polycrystalline, no evidence was
found as we will show later.

Besides, several authors have reported a self-limiting grain growth behavior for various
oxide films [159, 161, 244] leading to a saturation of grain sizes after a certain annealing time.
Fig. 5.18b seems to reflect a slight trend towards saturation but since grain sizes are still far
from those obtained with CTA (Fig. 5.1), we expect some increase in dimensions until
saturation is reached.

Fig. 5.19a shows the relaxation times for RMS roughness and grain size. We have calculated
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1 min 5 min 15 min 30 min

Figure 5.17: AFM images depicting the morphological evolution at 1, 5, 15 and 30 min of: () CZO on YSZ, (b)
LNO on STO, and (c) BST on LAO. Growth was done with RTA at 20 °C s ' in O,. Annealing temperatures
were 900 °C (CZO and BST) and 700 °C (LNO).
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Figure 5.18: Time evolution of (a) roughness and (b) mean grain size of CZO, LNO and BST thin films grown
on YSZ, STO and LAO substrates obtained from AFM images. Films growth has been carried out as indicated in
Fig. 5.17.
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Figure 5.19: (a) Relaxation times of RMS roughness and grain size, and (b) in-plane diffusion coefficients of CZO
on YSZ, LNO on STO and BST on LAO thin-films.

the relaxation times for the RMS (6rss) using a decay exponential function
RMS(t) = RMS, + RMSpexp ( t Oras) (5.5)

where RM Sy and RM S, are the initial and residual RMS, respectively. The grain size relaxation
times (6cs) have been calculated employing the aforementioned self-limited growth behavior
(Eq. 3.22). Ornrs values can be found between 240 and 350 seconds which indicate a quite fast

RMS decrease with time for the different cases. Despite that, 52 is larger than 655° and

055T meaning that the time needed to reach the maximum grain size is significantly longer.

Additionally, we have calculated the in-plane diffusion coefficients for the different
heterostructures at their corresponding annealing temperatures (Eq. 3.23) using the relaxation
times reported. In Fig. 5.19b, the diffusion coefficient of CZO (D“4©) has the same value as
the one obtained from the coarsening of nanodots D" ?* (section 4.4). In fact, similar diffusion
values were expected since they present equivalent heteroepitaxial and chemical
arrangements. These values are one order of magnitude larger than those reported in the
literature for polycrystalline CGO films [159] which is in agreement with the data we will
present later for our case. We can also see that the diffusion coefficient of LNO (D*V0) is
slightly smaller than D®Z0  This indicates that LNO atomic mobility is quite important, even
though the annealing temperature used is lower (i. e. 700 °C in LNO and 900 °C in CZO).
Finally, the diffusion coefficient of BST (D7) is well above the other values implying a
considerably larger atomic mobility. This was initially unexpected and in fact there are no
reports on this matter, but it is very appealing for applications based on BST films.

Apart from the time evolution of surface morphology, an enlargement of grain size and

consequent roughness increase have been reported to depend on film thickness [191]. Thicker
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CZO, LNO and BST films have been prepared following the multideposition procedure
explained in section 2.3.1 and annealed with RTA at 900 °C (CZO and BST) and 700 °C (LNO).
Figs. 5.20a-c show the change in film surfaces after 3 multidepositions. The films” thicknesses

are expected to be around 60 nm for CZO, 70 nm for LNO and 100 nm for BST.

As it can be seen, surfaces have lost the flat-terraced aspect of single coatings and are
composed of granular grains that can be associated to polycrystalline phases as we will see in
the next section. The first consequence is that films’ roughness has experienced a considerable
increase; from 0.71 to 2.06 nm for CZO, 0.68 to 2.97 nm for LNO and 2.99 to 4.91 nm for BST
(Fig. 5.20d). This effect is related to the aforementioned presence of spherical-like grains
instead of flat terraces. The reduction in grain sizes compared to single coatings (Fig. 5.20e) is

uncommon, but it can be attributed to the presence of polycrystalline grains which have
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Figure 5.20: AFM images of (1) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO for films with 3
multidepositions, after 30 min and 1 h of annealing at 900 °C (CZO and BST) and 700 °C (LNO). (d) Roughness
and (e) grain size dependence with the annealing time extracted from AFM for CZO (open orange circles), LNO
(open green triangles) and BST (open red squares). The optimum values obtained for single layers are represented

with full symbols.
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5.3. Growth of oxide thin films by CSD

smaller sizes than the epitaxial terraced part of a single layer (Fig. 5.18b).

5.3.4 Experimental and theoretical description of the epitaxial transformation

In section 5.3.1 we have seen that it is possible to achieve some degree of crystallinity and even
epitaxy after decomposition at very low temperatures. Nevertheless, the crystalline quality is
rather poor and, as we demonstrated in section 5.1, high temperature annealing will promote
epitaxial crystallization further.

As we mentioned in section 3.2.1, the formation of a crystalline phase from amorphous
material is governed by the reduction in the Gibbs free energy between the initial and final
stages G, (Fig. 3.4). At high temperatures we expect all the material to be in a crystalline
form, hence, the transformation from polycrystalline to epitaxial phases should be driven by
grain boundary (GB) recrystallization, reduction of low-angle GB, or the formation of terraced
surfaces most of which will be controlled by atomic diffusion.

2 measurements for the single-deposited oxide heterostructures analyzed, i. e. CZO on
YSZ, LNO on STO and BST on LAQO, show that the intensity of the epitaxial (002) reflection
increases with annealing time (Figs. 5.21a, ¢ and e). This tendency is more evident for films
grown using RTA since the initial crystalline intensity is rather poor, probably due to the faster
heating ramps. In addition, a small peak corresponding to the most intense polycrystalline
orientation of each heterostructure, i. e. (111)CZO, (011)LNO and (011)BST, is identified for
samples grown by RTA when short annealing times are used, typically below 10 min. This
demonstrates the presence of randomly oriented grains which will probably have spherical
shapes, as we mentioned previously. Multi-layered films obtained after three depositions and
consecutive pyrolysis following the methodology explained in section 2.3 show rather similar
epitaxial intensities (Figs. 5.21b,d and f). However, the polycrystalline peak is more intense
compared to single-layered films. Altogether, this seems to suggest that there exists a strong
driving force to transform the highly energetic polycrystalline phase into an ordered epitaxial
film promoted by the substrate, which we will further evaluate in this section.

In agreement with the results shown in section 5.2, CZO and BST films show inappreciable
variations of their (002) peak position demonstrating a relaxed state even at short annealing
times (Figs. 5.21a, b, e and f). In contrast, a shift towards higher angles which increases with
the annealing time has been detected for the (002) reflection of LNO films (Figs. 5.21c and d).
This displacement can be attributed to the heteroepitaxial growth behavior described in section

5.2, where a film having insignificant thermal differences with the substrate and a small tensile
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Figure 5.21: 2 measurements for: (a) one and (b) three CZO layers on YSZ, (c) one and (d) three LNO layers

on STO, and (e) one and (f) three BST layers on LAO. Growth was done at 900 °C (CZO and BST) and 700 °C
(LNO) with RTA and CTA for the dwell times indicated.

strain along the in-plane direction would rather prefer to remain in that state and accomodate

the out-of-plane direction accordingly.

Further characterization with HRTEM and corresponding power spectrum analysis for a
CZO film annealed at 900 °C, 20 °C's ! in O for 10 min confirms the above hypothesis,
revealing areas where the entire film is epitaxial (Fig. 5.22a). Other zones, usually further up

from the substrate, present randomly oriented CZO grains (<10 nm) together with epitaxial
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5.3. Growth of oxide thin films by CSD

truncated pyramids, typical of 3D growth (Figs. 5.22b and c). This suggests that longer
annealing times must be used in order to obtain fully epitaxial films. Similar studies were
done for a LNO film annealed at 700 °C, 20 °C s ! for 10 min in Os. We can see that most of
the film is epitaxial with some places reaching the whole film thickness (Figs. 5.22d and e).
Nevertheless, there is still an important amount of polycrystalline grains present (Figs. 5.22d
and f). As we mentioned before, further annealing of these films should allow us to achieve

full epitaxy. Surprisingly, HRTEM investigations for a BST film annealed at 900 °C, 20 °C s !

o
H
7))

=

S
®
Z
=

BST on LAO

Figure 5.22: HRTEM characterization for a CZO film grown on YSZ at 900 °C, 20 °C s ! for 10 min in Os. Two
different areas of the same sample are presented: (a) completely epitaxial zone, and (b) partially polycrystalline
area, and (c) corresponding FFT analysis. HRTEM characterization for a LNO film grown on STO at 700 °C, 20
°Cs ! for 10 min in Os: (d) image, (e) and (f) power spectra of epitaxial and polycrystalline regions, respectively.
HRTEM characterization for a BST film grown on LAO at 900 °C, 20 °C s ! for 5 min in Oy: (g) large area and

(h) small area images, and (i) corresponding FFT analysis.
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in O for 5 min reveal a completely epitaxial film. This shows that BST definitely has a faster

epitaxial growth rate than the previous heterostructures (Figs. 5.22g-i).

Despite these appealing results, common 2 XRD measurements are inadequate to
evaluate the ratio between epitaxial and random crystallization because they only provide
out-of-plane information and the size of crystallites have an important contribution to its
intensity. Furthermore, HRTEM characterization is a quite local technique and, therefore, a
more general investigation is needed. In order to obtain a more accurate quantitative analysis,
we have used a methodology based on 2D-XRD employed previously in the group [5, 245]
and described in Appendix A.3.1. Fig. 5.23 shows the quantification of the epitaxial fraction
for single- and multi-layered films, and two examples of the 2D-XRD data acquired for the
different oxide heterostructures studied. In single-coated films the epitaxial fraction increases
rapidly at expenses of polycrystalline material, and heteroepitaxial growth has been
completed after ( 15-30 min of annealing with RTA. Films treated using CTA are always
epitaxial for the times investigated. On the other hand, multi-layered films present a slower
epitaxial transformation (Figs. 5.23a, d and g). It must be emphasized that, to the extent of our
knowledge, this is the first time an epitaxial growth mechanism is proposed to be originated
from the transformation of a polycrystalline film of the same phase. The different aspects

contributing to this conversion will be discussed next.

The transformation rate can be extracted by fitting the results from Fig. 5.23 with a self-
limited growth model (Eq. 3.22). Fig. 5.24a shows that the characteristic relaxation times for
the epitaxial conversion (defined in section 3.3) follow the trend Hg)fT<06Lp]zV O<0gm-z O,i. e. the
epitaxial transformation rate for BST is faster than LNO and CZO as we had foreseen from
HRTEM analyses. This trend has also been observed in thicker films (Fig. 5.24a). However, the

epitaxial growth time for multi-layered films is around two orders of magnitude slower which

evidences a reduction in the transformation rate of the overall process.

The calculation of the epitaxial diffusion coefficients presented in Fig. 5.24b has been done
applying Eq. 3.23, using the typical thicknesses of the different oxide films (sections 5.1 and

5.3.3), and their corresponding relaxation times extracted from data fitting in Fig. 5.23. Notice

LNO

that the epitaxial diffusion coefficient of BST (D537 is more than three times larger than D2}

ept

and Decplz O. This trend is similar to that of Oepi and it is preserved for thicker films. Furthermore,
there is around one order of magnitude difference between the diffusion coefficients of single-

and multi-layered films.

An additional way to characterize these results is through the evaluation of the epitaxial
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Figure 5.23: Epitaxial fraction calculation for: (a) CZO grown on (001)YSZ and corresponding raw data of (b)
single- and (c) multi-layered films, (d) LNO on (001)STO and 2D-XRD data of (e) single- and (f) multi-layered
films, and (g) BST on (001)LAO and 2D-XRD images from (h) single- and (i) multi-layered films.

growth rates. They can be obtained by transforming the epitaxial fraction to thickness and,
then, deriving the fitting functions in Figs. 5.23a, d and g with time. We can see in Figs. 5.25a
and b that the epitaxial growth rates decrease following an exponential decaying function with
the annealing time, while they diminish linearly with the normalized film thickness (Figs. 5.25¢c
and d). Thickness normalization has been done dividing by the maximum thickness values
reported before in sections 5.1 and 5.3.3. The initial growth rates are around 0.05, 0.08 and
0.2nm s ! for single-layered CZO, LNO and BST, respectively (Figs. 5.25a and c). The same
trend is detected in three-layered films (Figs. 5.25b and d) though the epitaxial growth rates
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5.3. Growth of oxide thin films by CSD

are around one order of magnitude smaller, i. e. 0.001, 0.004 and 0.012 for CZO, LNO and BST,
respectively. Altogether seems to point out that the epitaxial growth of BST is faster than that
of LNO and CZO, and the increase in films thickness hinders the transformation.

The theoretical interpretation of these results is rather complex and involves several

considerations. The analysis of the ratio between growth temperature and melting point (%p)

(Table 5.8) shows that 7-—  >-L >L , indicating that the relative atomic mobility
mp BST mp [ NO mp CZO

of BST is larger than LNO and CZO, and thus, BST should have faster growth rates as

evidenced by the relaxation times and diffusion coefficients in Fig. 5.24. Nevertheless, it is

interesting to notice that the diffusion coefficients for epitaxial transformation are slightly

different than those reported for in-plane grain coarsening (section 5.3.3). This could indicate

that other mechanisms influence the epitaxial transformation, as we will see later.

Table 5.8: Growth temperature, melting points and ratio T T,,, for CZO, LNO and BST films. 1This value
corresponds to the La;NiO4 phase. Data was obtained from Refs. [125, 196, 246].

Oxide | Growth temperature, T (°C) | Melting point, T,,,, (°C) | T/T,,,

CzO 900 2400 0.38
LNO 700 1680 0.42
BST 900 1625 0.55

In order to explain the epitaxial growth rate reduction for films with three layers compared
to a single layer, we extracted the particle size of polycrystalline grains applying the Scherrer
formula (Eq. A.5) to the polycrystalline reflection of 2 measurements for the 3 layered
films (Fig. 5.21). Then, we calculated the relaxation times and diffusion coefficients for
polycrystalline phase growth (6,,; and D,;) as explained in section 3.3. It is important to
mention that the conversion from polycrystalline to epitaxial material involves a reorientation
of nanoparticles. Hence, it will be more difficult for larger grains to rotate, slowing down
epitaxial growth. Fig. 5.26 depicts that the polycrystalline particle size increases significantly
for CZO films from ( 15 nm after 30 min of annealing to 32 nm after 4 h, while the evolution in

dimensions is notably smaller for LNO and BST films with sizes between 12-16 nm and 16-22

9BST<9LNO<QCZO

nm, respectively. Fig. 5.27a shows that 6,/ <6,:% <6,

and they are much smaller than
Ocpi for 3 layers (Fig. 5.24a). This seems to imply that the epitaxial transformation process is
strongly slowed down as the polycrystalline particle size grows.  Notice that the

polycrystalline particle size increases rather fast in three-layered films and, consequently, it
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Figure 5.26: Polycrystalline particle sizes of CZO, LNO and BST three-layered films. Data has been extracted

applying the Debye-Scherrer formula (Eq. A.5) to the polycrystalline reflections, (111)CZO, (011)LNO and
(011)BST , in Figs. 5.21b, d and f.
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Figure 5.27: (a) Relaxation times 6,01, and (b) diffusion coefficients Dy of CZO, LNO and BST three-layered
films. Data has been obtained fitting the particle sizes in Fig. 5.26.

hampers full epitaxial transformation. Actually, the annealing times required to achieve full
epitaxy with three-layered films should be around 80 hours for CZO, 16 hours for LNO, and
10 hours for BST. The polycrystalline diffusion coefficients are more than one order of
magnitude smaller than the epitaxial ones (Fig. 5.27b). Additionally, D, between different

oxides follows an opposite trend to that described for Dy, i. e. De';fT>D£p];[ O>DgnZO and

DS7O>DIYOSDEST, which also supports the faster epitaxial transformation of thick BST

films compared to LNO and CZO.

Besides atomic diffusion, other mechanisms such as nucleation barriers could be controlling
the epitaxial growth. However, it was not possible to perform such calculations since no precise
values of latent heat were available. Despite that, the heterogeneous barrier is known to be

always smaller than the homogeneous one, therefore, heterogeneous nucleation and epitaxial
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growth should always be favored under the appropriate conditions (section 3.2.3).

A final consideration that should be taken into account is that the surface energies follow
the relation g91< g11< 111 for BST and LNO, while 91> 011> 111 for CZO. The exact values
of surfaces energies can be found in Table 5.9. Therefore, it should be expected that BST and

LNO are more eager to grow (001) oriented with the substrate.

Table 5.9: Surface energies of the (001), (011) and (111) orientations for CZO [39], LNO [235] and BST [236,
247].

Oxide | vo01 J-m ?) | v011 J'm 2) | v111 J-m ?)
CZO 3.25 2.45 1.54
LNO 1 2.38 2.44
BST 1.13 3.06 7.86

The results and discussion made here indicate that, at the experimental conditions
employed, homogeneous and heterogeneous nucleation energy barriers are quiet close. This
demonstrates that there is a competition between both events, though suggesting that the
epitaxial growth rate is always a bit larger than the polycrystalline one for the CSD oxide films
investigated. This further evidences that nucleation phenomena of CSD films are rather

complex and still poorly studied. Thus, a case by case analysis should be undertaken.

Towards thick epitaxial films

Despite all the analysis regarding epitaxial recrystallization, it is possibly easier to achieve
thicker epitaxial films if separated growth of individual layers is performed. In this manner, the
competition between random and epitaxial phases is avoided. Here, we tested the growth of
CZO and BST films on YSZ and LAO substrates, respectively. CZO bilayers were grown with
subsequent annealings RTA at 900 °C, 20 °C s L for 30 min in O, whereas BST bilayers were
obtained using CTA at 900 °C, 10 °C min ! for 4 h. Figs. 5.28a and d show that both multilayers
present a terraced aspect characteristic of epitaxial films. Moreover, their roughness values are
very close to the ones obtained for single-layered films (Fig. 5.17), i. e. 0.9 nm (CZO) and 3.1
nm (BST), indicating that the surface quality is very high. Thus, even additional layers with
similar characteristics could be grown on top. The measurement of the epitaxial fraction (Figs.
5.28b and c) and respective data integration (Figs. 5.28c and f) reveal that both oxide films are
completely epitaxial since there is no diffraction of randomly oriented crystals at 7=0.

Figs. 5.29a and b present a comparison of 2 scans for single- and bi-layered CZO and
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Figure 5.28: Growth of two independent layers of CZO on YSZ: (a) AFM image, (b) 2D-XRD measurements for
the evaluation of the epitaxial fraction, and (c) integration from (b). Growth of 2 layers of BST on LAO: (d) AFM
image, (e) 2D-XRD measurements for the evaluation of the epitaxial fraction, and (f) integration from (e). Growth

was done at 900 °C, 20 °C s ' and 30 min in O for CZO and at 900 °C, 10 °C min ' and 4h for BST.

BST films, respectively. Integration of the (002) peak area for these multilayers shows that
the intensity is around two times larger than the one obtained with single-layered films (Fig.
5.29¢). The (002) peak areas have been normalized to films grown using CTA furnaces at the
optimum conditions described in section 5.1. Finally, X-ray reflectometry measurements (Fig.
5.29a) show that film thicknesses are almost twice the values reported for single-layered films
(Table 5.1),i. e. 36 4nmand 72 5 nm for CZO and BST thin-films respectively, indicating no
distortions at the interface between the two functional oxide layers. It should be also noted
that the surface quality of these multilayered films is extremely high since reflectometry is very

sensitive to surface variations.

In summary, we have proved that the best strategy to produce epitaxial thick films for the
heterostructures investigated is the individual growth of multiple epitaxial layers to avoid the
appearance of the polycrystalline phase with also a considerable reduction in the overall
processing time. For instance, 60 nm-thick epitaxial CZO films grown by RTA would be
obtained after ( 1-2 h of high-temperature annealing as compared to the 80 h predicted before.
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Figure 5.29: 2 measurements of (a) CZO and (b) BST single- and bi-layered films grown at the same
annealing conditions. (c) Integrated (002) peak area normalized to single-layered films grown with CTA at 900
°C, 10 °C min ! for 8 h (CZO) and 4 h (BST).(d) X-ray reflectometry measurements of CZO and BST bilayers.

5.3.5 Microstructural relaxation of CSD films during epitaxial growth

Epitaxial grain growth is always accompanied by relaxation mechanisms due to the local
distortion of the lattice caused by dislocations, grain boundaries, defects, also known as
microstrain.  Therefore, it seems logical that films presenting large grains will have a
significantly lower microstrain than those with small grains due to the reduction of GBs [194].
This relaxation can be evaluated from the analysis of (hkl) peaks broadening using the
Williamson-Hall method explained in Appendix A.3.2. The study presented here has only
been performed for single-layered films. Investigation of asymmetric orientations could have
been performed doing a more complex analysis and applying the so-called Popa rules [248],

but it was beyond the scope of this work.

In Fig. 5.30, we present the Williamson-Hall plots of the (001) reflections for CZO, LNO and
BST films grown with RTA at 700 °C (LNO) and 900 (CZO and BST), 20 °C s ! for 1-30 min.
Equivalent plots are obtained for samples grown by CTA. The microstrain for single-layered

films obtained with RTA and CTA will be compared since we expected CTA films to present
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Figure 5.30: Microstrain analysis of (a) CZO on YSZ, (b) LNO on STO, and (c) BST on LAO obtained with
RTA at different annealing times. LNO films were grown at 700 °C, while CZO and BST films were annealed at
900 °C with heating rates of 20 °C s 1.

lower microstrain values due to longer annealing times. Fig. 5.31 reveals a decrease which
depends on the annealing time and saturates at a certain value matching with that of CTA.
Similarly to what we did with RMS roughness in section 5.3.3, we can describe the microstrain

evolution with time using an exponential decay function
v(t)=v,+voexp( t 0 ) (5.6)

where v and v, are the initial and residual microstrains, respectively, and ¢ is the decaying
time. These values are reported in Table 5.10.

We can see that 1§79 is larger than vJ°T and v{VO, respectively, while the residual
microstrains are almost identical. This effect could point out to the presence of more and
disordered grain boundaries in CZO films. Similar studies attributed the reduction of

microstrain to a decrease in grain boundary diffusion which seems to be the main contribution
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Figure 5.31: Time dependence of microstrain for (a) CZO on YSZ ( ), and (b) LNO on STO

(open green triangles) and BST on LAO (open red squares). Solid symbols are those for samples obtained with

furnace annealing using the standard conditions (section 5.1).
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5.4. Summary and conclusions

Table 5.10: Initial (v), residual (v,.) microstrains and decaying time (6,,) for the different oxide heterostructures

investigated.

Oxide | po % | pr % | Ty (s)
CZO 0.8 0.2 399
LNO | 046 | 0.18 371
BST 0.65 | 0.25 62

to coarsening, leading to a residual microstrain [159, 161]. Finally, the decaying time of

HBST QLNO HCZO

microstrain for BST films is smaller than and

process for BST than LNO and CZO.

, indicating a faster GB zipping

The previous analyses provided only information about the normal (00/) planes since we
have investigated the (00/)-peak broadening, therefore, it is possible that differences may arise
between in-plane and out-of-plane microstrain. Solovyov et al. have employed synchrotron x-
ray diffraction to generate in-plane 7 RSMs with enough resolution [210] to investigate the
lateral structure of ceria films on (001)YSZ. The access to such technique allowed them to see
that the microstrain associated to the asymmetric reflections rapidly decreases and saturates

after ( 10 min of treatment.

5.4 Summary and conclusions

In this chapter, we first compared the surface morphology, thickness and epitaxy of CSD oxide
films grown with RTA and CTA, and we found that despite having smaller grains, RTA films
show similar thicknesses and crystalline quality. Particularly, we investigated the growth of
CZO, LNO and BST films on YSZ, STO and LAO substrates, respectively. The thicknesses for
single-layered films were around 20 nm for CZO, 25 nm for LNO and 35 nm for BST, whereas
multi-layered films (3 layers) were 60 nm, 70 nm and 100 nm in thickness, respectively.

In addition, strain has been demonstrated to influence the growth of those films.
Specifically, although CZO and BST were almost relaxed to their bulk parameters, they
showed a tetragonal distortion caused by different thermal expansion coefficients of film and
substrate while cooling down to room temperature, leading to a compression of the
out-of-plane lattice parameter. On the other hand, LNO cell was expanded in-plane and the
normal direction reacted accordingly to conventional heteroepitaxial growth analysis, since

thermal expansion of film and substrate in this case were very similar.
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5. Functional oxide thin-films grown by rapid thermal annealing of metal-organic
precursors

Surprisingly, we found out that films possessed a certain degree of crystallinity
(polycrystalline or epitaxial) after the decomposition of the metal-organic precursors. The
growth modes expected without considering the contribution of strain were 3D for CZO and
2D for LNO and BST, which was confirmed for CZO and LNO. However, BST presented a 3D
growth which was attributed to the contribution of a large strain energy induced by the large
mismatch with the substrate.

The isothermal evolution of surface morphology showed that for single-layered films,
grain sizes increased while roughness decreased. This effect was caused by the reduction of
grain boundaries and the formation of flat terraces. However, thicker films (3 layers) showed
a granular structure linked to the polycrystalline phase, which increased films roughness due
to the presence of high-angle grain boundaries.

We found the coexistence of polycrystalline and epitaxial material at the early stages of
crystallization which is indicative of rather similar homogeneous and heterogeneous
nucleation barriers. It is also remarkable the ability of the polycrystalline oxide phases to
transform into epitaxial material as long as the polycrystalline grain size is not too large. The
analysis of this conversion has shown that single-layered films reach epitaxy after a few tens
minutes of annealing ({ 15-30 min), while their transformation is slowed down for thick films
being faster for BST than LNO and CZO. This has been mainly attributed to the difference in
atomic diffusivity for each case and the relation between heterogeneous and homogeneous
nucleation barriers, as well as surface energies.

Individual crystallization of films was used to avoid the formation of polycrystalline grains
and to achieve fully epitaxial thick films with an important reduction of processing time.

Finally, a reduction of the microstrain was observed with the annealing time. This relaxation
is most likely to be caused by the diffusion and zipping of grain boundaries which develop into
local lattice relaxation.

In conclusion, throughout this chapter we have extensively analyzed CSD epitaxial
growth of different materials. By adopting and developing experimental and theoretical
methodologies, we have been able to expand the existing scientific knowledge of CSD film

growth which now could also be easily applied to other epitaxial heterostructures.
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Chapter 6

Fundamental aspects of laser processing

of materials

Functional oxide thin-films are used in a broad range of applications due to their outstanding
electrical, optical, magnetic or mechanical properties [3, 10, 20, 32]. Despite chemical solution
deposition (CSD) has successfully produced a wide range of functional coatings,
high-temperature treatments by means of conventional or rapid thermal annealing (CTA or
RTA) are often required for the oxide crystallization process. In certain applications such as
the growth of films on temperature-sensitive substrates or for film patterning, it is required to

use alternative methods of decomposition and crystallization.

Different ex-situ photo-irradiation approaches have been very recently applied together
with the CSD methodology as a viable alternative to only-thermal treatments. For instance,
irradiation via infrared and visible lasers has been employed for densification [60, 61] and
crystallization of metal-organic films [62, 63]. Nevertheless, the obtained films are mostly
polycrystalline, being their growth attributed to the thermal effects induced by a focused
beam. Contrarily, irradiation with ultraviolet (UV) photons is anticipated to produce a notable
transformation of metal-organic films even at low temperatures due to the direct stimulation

of electronic excitations.

On the one hand, UV lamps are often used directly or assisting RTA furnaces to induce
low-temperature crystallization of oxides such as SiO,, TiO, or more complex materials like
PbTiO3-based compounds [64-67]. However, UV lamp-induced crystallization though
ensuring low cost processing, it is a time consuming process which typically involves several

hours of irradiation. On the other hand, coherent UV photons obtained from laser sources
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6. Fundamental aspects of laser processing of materials

have recently reported outstanding results achieving decomposition and crystallization of
various types of oxide films such as -FeyOs, La; ;Sr,MnOs, Ba; ,Sr,;TiO3, PbTiOs-based
compounds [70-72, 249]. Despite these impressive results, the mechanisms involved in the
laser crystallization of oxide heterostructures are still unknown and very few works, mainly
from the group of Tsuchiya, have been able to produce heteroepitaxial films [72, and
references therein]. Unlike in-situ pulsed laser deposition (PLD) which is based on the
vaporization of a target with the desired material and redeposition on a substrate, and uses
expensive vacuum systems [32, 250-252], ex-situ pulsed laser annealing (PLA) will provide
reduced processing times, and low cost because irradiation is done in air, adding value to the
already low-cost and versatility of CSD.

In the previous chapters, we have detailed the theoretical principles governing nucleation
and growth when using thermal treatments. However, additional mechanisms and
unconventional thermal regimes may influence crystallization given the nature of the laser
radiation. In addition, lasers are very versatile tools widely employed in industrial
applications and may provide significant advantages with respect to conventional
methodologies such as low-temperature fabrication, straightforward spatially-resolved
crystallization and reduced processing times [72, 125, and references therein]. Therefore, the
aim of this chapter is to provide more insight into the mechanisms governing decomposition
of CSD precursor films and solid-state crystallization of oxide functional thin-films through
laser annealing.

In first place, we will describe the basic principles and properties of the laser radiation. In
addition, we will detail the interaction between laser radiation and matter, highlighting the
difference between thermally and non-thermally activated mechanisms. We will describe the
modeling tools employed to unveil the temperatures reached inside CSD precursor films and
oxide heterostructures by PLA and give some examples of the influence of different
experimental parameters on such thermal distributions. In the next chapters (7 and 8), we will
analyze the experimental results studying the laser decomposition of CSD precursor films and

solid-state crystallization of different oxide heterostructures.

6.1 Principles of laser operation and properties of laser radiation

The understanding of the basic operation mechanisms and properties of lasers is vital for their

suitable use in any application. The word laser is an acronym for Light Amplification by
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6.1. Principles of laser operation and properties of laser radiation

Stimulated Emission of electromagnetic Radiation, therefore, the production of laser light will

involve three important processes described next.

6.1.1 Population inversion, stimulated emission and amplification

Essentially, a laser is a device that emits high-energy light beams based on a three-step
process. Initially, the energy levels of the laser active medium! in equilibrium are filled
following a Boltzmann distribution (Fig. 6.1a), i. e. the most populated states are those with
the lowest energy. Then, the electrons forming the active medium of the laser are pumped
using an external source? from the ground to an excited state. There some electrons rapidly
decay to a metastable state leading to a population inversion (Fig. 6.1b). An additional decay to
the ground state of a small number of electrons may also occur, emitting photons
spontaneously.

Typically, the phenomenon described occurs in a resonant cavity which consists of
well-aligned and highly reflective mirrors placed at both ends, with the active medium
between them. One mirror completely reflects the laser photons, whilst the other permits
some transmission. The spontaneously emitted photons will be reflected on this mirrors when
travelling parallel to the optical axis. Then, they will interact with the inversely populated
active medium, triggering the decay of electrons to the ground state with the corresponding
emission of photons, also known as stimulated emission. The emitted photons have the same
phase and polarization as the initial photon, and thus, they will interact constructively with
each other causing additional electrons to decay and giving rise to an amplification of the effect.
Once a certain threshold is reached photons will emerge from the cavity forming the laser

beam.

6.1.2 Properties of the laser radiation

The interest for the wide use of lasers in different applications is mainly related to its unique
properties. The most important ones are:
» monochromaticity, the laser light is emitted in a very narrow spectrum of frequencies, i. e.

wavelengths.

!The active medium is the source of the laser radiation. Many materials are used for such purpose like solid
crystals, liquids or gases, which will lead to different output wavelengths. In our laser system, the active medium

is a high purity Nd-doped Yttrium Aluminium Garnet (Nd:Y3Al5012) crystalline rod.
Different types of sources are used depending on the active medium from flashlamps or arclamps to

electromagnetic radiation, electrical discharges, other lasers or even nuclear reactions.
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Figure 6.1: Schematic representation of the population of electrons in a two-level energy system in (a) equilibrium

and (b) population inversion.

¢ collimation, the laser beam is highly directional and can be focused on very small regions
even at long distances without high spreading.

e coherence, the laser beam has high spatial and temporal coherence, i. e. the photons are
in phase. This property defines the beam shape and allows focusing or guidance of the
beam, as well as the production of very short pulses in the range of nano-, pico- and
femtoseconds.

Altogether, these properties allow a wide range of different applications for materials
processing. In our particular case, the high energy density that can be obtained in pulsed
lasers and the directionality of the beam will allow us to achieve very localized treatments
with high spatial resolution. Furthermore, its monochromaticity will determine the depth at
which the radiation will interact with our materials since light absorption depends on the
photon energy as we will see in the next section.

More information about the mechanisms and properties mentioned, and a description of

the different types of lasers can be found elsewhere [124, 125, 253-255].

6.1.3 Laser beam characteristics

A detailed knowledge of the physical characteristics of the laser beam such as power supplied,
temporal and spatial distributions is required for the interpretation of the experimental results
and their correlation with processing parameters. Basically, a laser system can work using two
temporal operation modes: continuous wave (CW) or pulsed laser operation (Fig. 6.2a). In

the CW operation mode, the radiation is emitted steadily at a constant output power for a
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6.1. Principles of laser operation and properties of laser radiation

specific time. On the other hand, in the pulsed mode, the power has a discontinuous temporal
dependence with a fixed pulse duration 7, a period of time between pulses 7>7 and a repetition
rate v=1/T (Fig. 6.2a).

The power of a laser pulse is usually defined as

P, = i/OTP(t)dt, 6.1)

EP
where E), is total energy emitted by a laser pulse and P(t) is the temporal evolution of the laser

power output. Typical pulse durations 7 are ~3 ns and ~20 ns at the FWHM and repetition

rates of 10 Hz and 20 Hz, respectively, for the lasers employed in this thesis.
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Figure 6.2: (a) Schematic representation of the laser continuous wave (- - -) and pulsed (—) temporal operation
modes. T is the period between pulses, T is the pulse duration and E,, the pulse energy. (b) Typical gaussian (—)

and top-hat (—) spatial distributions of laser beams.

Additionally, two physical magnitudes are used to characterize the irradiation in the area
of a material where the radiation flux is confined: the fluence F’ and the intensity I. Essentially,
the fluence is the energy per unit area distribution of the laser spot. We can define the average

fluence F), as the average energy of each pulse E, per irradiated area .S,
F,=-2 (6.2)

The intensity is also an energy per unit area distribution and time delivered by each pulse, and

the average value is described as

_ BB L
St S T (63)

I

Ultimately, the intensity is also described as the power of a pulse per unit area or, alternatively,

as the average fluence per unit time (Eq. 6.3).
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6. Fundamental aspects of laser processing of materials

Typically, the beam cross-section can present different spatial profiles denoted as
transverse electromagnetic modes (TEM). Most laser beams employed for material processing
present a Gaussian or nearly-Gaussian spatial distribution which corresponds to the
fundamental mode (TEMyg). This distribution is characterized by a maximum of intensity Iy
at r=0 and a characteristic radius w defined as the value when I=I e? (Fig. 6.2b). The top-hat
spatial distribution illustrated in Fig. 6.2b is often required in laser processing when a uniform
irradiation is mandatory. This shape is obtained by modulating the laser beam using an
homogenizing device albeit having associated a loss in the energy output. Despite some
applications may use higher-order modes, they are generally blocked in the laser cavity.
Additional information of temporal and spatial distributions can be found elsewhere
[125, 254, 255]. A description of the particularities of the experimental setup used in this thesis

can be found in section 2.3.3.

6.2 Laser-matter interactions in the processing of materials

The electromagnetic radiation interacts with a material through the absorption, reflection,
refraction, scattering or transmission of the incident light (Fig. 6.3). Among these processes,
absorption is the most important effect in laser processing of materials, and it may result in
diverse and complex phenomena leading to material modification (doping, alloying,
oxidation, reduction, nitridation, exchange of surface atoms/molecules), decomposition,
polymerization, heating, melting, material vaporization, etc. The extent of these effects will
generally depend on the characteristics of laser radiation (intensity, wavelength, spatial
distribution, temporal evolution, angle of incidence, polarization, irradiation time,...), and the
chemical and thermo-physical properties of the material (optical absorption, thermal
conductivity, specific heat, density, latent heats,...).

A material response to the electromagnetic radiation is characterized by the complex
refractive index N=n in, being n the refractive index and n the extinction coefficient. Notice
that both parameters depend on the wavelength of the radiation. When the incident laser
intensity Iy reaches the surface of a material part of the incoming radiation will be reflected I,.

We can define the reflectance R at normal incidence as

I, N 1°2 12 4?2
Rl _ _ D (6.4)
Iy N+1 (n+1)*+n2

The remaining radiation will be absorbed and transmitted through the material. This effect is
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Figure 6.3: Schematic representation of the possible mechanisms caused by interactions between laser radiation

and matter. Reproduced from [255].

usually described in terms of the Lambert-Beer law as
I(z) =Io(1 R)exp( =z) (6.5)

where I and I(z) are the intensity of incidence and at a depth z, respectively. The absorption

coefficient is defined by

_ 40
A

(6.6)
Thus, the intensity of the radiation decreases exponentially inside the material. The optical
penetration depth (I =1 ) is a common parameter used for the evaluation of light
absorption, indicating at which depth the attenuation has a value of I e. Typically, n depends
on the wavelength of the radiation and temperature, thus, will also be a function of these

parameters.

6.2.1 Photothermal and photochemical processes

The electromagnetic radiation emitted by lasers is absorbed by the electrons present in the
irradiated material causing a transition to a higher energy state. The excited electrons will
provoke different effects which can be generally divided in photothermal (heating, melting,
vaporization,...) or photochemical processes (activation of chemical reactions, plasma
formation, ...). These diverse phenomena, which are classified depending on the interaction
time and the intensity of the laser radiation, are summarized in Fig. 6.4.

Typically, the thermalization of the excitation produced in a material after irradiation is
caused by the electron-phonon coupling and takes place in times of the order of

0r( 10 2 10 10 s. Therefore, we will say that a process is (photo-)thermally activated if it
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Figure 6.4: Schematic representation of the regimes for various effects during laser—matter interactions depending
on the laser intensity and the interaction time: melting (dark blue region), vaporization (light blue region), plasma
(dark green region), gas breakdown ( region), overcritical temperatures ( region), multiphoton

absorption (MPA) (orange region) and multiphoton ionization (MPI) (red region). Diagram adapted from [125].

occurs at times longer than 67, i.e. electrons thermalize faster than the rate at which excitation
occurs. Otherwise, the process will be non-thermally (photochemically or photoelectronically)
activated. Nevertheless, it should be noted that the fundamental interactions between laser
and matter are always non-thermal, and in most cases both photothermal and photochemical
mechanisms act together and cannot be effectively differentiated.

Laser-induced photothermal processes will differ significantly from those produced by
conventional thermal treatments, and thus, modify to a large extent nucleation and
crystallization growth processes. In first place, the temperature increase caused by laser
irradiation, specifically PLA, is highly localized in space and time. This may induce
temperatures higher than 10? K depending on the laser and material parameters.
Furthermore, the short and high intensity of laser pulses can lead to heating rates larger than
105 K's . Therefore, these phenomena may occur out of equilibrium, and could induce
temperature gradients up to 10> Km !. Altogether will result in novel transformation

pathways, microstructures, phases and surface morphologies.

6.2.2 Photothermal heat conduction

Laser photothermal mechanisms generated by the absorption of photons during irradiation are

often described in terms of classical heat transport models, i. e. the Fourier heat conduction
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6.2. Laser-matter interactions in the processing of materials

equation, due to their simplicity. In order to do so, it must be assumed that the system is in a
local thermodynamic equilibrium. This only happens when the diffusion time of the system is
much longer than the relaxation times for energy transfer, and when the characteristic length is
much larger than the mean free path. Typically, relaxation times are in the picoseconds range
which allow fairly precise modeling of heat transfer in nanosecond or longer-duration pulsed-
laser heating of materials.

The general form of the heat equation can be written as

O‘Cp% V [k VT =Q (6.7)
where o, C), ki, and T' are the density, specific heat at constant pressure, thermal conductivity
and temperature, respectively.  Although these parameters are generally temperature
dependent, they are often considered constant in first approximation for the sake of simplicity
and due to the difficulty to find reliable data in a wide range of temperatures. Q in Wm 3 is
the volumetric energy intensity absorbed, usually seen as the heat source of the radiation.

If the radiation absorbed in our material is completely converted into heat, () can be written

as
Q=GH)P(x y)(1 R) exp( 2) (6.8)

where G(t) is the temporal dependence of the laser pulse, P(x y) is the spatial distribution of
incident intensity on the surface of our material, R is the surface reflectance at normal incidence
(Eq. 6.4), is the absorption coefficient (Eq. 6.6) and z is the depth. In our particular case,
despite having non-uniform beam shapes, i. e. gaussian for the Nd:YAG laser and only top-
hat along one direction for the excimer laser, the spatial shape of our beam will be taken to
be constant for simplicity and P(x y)=F 6. The temporal dependence of the laser pulse will
be assumed to follow a gaussian distribution of the form G(t)=exp  4In(2) (t 6)*> 62 since
6 is defined at the FWHM. Additional information of pulse and beam shapes can be found
elsewhere [125].

The thermal-diffusion length is a parameter commonly employed to evaluate heat

propagation inside a material during a time 6 and is given by

Iy = D(T(t))dt =2 Dy (6.9)
0

where D, =k, aC), is the thermal diffusivity.
Finally, it must be noted that the diffusion of the thermal front after absorption (Fig. 6.5a)

may lead to various phenomena:
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6. Fundamental aspects of laser processing of materials

¢ The solid-state recrystallization of the material may occur when the temperature reached
inside the material is below the melting point 75, (Fig. 6.5b).

¢ Temperatures higher than T, will lead to a phase transition into a molten state of the
previously solid material (Fig. 6.5¢). Once irradiation is over, the material will resolidify.
The final composition and microstructure highly depend on the cooling rate.

¢ Vaporization can occur at the materials’ surface when the intensity of the laser radiation is
high enough (Fig. 6.5d). In this case, vapor entities may also absorb part of the radiation
which would lead to the formation of a plasma plume.

Additional information about the different effects induced by laser irradiation can be found

elsewhere [125].
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Figure 6.5: Schematic representation of the (a) absorption of laser radiation, and induced (b) heating, (c) melting

and (d) vaporization/plasma formation.

6.3 Modeling the photothermal effect of pulsed laser annealing for

thin film processing

Although photo-induced crystallization could present a photochemical contribution due to the
high energetic photons, it is usually analyzed in terms of photothermal processes. This is so
because the excitation is performed at longer times than thermalization of the electrons [125],
i. e. the pulse width of the lasers used is in the range of nanoseconds.

If a quantitative analysis and optimization of a particular process is wanted, the
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6.3. Modeling the photothermal effect of pulsed laser annealing for thin film processing

laser-induced temperature distribution in a system must be known. However, direct
measurements of temperature are often complex due to its fast evolution in a material which
is caused by the pulsed nature of the radiation. Thus, modeling is a common tool to extract
quite accurate temperature distributions.

In this section, we will present the equations employed to simulate photothermal
processes caused by laser-matter interactions, as well as the assumptions and limitations of
the model used. In addition, we will particularize simulations for our oxide heterostructures
by describing the influence of different parameters on thermal distributions and the
information we can obtain from simulations. These models were implemented using the
COMSOL multiphysics 4.4 software. Finally, we will describe the technical aspects involved in
the simulation process. In the next chapters, we will make use of these simulations to support
the experimental data on laser decomposition (Chapter 7) and crystallization (Chapter 8) and

guide the experiments undertaken.

6.3.1 Technical aspects, model implementation and limits of wvalidity of

temperature simulations

Many physical phenomena are usually described in terms of differential equations such as
the heat equation. Solving these equations analytically is often complex or even impossible.
Thus, numerical techniques such as the finite element method (FEM) arise as a vital tool for
the systematic and simple resolution of any set of equations. In addition, calculations can be
done in any desired geometry and allow the introduction and modification of a broad range of
parameters.

Basically, the application of FEM consists of dividing a geometry in small domains and
solve a set of differential equations in each domain. Then, it is necessary to define the initial
and boundary conditions, discretize the equations through meshing and interpolate. Finally, it
involves the acquisition and interpretation of results, and error analysis. Regardless, it must be
noted that numerical calculations do not provide a general relationships and they are always
limited to finite regions. Furthermore, inappropriate discretizations of the problem can cause
artifacts. Additional information about numerical techniques can be found in the literature
[256, 257].

In our case, the simplest analysis of the temperature distribution is based on the
one-dimensional solution of the heat conduction equation (Eq. 6.7). To do so, we assumed

that there is symmetry along the XY plane and that the thermal diffusion length during a
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6. Fundamental aspects of laser processing of materials

single pulse is significantly smaller than the laser spot (hundreds of nanometers compared to
millimeters). In the numerical simulations the material is considered homogeneous and its
thermo-physical properties independent of temperature, the initial temperature of the
material Ty is constant, the heat input is uniform during irradiation, and convection and
radiation losses are negligible, i. e. the system is adiabatic.

The modeling of temperature distributions has been done assuming a general set of layers

as illustrated in Fig. 6.6a. The general source term from Eq. 6.8 can be written for an arbitrary

layer L, as
Qn = F 41 (2)w
n=7y exp n 02
n 1 n 1
(1 Rn) n €Xp n < LZ (1 Rj)exp( ij) (610)
i=1 j=1

Usually, we considered film/substrate or film /buffer layer/substrate architectures because of
the heterostructures investigated.

The in-plane size has been chosen to be of 100 nm to minimize the calculation time (Fig.
6.6b). For the spatial discretization of our system, we used triangular meshes with a maximum
size for each unit two orders of magnitude smaller than the optical penetration depth (I ) and
minimum sizes of 0.1 nm. Moreover, we increased the mesh density around interfaces to obtain
smooth transitions between materials. For the temporal discretization, we employed steps of
0.5 ns from 0 to 10 ns, 1 ns from 10 to 20 ns, 5 ns from 20 to 50 ns, 10 ns from 50 to 100 ns, and
100 ns from 100 to 1000 ns.
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Figure 6.6: (1) Schematic representation of the general layer system considered. (b) Example of the meshing
used in temperature simulations for a layer/substrate architecture. Equivalent mesh precision is employed when

additional layers are present.
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Resolution of the system of equations was done using the Parallel Direct Sparse Solver
Interface (PARDISO) and a nested dissection multithreaded row preordering algorithm with an
automatic scheduling method. The numerical error of simulations has been evaluated through
the convergence of the solution, and thus, the results described have a minimum uncertainty

due to the numerical approximations of our model described next.

Despite the heat equation illustrates easily temperature distributions in most laser

processing situations, there are some constrains and uncertainties to be aware of [125]:

¢ Thermal fluctuations are assumed to be small even though we are dealing with structures
in the submicrometer range.

¢ The thermo-physical and optical properties of materials, i. e. , R, ki, Dy, Cp, etc, are
frequently extracted from measurements without large temperature gradients.
However, these gradients ( 7'— T [) achieved during laser annealing may be rather
intense (( 105 10 Km 1) with extremely short interaction times. Under these
circumstances, the exact values for the aforementioned parameters may be very distinct
compared to their conventional thermal treatment counterparts.

¢ Usually, the temperature dependence of the thermo-physical and optical parameters is
only known in a small interval of temperatures. However, a wide range of temperatures
is achieved with lasers, i. e. from tens to thousands of °C.

* These physical properties highly depend on surface morphology, crystallinity, surface
contaminants, defects, etc.

¢ Inaddition, the material is modified with each pulse sent, and thus, its physical properties
will change continuously.

¢ The contribution of internal reflections to heating has been simulated and it is negligible
compared with the contribution of other parameters.

¢ Feedback reactions are common in laser-matter interactions due to coupling between
different phenomena. This would require considering coupled non-linear equations in

their theoretical description.

In summary, measurement of the relevant quantities during laser processing and inclusion of
the multiple phenomena in the model would be the best solution to some of these limitations.
Regardless, we will demonstrate that quite accurate modeling of temperature distributions can
be obtained and this will be fundamental to guide and interpret the laser processing results in

the following chapters.
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6.3.2 Different contributions to the overall thermal behavior

Considering the constrains of the model presented in the previous section, we will now
particularize to our experiments by giving a general description of the information that can be
extracted and the influence of the different optical, thermo-physical and processing
parameters, mainly the fluence and substrate base temperature, in the resulting temperature

distributions.

Once a laser pulse reaches a material, the surface temperature will rise extremely fast and
the heat will diffuse towards the substrate. As we mentioned previously, heat diffusion will
depend on the thermo-physical properties of each material. Cooling will start right after and
temperature will decrease very rapidly. Fig. 6.7 shows the heating/cooling and the heat
transfer process through a CZO/YSZ heterostructure for a fluence of 40 mJcm 2, the
substrate at room temperature and a laser with a pulse duration of 3 ns. In Fig. 6.8a, we can
see the temporal dependence of temperature for the process described in Fig. 6.7. The
maximum temperature in the system is reached only 1 ns after the laser pulse ends (6( 3 ns).
Afterwards, the system will start cooling down. It is important to notice that the time needed
to cool the system down to temperatures close to the initial value is significantly longer than
time required for heating, i. e. few nanoseconds as compared to tens or hundreds of

nanoseconds (Fig. 6.8a).

Modeling of temperature distributions allows us to obtain several vital parameters that will

help to understand the growth of oxide heterostructures:

e The maximum temperature 7},,, reached in a system can be extracted from the time
dependence of the temperature profile (Fig. 6.8a). This allow us to select an appropriate
working range of fluences that match with the temperatures we want. Furthermore, we
can distinguish between surface and interface temperature profiles which provide the
temperature gradient inside the oxide film.

* The effective heating time t.s is a reference for the effective duration of the laser
treatment and can be defined as the amount of time above a certain arbitrary
temperature. In this work, we have considered that 600 °C should be the threshold
temperature for crystallization since we assume that diffusion is slow below that value
in solid-solid processes (Fig. 6.8b).

¢ Temperature distribution along thickness of our heterostructure for a given time can be

extracted as well (Fig. 6.8c). This provides information about the temperature
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Figure 6.7: Color evolution of temperature inside a CZO/YSZ heterostructure. Simulations were done for a

fluence of 40 m] cm 2 and the substrate at room temperature.

distribution through thickness, for example, between the surface and multiple

interfaces, and the temperature gradient along the whole heterostructure.

The influence of these parameters on the heterostructures investigated will be discussed in the

following sections and chapters.

Many variables may contribute to the temperature profile in a film during laser irradiation
and, therefore, influence decomposition and crystallization. On the one hand, thermo-physical
and optical parameters have a large repercussion on heating. Table 6.1 presents the main optical
and thermo-physical properties for the materials considered in this thesis. It should be noted
that the absorption coefficient will be the materials physical property having a larger influence
in our simulations and the remaining parameters will affect on the heat transfer through the
heterostructure. For instance, thermal diffusion will be promoted when thermal conductivity
is high. However, the specific heat capacity, i. e. the energy required for the system to increase
its temperature 1 °C, must be small. Additionally, the denser a material the worse is the heat
transfer. Despite all these values are temperature dependent, all quantities presented have been
measured at 300 K due to the lack of data covering a wide range of temperatures. These values

have been obtained from the literature or experimental measurements as indicated in Table 6.1.
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Table 6.1: Thermophysical and optical parameters for the different oxides investigated: optical absorption coefficient () and penetration depth (1), reflectance (R),
density (o), thermal conductivity (k.y), specific heat capacity at constant pressure (Cy), and melting point (T,,,). and indicate that we obtained the data from
spectrophotometry and ellipsometry, respectively. Measurements have been done at room temperature (300 K). The optical parameters are for a wavelength of 266 nm,

except for the ones indicated at 248 nm. Remaining parameters can be found in Refs. [122, 125, 196, 246, 258-278].

Material a(10®m 1) lo=a ! (nm) R | p(gem 3) | ky, Wm LK 1Y) | C,(Jkg VK 1) | T,y (°O
Ce/Zr propionate 4.0 250 0.02 | 1.8(s)/1.5() 0.6 (s)/0.3 (1) 1786 (s)/ 2110 (1) 235
CZO 31.0 32 0.10 7.2 2.6 353 2400
LNO 12.6 /21.2 (cryst.) 79/48 (cryst.) 015 - 0 400 1680

23.6 (cryst., @248 nm) | 42 (cryst., @248 nm)
20.9 48
BST 0.07 5.9 4.1 472 1625
28.1 (@248 nm) 36 (@248 nm)

LSMO 24.1 42 0.05 59 2.5 530 1450
YSZ (SC) 0.4 2500 0.18 5.7 2 446 2988
YSZ (ABAD) 1.2 800 0.13 5.7 2 446 2988
SS 82.0 12 0.41 8 14.3 459 1455
STO 60.0 17 0.20 5.1 8.3 545 1910
LAO 0.005 200000 0.01 6.5 11.7 448 2100
Pt 10.5 (@248 nm) 10 (@248 nm) 0.50 21.5 72 133 1770
SiOq - - - 2.2 1.6 740 1600
Si - - - 2.3 152 700 1420
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Figure 6.8: (a) Surface (—) and interface (—) time dependence of the temperature for a 20 nm-thick CZO
film on a YSZ substrate. The maximum temperature and laser pulse (- - -) have been represented for better
comprehension. Despite the laser intensity axis will not be indicated in the next plots, the laser pulse will be kept
for comparison purposes. (b) Effective heating time determination from time-dependent temperature profiles. (c)
Simulated temperature distribution along samples depth. Simulations were done for a fluence of 40 mJ cm 2 and

the substrate at room temperature.

6.3.2.1 Influence of laser fluence and pulse duration on temperature distributions

The laser output is the first and most important factor that will determine the temperature
distribution in our sample. In first place, we have the fluence F' which is the energy per unit
area arriving to the surface of our sample, which has been assumed constant along the whole
surface in our simulations. Fig. 6.9a shows the dependence of the temperature profiles with
fluence for a 20 nm-thick CZO film on YSZ. It can be seen that the temperature evolution at the
sample’s surface and its maximum value increase linearly with the fluence (Fig. 6.9b). In turn,
this leads to a non-linear rise in the effective heating time (Fig. 6.9c).

The duration of the laser pulse is also another important parameter. For instance, we
evaluated what would happen if we increase the pulse duration of the Nd:YAG laser (¢( 3 ns)
to that of the excimer laser (6( 25 ns) for a fixed fluence of 40 mJ cm 2 and without modifying

any other parameter. In this case, Fig. 6.9d reveals that longer laser pulses derive in
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Figure 6.9: (a) Sample s surface temperature evolution with time for a 20 nm-thick CZO films on YSZ substrates
at room temperature for fluences of 20 mJ cm % (—),40mJ cm 2 (—),60mJ cm 2 (—)and 80 mJ cm 2 (—). (b)
Maximum temperature and (c) effective heating time dependence with the laser fluence. (d) Temperature profiles
for laser pulse durations of 3 ns (—) and 25 ns (—) at a fluence of 40 m] cm 2. Parameters used in the simulations

are summarized in Table 6.1. The laser pulses, i. e. 3 ns (- - -) and 25 ns (- - -) are plotted for comparison.

temperature profiles with lower temperatures which is caused by a reduction in the input
power (P=F ) due to the higher pulse duration (#( 25 ns). Consequently, higher fluences
will be needed to achieve an effect similar to the one obtained at 3 ns. Notice that maximum
peak temperatures thousand degrees apart may be reached in this particular case, leading to a

significant reduction of the effective heating time for §( 25 ns.

6.3.2.2 Influence of substrate/buffer layer absorption and substrate temperature

The contribution of substrates may be vital to crystallization of oxide heterostructures. This is
especially critical for films with thicknesses smaller than the optical penetration depth
(I = 1), i. e. small absorption coefficients. Typically, the oxide films investigated (CZO,
LNO, BST and LSMO) have thicknesses between 20 and 40 nm after decomposition, whereas

the corresponding [ values are larger at the working laser wavelength (Tables 5.1 and 6.1).
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From the Lambert-Beer law (Eq. 6.5), this implies that films will absorb only part of the
incoming radiation and, therefore, substrate absorption and corresponding heating process

will be very important for film crystallization.

Fig. 6.10a shows the transmittance data from spectrophotometry measurements described
in section A.4.2. We can see that transmittance of LAO is larger than YSZ and STO at the laser
wavelengths employed, i. e. 248 and 266 nm. Thus, we expect a higher absorption of the
laser radiation in STO, and a subsequent enhancement of heating and crystallization for films
deposited on STO.

Temperature simulations of a 10 nm-thick BST film on LAO, LNO-buffered LAO and STO
substrates (Fig. 6.10b) illustrate the influence of substrate absorption. A fluence of 40 mJ cm 2,
a substrate temperature of 400 °C and a pulse duration of 3 ns were considered. Parameters
employed for the calculations are summarized in Table 6.1. On the one hand, the maximum
temperatures reached in the BST/STO (( 1300 °C) heterostructures are respectively 500 and
700 °C higher than those in BST/LNO/LAO ({ 800 °C) and BST/LAO ({ 600 °C). On the other
hand, the effective heating time is around 26 ns for BST/STO and 6 ns for BST/LNO/LAO,
while ¢, (0 ns for BST/LAO because this system does not reach 600 °C. Consequently, the

importance of substrate and buffer layer absorption may have to promote crystallization of the

oxide film is crucial.

In addition, base temperature of substrates is also critical since it contributes to an overall
temperature rise in the heterostructure. In Fig. 6.11a, we plot the temperature profiles for a 20

nm-thick CZO film on YSZ for a fluence of 40 mJ cm 2 and the substrate at room temperature,

a ; , , ; ; b) 14 : ; x
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;5/ g0l 24§§6 LAO ] & 1200f / on STOA
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Figure 6.10: (a) Comparison of the transmittance for LAO, YSZ and STO substrates. (b) Temperature simulations
of a 10 nm-thick BST film on LAO (—), LNO/LAO (—) and STO (—) using a fluence of 40 mJ cm 2 and a
substrate temperature of 400 °C. The solid lines (—) and dashed (- - -) lines indicate the surface and interface

temperature evolution, respectively. Parameters used in the simulations are summarized in Table 6.1.
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200 °C and 400 °C. It can be seen from Fig. 6.11b that the maximum temperature rises linearly
with the substrate temperature and this leads to a non-linear increase of the effective heating

time (Fig. 6.11c)
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Figure 6.11: (a) Temperature profiles of 20 nm-thick CZO films on YSZ substrates. A fluence of 40 m] cm >
and the substrate at room temperature (—), 200 °C (—) and 400 °C (—) were used. The laser pulse (- - -) has
been plotted for comparison. (b) Maximum temperature and (c) effective heating time dependence with substrate

temperature extracted from the temperature profiles as explained in section 6.3.2.

Altogether indicates that substrates have a critical role determining the experimental
conditions in laser processing which differs from those of conventional (iso-)thermal

treatments.

6.3.2.3 Influence of the oxide film thickness on temperature distributions

The film thickness L will also have a large influence over temperature profiles. If L is smaller
than the optical penetration depth [ , substrates will have a larger contribution to heating as
compared to their influence if L>] . We will describe these differences using the case of
BST/LAO heterostructure since in this particular example this effect is very relevant.

Figs. 6.12a and b illustrate, respectively, the temperature dependence with time for 10, 50
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and 160 nm-thick BST films on LAO, and the behavior of surface and interface peak
temperatures with the film thickness for a fluence of 40 mJ cm 2 and a substrate temperature
of 400 °C. On the one hand, surface peak temperature increases with film thickness and it
seems to saturate around 1400 °C. On the other hand, interface peak temperature rises until
film thickness is equivalent to the optical penetration depth and it decreases for L>[ . Finally,
surface effective heating times increase with film thickness, whereas the ter at the interface

rises until L( 100 nm and, then, decreases (Fig. 6.12c).

Several reasons may lead to the phenomena described though it must be noted that this
description will highly depend on the heterostructure and its physical parameters. Firstly,
surface and interface temperatures and effective heating times increase when L<! because

rAo is very small compared to pgr (Table 6.1). Consequently, more radiation is being
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Figure 6.12: (1) Surface (—) and interface (- - -) temperature profiles of BST films on LAO for thicknesses of 10
nm (black), 50 nm (blue) and 160 nm (red). Surface (black up triangles) and interface (red down triangles) (b) peak

temperature and (c) effective heating time dependence with film thickness. A fluence of 40 m] cm 2 and a substrate

temperature of 400 °C were used for the simulations. Thermo-physical and optical properties are summarized in

Table 6.1.
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absorbed by the film as it becomes thicker, contributing to its heating. When L>[ , the
limiting factor is not the absorption coefficient but the thermo-physical properties of the
system characterized by the thermal-diffusion length [, (Eq. 6.9), i.e. { 130 nm at 300 K for

BST, because all the radiation is being absorbed inside the film.

6.4 Summary and conclusions

In this chapter, we have discussed the basic concepts involved in the laser processing of
materials.

Firstly, we described the mechanism of operation of lasers, i.e. how the laser beam is
generated through population inversion by pumping electrons to higher electronic states,
stimulated emission of photons and amplification of the effect; as well as the properties of the
radiation emitted (monochromaticity, collimation and coherence), and the spatial and
temporal characteristics of the resulting laser radiation.

In second place, we detailed the interaction of the laser radiation with materials through
the absorption of photons and the multiple phenomena derived, generally classified as
photothermal and photochemical processes.

Finally, we introduced the numerical model employed for the evaluation of
photothermally-induced heating. Particularly, we presented the heat conduction and source
term equations employed in simulations. In addition, we also discussed about the
assumptions taken and limitations of the model, as well as the influence of optical,
thermo-physical and experimental parameters such as fluence, substrate temperature or film
thickness in the final temperature distributions. We can conclude that numerical simulations
are an excellent tool that has allowed us to guide the experiments of this thesis and give more
insight into the mechanisms governing decomposition and crystallization of CSD precursor

films.
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Chapter 7

Laser decomposition of metal-organic

Ceg.9Zr(p 102 y precursor films

Chemical solution deposition (CSD) has been used widely for the low-cost production of
ceria-based materials [11, 21, 55, 190]. Thermal treatments, i. e. conventional or rapid thermal
annealing (CTA or RTA), are typically used for the decomposition of precursor films and
oxide phase crystallization. However, they involve thermodynamic equilibrium and rather

long processing times, limiting versatility for the fabrication of devices.

It is known that lasers are energy sources with a fast pulsed nature and allow to process
materials with large spatial resolution (Chapter 6). This makes them very appealing for the
decomposition and crystallization of metal-organic films, and production of functional
devices [72, 279, and references therein]. As we mentioned before, complex phenomena such
as photochemical reactions, heating, melting, ultra-fast crystallization, etc, occur when laser
radiation is absorbed inside a material [70, 125, 280]. Specifically, decomposition of organic
materials caused by extremely fast (ps-ns) photochemical and/or thermal mechanisms in
conditions commonly far-off the thermodynamic equilibrium is used for many different
purposes such as lithography, polymer micro-machining, or laser direct writing of conductive

metallic films on plastic substrates [281-283, and references therein].

In this chapter, we will investigate the decomposition by laser irradiation of metal-organic
(Ce, Zr)-propionate thin films on (001) YSZ substrates which are often employed for the
growth of CZO epitaxial films. In particular, we will describe the morphology and properties
of propionate films prior to laser irradiation. Then, we will evaluate the optimization of laser

processing conditions and discuss the effect of parameters such as fluence, number of pulses
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and substrate temperature on films morphology and composition. Further crystallization of
metal-organic films by CTA will be analyzed as well. Finally, we will validate the use of laser
processing for the design and fabrication of micrometric patterns. Notice that all the
experiments in this chapter involving laser decomposition have been done using a Nd:YAG

laser working at 266 nm in air (section 2.3.3).

7.1 State of metal-organic films before decomposition

The AFM characterization of Ce-Zr propionate films deposited on YSZ by spin-coating and
dried with a hot-plate at 90 °C for 10 min (Figs. 7.1a and b) shows that they have extremely
flat surfaces with roughness around 0.5 nm, despite there are some small holes present. In
addition, the thickness measured by removing one part of the metal-organic film is around 80

nm (Fig. 7.1c).

5 0 15 2
Length (um)

Figure 7.1: AFM image of a metal-organic CZO precursor film. (a) 5 x 5 vm? scan illustrating film s surface,

and (b) 20 x 20 vm? scan with a step employed to determine film thickness. (c) Line scan of (b) illustrating films

thickness.

We have also measured the optical properties, i. e. transmittance and reflectance (Fig.
7.2a), before irradiation by spectrophotometry as explained in Appendix A.4.2. The precursor
film was deposited on a (0001)-oriented alumina ( -Al,Os3) substrate using the experimental
conditions described in section 2.2. Alumina substrates where chosen due to its transparency
in a wide spectral range. In addition, we derived important parameters such as the refractive
index n, extinction coefficient 7, optical absorption coefficient and penetration depth !
(Figs. 7.2b and c). Specifically, n and 1 were determined using the Denton method [284] as
described in section A.4.2.

Fig. 7.2b shows that n and 7 present local maximum values at 280, 700 and 870 nm, the
largest corresponds to that near 266 nm , i. e. the Nd:YAG laser wavelength. Furthermore, the

n and 7 range from 1.83 to 1.91, and from 0.04 to 0.10 for wavelengths between 200 and 1100
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Figure 7.2: Dependence of the optical properties of Ce-Zr metal-organic films with wavelength: (a) transmittance
and reflectance, (b) refraction index n and extinction coefficient n, and (c) optical absorption coefficient — and

penetration depth 1.

nm, respectively. In Fig. 7.2c, we can see that diminishes as the wavelength increases and
also presents a maximum at 280 nm. Its value at 266 nm is ( 4 10° m ! which gives a value of
[ ( 250 nm, i. e. larger than the precursor film thickness (Fig. 7.1b). If we apply the Lambert-
Beer formula (Eq. 6.5) using the aforementioned values, we can see that only a 27% of the laser
light is being absorbed by the precursor film. Consequently, the remaining radiation will arrive
to the substrate.

The thermal energy inside the substrate contributing to the decomposition of the Ce-Zr
precursor film will essentially depend on its optical and thermophysical properties (Table 6.1).
This fact provides to the substrate a role in laser processing that does not exist in conventional
annealing as mentioned in section 6.3.2. Since YSZ has a ygsz( 410° m ! and a thickness
( 0.5 mm, all the radiation will be absorbed in it leading to its heating, and thus, affecting

decomposition of the Ce-Zr propionates.

7.2 Optimization of irradiation conditions for the decomposition of

CZO precursor films

Ce-Zr propionate metal-organic films on YSZ have been irradiated by laser with the substrate
at room temperature and accumulating pulses at the center of samples. The range of maximum
fluences, as defined in section 2.3.3, and number of pulses employed has been changed from
10 to 200 mJ cm 2 and from 500 to 2000 pulses, respectively. The ablation threshold of the
precursor film has been found to be 200 mJ cm 2 because at this fluence we have observed the
formation of craters, material redeposition, and small substrate surface degradation (Fig. 7.3).
Subsequent experiments have been performed at laser fluences below 160 mJ cm 2 to avoid

these phenomena and achieve an accurate control of the decomposition process.
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Figure 7.3: (a) Profilometry image and (b) corresponding profile illustrating the ablation of a Ce-Zr propionate
metal-organic film on YSZ. Irradiation was done with an Nd:YAG laser working at 266 nm, 200 m] cm 2 and

100 pulses. The substrate was at room temperature.

In this section, we will cover three important aspects of the decomposition process:
optimization of the irradiation conditions, surface homogenization and evaluation of the

optical properties of the decomposed film.

721 Influence of photothermal and photochemical processes on decomposition

The decomposition analysis of metal-organic films was carried out by Fourier transform
infrared (FTIR) spectroscopy (Appendix A.1.1). Fig. 7.4a presents the spectra acquired at the
center of samples irradiated using fluences between 10 and 60 mJ cm 2 and applying 500
pulses. The as-deposited signal is plotted as reference. Despite the shape of the signal comes
from the YSZ substrate, we can identify organic bands at the region from 1400 to 1500 cm !
associated to C-H bending, and at 1540 and 1680 cm ! attributed to COO- stretching modes
from carboxylates [285, 286]. No additional organic bands corresponding to propionic acid
have been detected. Furthermore, it can be seen that there is no appreciable reduction of the
organic bands at 10 mJ cm 2, whilst a partial decomposition of the precursors seems to occur
at 20 mJ cm 2. A complete decomposition is obtained at higher fluences since no signal
coming from organic compounds is detected. On the other hand, partial decomposition can be
achieved at low fluences (10 mJ cm 2) when the number of pulses is increased from 500 to
2000 pulses (Fig. 7.4b). When the substrate temperature is increased to ( 100 °C, a complete

2 even with a lower number of

elimination of the organic material is achieved at 10 mJ cm
applied pulses (500 pulses).

Photochemical and photothermal arguments can be used to interpret these results. On the
one hand, the photon energy send by nanosecond laser pulses is initially transformed into

electronic excitations [125]. Interactions between photons and electrons are particularly
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Figure 7.4: Fourier transform infrared (FTIR) measurements of Ce-Zr metal-organic films on YSZ. (a) Spectra
after applying 500 pulses at 10 (—), 20 (—), 40 (—) and 60 m] cm 2 (—). The as-deposited spectrum (—) is
plotted as well. (b) Spectra at 10 mJ cm 2 after applying 500 (—), 1000 (—) and 2000 (—) pulses. The black line

(—) corresponds to a sample irradiated using 500 pulses with a substrate base temperature of 100 °C.

important during irradiation in the UV range. This is because photon energy is significantly
larger than the dissociation energy of most chemical bonds [287]. For example, the energy of
the photons sent by our Nd:YAG laser (4.7 eV) is remarkably larger than the dissociation
energy of C-C (3.6 eV), C-O (3.6 eV) and C-H (4.3 eV) bonds present in the precursor films
[258]. In addition, the energy of the supramolecular bonds which appear between carboxylate
groups, as well as the ionic (Ce?", Zr**)-carboxylate bonds would be also lower than the

photon energy.

The absorption of photons is also transformed into molecule vibrations since
electron-phonon interactions are likely to occur when using nanosecond pulsed lasers [125].
This will induce heating of the precursor film and, therefore, photothermal decomposition
[288, 289]. Fig. 7.5a illustrates the simulated temporal dependence of temperature at the
surface of precursor films. Simulations have been done only considering photothermal
mechanisms and using the parameters described in Table 6.1. We can see that as the fluence
becomes larger, peak temperatures increase and thermal pulses are longer, i. e. tens of
nanoseconds. Even though we have shown in Fig. 7.4b that decomposition can be achieved at

10 mJ cm 2

, simulated maximum temperatures at fluences below 20 mJ cm 2 (Fig. 7.5b) seem
undoubtedly inadequate for that purpose since decomposition should start at 180-235 °C
[121, 122]. Thus, one should expect that photochemical mechanisms might have a vital
contribution in order to accomplish such level of decomposition at fluences below 20

mJ cm 2. Furthermore, we anticipate an enhanced performance of decomposition at higher
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Figure 7.5: Thermal simulation of temperature evolution at the metal-organic film surface with the first laser
pulse for: (a) simulated fluences of 5 (blue), 10 ( ), 20 (green), 40 (black) and 60 m] cm 2 (red), and (b)
a simulated fluence of 20 mJ cm ? with substrate at room (black) and 100 °C (blue) temperatures. The colored

regions indicate the temperature range where melting-decomposition of cerium propionate precursor takes place.

fluences due to a stronger photochemical effect. Besides that, the exothermal decomposition
of the metal-organic film and the influence of the YSZ substrate should also provide
supplementary thermal energy. Particularly, the influence of YSZ in thermal evolution of our
system is also considered in the simulations. Excimer lasers are often used to crystallize oxide
films from chemical solutions. However, as we mentioned in section 6.3.2.1, they have a pulse
duration approximately one order of magnitude longer than that of Nd:YAG lasers, ( 25 ns
compared to ( 3 ns. This causes that the laser power for the same fluence is one order of

magnitude lower, and thus, the photo-induced effects should be smaller.

In a previous study from Heiba et al [290], where they investigated the decomposition of
cerium carboxylates in presence of olefins and hydrocarbons by thermal and photochemical
routes, it is mentioned that mechanisms of oxidative decarboxylation of the metal
carboxylates with simultaneous liberation of alkyl radicals induce the transformation of
organic compounds into gaseous CO; and H>O. Specifically for the decomposition of
propionates described in this chapter, we have seen no additional organic bands in the FTIR
spectra. Hence, we expect that gaseous CO, and HO are the predominant decomposition
products. Additionally, Ce and Zr ions will oxidate causing the formation of the previously
reported nanocrystalline Ce; ,Zr,Oy , film [121, 122], and described in chapters 4 and 5.
Accordingly, we believe that during our laser irradiation experiments each pulse yields
photochemical and thermal degradation of the metal-organic film, resulting in its partial

decomposition. The use of higher fluences will probably intensify the aforementioned
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processes enhancing decomposition. In other respects, incubation effects are quite important
for materials with small absorption coefficients when irradiated at low fluences. This
phenomena essentially regards to the non-ablative degradation suffered in irradiated
materials, leading to the modification of their optical properties and making them more
absorptive. Thus, the application of large number of pulses promotes decomposition of the
metal-organic film. Preferably, decomposition should be performed at low fluences and
applying a large number of pulses to prevent the development of high temperatures.
Otherwise, crystallization of the CZO could take place in some areas inducing

inhomogeneous growth.

7.2.2 Surface homogenization during decomposition of metal-organic films

The Gaussian-like spatial distribution of the Nd:YAG laser beam may provoke the
inhomogeneous decomposition of the precursor films. This can be avoided during the laser
treatment through the irradiation of a fixed number of pulses at 1 mm regularly spaced sites
in order to achieve an 80% of beam overlapping (Fig. 7.6). By doing so, the effective number
of pulses in each location becomes significantly larger than without beam overlapping. Hence,
we expect a boost in decomposition of metal-organic films and surface homogenization. In
fact, this has been confirmed for films obtained at 10 mJ-cm~2 with an 80% of overlapping
after applying 500 and 2000 pulses (Fig. 7.7).

Investigation of the surface morphology for metal-organic films treated with laser with an
80% of overlapping and the substrate at room temperature reveals very interesting results. On
the one hand, Figs. 7.8a and b show the surface of two samples irradiated at 10 mJ-cm~? after

applying 500 and 2000 pulses/site, respectively. Interestingly, whilst the former presents a

Intensity

o .
Beam radius

Figure 7.6: Schematic representation of the beam overlapping during laser irradiation.

173



7. Laser decomposition of metal-organic Ceg 9Zrg 1O2 y precursor films

2000 !

| 10 mJ-cm™2,
C-H | 80% overlap

1350 1500 1650 1800 1950
Wavenumber (cm™)

/g F pulses

= d AS:ted
] epOoslL
St

3

-

% I lv\coo-
=

Figure 7.7: FTIR spectra of Ce-Zr precursor films on YSZ irradiated at 10 mJ cm 2 for 500 (—) and 2000 (—)
pulses using an 80% of overlapping. The as-deposited data (—) is plotted as reference.

rather smooth surface which might have randomly distributed holes up to 3 nm in depth and
200 nm in diameter, the latter shows ripple-like structures of 1-5 nm in height and around 200
nm of lateral periodicity. In addition, the RMS roughness experiences a slight increase with
the number of pulses per site, from 0.5 nm (500 pulses/site) to 0.8 nm (2000 pulses/site). On
the other hand, Fig. 7.8c presents a sample irradiated at 20 mJ cm 2 with 2000 pulses/site
which exhibits higher roughness (( 11 nm) than an equivalent sample treated at 10 mJ cm 2
(Fig. 7.8b). Furthermore, its surface is quite irregular with structures up to ( 60 nm in height
and diameters up to 200 nm. These round-like structures bear some resemblance with features
obtained in other materials like metals and polymers, where the laser treatment induced their
melting and recrystallization [280, 281, 291, 292]. Previous works based on conventional
thermal treatments point to the fact that decomposition of cerium propionates might be
initiated in the liquid state at temperatures between 180-235 °C [121, 122]. Thus, we propose
that melting of the metal-organic film would be activated depending on the laser fluence and
derive in the aforementioned formation of nanocrystalline CZO and release of gaseous

products.

Mechanisms such as differences in optical and thermo-physical properties between
transformed and not/less modified domains, diffusion of trapped volatile species,
thermoelastic stresses, optical interferences, etc, have been proposed to originate the
formation of the previous surface structures [109, 125, 280, 293]. Some of these phenomena are
schematically represented in Fig. 7.9. Essentially, the generation of gaseous products and
hydrodynamic instabilities at low fluences could induce that emerged bubbles and movement

of the "liquid" layer form the structures observed in Figs. 7.8a and b. Moreover, interference
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Figure 7.8: AFM images and corresponding profiles of precursor films irradiated with 80% of overlapping at 10

m] cm 2 after applying (a) 500 and (b) 2000 pulses/site the subtrate at room temperature, and (c) 20 mJ cm ?
after applying 2000 pulses/site.
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Figure 7.9: Schematic representation of the mechanisms involved in melting/recrystallization processes.

caused by the quasi-transparent film might also contribute to produce those ripple-like
structures [125, 291]. An enhancement of photochemical and photothermal reactions should
be expected due to the use of higher fluences. Thus, decomposition and formation of volatile
precursors would be promoted together with bubble coalescence and stronger hydrodynamic

effects. These strengthen phenomena should lead to a much more intense movement of the
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molten phase and, once solidified, to the formation of larger structures (Fig. 7.8c). Further
investigation of the mechanisms involved in the laser decomposition of metal-organic films is
required to acquire a complete picture of the phenomena causing films final microstructure,

which is beyond the scope of this work.

Fig. 7.10a shows a sample processed with 10 mJ cm 2, 500 pulses/site, 80% of beam
overlapping and a substrate temperature of 100 °C. Besides obtaining a totally decomposed
precursor film, the morphological analysis by AFM unveils an extraordinary improvement to
a greater extent of its surface compared to films detailed in Fig. 7.8. Neither wave-like nor
hill-like structures are observed and films roughness has decreased to ( 0.3 nm which is
smaller than the initial roughness of the metal-organic film (Fig. 7.1). In addition, we can see
that the film morphology and roughness are comparable to films pyrolyzed at 300 °C for 30

min using conventional furnaces.

Essentially, by rising the substrate temperature the fluid state duration with every pulse is
increased, providing extra time for the stabilization of its movement and for the exclusion of
internal bubbles leading to a smoother and more compact film. This is apparently what
temperature simulations shown in Fig. 7.5b could be indicating, i. e. a rise in the substrate
temperature during irradiation would lead to an increase of the duration of the precursor film

molten state from 5 to 20 ns due to higher temperatures achieved surpassing the melting point

Laser decomposition at 10 mJ-cm2, 80% overlap

0.0 0.5 1.0 1.5 2.0
Length (um)

0.5 1.0 1.5 2.0
Length (um)

Figure 7.10: AFM images and corresponding profiles of precursor films (a) irradiated with 80% of overlapping at
10 mJ cm 2 after applying 500 pulses/site with the substrate at 100 °C, and (b) conventionally pyrolyzed at 300
°C for 30 min.
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of the CZO metal-organic precursor. Furthermore, this effect could be reinforced by
photochemical mechanisms which have not been considered in our simulations, leading to
even longer durations.

The XRD analysis of this last example confirms that laser-decomposed films are completely
nanocrystalline since its spectra is comparable to that of conventionally pyrolyzed films and no

crystalline reflections could be identified (Fig. 7.11).
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Figure 7.11: XRD measurements of precursor films decomposed with 80% of overlapping at 10 m] cm ? after
applying 500 pulses/site with the substrate at 100 °C (—), and conventionally pyrolyzed at 300 °C for 30 min
(—).

7.3 Influence of laser decomposition to CZO film growth compared

to furnace pyrolysis

In order to evaluate the quality of the decomposed metal-organic films, we performed a high
temperature crystallization of the films by means of conventional thermal annealing using the
conditions described in Chapter 5, i. e. 900 °C for 8 h, in oxygen flow.

Figs. 7.12a and b show that samples decomposed by laser with the substrate at room
temperature lead to a granular morphology when annealed at high temperatures. The grain
size and surface roughness of these annealed films is derived from that achieved during the
decomposition of the metal-organic film (Figs. 7.8 and 7.10). On the one hand, the lowest
average grain size and roughness, 180 nm and 3.8 nm, were obtained in the sample treated

with 10 mJ cm 2

and 500 pulses/site (Fig. 7.12a) whereas the corresponding maximum
values, 230 nm and 14 nm, respectively, were obtained in the sample irradiated with 20

mJ cm 2 and 2000 pulses/site (Fig. 7.12b). In addition, a high density of voids, some of them
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Figure 7.12: AFM images of CZO films crystallized at 900 °C during 8 h in Oy, flow after laser irradiation with
(a) 10 m] cm 2 and 500 pulses/site, (b) 20 m] cm 2 and 2000 pulses/site, and (c) 10 m] cm 2 and 500 pulses/site

and a substrate temperature of 100 °C.

reaching the substrate’s surface, are also visible between the grains. On the other hand, the
film crystallized after being decomposed by laser at 10 mJ cm 2, 500 pulses/site and the
substrate at 100 °C (Fig. 7.12c) exhibits terraced-like features equivalent to those typically
obtained by conventional thermal treatments (Fig. 5.1a). Grain sizes are similar to CTA films,
i. e. between 100 and 150 nm, although the surface roughness is slightly larger, 2.3 nm
compared to 1 nm (Fig. 5.1a).

XRD analyses of the previous samples (Fig. 7.13) show the presence of a peak at 2 = 33 4°
corresponding to the (002) CZO reflection and no other peaks could be identified. This means
that either no polycrystalline growth exists or its overall volume is below the resolution limit of
the diffractometer employed. Furthermore, the intensity of the (002) peaks in laser processed
films is very similar to that produced by furnace pyrolysis. In addition, we could confirm that
films derived from laser decomposition have a good crystalline quality after growth at 900 °C

for 8 h in a tubular furnace, comparable to those fully decomposed and grown by CTA.
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Figure 7.13: XRD analysis of CZO films crystallized at 900 °C during 8 h in Oz flow after laser decomposition
at 10 m] cm 2 and 500 pulses/site (—), (b) 20 m] cm 2 and 2000 pulses/site (—) both at room temperature, and
(c) 10 m] cm 2 and 500 pulses/site and a substrate temperature of 100 °C (—). The data for a furnace only sample

(—) is plotted for comparison.

As we demonstrated in chapters 4 and 5, the furnace pyrolysis at low temperature of ceria
precursor films leads to the presence of homogeneously and heterogeneously nucleated
grains. Further annealing at high temperature promotes heterogeneous nucleation and
growth of the epitaxial fraction. Since the epitaxial growth seems to be driven by diffusion
mechanisms, the inner microstructure of the already decomposed film will also determine the
final morphology of the crystallized film [55, 108, 190]. For this reason, some of the films
decomposed by laser which have inner voids, defects, impurities and rough surfaces,
probably due to significant liquid-layer movements, derive in a porous and rough surface
compared to the other cases. Finally, we conclude that using the optimized conditions for the
laser-induced metal-organic decomposition of films allows us to fabricate high-quality and
epitaxial CZO films with a reduced processing time. This would allow the implementation of
laser decomposition in industrial applications which employ reel-to-reel deposition
techniques and to enhance the process throughput. For example, it could be very interesting

for the production of superconducting coated conductors.

7.4 Design of patterns due to local treatments

Taking advantage of the high processing speed, high spatial resolution and decomposition
conditions optimized in the previous section, we contemplated the use of laser irradiation as
a mean to write patterns on metal-organic films for micro-fabrication. Even though in this

section we will focus on the design of ceria-based structures, this technique could become very

179



7. Laser decomposition of metal-organic Ceg 9Zrg 1O2 y precursor films

appealing in fields such as superconductivity for the reduction of AC losses [294] or to define
micrometric patterns useful for electronic devices [295].

In order to investigate the capabilities of laser direct writing, we have designed a
experimental setup similar to the one presented in section 2.3.3, but including a beam
homogenizer, a square mask and a converging lens. The homogenized and masked beam has
been focused to draw squared regions of 600 by 600 vm? in size on a ceria metal-organic film
deposited on YSZ. The irradiation conditions used are the optimum ones reported in the
previous section (10 mJ cm 2, 500 accumulated pulses with the substrate at 100 °C). Once
decomposition is over, we removed the non-irradiated fraction of the precursor film using a
wet chemical etching of the sample combined with a ultrasonic bath for 10 min. The etching
agent used is a H3PO4:H5O solution in a proportion 1:10. Finally, the sample was thoroughly
cleaned with acetone and methanol.

Fig. 7.14a presents an optical microscopy image of the laser-written pattern. Additionally,
Figs. 7.14b and c show a high-resolution AFM image and line scan of the edge of a square
region after it has been chemically etched. It can be seen that the edges are quite abrupt with a
typical measured slopes around 120-180 nm/vm. The square has an average thickness of 25 nm
similar to the one obtained for pyrolyzed CZO films (section 5.3.1). No remaining precursor

material could be found on the surface of the etched fraction.
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Figure 7.14: (a) Image obtained from optical microscopy showing a square region of 600 by 600 vm? in size, (b)

AFM image of one border of the pattern illustrated in (a), and (c) corresponding line scan.

Regardless, chemical etching of nanocrystalline or fully crystalline films is an open issue
for CeO3 due to its chemical inertness. Consequently, the micro-patterning of crystalline ceria
films once growth is completed, like that achieved with physical deposition methods, is still a
challenging issue which hinders the progress of device and structured coated conductor
fabrication [294, 295]. Nonetheless, the exceptional results achieved from the combination of
CSD and laser direct writing may contribute to the low-cost, versatile and time-optimized

manufacture of cerium dioxide micrometric patterns for the design of advanced devices,
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templates or multi-layered structures.

7.5 Summary and conclusions

In this chapter, we have shown that metal-organic (Ce,Zr)-propionate films on YSZ substrates
can be decomposed using pulsed UV laser irradiation (A = 266 nm, 6 — 3 ns).

Spectrophotometry measurements reveal that these films have a weak absorption, being
larger in the UV range. Thus, partial volume decomposition is expected to occur.

Modeling of sample heating during irradiation indicates that despite photothermal
mechanisms are important in laser-induced decomposition, photochemical processes may
have a large contribution too. The surface topography of precursor films seems to indicate a
transition to a molten state during irradiation which would be in agreement with the
temperatures reached.

Controlling parameters such as fluence, number of pulses and substrate temperature is vital
to achieve both, optimal decomposition and surface morphology. At high fluences, a rough film
surface has been obtained probably due to vigorous movements of the liquid phase and bubble
formation. On the other hand, low fluences derive in quite smoother surfaces.

Even though high quality epitaxial (001)CZO films have been obtained at high
temperatures, the surface morphology was deeply affected by the structure of films after the
decomposition step. The optimal decomposition conditions to produce films with a quality
equivalent to the one achieved in conventional thermal annealing are 10 mJ cm 2, 500
pulses/site, 80% of beam overlapping and a substrate temperature of 100 °C. The combination
between CSD and the high spatial resolution of lasers was used to produce square-shaped
patterns of 600 by 600 vm? in size with good lateral resolution.

Altogether demonstrates that laser-induced decomposition of chemically-derived films
offers a significant improvement over conventional techniques by providing a low cost,
versatile, straightforward and less time-consuming approach to obtain epitaxial CZO films

and patterns.
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Chapter 8

Laser-induced crystallization of oxide

thin films from CSD precursors

The crystallization of oxide films has become a central topic in materials science due to the
outstanding functional properties and associated potential applications already described
[3, 5, 10, 13, 32, and references therein]. Even though it has been demonstrated that chemical
solution deposition (CSD) is able to compete under equal conditions or even surpass in some
aspects physical techniques, certain limitations must be overcome such as long processing
times, issues arising at low substrate temperature or straightforward spatially-resolved
crystallization. In this sense, pulsed laser annealing (PLA) of CSD deposited precursors has
been recently proven an exceptional complementary methodology to go beyond the
limitations of pure thermal techniques and produce crystalline or even epitaxial oxide thin
films. Regardless of the potential shown, very few works have been dedicated to explore the
epitaxial growth of oxide heterostructures using UV pulsed-laser irradiation of CSD precursor

films, and the underlying mechanisms are still unknown [70, 72, and references therein].

In this chapter, we intend to investigate the solid-state crystallization of multiple
functional oxide thin films deposited by CSD (CZO, LNO, BST and LSMO) on (001)-oriented
single crystal (YSZ, LAO and STO) and technical substrates ((001)YSZ/stainless steel and
LNO-coated silicon wafers), and apply the different methodologies developed in previous
chapters to provide more insight into the still unknown mechanisms governing nucleation

and growth processes in laser crystallization of CSD precursor films.
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8. Laser-induced crystallization of oxide thin films from CSD precursors

8.1 CZO thin-films: a model system for laser crystallization

So far, doped cerium oxide has been the common material of this thesis in each of the topics
investigated due to its simple composition, its wide use in many applications, and the existing
knowledge in our group. Since laser crystallization of oxides from CSD precursor films is a
very novel methodology, it seems logical to firstly investigate the growth of CZO films in order
to utilize it as a model system for the crystallization of more complex multicomponent oxides.
It must be noted that all irradiation experiments will be performed in air.

Among the wide range of applications where cerium oxide is employed [1, 16, 17] already
mentioned in previous chapters, it has been chosen here due to its integration in
high-temperature superconducting coated conductor architectures [21].

We have shown in Chapter 7 that laser annealing can be applied to achieve the
decomposition of cerium-zirconium precursor films to form nanocrystalline CZO films with
high surface flatness. In this section, we will go a step further and study the influence of
multiple laser parameters (fluence, substrate temperature, degree of overlapping and number
of pulses) in the morphology and epitaxial crystallization of CZO films on (001)YSZ
substrates, comparing it with samples produced using thermal treatments. Ultimately, we will
evaluate the growth of epitaxial CZO films on (001)YSZ-buffered stainless steel substrates for
the implementation of laser irradiation in the production of high-temperature

superconducting coated conductors.

8.1.1 Evaluation of experimental conditions

The nanocrystalline CZO film obtained after decomposition of metal-organic precursors,
which will be irradiated by laser, mainly consists of Ce-O and Zr-O bonds, and probably
dangling bonds associated to crystalline defects. As Table 8.1 illustrates, the dissociation
energies of Ce-O and Zr-O bonds are significantly larger than the energy of the photons
emitted by the Nd:YAG laser (( 4.7 eV at 266 nm) although this values may change depending
on the particular electronic environment. Therefore, it seems logic to assume that thermal
interactions are the main source contributing to heating. Despite that, photochemical
processes cannot be completely discarded since they may be particularly strong at crystalline
defects due to their low bond dissociation energies.

The evaluation of the photothermal effect taking into account the thermo-physical and

optical properties of the different constitutive materials (Table 6.1) is done employing
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Table 8.1: Dissociation energy of the chemical bonds present in CZO thin-films. Data extracted from [296].

Chemical bond | Dissociation energy (k] mol 1)
Ce-O 795 ({ 8.3 eV bond 1)
Zr-O 760 ({ 7.9 eV bond 1)

numerical simulations (section 6.3). These calculations together with experimental evidence
should help us to ascertain the optimal irradiation conditions like laser fluence, substrate
temperature, etc.

Because the heat produced in the system is based on the absorption of photons, measuring
the optical properties of the already decomposed Ce-Zr propionate film is of vital importance
to achieve crystallization. In Fig. 8.1, we present the measured reflectance and transmittance
spectra of fully decomposed CZO precursor films on Al,O3 substrates, as well as the optical
parameters (n, 7, and [ ) derived employing the methodology described in section A.4.2.
The alumina substrate has been chosen because it is optically transparent at the range of
wavelengths considered. We can see in Fig. 8.1a that the transmittance increases with the
wavelength, and has a relative minimum value at A( 275 nm. On the other hand, the
reflectance increases from 0 to 10% when A diminishes. Likewise, Fig. 8.1b shows that the
refractive index n experiences an increase from 2.1 to 2.8 between 200 and 1100 nm, whilst the
extinction coefficient 1 varies from 0.2 to 0.7. Both parameters also have a relative maximum
value at A( 275 nm. The value of 7 in the near infrared and visible regions are above those
typically obtained, which is probably caused by the high density of structural defects present
inside these films, as reported in the literature [297, 298]. Finally, Fig. 8.1c shows that the
absorption coefficient has a decreasing trend with the wavelength and a relative maximum

also at 275 nm. The overall values of 7o are one order of magnitude larger than those
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Figure 8.1: Optical properties of pyrolyzed precursor film deposited on -AlyOs substrate. (a) Measured
transmittance and reflectance spectra, (b) calculated refractive index and extinction coefficient and (c) optical

absorption coefficient and penetration depth.
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measured for precursor films (section 7.1), indicating the need to always evaluate the optical
properties of each system. For instance, czo( 31 10 m ! at 266 nm, while precursor( 4 109
m ! (Table 6.1). The corresponding optical penetration depth for the pyrolyzed film is
%9 32 nm at A=266 nm which is slightly higher compared to the effective film thickness
considered, i. e. ( 20 nm (section 5.3.1). In these circumstances, only a ( 47% of the incoming

laser intensity is absorbed by the film, and hence, the YSZ substrate could contribute to

heating and crystallization.

The optical properties of YSZ single crystal SCYSZ substrates have been measured by
ellipsometry following the procedure explained in section A.4.3 and are presented in Fig. 8.2.
Data for YSZ grown by ABAD on stainless steel “BAPYSZ is reported for completeness with
the experiments shown in section 8.1.3. Fig. 8.2a shows that the refractive index of 5°YSZ
decreases approximately from 2.8 to 2.2 with the wavelength, while it varies from 2.2 to 1.8 for
ABADYgy showing a maximum value at A( 335 nm. On the other hand, the extinction
coefficient is reduced from 0.3 to 410 * and from 0.07 to 710 * for S€YSZ and #BAPYSZ,
respectively. Likewise, Fig. 8.2b illustrates a decreasing trend of the absorption coefficient
with the wavelength for both YSZ systems. The absorption coefficient of SCYSZ is

vsz sc=410° m !

at 266 nm which corresponds to an optical penetration depth
1Y% SC€=2 5 ym. This means that a 63% of the radiation intensity reaching the film-substrate
interface is absorbed inside the SCYSZ through a thickness equivalent to Y94 SC. Therefore,

the contribution of the SYSZ substrate to film heating will be scarce.

It is worth noting that the YSZ layer deposited on stainless steel substrates by ABAD
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Figure 8.2: Optical properties of YSZ in single crystal (solid circles) and on metallic substrates (solid circles). (a)
Refractive index (n) and extinction coefficient (n)), (b) optical absorption coefficient ( ). Data was obtained from

ellipsometry measurements detailed in section A.4.3.
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displays an optical absorption at 266 nm three times larger than ygz sc
( ysz aap=1210° m !)leading to a 1Y% S¢=800 nm, similar to its thickness ({ 1 vm).
Such absorption, probably due to the presence of crystalline defects in the film, will cause a
larger contribution to the overall heating than the S“YSZ substrate which will have
consequences to the laser crystallization of CZO, as we will see later on. The reader is referred

to section 8.1.3 for further details.

8.1.1.1 Influence of laser fluence on CZO film crystallization on 5€YSZ substrates

The pulse temporal evolution, considered as a Gaussian with a FWHM duration of ( 3 ns, the
laser fluence, the optical absorption and the thermo-physical properties of each material will
mostly define the temperature distribution along the heterostructure. Temperatures achieved
in the CZO/5CYSZ system at different fluences (Fig. 8.3) have been modeled as described in
section 6.3. It can be seen that the laser pulse generates a thermal cycle with a duration of tens
to hundreds of nanoseconds. In addition, this fast pulses lead to heating/cooling rates as fast
as 10! and 10° °C s !, respectively. The cooling process is usually some orders of magnitude
longer than heating because the substrate acts as a thermal barrier impeding heat evacuation,
i. e. its thermal conductivity is very small (Table 6.1). Temperature profiles after applying a
single pulse with fluences between 20 and 80 mJ cm 2, and keeping the substrate at room
temperature (Fig. 8.3a) show that peak temperatures increase linearly with the fluence from
( 750 °C to 3000 °C (Fig. 8.3b), respectively. Notice that temperatures above the melting point
of CZO (T7°( 2400 °C) could be overestimated because variation of thermo-physical
parameters and latent heat of melting have not been considered. Despite temperatures at the
CZO/YSZ interface are ( 50-300°C lower than at the CZO surface for times close to the peak
maximum (Figs. 8.3a and b), they never go beyond the melting point of YSZ (Z,},5%( 3000 °C).
Large temperature gradients of 101 °C m ! which last few nanoseconds are calculated due to
the difference between surface/interface temperatures in 20 nm-thick films. Finally, Fig. 8.3c
shows that the effective heating time t,5, defined as the amount of time the system is above
600 °C (section 6.3), also becomes longer as the energy input rises.

Simulations have been used as an experimental guide. We have applied laser fluences
ranging from 20 to 80 mJ cm 2 at the center of different nanocrystalline CZO films on 5“YSZ.
Figs. 8.4a-d illustrate a quite granular surface morphology for laser-annealed films after 1000
pulses. These spherical-like grains could be an indication of polycrystalline material as we

reported in section 5.3.4. Moreover, we observe the formation of larger and more planar
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Figure 8.3: (a) Temperature profiles of 20 nm-thick CZO films on YSZ substrates at room temperature for fluences
of 20 mJ em 2 (—), 40 mJ cm 2 (—), 60 m] cm 2 (—) and 80 m] cm 2 (—), and laser pulse (—). The solid
and dashed lines are representative of surface and interface profiles, respectively. Dependence of (b) surface and

interface maximum temperatures, and (c) the effective heating time with the laser fluence.

regions of tens of nanometers with rounded contours for a fluence of 80 mJ cm 2, highlighted
in red (Fig. 8.4d). Comparable rounded grains have also been detected for different materials
such as metals, semiconductors and polymers in works dedicated to investigate laser melting
and resolidification processes [280, 281, 291, 299]. Thus, these features may indicate that the
system has transitioned to a molten state and, then, recrystallized during cooling since
temperatures above T,%,ZO:24OO °C could be reached for a fluence of 80 mJ cm ? (Figs. 8.3a

and b).

XRD analysis in Fig. 8.4e reveals the presence of mostly epitaxially-oriented material, as
well as some polycrystalline fraction, as respectively indicated by the (002)CZO and (111)CZO
orientations. Thus, some degree of crystallization and even epitaxy is reached after laser
annealing at the fluences investigated and after the application of 1000 pulses. Furthermore,
we can see a slight increase in intensity from 20 to 80 mJ cm 2. Given these results, additional
improvement of the experimental conditions is still required in order to achieve a degree of

crystallization similar to that reported for conventional thermal annealing at 900 °C, 10
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Figure 8.4: AFM images of CZO thin-films grown on YSZ by laser crystallization after 1000 pulses at (a) 20,
(b) 40, (c) 60 and (d) 80 m] cm 2. Irradiation was performed at the center of the sample. The red areas in (d)
correspond to possibly molten material. (e) XRD analysis of laser crystallized samples at 20 (—), 40 (—), 60
(—) and 80 (—) m] cm 2 after 1000 pulses applied at the center of the sample. Data from a sample grown using

conventional thermal annealing at 900 °C, 10 °C min * for 8 h (—) is plotted for comparison.

°C min ! for 8 h. In the next sections, we will approach this issue.

8.1.1.2 Influence of the degree of beam overlapping on the CZO film crystallization

Since the laser beam has a nearly gaussian shape, i. e. the fluence significantly decreases
radially following a gaussian distribution. Consequently, the induced crystallization derived
from such spatial distribution may vary considerably. We expect that irradiating with the
same number of pulses adjacent areas besides the sample’s center will lead to more
homogeneous films and boost crystallization farther.  Figs. 8.5a-c present the surface

morphology of films irradiated at 80 mJcm 2

with the substrate at room temperature
(melting conditions), applying 1000 pulses and changing the degree of overlapping from 0 to
80%. The presence of rounded features rises with the degree of overlapping and the surface
becomes rougher, i. e. the RMS roughness goes from 4.2 to 6.9 nm. Although the mechanisms
governing the rise in surface roughness are still unclear, we propose that phenomena like
thermal gradients, thermocapillary movements and different thermo-mechanic behavior of
material with distinct degree of conversion could have an influence on the flow of molten
material and lead to higher structures and roughness, as it has been previously observed in

the literature [125].

Despite surface morphology becomes rougher, 2 scans shown in Fig. 8.5d seem to
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Figure 8.5: AFM images illustrating the surface morphology of CZO thin-films grown on YSZ by laser
crystallization at 80 m] cm 2 and 1000 pulses/site for (a) 0%, (b) 60% and (c) 80% of overlapping. (d) XRD
analysis and (e) corresponding (002) peak area of laser crystallized samples at 80 m] cm 2 after applying 1000
pulses/site for different degrees of beam overlapping: 0% (—), 60% (—) and 80% (—) of overlapping. These
values are normalized to the (002) peak area of a sample grown by CTA after 8 h at 900 °C.

indicate an enhancement in films crystallinity from 0 to 80% of overlapping. In fact, the
normalized integrated area of the (002)CZO peak reveals an increase from ( 0.05 at 0% of
overlapping to 0.11 at 80% of overlapping (Fig. 8.5e). Bear in mind that the (002) integrated
area is small because it has been normalized to the integrated area of a sample obtained by
CTA after 8 h at 900 °C. As we mentioned in section 5.3.4, these figures not only provide
information about the quantity of epitaxial material in CZO films, but also are highly

influenced by nanocrystals size and crystallinity.

8.1.1.3 Influence of the number of pulses on CZO film crystallization

The application of a large number of pulses may also contribute to increase crystallinity of
the CZO film. In this case, we performed the irradiation using a fluence of 80 mJ cm 2 an
overlapping of 80%, the substrate at room temperature and increased the number of pulses/site
up to 7000. Indeed, Figs. 8.6a-c reveal that the molten-like features observed after applying
1000 pulses cover a larger area of the film’s surface and, eventually, seem to transform into

more polyhedral-like shaped structures after the accumulation of a large number of pulses.
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Figure 8.6: CZO thin-films grown on YSZ by laser crystallization at 80 m] cm 2 with an 80% of overlapping.
AFM images after applying (a) 1000, (b) 3000 and (c) 7000 pulses/site. (d) 2 scans after for 1000 (—), 3000
(—) and 7000 (—) pulses/site, and (e) (002)-peak integrated area normalized with respect to a sample grown using

CTA at 900 °C, 10 °C min * and 8 h. CTA (orange circles) data is plotted for comparison.

This leads to a reduction in the RMS roughness from 6.9 to 4.7 nm.

Fig. 8.6d presents the 2 scans of films irradiated with 1000, 3000 and 7000 pulses/site.
We can identify both the epitaxial (002)CZO and the polycrystalline (111)CZO orientations.
The integration of the (002) peak area, normalized to a sample produced by CTA as mentioned
before, is presented as a function of the effective heating time in Fig. 8.6e. The overall effective
heating time for laser-crystallized samples has been calculated from the simulated ¢ for a
single pulse as indicated in section 6.3.2 and multiplying by the accumulated number of
pulses. Since we must take into account the contribution of overlapping, we also added the
effective heating time corresponding to the fluence at the center of laser spots coming from
adjacent pulses (up to 3 neighbors). The normalized area grows very slowly and after 1.5 ms
(7000 pulses/site) of irradiation it has a value of 0.13. Although these numbers are really low

compared to those obtained by CTA, it must be noticed that ¢4 is approximately 7-8 orders of

magnitude lower.
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8. Laser-induced crystallization of oxide thin films from CSD precursors

8.1.1.4 Influence of substrate temperature on CZO film crystallization

The obtention of smoother surfaces is usually mandatory for several technological and
industrial applications. Hence, solid-state laser processing, i. e. laser crystallization at
fluences reaching a maximum temperature beneath the melting point, may prove
advantageous in reducing films’ roughness and promoting homogeneous surfaces.

For this purpose, we performed irradiation at a fluence of 40 mJ cm 2 which is far below
melting, T,%pZO:ZéLOO °C, (Fig. 8.7a) with an 80% of overlap and accumulating 1000
pulses/site. Moreover, the substrate temperature was set at different values, i. e. room
temperature, 200 and 400 °C, in order to evaluate its contribution to the crystallization of CZO.
Fig. 8.7b indicates that the maximum peak temperature increases linearly with the substrate
temperature and should not exceed T};,7 at the aforementioned experimental conditions. In
addition, the effective heating time increases non-linearly with the substrate temperature (Fig.

8.7¢), so we may expect an improvement in crystallization at higher values of T, pstrate-
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Figure 8.7: (a) Temperature simulation of 20 nm-thick CZO film on YSZ. The fluence was set to 40 mJ cm 2 and
the substrate at room temperature (—), 200 °C (—) and 400 °C (—). The laser pulse (—) is plotted as a reference.
(b) Maximum temperature and (c) effective heating time dependence with substrate temperature extracted from

(a) as explained in section 6.3.2.
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8.1. CZO thin-films: a model system for laser crystallization

Figs. 8.8a-c show that films surface morphology is composed of small and spherical grains
and the RMS roughness diminishes with the substrate temperature from ( 1.5 nm at RT to
( 0.8 nm at 400 °C. XRD analyses presented in Figs. 8.8d and e clearly evidence that the
intensity and normalized area of the (002)CZO peak increase with substrate temperature. This
boost in the degree of crystallization could be produced by the longer heating times
developed achieved due to the rise in the substrate base temperature (Fig. 8.7c). It should be
noted that a 2 scan of a sample annealed at 400 °C for 1h presents no CZO peaks,
indicating that the crystallization achieved without laser irradiation at these experimental
conditions is negligible. Hence, subsequent PLA experiments of CZO films will be done with

a substrate temperature of 400 °C.
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Figure 8.8: CZO thin-films grown on YSZ by laser crystallization at 40 mJ cm 2, 80% of overlapping, 1000
pulses/site. AFM images for samples grown with the substrate at (a) room temperature, (b) 200 °C and (c) 400
°C.(d) 2 scans for laser irradiated films with the substrate at room temperature (—), 200 °C (—) and 400 °C
(—). Data for a sample pyrolyzed at 400 °C for 1 h using CTA (—) has been plotted for comparison. (e) (002)-peak
integrated area normalized with respect to a sample grown using CTA at 900 °C, 10 °C min ' and 8 h.

8.1.2 CZO epitaxial evolution at the optimized laser annealing conditions

The optimization of the different experimental parameters involved indicates that the best

conditions to perform pulsed laser annealing of CZO films on YSZ single crystals are 40
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8. Laser-induced crystallization of oxide thin films from CSD precursors

mJ cm 2, 80% of beam overlapping and a substrate temperature of 400 °C. Figs. 8.9a-d present
the surface morphology after the accumulation of 1000, 5000, 10000 and 20000 pulses/site. It
can be seen that the surface is quite granular with grain sizes of tens of nanometers. In all
cases, the RMS roughness is kept almost constant at ( 0.7 nm. On the one hand, this granular
morphology contrasts with the terraced-like aspect after a long-time thermal treatment.
Regardless, their morphology bears some resemblance with the early stages of kinetic
evolution as shown for samples grown by RTA (Fig. 5.17a). In fact, we hypothesize that longer
irradiation times may end up with a terraced surface. On the other hand, the smooth surface
morphology of these samples compared to those reported in Fig. 8.6 would prove that solid
state laser crystallization is better than melting-recrystallization processes for the

implementation of these films in technological applications.

2 scans in Fig. 8.9e show that the (002)CZO peak is quite strong compared to the (111)
reflection. In addition, the intensity of the (002) peak increases with the number of pulses as it
has been pointed out previously, whereas the peak corresponding to the (111) orientation seems

to disappear. Indeed, the (002) peak normalized area (Fig. 8.9f) illustrates the rise in intensity
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Figure 8.9: Laser crystallization of CZO thin-films on YSZ at 40 m] cm 2, 80% of overlapping and 400 °C of
substrate temperature. AFM images show the morphology after applying (a) 1000, (b) 5000, (c) 1000 and (d)
20000 pulses/site. (e) 2 scans of samples irradiated with 1000 (—), 5000 (—), 10000 (—) and 20000 (—)
pulses/site, and (f) (002)-peak integrated area normalized with respect to a sample grown using CTA at 900 °C, 10
°C min ' and 8 h. RTA (red circles) and CTA (orange circles) data are plotted for comparison.
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8.1. CZO thin-films: a model system for laser crystallization

with the effective heating time; having a ratio around 0.35 after 20000 pulses/site ({ 7.2 ms of
effective heating time) which is quite similar to that obtained for a CZO film annealed with
RTA for 10 min (( 0.45). Despite that, this results are still far from those obtained with CTA at
900 °C for 8h, and thus, reaching an equivalent crystalline quality and grain size would require
longer processing times. These results suggest that growth of high quality epitaxial CZO by
laser annealing is feasible and may be influenced by faster kinetic mechanisms than the ones
involved in thermal treatments.

As we mentioned in Chapter 5, the intensity of the (002)CZO peak not only accounts for
the epitaxial material present in our film but also its crystalline quality and grain size. Thus,
the calculation of the epitaxial fraction using 2D-XRD is more appropriate. Fig. 8.10a
illustrates the epitaxial fraction evolution with the effective heating time of CZO films
irradiated at 40 mJ cm 2, 80% of overlapping and a substrate temperature of 400 °C. The
percentage of epitaxial fraction is calculated over the sum of polycrystalline and epitaxial
material, and it has been extracted from 2D images equivalent to that depicted in Fig. 8.10b as
explained in section A.3.1. Once more, these results demonstrate the conversion from a
polycrystalline matrix to an epitaxial film. We can see that the epitaxial fraction rises from
( 20% at 360 vs (1000 pulses/site) to ( 50-55% at 7.2 ms (20000 pulses/site). Furthermore, the
epitaxial fraction at 7.2 ms is comparable to that reached with a sample processed with RTA
for 10 min (( 65%), but smaller than samples annealed above 15 min which are almost fully
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Figure 8.10: Epitaxial fraction calculation for CZO grown on (001)YSZ by laser annealing at 40 m] cm 2, 80%
of overlapping and 400 °C of substrate temperature as a function of the effective heating time (blue circles). RTA
data is plotted for comparison (red squares). Notice the differently colored axes for RTA and PLA methodologies.
Data fitting employing Eq. 3.22 is represented by the (blue) and (red) curves, respectively. (b) 2D-XRD image
centered at (022) for a sample treated with 1000 pulses/site.
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8. Laser-induced crystallization of oxide thin films from CSD precursors

epitaxial.

HRTEM analyses were performed for samples irradiated at 40 mJcm 2, 80% of
overlapping, a substrate temperature of 400 °C and after applying 1000 and 20000 pulses/site.
Fig. 8.11a shows that after 1000 pulses/site the film consists mostly of randomly oriented
nanocrystals as depicted in the power spectrum in the form of rings with dimensions between
3 and 8 nm. Nevertheless, a very small fraction of the film at the interface with the substrate is
epitaxially grown with the (001)CZO orientation. This epitaxial fraction is 2-3 nm thick,
equivalent to a ( 15% of the whole film thickness. By increasing the number of pulses/site to
20000 (Fig. 8.11b), the epitaxial fraction of the film increases at expenses of the randomly
oriented grains up to a 40-50% of the total film thickness. It is worth mentioning that these

results are in agreement with those reported by XRD (Fig. 8.10) which indicates the accuracy

of the measurements performed.

Fitting of the epitaxial fraction data using a self-limited growth function (Eq. 3.22), blue

curve in Fig. 8.10a, reveals that the characteristic time for epitaxial crystallization, i.e. the time

-

W~
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~25

220}
[100]CZO||

[100]CZO||

Figure 8.11: HRTEM images and power spectra of samples obtained by irradiation of CZO pyrolyzed films
deposited on YSZ SC with 40 m] cm 2, 80% of overlapping, 400°C of substrate temperature and (a) 1000, and
(b) 20000 accumulated pulses per zone.
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8.1. CZO thin-films: a model system for laser crystallization

QC’ZO sC

needed to reach a 63% (1 1 e) of epitaxy, by laser processing is 0,, ...,

( 7.7 ms. This value
is 4-5 orders of magnitude shorter than that of thermal treatments (Gtiezr?nglcem< 420 s at 900
°C), red curve in Fig. 8.10a. Despite it is clear that the epitaxial growth of CZO films on YSZ
single crystals can be obtained by PLA, a larger number of pulses should be applied to obtain a
completely epitaxial film. Extrapolation from the data in Fig. 8.10a shows that after 50 ms, i. e.
accumulating ( 140000 pulses/site, full epitaxy should be reached. Even though the effective

time required is indeed shorter than for thermal treatments ({ 1800 s), a high repetition rate

laser system would be required to achieve competitive processing times.

Previously, we have mentioned that the pathway transformation from nanocrystalline
grains to epitaxial ones is driven by the reduction in the Gibbs free energy (Fig. 3.12), as well
as their lower surface to volume ratio. Since epitaxial crystallization proceeds by grain
boundary reconstruction, a thermally-activated atomic diffusion process seems also essential
for that transformation to happen (section 5.3.4). Calculation of the laser epitaxial diffusion

coefficient has been done from Eq. 3.23, employing a film thickness of 20 nm and the
pCZ0 sC

characteristic time 0, - - epi

obtained before from data fitting (Fig. 8.10a). Then, the effective

diffusion coefficient is D$2¢ i?( 1310 " m?s ! which is between 4 and 5 orders of

CZO SC <2410 19

magnitude higher than the diffusion coefficient for thermal annealing (D, a1 epi

m?s ).

We have also calculated the epitaxial growth rates by transforming the epitaxial fraction in
Fig. 8.10a to epitaxial thickness by using a final value of 20 nm (section 5.1), and deriving the
fitting functions with time. Fig. 8.12a illustrates that the epitaxial growth rate for
laser-annealed samples at 40 mJ cm 2 and 400 °C of substrate temperature decreases with the
effective heating time from ( 2500 to 200 nm s 1 in 20 ms, whereas it decays from ( 0.05 to 0
nms !in { 1800 s for samples produced by RTA at 900 °C. Notice that the initial growth rate
for laser treatments is 4-5 orders of magnitude larger than conventional thermal treatments
(( 2500 nm s ! compared to 0.05 nm s 1!), similarly to what we reported for the characteristic
times and diffusion coefficients. The reduction in the epitaxial growth rate with time may
indicate that the conversion from polycrystalline to epitaxial material is slowed down as the
polycrystalline material available to transform diminishes, i. e. the growth rate decreases
linearly as the epitaxial thickness grows (Fig. 8.12b). It is important to highlight that the
model imposes that the growth rate must be zero when the whole film is epitaxially

transformed.

Several mechanisms may cause this large difference in characteristic times, diffusion
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Figure 8.12: Dependence of the epitaxial growth rate of CZO on YSZ with (a) the effective heating time, and

(b) normalized film thickness (section A.2). The data in blue corresponds to samples irradiated at 40 m] cm 2

and 400 °C of substrate temperature, while data of samples produced by RTA at 900 °C, 20 °C's ' in red is
plotted for comparison. The growth rates are extracted by deriving the fitting functions in Fig. 8.10a. Thickness

normalization has been done dividing by the maximum thickness values reported before in sections 5.1 and 5.3.3.

coefficients and epitaxial growth rates. It has been postulated by Nakajima et al. that
photochemical processes act as the main driving force for such fast epitaxial oxide growth.
Basically, they suggest that the large absorption of substrates at the indicent laser wavelength
plays a vital role in nucleation and growth by laser annealing, and photothermal mechanisms
only assist ion migration [72, 300]. Per contra, we already pointed out that, in our case,
photothermal mechanisms are likely to have a major contribution to nucleation and growth
because the photon energy is smaller than the dissociation energy of the bonds present in
CZO films (Table 8.1). Moreover, the YSZ substrate does not present a significant absorption
to the 266 nm laser radiation.

Numerical simulations in Fig. 8.7a indicate that the maximum temperature reached with
laser treatments (40 mJ cm 2 and 400°C of substrate temperature) is higher than furnace
heating, i. e. ( 1600-1900 °C compared to 900 °C. Therefore, it could be possible to have a
larger diffusion for laser annealing despite the small effective heating time. It must be
remembered that atomic diffusion is generally assumed a thermally-activated process

described by an Arrhenius law (Eq. 3.24). In Fig. 8.13, we depict the time dependence of the
peZo5Cy

laser

diffusion coefficient during a single laser pulse at the CZO/YSZ interface (

CZO
thermal

compared to a thermal treatment at 900 °C (D ). For that purpose, the dependence of the
diffusion coefficient of ionic species in laser treatments with temperature has been assumed to
be equivalent to the dependence of the in-plane and out-of-plane diffusion of CGO nanodots

(chapter 4), as well as that reported by Rupp et al. for polycrystalline CGO films [159]. The
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Figure 8.13: (a) Diffusion coefficient and (d) diffusion length dependence with time for laser irradiation on
YSZ single crystal substrates (40 m] cm 2 and 400°C of substrate temperature) and thermal annealing (900
°C). Different dependences of the diffusion coefficient with temperature have been considered: in-plane and out-of-
plane diffusion of CGO nanodots ( and red) reported in Chapter 4, and polycrystalline CGO (blue) extracted
from [159]. Data for CZO films grown on “BAPYSZ/SS by PLA at the same laser irradiation conditions has been
plotted for comparison (black).

temperature evolution during the laser pulse derived from numerical simulations has been
used. Data regarding CZO films on #BAPYSZ/SS substrates has been plotted for comparison,
showing the same behavior. Temperature simulations of the CZO/ABAPYSZ/SS
heterostructure will be presented in section 8.1.3. Anyhow, it can be also seen in this case that
the theoretical diffusion coefficient is not constant with time and changes between 4 and 7

orders of magnitude during laser annealing, from approximately 10 ?* to 10 7 m?s L.

CcZO

Moreover, its value is at most two orders of magnitude larger than Dy~

during 8 ns. In
order to more clearly elucidate the effect of the variation in the laser diffusion coefficient, we
calculate the statistical distance travelled by atoms through the atomic diffusion length,

defined as

Ip = D(T(t))dt 8.1)
0

where D(T'(t)) is the variation of the diffusion coefficient with temperature and time.
Essentially, [p represents the root mean square (RMS) displacement of a diffusing atom and it
depends on the diffusion coefficient and the period of time in which it takes place [156]. In
Fig. 8.13b, we evaluated the diffusion length after one laser pulse for the different cases
presented in Fig. 8.13a. Accordingly, the laser thermal diffusion length rises faster than the
diffusion length for thermal treatments and reaches a quasi-steady state after ( 4-5 ns. Instead,

thermal treatments would need between ( 50 ns and 1vs, which is between 1 and 2 orders of
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8. Laser-induced crystallization of oxide thin films from CSD precursors

magnitude longer, to achieve an equivalent diffusion length (10 > 10 * nm). Still, though
these values of diffusion length could explain epitaxial growth rates of laser processed
samples ( 2 orders of magnitude faster than conventional thermal treatments, they would not
completely elucidate the 4-5 orders of magnitude difference experimentally observed.
Therefore, additional mechanisms may be involved in atomic diffusion derived from laser
treatments.

As we mentioned in section 3.3, the Fickian term of atomic diffusion should be extended
by external driving forces which may have a substantial influence on the evolution of
diffusion, altering growth processes [156]. Specifically, we considered the effect of
temperature gradients developed in films during laser annealing. These gradients could lead
to significantly large driving forces (Fr T T),being T T(10’m ! ( Tjuser( 1010°Cm !
and 7=1600 °C), whereas in conventional thermal treatments this term is negligible.
Consequently, the force exerted on CZO films by temperature gradients could strongly
promote atomic diffusion, enhancing laser-derived epitaxial growth.

Even though enhanced atomic diffusion through temperature gradients could possibly
explain the large dissimilarity in growth behaviors between laser and thermal treatments,
other mechanisms could also reinforce the photothermal processes described. It has been
mentioned that dangling bonds which are associated to crystal boundaries and defects are
likely to be present in these films. These bonds can be optically active to UV radiation which
could promote reactivity at lower laser fluences further than in other parts of the crystalline
material [125]. In addition, the thermodynamic potential between two phases could be
lowered due to photo-induced electronic transitions modifying the charge distribution of the
irradiated material [301]. If excited electrons lifetime is fairly long, a reduction of nucleation
barriers, as well as of the nuclei critical size should be expected. This would induce the
formation of stable nuclei with smaller dimensions, leading to an enhancement of the
conversion rate. Besides, the rate of transformation would increase with the laser fluence. It
should be noted that these mechanisms are mainly thermal despite being promoted by optical

absorption.

8.1.3 Crystallization of CZO films for superconducting coated conductor

applications

We already mentioned that CZO is commonly employed as a buffer layer in coated conductor

architectures which involve a metallic substrate with several oxide buffer layers. Particularly,
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8.1. CZO thin-films: a model system for laser crystallization

we investigated the crystallization of CZO on YSZ/Stainless Steel (SS) technological substrates
typically used to fabricate superconducting tapes [21]. In this system, a 0.8-1 vm YSZ film is
deposited on 100 vm-thick SS by alternating ion beam deposition (ABAD) [104]. The crystalline
quality of the YSZ buffer layer has already been described in section 2.1.2. Additional TEM
characterization indicates that YSZ is polycrystalline at the interface with stainless steel and it
is gradually converted into epitaxial YSZ with the (001) out-of-plane orientation [302]. While
the ABADYSZ layer has a RMS roughness of { 1.7 nm, the on-top deposition and pyrolysis of the
precursor CZO film is able to homogenize its surface and moderately reduce its roughness to

( 0.9 nm (Fig. 8.14).

() (b)

ABADYSZ /SS Pyrolyzed CZO

Figure 8.14: AFM images of (a) ABAPYSZ on Stainless Steel (SS) and (b) pyrolyzed CZO on ABAPYSZ/SS.

Laser annealing of decomposed precursor CZO films on #BAPYSZ /SS was carried out at
the previously reported optimal conditions for YSZ single crystal substrates (40 mJ cm 2, 80%
of overlapping and a substrate temperature of 400 °C) and the number of pulses was varied
from 1000 to 20000 accumulated pulses/site. Numerical simulations presented in Fig. 8.15a
seem to indicate that thermal cycles between both architectures, i. e. CZO/5°YSZ or
CZO/ABADYSZ /SS, are rather similar. Despite interface and surface temperatures only differ
few tens of degrees, a closer look at the temperature profiles reveals that the effective heating
time for CZO on “BAPYSZ/SS is a 40% longer, i. e. ( 100 ns compared to ( 60 ns for
CZO/%CYSZ (Fig. 8.15b). As we described previously, there is an increase in the optical
absorption at 266 nm for ABAPYSZ in relation to S©YSZ, most likely attributed to the crystalline
defects present in the former layer. Moreover, 2BAPYSZ may also present a lower thermal
conductivity, which has not been considered in our simulations, associated to the presence of
defects which would lead to even longer thermal cycles.

Figs. 8.16a-d show the evolution of films” surface with the number of pulses. At 1000
pulses/site, the film consists of big grains separated by geometrical boundaries similar to

grooves. Further grain growth is observed as the number of pulses increases, leading to a

201



8. Laser-induced crystallization of oxide thin films from CSD precursors
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Figure 8.15: (a) Numerical simulations of CZO films on S°YSZ (—) and “BAPYSZ/Stainless Steel (—) for a
fluence of 40 m] cm 2. Surface (—) and interface (- - -) profiles are plotted for comparison. The laser pulse (—)
is plotted as a reference. (b) Zoomed area of (a) to highlight the difference in effective heating times between both

architectures.

uniform distribution of grains with sizes of tens of nanometers after the application of 20000

pulses/site. The RMS roughness is gradually increased from ( 1.0 nm to ( 2.3 nm as grains

(a) 1000 pulses J(b). 5000 pulses J(c) 10000 pulses [ (d) 20000 pulses
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Figure 8.16: Laser crystallization of CZO thin-films on YSZ/Stainless steel metallic substrates at 40 mJ cm 2,

80% of overlapping and 400 °C of substrate temperature. AFM images show the morphology after applying (a)
1000, (b) 5000, (c) 10000 and (d) 20000 pulses/site. (e) 2 scans of samples irradiated with 1000 (—), 5000
(—), 10000 (—) and 20000 (—) pulses/site. (f) Epitaxial fraction as a function of the effective heating time (black
circles). Data for CZO on YSZ (red circles) is plotted for comparison. Fitting of the data (black and red curves),

and the characteristic times for each case are also indicated.
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8.1. CZO thin-films: a model system for laser crystallization

grow in size. 2 scans of the aforementioned films are presented in Fig. 8.16e. In these XRD
measurements, we can see the reflections of the stainless steel substrate, as well as the
(022)YSZ and (002)YSZ reflections corresponding to the interface and surface of the YSZ layer,
respectively. In addition, the (002)CZO peak which increases with the number of pulses can
also be identified. Since the amount of epitaxial material could not be assessed from these
measurements, we evaluated the epitaxial fraction as previously described. Fig. 8.16f
illustrates the evolution of epitaxial content for CZO films grown on #BAPYSZ/SS. Data for
CZO on 5“YSZ is plotted for comparison. It can be seen that the epitaxial fraction for the
CZO/ABADYS7Z /SS architecture reaches about 90-100% at ter ( 11.2 ms (20000 pulses/site).
These results are considerably better than those reported for CZO/5CYSZ, where the epitaxial
content was of ( 40-50% for the same number of applied pulses. However, it must be noted
that the effective heating time was only of ( 7.2 ms.

Fig. 8.17 presents the HRTEM analysis of a sample obtained after applying 20000
pulses/site. It can be seen that some areas of the film are completely epitaxial with the (001)
out-of-plane orientation (Fig. 8.17a), whereas others show some polycrystalline material (Fig.

8.17b). This is in agreement with the results reported from the measurement of the epitaxial

(a)

(b)

Polycrystalline CZO JNGHE

Figure 8.17: HRTEM images and corresponding FFT of a CZO film grown on “BAPYSZ/SS at 40 m] cm 2, 80%
of overlapping, 400 °C of substrate temperature and 20000 pulses/site. (a) and (b) show two areas with a different
degree of crystallization. (c) presents a more general view of the film and a cerium oxidation state map obtained by

EELS.
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8. Laser-induced crystallization of oxide thin films from CSD precursors

fraction (Fig. 8.16f) which was ( 90-100% for this experimental conditions. In addition, the
CZO film is strained with the ABAPYSZ layer as illustrated in the FFT. Despite these films are
highly crystalline, further irradiation could possibly eliminate the remaining polycrystalline
material and crystalline defects enhancing crystallization. Fig. 8.17c depicts a more general
view of the CZO film where an EELS map of the cerium oxidation state has been recorded.
This measurement reveals that the film is only composed of Ce** ions, and therefore, neither
Ce®™ nor oxygen vacancies could be identified despite laser annealing was carried out in air
and not in a pure oxygen environment, as it is typically done in thermal treatments.

Despite the simulated longer effective heating time of CZO films on ABAPYSZ/SS
compared to CZO on 5°YSZ (Fig. 8.15) leads to equivalent processing times with a shorter
number of pulses, it is worth mentioning that the characteristic time 6 for this technological
architecture extracted from data fitting in Fig. 8.16f is slightly shorter than the one reported
for single crystal substrates, 4.3 and 7.7 ms respectively. This derives in a slightly larger

DCZO Tape< 2 3 10 14 m2 s 1 Compared to DCZO SC( 1 3 10 14

effective diffusion coefficient Dy - laser epi

m?s !. Remember that these values have been calculated using Eq. 3.23 with a thickness of
20 nm and the extracted characteristic times.

As we mentioned in section 8.1.2, we can calculate the epitaxial growth rate of CZO films
on ABADYS7/SS by deriving the fitting function in Fig. 8.16f. Figs. 8.18a and b present the

dependence of the epitaxial growth rate with time and normalized thickness, respectively, for

(a) (b)
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Figure 8.18: Dependence of the epitaxial growth rate of CZO on “BAPYSZ/SS with (a) the effective heating time,
and (b) normalized film thickness after laser irradiation at 40 m] cm 2 and 400 °C of substrate temperature. The
data in red corresponds to CZO films on SCYSZ obtained at the same experimental conditions and is plotted for
comparison. Growth rates are extracted by deriving the fitting functions in Fig. 8.16f. Thickness normalization

has been done dividing by the maximum thickness values reported before in sections 5.1 and 5.3.3.
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8.2. Laser crystallization of multicomponent oxides

samples irradiated at 40 mJ cm 2 and 400 °C of substrate temperature. Data for CZO on 5“YSZ
obtained at the same experimental conditions is plotted for comparison. Essentially, the initial
epitaxial growth rate of CZO*PAPYSZ/SS is around two times larger than that of CZO/5¢YSZ
(4500 nm s ! as compared to 2500 nm s 1!). In addition, it diminishes with the effective heating
time because less material is available for its conversion as epitaxy advances, as we indicated
previously. Again, notice the linear decrease of the epitaxial growth rate with the epitaxial film
thickness.

In either way, full epitaxial film growth is obtained with a lower number of accumulated
pulses than laser annealing of CZO on 5CYSZ and, thus, shorter processing time. Apparently,
the degree of epitaxial crystallization and growth rate is somewhat larger for CZO on
ABADYS7Z at initial effective heating times, and it is slightly smaller after ( 5 ms. The reason of
this behavior is that CZO films on “BAPYSZ reach epitaxy much faster than on SCYSZ, as
evidenced from the diminishing dependence in the epitaxial growth rate as a function of the
final epitaxial film thickness (Fig. 8.18b). We propose that additional mechanisms like
photoactive defects at the ~BAPYSZ/SS interface or roughness driven laser-scattering not
considered in the numerical simulations could help increasing peak temperatures and
temperature gradients [125]. Furthermore, it is known that defective materials present lower
thermal conductivities than single crystals due to phonon scattering at defects [266],
contributing to the aforementioned phenomenon. All these additional mechanisms would
promote even higher epitaxial growth in CZO/ ABADYGZ than in CZO/5€YSZ. Supplementary

investigations should be carried out in order to validate this hypothesis.

8.2 Laser crystallization of multicomponent oxides

All the work performed in the epitaxial crystallization of CZO films by pulsed laser annealing
provided a better understanding of the mechanisms involved in this growth process, allowing
us to go beyond the knowledge available until now. In addition, it has been crucial to develop
a methodology extensible to the growth of more complex multicomponent oxide thin films.
Particularly in this section, we will investigate the laser crystallization of the following
heterostructures: LaNiOs; (LNO) on (001)SrTiO3 (STO), BaggSrg2TiO3 (BST) on
(001)LNO/(001)LaAlO3 (LAO) and Lag 7Srg sMnQO3 (LSMO) on (001)STO.

These oxides where chosen due to their outstanding functional properties already

described in chapter 1. Summarizing, LNO is typically employed as a bottom electrode due to
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8. Laser-induced crystallization of oxide thin films from CSD precursors

its remarkable electrical conductivity [24], while BST with a Ba/Sr content of 0.8/0.2 is a
ferroelectric/piezoelectric material at room temperature [26-28]. Finally, LSMO with a La/Sr
content of 0.7/0.3 has been employed because it is a metallic and highly ferromagnetic oxide
at room temperature, and lately its interest has been extended to the field of non-volatile
random access memories (NVRAM) [33-35].

It must be noted that growth of BST films has been done on LAO substrates coated with a
CSD-grown LNO film (700 °C, 10 °C min !, 1 hin Os). The main reasons for this choice are that
the use of a bottom electrode is often mandatory in some applications, and LNO is the optimal
candidate while keeping a high chemical and structural compatibility with BST (perovskite
on perovskite) and a relatively low theoretical compressive mismatch ( ( 3 6%). In addition,
unlike thermal treatments, high substrate absorption is often required to obtain high enough
crystallization temperatures (section 6.3.2.2). In particular, the very low optical absorption of

LAO substrates (Table. 6.1) could strongly complicate crystallization or even impede it.

8.2.1 Evaluation of experimental conditions, surface morphology and epitaxial

evolution

The thin films described are assumed to be amorphous after decomposition treatments with
CTA at 350 °C for 30 min (LNO), 450 °C for 10 min (BST) and 300 °C for 10 min (LSMO) with
thicknesses around 40-50 nm measured by X-ray reflectometry. The reader is referred to
sections 5.3.1 and A.3.1 for additional information about these results.

It could be assumed that these oxide films are mainly composed of La-O and Ni-O bonds
for LNO, Ba-O, Sr-O and Ti-O bonds for BST, and La-O, Sr-O and Mn-O bonds for LSMO.

Dissociation energies for La-O, Ba-O and Ti-O bonds, reported in Table 8.2, are well above the

Table 8.2: Dissociation energy of the chemical bonds present in LNO, BST and LSMO thin-films. Data extracted
from [296].

Chemical bond | Dissociation energy (k] mol 1)
La-O 799 (( 8.3 eV bond 1)
Ni-O 392 (( 4.1eV bond 1)
Ba-O 563 (( 5.8 eV bond ')

Sr-O 454 (( 4.7 eV bond 1)
Ti-O 662 (( 6.9 eV bond 1)
Mn-O 402 ({ 4.2 eV bond 1)
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8.2. Laser crystallization of multicomponent oxides

photon energy of the Nd:YAG laser (( 4.7 eV at 266 nm). Notice that these energies are for
atomic bonds and may change depending on the electronic environment. However, Ni-O,
Sr-O and Mn-O bonds, as well as the bonds in crystalline defects, present energies similar or
below the laser-photon energy (Table 8.2). Unlike CZO films, this could suggest that
photochemical processes may have an important contribution to crystallization due to direct
photo-induced bond breaking. Despite that, evaluation of the photochemical mechanisms is
rather complex and out of the scope of this thesis due to unknown quantities such as precise
excitation/relaxation times, density of excited and relaxed species, etc [125]. Thus, we will
only simulate the temperature profiles due to photothermal mechanisms, but knowing that
the achieved effects in each system are likely to be highly modified by
photochemically-induced processes.

As we described in Chapter 6, temperature simulations were carried out using the
thermo-physical and optical properties of the materials present in each heterostructure (Table
6.1). The optical properties (n, n, and [ ) of the decomposed films, depicted in Fig. 8.19,
have been obtained from transmittance and reflectance spectra of films deposited on -Al,O3
substrates and following the methodology explained in section A.4.2. We can see from Fig.

8.19a that transmittance increases with the wavelength from ( 20 to 80%, while the reflectance
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Figure 8.19: Optical properties of pyrolyzed precursor LNO, BST and LSMO films deposited on -AlyO3
substrates. Measured (a) transmittance and (b) reflectance spectra, calculated (c) refractive index, (d) extinction

coefficient, optical (e) absorption coefficient and (f) penetration depth.
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8. Laser-induced crystallization of oxide thin films from CSD precursors

(Fig. 8.19b) is between 0 and 20%. Fig. 8.19c illustrates the trend for the refractive indexes n.
Specifically, BST and LSMO present a comparable evolution with the wavelength (2 0<n<2 4),
whilst LNO displays a large variation from 1.6 to 2.8. The extinction coefficients 1 can be
found between 0.1 and 0.6 (Fig. 8.19d). Whereas BST and LSMO show a decreasing trend with
the wavelength and a maximum at A( 240 and 340 nm respectively, LNO describes a slightly
increasing behavior with A from ( 0.25 to ( 0.45 and a local minimum at A( 330 nm. Fig. 8.19
illustrates the decrease of the optical absorption coefficient ~with the wavelength, while the
optical penetration depth | = ! behaves oppositely (Fig. 8.19f). Accurate values of and [
at A=266 nm can be found in Table 6.1 and summarized again in Table 8.3. | is larger than the
pyrolyzed film thickness for LNO and BST ({ 40 nm), while it is slightly smaller for LSMO
(( 45 nm). Under these conditions, a 40, 57 and 66% of the incoming radiation intesity is
absorbed by LNO, BST and LSMO amorphous films, respectively. Therefore, the remaining
incoming radiation intensity will be transmitted and absorbed into substrates/buffer layers.
Unlike the case of CZO, the substrates/buffer layers will have a major contribution to heating
since the corresponding absorption coefficients are higher (Tables 6.1 and 8.3). Specifically, the
STO substrate absorbs 95% of the laser radiation through the first 50 nm, while the LAO
substrate only absorbs a 0.02% (Table 8.3). Hence, the presence of the LNO buffer layer is vital
in the BST/LNO/LAO architecture.

Table 8.3: Optical absorption coefficient  and optical penetration depth l, at 266 nm. The radiation absorbed
inside the oxide film has been calculated employing thickness values reported in Chapter 5 and using the Beer-
Lambert law (Eq. 6.5). Substrate values are also shown for comparison. The radiation absorbed inside substrates

has been calculated at 50 nm from the film/substrate interface.

Oxide | «(10°m ') |Il, =a ! (nm) | Radiation absorbed (%)
LNO | 12.6/21.2 (cryst.) | 79/48 (cryst.) 40/41 (cryst.)
BST 20.9 48 57
LSMO 24.1 42 66
STO 60.0 17 95
LAO 0.005 200000 0.02

Fig. 8.20 presents the modeling results for the different heterostructures investigated,
assuming a laser pulse duration of ( 3 ns. Equivalently to CZO films on YSZ, the laser pulse
generates thermal cycles that last tens to hundreds of nanoseconds with heating/cooling rates

of approximately 10! and 10° °C s !, respectively. Temperature profiles for fluences from 20
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Figure 8.20: Thermal profiles of 40 nm-thick (a) LNO and (b) LSMO films on STO substrates for fluences of 20
mJ-em™2 (—), 30 mJ-cm™2 (—) and 40 mJ-cm=2 (—) and the substrate at 400 °C. The solid and dashed lines
are representative of surface and interface profiles, respectively. The laser pulse (—) is plotted as a reference. (c)
Dependence of surface and interface temperatures, and (d) the effective heating time with the laser fluence for the

different heterostructures. The colored areas in (c) indicate the range of temperatures between surface and interface.

to 40 mJ-cm™?, at a substrate temperature of 400 °C, and after applying a single pulse show
that peak temperatures increase with the laser fluence, as it was expected. More precisely, Fig.
8.20c shows that the maximum temperatures for LNO on STO go from 750 to 1150 °C, and the
surface/interface temperature difference is up most of few tens of degrees. It must be noted
that LNO suffers a phase transition from LaNiO3 to LaaNiOy4 at ~825 °C [196], and thus, the
use of fluences below that temperature would be advisable. However, we will show later that
such transition was not observed a priori in laser annealed films. Temperatures reached in this
heterostructure are well below the melting point of LasNiO4 (~1680 °C). Secondly, a similar
range of temperatures is obtained for BST on LNO/LAQ, i. e. maximum temperatures from
800 to 1200 °C, which are also below the melting point of BST (~1625 °C). However, the
temperature variation between surface and interface is much larger than those calculated for

LNO/STO (~200-300 °C). In third place, the temperature profiles for LSMO films on STO. In
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8. Laser-induced crystallization of oxide thin films from CSD precursors

this case, peak temperatures go from 1000 to 1500 °C and the surface/interface difference is
between 200-400 °C. It is important to notice that the melting point of LSMO (( 1450 °C) is
surpassed for fluences close to 40 m] cm 2 and, hence, the range of fluences will be restricted
to 20 and 30 mJ cm ? for this particular case. Finally, Fig. 8.20d confirms that the effective
heating time t,7 for the different heterostructures increases with the fluence as previously
indicated for CZO films. These values are significantly smaller than te%z 0. Additionally, peak
temperatures developed at these fluences are around 200-500 °C higher than those used in
thermal treatments (700 °C for LNO, 900 °C for BST and 900-1000 °C for LSMO) without

considering photochemical mechanisms which would further increase the recrystallization

rate.

Pulsed laser annealing was performed on LNO, BST and LSMO films at equivalent
experimental conditions to those optimized for CZO films, i. e. using an 80% of beam
overlapping and a substrate temperature of 400 °C. Fluences employed for each particular
case were 30 mJ cm ? (LNO and LSMO) and 40 mJ cm 2 (BST). Fig. 8.21 shows the surface
morphology of films pyrolyzed using CTA and after the application of 2500, 10000 and 20000
pulses/site. The surface morphology of films after decomposition is rather flat with RMS
roughness of ( 0.3-0.4 nm. However, films develop groove-like structures with sizes of
( 200 300 nm in all our cases, also known as ripples or LIPSS (laser-induced periodic surface
structures), after laser irradiation and the RMS roughness rises substantially with the number
of pulses. The formation of ripples is a widely extended phenomenon on laser treatments of
surface materials and occurs within a specific range of parameters that depend on each
material [125, 303, 304, and references therein]. Although ripple formation is still under
investigation, several origins have been proposed such as the interference between incident
and reflected/refracted laser beams or due to excitation of surface electromagnetic waves
(SEW) in conductive materials by the electromagnetic field of the laser [125, and references
therein]. In our case, ripple formation have been only observed in LNO, BST and LSMO films
having some degree of electrical conductivity and not in CZO films which are insulating,
which could point to SEW mechanisms as the main contribution to ripples” formation.
Nevertheless, the study of laser-induced periodic surface structures has not been assessed in

this thesis.

XRD measurements of the laser-crystallized films described before are presented in Fig.
8.22. In all cases, they grow epitaxially on top of their respective substrates and the intensity of

the (002) reflection seems to increase with the number of pulses as it has been reported for CZO
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Figure 8.21: AFM images illustrating the surface morphology of different furnace pyrolyzed and laser-crystallized
oxide heterostructures with 80% of overlapping and 400 °C of substrate temperature and applying 2500, 10000 and
20000 pulses/site. (a) LNO thin-films on STO irradiated at 30 mJ cm 2, (b) BST films on LNO/LAO irradiated
at 40 mJ cm 2 and (c) LSMO thin-films on STO irradiated at 30 m] cm 2.

films. A small peak corresponding to the polycrystalline (011) orientation might be present at
( 32° when applying a low number of pulses. The accurate evaluation of the epitaxial fraction
is illustrated in Fig. 8.23, where we present the epitaxial fraction evolution with the effective
heating time for films irradiated at 30 mJ cm ? (LNO and LSMO) or 40 mJ cm 2 (BST), 80%
of overlapping and a substrate temperature of 400 °C. Data is obtained from 2D-XRD images
equivalent to those presented in Figs. 8.23b,d and f, employing the methodology described in
section A.3.1. It can be observed that the degree of epitaxy for each heterostructure increases
with t.¢ and the system reaches full epitaxy after few milliseconds, i. e. between 1.3 and 2.4
ms depending on the oxide heterostructure. These results are one order of magnitude faster
than those reported for CZO on 5“YSZ where we estimated that ( 140000 pulses/site ({ 50
ms) would be required to obtain completely epitaxial films. In addition and as we mentioned

before, it should be noted that epitaxial laser crystallization is remarkably faster than the one
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Figure 8.22: XRD measurements of the laser-crystallized fims with 80% of overlapping and 400 °C of substrate
temperature and applying 2500, 10000 and 20000 pulses/site: (a) LNO on STO, (b) BST on LNO/LAO, and
(c) LSMO on STO. A fluence of 30 mJ cm 2 was used to grow LNO and LSMO films, while BST films were

irradiated at 40 mJ cm 2. Equivalent samples obtained by CTA after 4 h (LNO and BST) and 1 h (LSMO) are
presented for comparison.

achieved with thermal treatments.

Despite much effort was put to obtain measurable LNO, BST and LSMO TEM samples, we
were only able to study BST specimens due to issues during sample preparation. Fig. 8.24
illustrates HRTEM investigations carried out on a laser annealed BST film on a LAO substrate
coated with LNO at 40 mJ cm 2, 80% of overlapping, a substrate temperature of 400 °C after
20000 pulses/site. It can be observed that the highly crystalline and epitaxial CSD-LNO layer
grown on LAO (700 °C, 10 °C min ! for 1 h) provides an optimal template to promote BST
epitaxy, which is in agreement with the results reported from the epitaxial fraction calculation
by XRD. Additionally, Figs. 8.24b and c show that the epitaxial BST and LNO films grow
cube-on-cube with each other and the substrate, i. e. (001)BST[001] (001)LNOJ[001] and
(001)LNOJ001] (001)LAOI[001]. On the one hand, LNO grows completely strained on LAO

with an in-plane compression of the LNO lattice of -1.6% (af}°=3851 A and
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Figure 8.23: Raw data of (a) LNO on STO, (b) BST on LNO/LAO and (c) LSMO on STO. (d) Epitaxial fraction
calculation and corresponding fitting of the different laser-annealed oxide films. Fitting of the data using a self-
limited growth function (Eq. 3.22), and the characteristic times for each case are also indicated. (e) Equivalent

epitaxial fraction data for samples obtained by RTA.
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Figure 8.24: (a) HRTEM image of a laser-crystallized BST film on CSD-LNO coated LAO substrates. The small
colored squares depict a zoom of different epitaxial areas: BST ( region), LNO (blue region) and LAO (
region). Power spectra of (b) BST/LNO (red) and (c) LNO/LAO (green) areas.

LNO

a9 —a; 40=3.788 A) since only a set of Bragg reflections could be detected. On the other

hand, BST is partially relaxed along the in-plane direction with a compression of the lattice
about -2.7% (aB23F'=3.993 A and aZ3F =3.884 A). Despite bulk cell parameters of these oxides
are rather different, no misfit dislocations were detected at the interfaces.

As in the case of CZO films, a self-limiting growth function (Eq. 3.22) has been used to fit
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8. Laser-induced crystallization of oxide thin films from CSD precursors

the data in Fig. 8.23 and obtain the characteristic times for epitaxial crystallization by laser

annealing 0jqser epi, Which are 0.3 ms (LNO and LSMO) and 0.5 ms (BST). These values of
QCZO SC

O1aser epi are around one order of magnitude shorter than 6,7~ epi

( 77 ms, and between 5 and
6 orders of magnitude as compared to the epitaxial characteristic times for thermal treatments
of equivalent oxides (O¢hermal epi{ 180 310 s) obtained in chapter 5. The diffusion coefficients
of laser epitaxial crystallization have been also calculated from Eq. 3.23, using the
characteristic times and the final epitaxial film thickness (sections 5.1 and A.3.1). The obtained
values of Digser epi are 5210 13, 6,110 3 and 7510 * m? s ! for LNO, BST and LSMO,
respectively. These diffusion coefficients differ around one order of magnitude from
DEZO Sﬂc< 1310 " m?s !, and between 5 and 6 orders of magnitude from
Dihermat epi{ 5-17 10 19 m? s ! (Chapter 5). We also calculated the epitaxial growth rates
deriving the fitting curve from Fig. 8.23d. Particularly, Fig. 8.25a shows that the epitaxial
growth rate decreases with the effective heating time as reported before for CZO (Fig. 8.18).
Like the diffusion coefficients, the initial epitaxial growth rate values are around one order of
magnitude larger than CZO ones. Fig. 8.25b illustrates an almost linear reduction in the

epitaxial growth rate when normalized to each film final thickness, i. e. 25, 35 and 30 nm for

LNO, BST and LSMO respectively (sections 5.1 and A.3.1).
Previously, it has been mentioned that atomic diffusion in laser annealed CZO films could
be altered by the action of temperature gradients since its temperature dependence could only

explain around 2 of the 4-5 orders of magnitude shorter characteristic time and larger

(@) 10 —— (b)) o ' - :
<78 1 E T, 8t
¥ Lk
& 2 6 1 &8 6f
£2 4 | 82 4
Ex 5%
O . . . Y e—————
0.0 0.5 1.0 1.5 2.0 0.00 _0.25 0.50 ~0.75 1.00
Effective heating time (ms) Normalized thickness

Figure 8.25: Dependence of the epitaxial growth rate for different oxide heterostructures with (a) the effective
heating time, and (b) the normalized thickness. They can be obtained by transforming the epitaxial fraction to
thickness Film thickness values are reported in sections 5.1 and A.3.1. Thickness normalization has been done

dividing by the maximum thickness values reported before in sections 5.1 and 5.3.3.
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8.2. Laser crystallization of multicomponent oxides

diffusion coefficient compared to thermal treatments. Likewise, we propose that the epitaxial
transformation of laser irradiated LNO, BST and LSMO films will be also affected by
temperature gradients accordingly.

Additionally and as we mentioned before, Nakajima et al. indicated that photochemical
processes may influence this fast epitaxial oxide growth [72, 300]. We already pointed out that
photochemical processes may play a vital role in the crystallization of these LNO, BST and
LSMO films since the laser photons have more energy than some metal-oxide bonds present
(Table 8.2). Contrarily, the dissociation energy of bonds in CZO films are almost twice the laser-
photon energy and we proposed that their crystallization is mostly driven by photothermal
mechanisms leading to longer epitaxial characteristic times and smaller diffusion coefficients.
In summary, it seems that LNO, BST and LSMO films crystallization may be driven by both
photothermal and photochemical processes.

The results presented illustrate that laser epitaxial crystallization of pyrolyzed precursor

metal-organic films may be a valid alternative, substituting thermal treatments.

8.2.2 Functional properties of laser crystallized films

Besides the optimization of epitaxial growth and surface morphology, it is of vital importance
to characterize the functional properties of thin-films. Although much effort could be
undertaken in optimizing the laser crystallization of the different oxides to improve their
functional properties, in this thesis we focused on evaluating the best samples produced by
laser annealing and compare them with those obtained using thermal treatments.

Fig. 8.26 depicts the electrical resistivity of LNO films grown by laser treatments (30

mJ cm 2

, 80% of overlapping, a substrate temperature of 400 °C and applying 20000
pulses/site) and compared with thermally annealed samples (700 °C for 15 min and 1h).
Although laser-grown LNO films show good metallic behavior within the range reported in
the literature [221, 225, 226], its resistivity is around one order of magnitude higher than that
of thermally crystallized films. The difference in resistivity could be associated to the
particular surface morphology or crystallinity of each sample since the laser treated sample is
rougher than those obtained by thermal treatments. It must also be noted that the effective
heating times in laser treatments are much shorter, ( 360 vs compared to 15 min and 1 h of
thermal annealing. Thus, further optimization of the experimental conditions should provide

resistivities equivalent to pure thermal treatments.

We have also evaluated the local ferroelectric/piezoelectric performance of epitaxially
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Figure 8.26: Resistivity measurements for LNO films on STO. Films were grown using laser irradiation at 30
mJ cm 2, 80% of overlapping, a substrate temperature of 400 °C and applying 20000 pulses/site (green circles);
RTA at 700 °C, 20 °C s ! for 15 min (red circles) and CTA (blue squares) at 700 °C, 10 °C min ! for 1 h in Os.

grown BST films as indicated in section A.4.6. Fig. 8.27 presents a comparison between
piezoresponse force microscopy (PFM) measurements for BST film grown on (001)LNO/LAO
by laser annealing (40 mJ cm 2, 80% of overlapping, a substrate temperature of 400 °C and
applying 10000 pulses/site) and thermal treatments (900 °C for 4 h in O). Fig. 8.27a shows
two squares of different sizes written at 7 V, indicating that ferroelectric domains were
successfully polarized. Despite both samples display equivalent PFM amplitude versus
sample bias loops (Fig. 8.27b), the hysteresis is slightly better for the sample produced by
thermal annealing; a behavior already expected due to the longer effective heating time, i. e.
( 200 vs and 4 h respectively. Fig. 8.27c presents well-defined and saturated hysteresis loops

of the ferroelectric phase domains with coercive voltages of ( 2-3 V. The piezoelectric

(b)
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Figure 8.27: Piezoresponse Force Microscopy (PFM) measurements of a BST film annealed at 900 °C, 20 °C s !

for 4 hin Oq. (a) PEM phase image showing the written domains with a voltage of +7 V (outter square) and -7 'V

(inner square). Representative hysteresis loops of (b) amplitude and (c) phase.
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8.2. Laser crystallization of multicomponent oxides

constants at remanence ds3 for an AC voltage of 2.5 V and calculated as described in section
Ad6are (25pmV and ( 27 pm V ! for thermal and laser treatments, respectively. Even
though these values are significantly smaller than the bulk one (d%TO bulk (190 pmV 1[231])
they are equivalent to those reported for BaTiO3 films produced by conventional thermal

treatments [232, 233].

Finally, we measured the dependence of the magnetization with temperature and
magnetic field of LSMO films produced at 30 mJ cm 2, 80% of overlapping, a substrate
temperature of 400 °C after applying 2500 and 10000 pulses/site in air, and 1000 °C for 1 h in
air and O, (Fig. 8.28). Measurements were performed as indicated in section A.4.5. It can be
seen in Fig. 8.28a that the saturation magnetization ()/;) for thin-films grown by CTA at 1000
°C for 1 h in Oq is comparable to the bulk value ({ 580-590 kA m ! [33]), whereas equivalent
treatments in air lead to films with M slightly smaller (Table 8.4). This could explain part of
the decrease of the saturation magnetization for laser-annealed films, especially for the one
irradiated with 10000 pulses/site (515 kA m !). However, an additional reduction is clearly
observed for the film irradiated with 2500 pulses/site (340 kA m !) as compared to the
aforementioned values (Table 8.4). The saturation magnetization increases with the effective
heating time, and epitaxial crystallization, from 340 to 515 kA m '. We should remember that
the sample irradiated with 2500 pulses/site shows an epitaxial fraction of ( 50-60%, whereas

the film laser-annealed with 10000 pulses/site is completely epitaxial (Fig. 8.23d). Thus,

(a) 600 ' Bulk magnetization ] (b) 600 I ' ' ' s 4
500 1000 °C, 1h, O, 400 1000 °C, 1h, O
= 400 L 17200
g 0 E T 30 mJ-cm?,
j 300 | i j 0 F 2500 pulses | T
= 130 mJ-cm?, ] = I
E 200 10000 pulses _200. . l
100 1 30 mJ-cm?, -400 30 mJ-cm?,
0r . 2500 pulses . 600 : . . 10|000 pllllses
0 100 200 300 400 -1.5 -1.0 -0.5 0 0.5 1.0 1.5

Temperature (K) H (10° Oe)

Figure 8.28: Dependence of the magnetization with (a) temperature at 5 kOe and (b) magnetic field at 35 K for
LSMO films grown by laser irradiation (30 m] cm 2, 80% of overlapping, a substrate temperature of 400 °C)
applying 2500 (red) and 10000 (black) pulses/site, and furnace annealing at 1000 °C for 1 h in air ( ) and
Os (blue).
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8. Laser-induced crystallization of oxide thin films from CSD precursors

Table 8.4: Curie temperature T, remanent magnetization M,, coercive field H. and saturation magnetization

My of LSMO films grown by laser and conventional thermal annealing. Data has been extracted from Fig. 8.28.

Sample T.(K) | M, (H)(kAm ') | H.(Oe) | M, (H) (kAm 1)
1000 °C, 1Thin Oz | 360 340 -150 590
1000 °C, 1Thin air | 360 370 -120 545
30mJ cm 2,
340 240 -280 340
2500 pulses/site
30mJ cm 2,
350 370 -320 515

10000 pulses/site

indicating that the microstructure of the laser-crystallized LSMO films is influencing the
saturation magnetization. Particularly, this could be ascribed to a small polycrystalline grain
size, i. e. of few nanometers, in agreement with previous studies of Rivas et al. [305] who

reported a drastical reduction of the magnetization as the grain size decreases.

In addition, Table 8.4 shows that the Curie temperature of laser-annealed films is only few
tens of degrees lower than T ,,( 360 K [33], and also increases with the laser effective
heating time. Fig. 8.28b illustrates the magnetic hysteresis loops, revealing a ferromagnetic
behavior of the LSMO films. Surprisingly, the loops for laser-annealed samples are wider with
coercive fields H.( -300 Oe. Typically, coercive fields highly depend on the microstructure of
films and tend to increase if the epitaxial layer has a quite defective structure. Thus, this could
explain our results though further characterization of the microstructure would be required.
We envisage that the microstructural characteristics of laser-crystallized films will
considerably differ from those coming from conventional thermal treatments. Regardless, a
general improvement of the magnetic properties has been observed for samples with longer
effective processing times which seems to indicate an important dependence of these

properties with the sample crystalline quality.

Despite some optimization of the surface morphology is still required, we have shown the
potential of PLA achieving the crystallization of epitaxial oxide thin films with functional
properties quite equivalent to those reported for conventional thermal treatments but with
much shorter effective heating times. Therefore, we identify this technique as a promising

route for future implementation.
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8.2. Laser crystallization of multicomponent oxides

8.2.3 Laser crystallization of BST films on technical substrates for electronic

applications

We already mentioned that BST is a widely used oxide in electronic applications due to
multiple electrical and optical properties dependent on composition [26-30]. Although in the
previous section we investigated the epitaxial growth of BST thin-films on single crystal
oxides, the substrate architecture often employed is based on Pt-coated silicon wafers [106].
Recently, LNO-coated silicon has proven to be a reliable alternative provided LNO is an
excellent conductor and has a better compatibility than platinum with BST, i. e. perovskite on
perovskite with similar lattice parameters [24, 25]. A description of the LNO/SiO,/Si

substrate architecture where BST films have been grown can be found in section 2.1.2.2.

The work that will be presented here is a brief summary of the experiments conducted in
the framework of a short-term stay. Our aim was to explore the use of a different laser system
to investigate its effect on crystallization, and compare it with the experiments previously
presented in section 8.2. Particularly, we employed a KrF excimer laser working at 248 nm
wavelength, with a pulse duration of 20-25 ns and a repetition rate of 20 Hz. Despite various
experimental conditions were tested, optimization of the multiple parameters involved was

beyond the scope of this work.

It has been demonstrated in section 6.3.2.1 that a longer laser pulse duration would lead to
temperature profiles with lower maximum temperatures and longer thermal cycles, although
this may depend on the modeled heterostructure. Thus, we must find a combination between
fluence and substrate temperature which result in comparable experimental conditions to those

employed for BST/LNO/LAO at40 m] cm 2 and a substrate temperature of 400 °C (Fig. 8.20b).

Numerical simulations were performed considering a laser pulse duration of 20 ns and
thermo-physical and optical parameters of the various constituents of the modeled
heterostructure (Table 6.1). The thicknesses of each material employed in the simulations were
40, 150 and 500 nm for BST, LNO and SiO,, respectively, the remaining thickness (100 vm)
corresponds to silicon. Fig. 8.29a depicts the temperature profiles of BST on LNO/SiO;/Si
substrates with a base temperature of 500 °C and fluences of 50, 65 and 75 mJ cm 2. Peak
temperatures achieved in the system are of ( 1100 1450 °C which leads to heating/cooling

rates up to ( 10°°Cs !

. Unlike the thermal cycles developed in previous simulations where
the pulse duration was of 3 ns, the longer temperature profiles which last hundreds to

thousands of nanoseconds result in unappreciable surface/interface temperature variations of
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Figure 8.29: (a) Temperature profiles of 40 nm-thick BST films on LNO-coated SiO4/Si substrates at 500 °C for
fluences of 50 mJ cm 2 (—), 65m] cm 2 (—) and 75 m] cm 2 (—). The solid and dashed lines are representative
of surface and interface profiles, respectively. The laser pulse (—) is plotted as a reference. (c) Dependence of the

effective heating time with the laser fluence at a substrate temperature of 500 °C.

only tens of degrees. Hence, the temperature gradients will be also smaller, i. e. { 10 10°
°C m !. Furthermore, Fig. 8.29b illustrates that the effective heating time tef increases with the
fluence like in previous simulations, but it is around 2-3 orders of magnitude longer (6-20 ns
compared to 800-1100 ns). Such difference is caused by the longer pulse duration. It must be

remembered that ¢,5 has been calculated from simulated temperatures above 600 °C.

Laser annealing experiments of BST films on LNO/SiO,/Si substrates were done at a
fluence of 65 mJ cm 2, and a substrate temperature of 500 °C since the peak temperature
reached is equivalent to the one simulated for BST on LNO/LAO with the Nd:YAG laser (Fig.
8.20b). In this case, no overlapping of pulses was needed because the KrF excimer laser beam
has a top-hat spatial distribution and the beam is larger than the sample size, i. e.
approximately 2 1 cm? compared to 0.5 0.5 cm?. Figs. 8.30a and b show the surface
morphology after accumulating 12000 and 72000 pulses, respectively. It can be seen that films
are quite granular with sizes around 100 nm, and a large amount of pores with similar sizes.
Areas with resonant morphology (ripple-like) are also observed. The RMS roughness is

comparable to that reported for epitaxial BST films using the Nd:YAG laser, and also increases

with the number of pulses from 5.2 to 6.9 nm.

XRD measurements presented in Fig. 8.30c illustrate the presence of (00l) epitaxial and
(011) polycrystalline orientations of BST and LNO. More specifically, Fig. 8.30d indicates that
both BST and LNO films have a high tendency to be uniaxial. The degree of crystallization

increases with the number of pulses as expected. Equivalent experiments and
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Figure 8.30: AFM images of 40 nm-thick BST films on LNO/SiO4/Si substrates grown with a KrF laser at 65
mJ-cm™?2, a substrate temperature of 500 °C, and applying (a) 12000 and (b) 72000 pulses. (c) XRD measurements
of BST films irradiated at 65 mJ-cm=2 after applying 12000 (—) and 72000 (—) pulses. The LNO-coated silicon
substrate (—) is plotted for comparison. The reflections corresponding to the BST and LNO films are indicated
in red and green, respectively. (d) 2D-XRD image of a BST film irradiated at 65 mJ-cm=2 after applying 72000

pulses.

characterizations where done at fluences of 50 and 75 mJ-cm ™2, showing rather similar surface
morphology and crystallinity.

Conventionally, the strategy followed for the fabrication of BST devices involves the
deposition of multiple layers until thicknesses above 150 nm are achieved [26, 28]. Thus, we
evaluated and compared the laser crystallization of BST films with different thicknesses. The
methodology employed to produce thicker films consisted of several deposition steps
followed by a pyrolysis treatment at 450 °C for 10 min as detailed in Chapters 2 and 5.

In Figs. 8.31a and b, we show that the resulting surface morphology of 40 nm- and 160 nm-
thick, 1 and 4 pyrolysis respectively, BST films grown by laser annealing at 65 mJ-cm™2, 500
°C and accumulating 72000 pulses is significantly different. The former case presents a highly
homogeneous surface with grains of 100 nm and a RMS roughness of 6.9 nm (Fig. 8.30b), while
the later reveals grain domains with sizes larger than 1 ym, a RMS roughness of 18.9 nm, and
the appearance of structures resembling to cracks. The multiple origins of crack formation will
be discussed later. Fig. 8.31c presents the XRD spectra comparing BST films with thicknesses of
40 and 160 nm. It is clearly seen that these films grow randomly oriented with a certain degree
of uniaxiality as we mentioned before. In addition, the degree of crystallization seems to be

substantially higher for thicker films since the different BST reflections are much more intense.
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Figure 8.31: Scanning Electron Microscopy (SEM) images of (a) 40 nm- and (b) 160 nm-thick BST films on
LNO/SiO4/Si substrates grown with a KrF laser at 65 mJ-cm=2, a substrate temperature of 500 °C, and applying
72000 pulses. (c) XRD measurements of BST films with thicknesses of 40 nm (—) and 160 nm (—) irradiated at
65 mJ-cm~=? after applying 72000 pulses. The reflections corresponding to the BST and LNO films are indicated

in red and green, respectively.

A deeper investigation of BST films with different thicknesses irradiated by laser at 65
mJ-cm~2, 500 °C of substrate temperature and 12000 pulses has been performed by HRTEM.
On the one hand, Fig. 8.32a depicts a 40 nm-thick film which is composed by
randomly-oriented nanoparticles although XRD indicated a tendency towards uniaxiality. On
the other hand, TEM analysis of a thicker BST film (Fig. 8.32b) unveils a partially crystallized
BST film with a thickness of ~160 nm. Interestingly, a polycrystalline region of 50-70 nm has
been detected close to the film surface as illustrated in the power spectrum from the blue
region. The remaining film thickness, closer to the interface with LNO, has been found to be

entirely amorphous as it can be observed in the zoomed orange region.

Laser radiation is absorbed from the surface, and thus, heat propagates from there into the
heterostructure (section 6.3.2). Moreover, the heating process is highly dependent on the
optical penetration depth which for BST is ~36 nm at A~248 nm, i. e. a 63% of the incoming
radiation is absorbed through that thickness. Consequently, the film thickness will become
highly important during the heating process. Simulated temperature profiles for BST films
with thicknesses of 40 and 160 nm grown on LNO/SiO2/Si substrates (Fig. 8.33) illustrate that
equivalent peak temperatures and effective heating times are obtained in both

heterostructures. Although the difference in temperatures between surface and interface AT
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Figure 8.32: HRTEM characterization of BST films grown on LNO/SiOs/Si substrates at 65 mJ-cm=2, 500 °C of
substrate temperature and 12000 pulses with thicknesses of (a) 40 nm and (b) 160 nm.
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Figure 8.33: Temperature profiles of BST films with thicknesses of 40 and 160 nm grown on LNO-coated SiO/Si

Time (ns)

substrates. (a) Time and (b) thickness dependence of temperature for a fluence of 65 mJ-cm=2 and a substrate

temperature of 500 °C. The solid and dashed lines in (a) are representative of surface and interface profiles,
respectively.
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are ~50 °C and ~300 °C for films with thicknesses of 40 and 160 nm, respectively, it leads to

similar temperature gradients of ~10° °C-m~1.

However, the actual temperature near the
interface for the 160 nm film is only of ~1000 °C, suggesting that this temperature is probably
too low to induce proper laser crystallization, and thus, the material at the processing
conditions employed would be kept amorphous. In fact, this would be consistent with the
observation that the crystallization of 40 nm-thick films at lower fluences (50 mJ-cm~2, which

is equivalent to ~1100 °C) is dramatically reduced.

8.2.3.1 Crack formation in thick BST films crystallized by PLA

It has been mentioned before that cracks may appear for thick BST films after laser treatments
(Fig. 8.31b). In Fig. 8.34, we present a HRTEM image of a BST film with a thickness of 160 nm
after laser annealing at 65 mJ-cm ™2, a substrate temperature of 500 °C and 12000 pulses. There,

a crack-like structure reaching the SiO» film can be detected.

BST

et e
LNO

SiO,

Si 0.5 um

Figure 8.34: HRTEM image of a BST film on LNO/SiO4/Si illustrating a crack.

Essentially, cracks may be caused by the difference in thermal expansion coefficients
(TECs) of the multiple oxides, as well as the densification process occurring during
crystallization. Indeed, Table 8.5 reveals that although the thermal expansion coefficients of
BST and LNO are quite different (12.9-107¢ K=! and 8.2:107% K1), they differ to a great extent
from that of SiOy (0.5-107% K~1), and thus, this may lead to the formation of cracks. In
addition, temperature simulations shown in Fig. 8.33 also indicate a temperature difference
between surface and interface of ~300 °C for films with a thickness of 160 nm. Consequently,
the temperature gradient coupled with the different degree of crystallization between the
film’s surface and interface, i. e. the film is polycrystalline at the surface and amorphous at the
interface (Fig. 8.32b), may also induced film cracking.

Likewise, the appearance of cracks is a phenomenon that has also been reported by Baldus

et al. in laser crystallized BST films on Pt/SiO,/Si substrates [307]. They observed that cracks
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Table 8.5: Thermal expansion coefficients (TECs or ) of the materials present in the BST/LNO/SiO/Si
heterostructure. Data extracted from [215, 218, 306].

Oxide | n (10 8 K 1)
BST 12.9
LNO 8.2
SiO9 0.5

Si 2.6

appear in films with thicknesses above 130 nm and hypothesize that their origin lies in the
stress caused in the film due to inhomogeneous heating, as well as film densification. Finally,
we propose that a multilayered laser growth strategy should be followed in order to avoid

large temperature gradients and film densification, and thus, reduce the formation of cracks.

8.3 Summary and conclusions

In this chapter, we investigated the crystallization of various oxide thin-films by pulsed laser
annealing in air of pyrolyzed metal-organic precursor films. Firstly, we evaluated the epitaxial
growth of CZO thin-films on 5CYSZ substrates as a model system to crystallize more complex
oxide heterostructures. In particular, we determined the influence of different experimental
parameters on crystallization such as laser fluence, substrate temperature, degree of beam
overlapping and number of laser pulses. Essentially, crystallization increases with the
aforementioned parameters and it is possible to obtain a good degree of epitaxy. The
overlapping of laser pulses was required to homogenize irradiation since the laser employed
has a nearly gaussian spatial distribution.

Modeling of the temperatures developed in the system reveals that the origin of such
improvement in crystallization is caused by higher maximum temperatures and longer
thermal pulses as fluence and substrate temperature increase. Despite it is possible to achieve

melting and recrystallization of CZO at fluences of ( 80 mJ cm 2

, the surface develops
molten-induced rounded structures which increase the RMS roughness above 4 nm, which is
too high for some applications. Therefore, we have chosen a set of experimental conditions in
order to perform solid state crystallization (40 mJ cm 2, substrate at 400 °C and 80% of
overlapping), obtaining a smoother surface with RMS roughness below 1 nm. Under these

conditions, the epitaxial growth of CZO has been investigated by increasing the number of
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pulses/site and showing that ( 50% of epitaxy is achieved after 7.2 ms of effective heating
(20000 pulses/site) and around 50 ms (140000 pulses/site) would be required to obtain a
completely epitaxial film with the laser employed in this work. Remarkably, we have proven
that epitaxial crystallization derived from laser treatments, which lasts tens of milliseconds, is
orders of magnitude faster than in thermal annealing where heating times are of tens of
minutes. In turn, this also leads to epitaxial growth rates 4-5 orders of magnitude larger. We
propose that photothermal mechanisms are most likely the main source of such fast growth
because the metal-oxide bonds have higher energy than the laser photons. Specifically, we
envisage that the higher temperatures achieved during laser treatments, as well as the large
temperature gradients developed in laser-annealed films could boost atomic diffusion orders
of magnitude, enhancing crystallization and epitaxial growth as compared to thermal
treatments. Regardless, photochemical processes may also assist the temperature rise since

they could be particularly strong at crystalline defects.

A similar solid-state crystallization behavior has been found for CZO films on
ABADYG7 /SS metallic substrates. However, the epitaxial growth has proven to be slightly
faster, i. e. a ( 90-100% of epitaxy is achieved after 11.2 ms of effective heating (20000
pulses/site), while we predicted that ( 50 ms would be needed for CZO films on 5“YSZ to
reach full epitaxy. This behavior was mainly attributed to the larger optical absorption of
ABADYG7 at the laser wavelength as compared to S°YSZ due to the presence of crystalline

defects.

Crystallization of multicomponent oxide heterostructures such as LNO/STO,
BST/LNO/LAO and LSMO/STO has also been performed employing equivalent
experimental conditions to those of CZO films. Completely epitaxial films were grown after
2-4 ms of effective heating (20000 pulses/site). Besides photothermal mechanisms, we cannot
neglect that photochemical processes have a larger influence in the crystallization of these
oxides because some metal-oxide bonds have dissociation energies lower than the laser
photon. In this case, the surface morphology was characterized by the presence of groove-like
structures known as ripples, which lead to larger RMS roughness of 2-14 nm. Modification of

the laser beam polarization should possibly allow to eliminate these structures.

The functional characterization of laser annealed films revealed very interesting results
when compared with thermal treatments. In first place, the electrical resistivity of
laser-fabricated LNO is within the range reported in the literature although it is one order of

magnitude larger than that obtained from optimized thermal treatments. Secondly, PFM
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measurements of BST films obtained by laser and thermal treatments show quite equivalent
results of piezoresponse and ferroelectric behavior. Finally, even though laser-processed
LSMO presents a slightly smaller Curie temperature that could be caused by its lower degree
of crystalline quality, a clear ferromagnetic behavior is attained. The hysteresis loops are
significantly wider than films grown by thermal treatments, indicating larger coercive fields.
This behavior was attributed to the difference in microstructure between laser and thermal
treatments. In summary, equivalent degree of functionality can be achieved by laser annealing
with effective heating times 5-6 orders of magnitude smaller than thermal treatments, i. e.
few milliseconds as compared to hundreds of seconds.

We have also evaluated the crystallization of BST films on LNO/SiO2/Si substrates often
employed for electronic applications. In this case, films are uniaxially textured due to the
presence of a LNO buffer layer with equivalent texture. Additionally, film crystallization
highly depends on its thickness. Films with a thickness of 40 nm are completely crystallized,
whereas in thicker films (( 160 nm) only the first 50-70 nm close to the surface are crystallized
and the region closer to the substrate interface remains amorphous. We attributed this result
to the smaller temperature developed near the interface after a certain thickness which would
impede whole film crystallization.

Despite some optimization of the surface morphology is still required, we demonstrated
the potential of UV laser annealing combined with CSD methodologies to produce highly
crystalline and epitaxial thin films with functional properties quite equivalent to those
reported for conventional thermal treatments but with much shorter effective heating times.

The implementation of laser methods in industrial processes could lead to the
straightforward and cost-effective production of devices for a wide range of applications such
as coated conductors or electronic devices since it does not require high-vacuum equipment
and allows the reduction of processing times to a great extent. Remember that all laser
irradiation experiments have been done in air.

Finally, the extremely fast heating produced by lasers could be used to investigate
nucleation and growth promoted from other sources besides pure thermal mechanisms due to

the high temperature gradients and photo-activated processes that may be induced.
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Chapter 9

General conclusions

In this thesis, we have explored innovative processing methodologies based on the deposition
of chemical solutions to produce oxide heterostructures through self-assembling and
self-organization processes. Essentially, we performed an in-depth investigation of the
thermodynamic and kinetic mechanisms involved in nucleation and crystallization of
different oxide heterostructures (nanoislands and thin-films) involving gadolinium and
zirconium doped-CeO,; (CGO and CZO), LaNiOs (LNO), BaggSrg2TiO3 (BST) and
Lag 7Srg sMnO3 (LSMO) on single crystals (Y203:ZrOs (YSZ), LaAlO3 (LAO), SrTiO3 (STO))

and technical substrates like silicon wafers or oxide-buffered stainless steel metallic tapes.

To the extent of our knowledge, this is the first time Rapid Thermal Annealing (RTA)
furnaces were successfully employed to separate nucleation and coarsening through the use
of very fast heating ramps ({ 20 °C s !). First of all, we reported that crystallization and even
epitaxial growth can be achieved at very low temperatures (<500 °C). We also determined the
role of the different processing parameters (temperature, heating ramp and atmosphere),
substrate type and orientation on nucleation and growth rates of nanoislands and films, and

their final morphology.

Specifically, the morphology of CGO nanoislands was changed from isotropic
nanopyramids to anisotropic nanowires by changing the substrate orientation from (001)YSZ
and (001)LAO to (011)LAO o, alternatively, by annealing under Ar-H; instead of Oy for CGO
on (001)LAO substrates. We also demonstrated the presence of a large amount of oxygen
vacancies in the structure of CGO which was associated to the particular arrangement of
nanoislands on the different substrates. Thermodynamic analyses were used to validate the

stable shape and final sizes of nanostructures. Essentially, nanopyramids reach an equilibrium
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size of about 20-50 nm that will depend on the interface energy between island and substrate;
while nanowires seem to enlarge indefinitely along the large direction. Additionally, we
observed that strain has an important contribution in nucleation, being able to delay
nucleation to higher temperatures or prevent nanowires to grow along certain substrate
directions. We also calculated the precise values of nucleation barriers for the different
nanoislands, i. e. between 3 and 18 times kgT), and demonstrated that island coarsening
follows a self-limited growth behavior which is highly influenced by a thermally-activated
atomic diffusion. In particular, we determined that the activation energies of islands’ diffusion

to be between 9 and 15 times kT, and the growth rates are approximately 0.01-0.2nm's 1.

Regarding nucleation and growth of oxide thin-films by RTA, we reported that equivalent
results are obtained by RTA as compared to conventional furnaces when using the same
annealing conditions, but having a more precise control on heating rates and temperature.
Particularly, we determined that CZO is already in a nanocrystalline state after
decomposition, while LNO and BST are likely to be amorphous. Moreover, CZO and BST
films grow following a 3D mode on YSZ and LAO, respectively, LNO growth is 2D. The type
of growth is highly influenced by the surface/interface energies and strain of each
heterostructure. The strain state of CZO/YSZ, LNO/STO and BST/LAO heterostructures was
found to strongly depend on thermal expansion coefficients of film and substrate, as well as
the lattice mismatch; resulting in an abnormal tetragonal distortion of CZO and BST lattices.
Interestingly, we have demonstrated that epitaxial growth is mainly driven by a reduction of
the polycrystalline grain boundaries. = Furthermore, this indicates the presence of
homogeneously and heterogeneously nucleated grains at initial stages of growth,
demonstrating that there is a competition between both events at the experimental conditions
employed. Despite that the epitaxial growth rate is always a bit larger than the polycrystalline

one.

We also determined that the transformation from random to epitaxially-oriented material
also follows a self-limited growth. The growth rate of the process, in the range of 0.01-0.1
nm s !, highly depends on how fast the epitaxial material grows as compared to the coarsening
of polycrystalline grains. Particularly, CZO seems to grow slower because the polycrystalline
grain size rises very fast compared to LNO and BST. We have found that the epitaxial atomic
diffusion coefficients are one order of magnitude larger than polycrystalline coefficients, in the
range of 10 ¥ and 10 2* m? s ! respectively. Additionally, we determined that the epitaxial

growth rate depends on precursor layer thickness, and this might be a drawback for reaching
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high epitaxial thick films. We demonstrated that this issue can be prevented by performing
separated full epitaxial growth of individual layers, achieving highly crystalline and epitaxial
films with exceptional surface morphology. Isothermal grain coarsening has been found to
also follow a self-limited behavior. The RMS roughness of each heterostructure diminishes
with time as the large grains are transformed into flat epitaxial terraces. This also induces
a reduction of films’ microstrain. An increase of the film thickness leads to rise in the RMS
roughness due to the appearance of large and spherical grains associated to polycrystalline

material.

An also very novel strategy such as Pulsed Laser Annealing (PLA) at atmospheric
conditions of CSD deposited layers has been implemented and employed as an alternative to
thermal treatments for the growth of oxide heterostructures. The influence of photo-induced
thermal mechanisms has been evaluated through numerical simulations, employing the
optical and thermo-physical properties of different materials. We have demonstrated the
capability to achieve decomposition of CSD precursor films, Ce-Zr propionates in our case,
with shorter processing times than in thermal treatments and with equivalent results, i. e.
less than 10 min with our laser setup compared to hours. The spatially-confined nature of the
laser beam has also permitted to design submillimetric patterned CZO structures. Epitaxial
crystallization of CZO, LNO, BST and LSMO films has also been achieved on single crystal
and technical substrates after optimization of the experimental conditions (fluence, number of
pulses, substrate temperature, etc). A significantly faster epitaxial growth compared to
thermal treatments has been achieved, i. e. few milliseconds vs tens of minutes. This results
from larger atomic diffusion coefficients for laser irradiation (10 !4-10 3 m?s !) as
compared to thermal annealing (10 1-10 ¥ m? s 1) or, equivalently, epitaxial growth rates of
103-10* nm s ! and 0.01-0.1 nm's ! for PLA and RTA, respectively. This rapid growth is
mostly caused by the higher temperatures developed by laser annealing. Additionally, we
proposed that other mechanisms should be considered such as temperature gradients
developed inside films (10'° °C m 1), as well as photochemical effects caused by direct bond
dissociation by the laser photons, which could be particularly strong in LNO, BST and LSMO
films where dissociation energies of some bonds are close or below the laser photon energy.
The functional properties of laser-grown films have been evaluated and compared with
equivalent samples produced using thermal treatments, showing quite similar results,

demonstrating the feasibility of this new processing method.

The different growth methodologies employed combined with advanced characterization
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techniques (atomic force and scanning transmission electron microscopies, advanced x-ray
diffraction measurements, infrared-visible-ultraviolet spectroscopies, ellipsometry) allowed
me to perform the profound study undertaken and provided us with a better understanding
of nucleation and growth mechanisms of oxide heterostructures from chemical solution
deposition. The methodologies and analyses developed have been fundamental for the

development of this thesis and their application can be made extensive to other systems.
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Glossary

ABAD ... Alternating Ion-Beam Assisted Deposition
AFM Atomic Force Microscopy
BST .. Bay gSrg 2 TiO3 Strontium-doped Barium Titanate
G Coated Conductor
CGO Cep 9Gdp 102 , Gadolinium-doped Ceria
ONT o Classical Nucleation Theory
CSD Chemical Solution Deposition
CT A Conventional Thermal Annealing
CZO Ceg 9Zrg 102 , Zirconium-doped Ceria
FESEM ... ... Field Emission Scanning Electron Microscopy
FTIR ... Fourier Transform Infrared Spectroscopy
HAADF .. High Angle Annular Dark Field
HRTEM ... High Resolution Transmission Electron Microscopy
HTS High Temperature Superconductor
ICMAB ... Materials Science Institut of Barcelona
ICMM . Materials Science Institut of Madrid
ICN2 .. Catalan Institute of Nanoscience and Nanotechnology
INA-LMA .......... Institute of Nanoscience of Aragon-Advanced Microscopies Laboratory
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GLOSSARY

KrF Kripton Fluorine
LA . LaAlO3 Lanthanum Aluminate
LINO o e LaNiO3 Lanthanum Nickelate
LSMO ............................. Lag 7Srg 3MnO3 Strontium-doped Lanthanum Manganite
MRI Materials Research Institute
Nd:YAG ... Neodymium-doped Yttrium Aluminum Garnet
PID Controller ...................................... Proportional Integral Device Controller
P A Pulsed Laser Annealing
P D Pulsed Laser Deposition
PPMS ... Physical Properties Measurement System
PSU .. The Pennsylvania State University
PZT ... Pb[Zr,Ti; .]O3 Lead-Zirconium Titanate
RHEED ........ .. .. Reflection High-Energy Electron Diffraction
RM S Root Mean Square
R A Rapid Thermal Annealing
S M Scanning Tunneling Microscopy
SQUID ... e Superconducting Quantum Interference Device
s Stainless Steel
STEM ... . Scanning Transmission Electron Microscopy
ST O e SrTiO3 Strontium Titanate
TEM ..o Transmission Electron Microscopy
UV-Vis-NIR Spectrophotometry ....... Ultraviolet Visible Near-infrared Spectrophotometry
XPS X-ray Photoelectron Spectroscopy



GLOSSARY

XRD X-Ray Diffraction
XRDZ 2D X-Ray Diffraction
YBCO .. e YBasCuzO7 , Yttrium-Barium Cuprate
X Sz . Y503:ZrO5 Yttria-stabilized Zirconia
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Appendix A

Experimental Techniques

In this chapter, we will give a concise overview of the working principles of the techniques
employed for the analysis of different oxide heteroepitaxies. The purpose for their use was to
help us investigate and interpret the nucleation and growth mechanisms studied in this thesis.

The techniques described range from the characterization of precursor solutions with
rheological, contact angle and Fourier Transform Infrared Spectroscopy (FTIR) measurements;
morphological and structural analysis with Atomic Force Microscopy (AFM), Electron
Microscopies (SEM and TEM), X-ray Diffraction (XRD) and Reflection High-Energy Electron
Diffraction (RHEED), and measurement of physical properties like optical, electric transport

and magnetic measurements of the samples prepared.

A.1 Chemical characterization

A.1.1 Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy studies the fundamental vibrational excitations of bonds in molecules
such as stretching, rotation and bending. This is possible because specific functional groups
absorb in a limited range of IR radiation establishing an structural relation of the molecules
analyzed.

Fourier transform infrared spectroscopy (FTIR) works using a device called interferometer
which measures simultaneously all infrared frequencies, i. e. from 4000 to 400 cm L Then the
signal acquired is decoded using a Fourier transform which allows the interpretation of the
interference pattern obtained as individual frequencies. Further analyses of the recorded

spectrum allow the determination of the molecular structure of a sample. Additional
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A. Experimental Techniques

information about this technique can be found elsewhere [308].

FTIR measurements presented in this work have been performed using an IR Spectrum
One spectrophotometer (PerkinElmer) located at the Materials Science Institute of Barcelona
(ICMAB). This spectroscopic technique is mostly used for the analysis of powder specimens,
however, we used a special holder designed to measure thin-film samples. The procedure
followed consists of passing IR light through CSD-deposited samples before and after the
decomposition steps. Fig. A.1 shows three curves corresponding to the YSZ substrate (—)
which is employed as a reference, the as-deposited CZO precursor film (—), and the

pyrolyzed film at 300 °C for 10 min (—).
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Figure A.1: Fourier-transform infrared spectroscopy analysis of the decomposition of CZO precursor thin films.
The curves correspond to: YSZ substrate (—), as-deposited CZO precursor (—) and pyrolyzed (—) films. The

decomposition was done at 300 °C for 10 min.

A.1.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a non-invasive surface-sensitive technique used for
the chemical analysis of a material’s surface. It provides information about the composition
and, chemical and electronic state of the elements present with practically inexistent sample
damage.

XPS spectra are obtained by irradiating a specimen with a beam of X-rays while
simultaneously collecting the photoelectrons produced whose kinetic energy exceeds their
binding energy and are able to escape from the first few nanometers (< 10 nm). This technique
requires high vacuum conditions to operate (< 10 ® mbar), although some experiments have

been carried out at ambient pressure (few tens of mbar).
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A.1. Chemical characterization

Laboratory-scale equipments can detect all elements from lithium (atomic number Z>3),
although detection of lighter elements (i. e. hydrogen and helium) can be achieved easily with
synchroton sources. There is also a limitation in the amount of material detected which for
most elements requires a concentration of parts per thousand. Finer detection in the range of
parts per million (ppm) may require extremely long acquisition times.

The typical representation of an XPS spectrum plots the intensity of photoelectrons
detected as a function of their binding energy. Since each element has a characteristic set of
energy values, we can obtain an accurate analysis of the electronic structure (i. e. occupancy)
of their atomic orbitals. In addition, the amount of electrons detected in each peak is directly
proportional to the amount of elements present, and they are also influenced by the local
bonding environment which may produce a shift in the energy and give and indication of
their chemical state.

Measurements of the oxidation state of CGO nanostructures were performed in an ultra-
high vacuum (UHV) chamber using a base pressure of 10 ! mbar. The angle between the
hemispherical analyzer (Specs-PHOIBOS100) and the plane of the surface was kept at 90° and
the X-ray radiation was the Mg K line (1253.6 eV). Narrow scans of Ce 3d core level were
recorded using a pass energy of 15 eV with an energy step of 0.1 eV. As the proportion of Ce in
the sample is very small (around 2% on the wide scan), up to 330 scans were accumulated for
each measurement in order to decrease the signal-to-noise ratio at the Ce 3d core level spectra.
Before XPS data were analyzed, the contribution of Mg K satellite lines was subtracted and
the background removed by a Shirley routine. The analysis of the Ce 3d core level peak was
performed according to Romeo et al [309]. All XPS measurements were carried out ex-situ.

Fig. A.2 and Table A.1 present the Ce 3d core level spectra for CGO nanowires and the
associated area integration of each individual peak. The reader is referred to section 4.2.3 for

additional interpretation of these results.

Table A.1: Quantification of the individual peak areas extracted from Fig. A.2 and normalized to the sum of all

peak areas.

vo (%) | v (%) | v1 (%) | v2 (%) | v3 (%) | o (%) | uw (%) | ur (%) | uz (%) | us (%)
3.97 15.01 | 15.33 8.81 11.81 3.59 13.58 | 13.88 7.98 6.04
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Figure A.2: XPS Ce 3d core level spectra of (011)CGO nanowires grown on (011)LAO in O atmosphere at 1000
°C, 20 °C-s~* for 5 min. The fitted components shadowed in green correspond to Ce3™ ions, while those shadowed

in red to Ce*™ ions.
A.2 Morphological characterization

A.21 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) has become an extremely vital tool for the advance of
nanoscience and nanotechnology since its creation in 1986 [310]. Its origin is connected to the
development of the first Scanning Tunneling Microscope (STM) in 1982 [311] and the
flowering of other techniques that analyze local properties of surfaces, the SPM family.

AFM consists of measuring very subtle interaction forces (10713—1075 N [312]) between a
sensor, i. e. the tip, and a sample with resolutions in the order of the nanometer [312, 313]. Tips
are placed at the end of a cantilever! and, typically, have an apex radii below ~10 nm.

Besides surface topography, probe-sample interactions also reveal information about other
properties which depend on the nature of the force (repulsive, attractive, Van der Waals,
magnetic or electrostatic) sensed by the cantilever while measuring its bending and torsion,
and is related to its geometry, mechanical stiffness and coating.

The measurements themselves consists of a laser beam reflected on the back side of the
cantilever and detected by a Position Sensitive Photo Diode (PSPD) (Fig. A.3) which is sensitive
to the small fluctuations in the laser position during the characterization of the specimen. Then,
an electronic feedback compares those variations with a fixed (set-point) value and sends a

signal to a piezoelectric actuator which adjusts its position in order to maintain that value. The

1Soft spring fabricated with Si or Si3sN4 using microfabrication techniques [314].
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Figure A.3: Schematic diagram of an AFM set-up featuring the optical laser-reflection detection mode.

signal is recorded leading to the resulting topography images.

There are different operation modes available for an AFM which depend on the
experimental conditions and the forces recorded [315]. In the contact mode, the tip is kept
almost in mechanical contact with the surface, below 5 A of separation, and allows the
measurement of forces caused by the deflection of the cantilever. Topographic information

and friction can be measured through vertical and lateral deflection, respectively.

In the dynamic mode, which includes intermittent and non-contact modes, the cantilever
oscillates close to its resonance frequency. The difference between both modes is that in the
former, the tip touches the sample’s surface intermittently while in the later it is kept at a
distance around 50-150 A above it. In order to measure the interactions acting between tip
and sample, which are essentially due to van der Waals forces, the system records the
variations in the oscillation amplitude, frequency, and phase of the cantilever [316]. This mode
can be employed in different environments (ambient, liquid, and vacuum), retards tip
degradation, and avoids damage in fragile specimens. Apart from topographic information, it
can also provide magnetic and electric characterization with high resolution if the appropiate
tip is used. Additional information about the many aspects regarding AFM and other

Scanning Probe Microscopies can be found elsewhere [317-319].

In this thesis, we have analyzed the topography of different oxide heterostructures using
the intermittent mode at room temperature in air. Two AFM equipments, located at ICMAB,
were employed: an Agilent 5100 and an Agilent 5500LS (both from Agilent Technologies).
Before imaging, samples were cleaned with acetone and methanol in an ultrasonic bath, and

dried with compressed air. Sometimes, they were exposed to ultraviolet light and ozone (UVO-
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Cleaner, Jetlight) for 10-20 minutes for further elimination of surface contaminants. Silicon tips
from APPNANO were mounted on rectangular Si cantilevers with force constants k£ around
40 N-m~!, and resonance frequencies from 60 to 200 kHz. Data processing was performed
using MountainsMap 7.0 (Digital Surf) and WSXM 5.0 [320] (Nanotec Electrénica) commercial

softwares.

A.2.2 Field Emission Scanning Electron Microscopy (FESEM)

Scanning Electron Microscopy (SEM) basic principle is to scan a sample using an electron beam
with an energy in the range of keV, usually 1-20 keV. The internal setup of an scanning electron
microscope is illustrated schematically in Fig. A.4.

SEM is an extremely useful tool to create a general perspective of topographic information
about grain size, porosity, particle distribution and inhomogeneities. In addition, it can
provide compositional information from the average atomic number, as well as surface
potential distribution, magnetic domains or crystal orientation and defects.

A major limitation of SEM is that specimens must be electrical conductors, but it is also
possible to study insulating samples if they are properly coated with a thin conducting film.
Field Emission SEM provides a significant improvement in resolution, as well as the
possibility to avoid coating of specimens. Essentially, electrons are accelerated by means of a

strong electric field providing narrower beams, resulting in an enhancement of the spatial
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Figure A.4: Diagram describing the general set-up of a SEM used to analyze a specimen.
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resolution (up to 5 nm at 1 keV), and a reduction in sample charging and damage.

Different information can be obtained from the interaction between primary electrons
coming from the source and the specimen. Basically, it is composed of secondary electrons,
backscattered electrons and characteristic X-rays. On the one hand, secondary electrons which
usually leave the sample with an energy of 1-50 eV provide information about surface features
in two-dimensional images. On the other hand, backscattered electrons are the ones with a
strong interaction with atom nuclei, leave the sample with energies above > 50 eV [321] and
provide compositional information (z-contrast). In addition, the primary electron beam
generates characteristic X-rays which can be used to give more accurate data about
composition, also known as Energy-dispersive X-ray spectroscopy (EDX).

FESEM images were made using a FEI QUANTA 200 (FEG-ESEM) located at ICMAB and
a FEI NanoSEM 630 located at the Materials Research Institute (MRI) from the Pennsylvania
State University (PSU).

A.3 Structural characterization

A.3.1 X-ray Diffraction (XRD)

X-rays are electromagnetic waves with wavelengths A comparable to the interatomic distances
in solids (0.1-100 A), making possible that the interaction of X-rays with the electronic
arrangement of atoms in a solid revealing its internal distribution. When X-rays hit a
crystalline sample, they basically interact with the electrons surrounding the atoms and are
scattered. If the scattered X-rays fulfill the Bragg condition?, we will have a constructive
interference and observe a diffraction peak. Fig. A.5 shows a simple representation of X-ray
beams satisfying Bragg’s law.

A diffraction pattern can be obtained by changing the incidence angle of X-rays resulting
in a characteristic fingerprint of a particular material. The number, position and intensity of
Bragg peaks in a diffraction pattern basically depend on the symmetry and size of the unit
cell, the arrangement of atoms within it and on the nature and wavelength of the radiation

employed. In particular, in highly oriented samples such as single crystals or epitaxial thin

% Bragg’s law states the conditions in which the difference between the incident and scattered wave vectors in an
interference process will be constructive or not. The requirement for an interference to be constructive is achieved
if the scattered beams are in phase so that their difference in path is equal to an integer number n of wavelengths,
nA = 2dpsinf, where ) is the wavelength of the incident X-ray, dn: is the interplanar spacing between the (hkl)

family of planes, and 6 is the angle of incidence between the X-ray and the sample plane.
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Figure A.5: Schematic view of the constructive interference between two incident X-rays on a crystal surface

(Bragg s law). Adapted from [322].

films, only specific families of hkl planes are in diffraction conditions and, thus, the pattern
exhibits only those planes. Different diffraction conditions can be achieved by modifying the
relative position between sample and detector (Fig. A.6) and, thus, gather information like

crystal structure and quality, or in-plane and out-of-plane texture and orientation.
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Figure A.6: General set-up and angle nomenclature in XRD measurements. Particular, tuning will be necessary

depending on the experiment.

Multiple investigations have been performed in our samples involving different

diffractometers:

J 2 scans give information about the crystallographic orientation of substrates and
thin films, as well as extract their out-of-plane lattice parameters. In addition, we can
perform simultaneous texture measurements in thin-films if a General Area Detector
Diffraction System (GADDS) from Bruker is used instead. The main advantage of this
system lies in the possibility to acquire multiple2 ( 2 =30°) and 7 ( 7=70°) positions,
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A.3. Structural characterization

and reduce the acquisition time extraordinarily, as well as give information about the
out-of-plane texture. Thus, 2D-XRD is highly recommended for samples with different
phases, i. e. with single-crystalline and random orientations. Fig. A.7 compares the
results obtained using 1D (Fig. A.7a) and 2D (Fig. A.7b) detectors of the same sample.
Further information on the working principles of XRD? can be found elsewhere [323].

This measurements were performed with a Rigaku Rotaflex RU-200BV diffractometer at
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Figure A.7: 2 measurements with (a) 1D and (b) 2D detectors of a CGO multilayered sample on a YSZ

substrate.

ICMAB and a PANalytical XPert Pro MPD theta-theta Diffractometer at MRI, both with
a Cu-K source (\“* =1.5418 A). Data acquisition was typically performed with a 0.02°

step size.

In addition, microstructural analysis can be performed from characterization of line
broadening at specific diffraction peaks. High-resolution XRD (HRXRD) measurements
are often used since this widening is highly affected by instrumental aberrations and in
some cases there is an overlap between film and substrate reflections. Nevertheless, the
diffracted intensity is significantly reduced and, therefore, acquisition times are quite

long. A detailed description of these analyses will be given in section A.3.2.

Measurements of specific 2 positions were done in a PANalytical XPert PRO MRD
4-circle diffractometer in high resolution mode (A\{*=1.5406 A) from the Catalan Institute
of Nanoscience and Nanotechnology (ICN2). Also, a standard powder diffractometer
located at ICMAB (Siemens D5000, A\{“=1.5406 A and \§“=1.5444 A) was used prior
measurement of a LaBg standard sample in order to determine the instrumental

broadening.
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* Rocking curves or -scans provide information about the out-of-plane texture of a
sample in a different way than the information obtained from XRD?. By performing an
scan at a fixed 2 position of a low indexed peak and analyzing the full width at half
maximum (FWHM) of the curve acquired, we can obtain information on the
mosaicity of the analyzed reflection. The narrower the peak, the higher the crystalline

quality of the sample. Some examples can be found in section 2.1.2.

This measurements were performed with a Rigaku Rotaflex RU-200BV diffractometer at

ICMAB. Data acquisition was typically performed with a 0.02° step size.

¢ Pole figures or m-scans allow us to represent the distribution of crystallographic lattice
orientations between films and substrates. Basically, it consists of measuring a specific
hkl reflection set in Bragg condition. If the (hkl) planes are not parallel with the substrate,
the sample must be tilted an angle 7 and, then, a 7-scan of frequently 360° is perform
at that angle. Pole figures are understood as the stereographic projection of the selected
hkl-planes situated in an imaginary hemisphere located above the sample surface (Fig.
A.8a). In Figs. A.8b and ¢, we can see the integration of a specific 2 position and the

resulting pole figure, respectively.

This measurements were performed with a GADDS diffractometer at ICMAB. Pole

figures were typically done at fixed 2 7 regions and 7-scans with 180 steps of 2° for 40

seconds each one.

Figure A.8: (a) Schematic representation of the stereographic projection of a certain hkl-plane on a 2D image
consisting of a circle with 0° « 360°and 0° 1 90° (b) XRD? frame centered at 2 =28.5° and 7 =54°
belonging to a CeOq nanostructured sample. The pole figure is built from the integration between 27°< 2 <29°
(marked in blue) of 180 equivalent frames at different m-angles. (c) Resulting pole figure of the (111)CeO,

reflection. The peaks situated at T =54° correspond to (001)-oriented CeOo nanoislands.
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 Epitaxial and random fraction quantification is possible if one follows a variation of the
procedure employed by A. Llordés in our group [5, 245]. This method makes use of a 2D
detector to set the sample on a certain asymmetric reflection, i. e. fixed values of 2 ,
and 7. Then, a 7-scan is performed to find the maximum value of that angle, and once it
is found the acquisition begins. Following this methodology coupled with the addition
of a nickel filter, we are able to eliminate the contribution of substrate’s Ky, and possible
influence of substrates in most cases. The reflections chosen to perform our analyses are
the (011) and (022) orientations which corresponds to values of ( 15°, 7=45°and 2 will
depend on the oxide analyzed (2 ¢z0=47.73° 2 Ln0=32.78° and 2 pg7=31.67°). The
acquisition time was of 30 min to 1 h and the measurements were done using the GADDS

system at ICMAB.

Fig. A.9 shows an example of the result after the measurement for a 3-layered BST film
grown on LAO with RTA at 900 °C, 20 °C s 1 for 30 min in Oy. Data analysis is done
by integrating the areas selected in Fig. A.9 with GADDS software and using any data
analysis/graphing suite. Essentially, the background (/) is substracted from the other
contributions, and the random part is removed from the epitaxial one as well. Then, area
integration of the remaining curves is performed using the same analysis software. The

relation between epitaxial and random fractions can be extracted from

Immdom _ I:;ifg (360 T) 4/8 (Al)
Iepitamial 8 I;;Cl};

where I7P g and I ;;CIZ are the random and epitaxial contributions as indicated in Fig. A.9,

and 7 is fixed for each analysis. Finally, it contribution can be calculated if we assume

Iring I:I I:] Ibkg

I

pole

(011)STO | «—(011)BST

Figure A.9: Example of the quantification of the epitaxial and random fractions for a 3-layered BST film grown
on LAO. The growth was done with RTA at 900 °C, 20 °C s ! for 30 min in Ox.
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that I,.4ndom and Iepitarial are representative of the volumic fraction of each phase (vyandom

and Uepitaa:ial)/ and that Iy andom + Iepitaxial = 100.

X-ray reflectometry (XRR) uses low angles, i. e. grazing incidence, to characterize
thickness of thin films and multilayers, surface roughness and density, etc. Basically, the
X-ray beam is reflected above a critical angle .( 0.3° at film surfaces and interfaces due
to different electron densities generating an interference oscillatory pattern (Fig. A.10).
XRR has been used in this thesis to analyze the thickness of different oxide thin-films by

using the relation
(

where s the periodicity between oscillations, A is the characteristic wavelength of the

(A.2)

| >

X-ray source, and ¢ is the thickness of the film. Thicknesses extracted from Fig. A.10 are
approximately 45 nm and 30 nm for pyrolyzed and grown LSMO films, respectively.

102

—_
e

Intensit

1 ' . . LSMO grown
0. 1.0 15 20 25 3.0
Grazing angle ()

Figure A.10: X-ray reflectometry (XRR) measurement of pyrolyzed (—) and grown (—) Lag 7Sro.sMnOs thin-

films on SrTiOg substrates. . indicates the critical angle and  the periodicity between oscillations.
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This measurements were performed with a Rigaku Rotaflex RU-200BV at ICMAB (from
0.5° to 3° with steps of 0.002° and A““=1 5418 A) and a PANalytical XPert PRO MRD
4-circle located at the ICN2 (from 0.5° to 6.5° with steps of 0.02° and \{“=1 5406 A).

Reciprocal space maps (RSMs) or Q-plots give us information about the structural
properties of thin films such as in-plane and out-of-plane lattice parameters and
relaxation, and structural quality. The measurements consists of a series of =~ 2 scans
performed at fixed 7 and 7 values around specific reflections of substrate and film,
usually asymmetric, and allowing us to record a complete area of the reciprocal space.

Information about lattice relaxation can be acquired if we transform the
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information to the reciprocal space wavevectors parallel and perpendicular to the

surface, @, and @ respectively, using the following relations:

Q= %sin sin( ) (A.3a)
A
Q, = 5 sin cos( ) (A.3b)

where ) is the wavelength of the X-ray source and @), and (). are the reciprocal space
wavevectors. Values of the in-plane and out-of-plane lattice parameters, a and c
respectively, are extracted from the corrected center positions of peaks, considering the

experimental displacement in and . Then, the lattices parameters can be extracted

from:
a= th (A.4a)
c= s (A.4b)
Q. '

where h and [ stand for the Miller indices of the peak. This measurements were
performed with a PANalytical XPert PRO MRD 4-circle diffractometer located at ICN2.
Fig A.11 shows an example of a RSM of the (-224) asymmetric orientation for CZO on
YSZ.

~0.57 -0.56 -0.55 -0.54 -0.53 -0.52

Q, (rlu.)

Figure A.11: Example of a reciprocal space map of the (-224) asymmetric orientation for CZO on YSZ.

Additional knowledge about XRD physical principles and applications can be found
elsewhere [324].
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A.3.2 Microstructural analysis from XRD measurements

Generally, oxide thin-films possess crystalline structures which differs from the ideal case.
This variations are known as microstructure and can have a deep control over their properties
[202, 203]. The most important parameter controlling the microstructure is the residual stress
which can be caused by processing, lattice mismatch between film and substrate, differences
in thermal expansion coefficients, and crystallographic defects such as dislocations, stacking
faults, grain boundaries, etc. X-ray diffraction is a good tool that can be used to measure
lattice disorders by analyzing the shift and broadening of peaks.

Residual stresses are originated by strain and can be classified in

* macrostrain (£): its a large-range effect caused by a uniform strain and produces a shift
of the diffraction lines. For example, a compressed film will have a smaller interplanar
distance dyx; and present a shift towards higher values of 2 , while if the strain is tensile
dpr; Will be larger and the displacement will be to lower angles. Usually, this strain is
seen at early stages of growth before dislocations are introduced in the film structure or in
systems with relatively low lattice mismatch which prefer to be slightly strained. Besides
typical 2 measurements, reciprocal space maps are also a good tool to analyze this

source of strain.

* microstrain (p): its a short-range fluctuation in the interplanar distance generated by
a non-uniform strain and produces a broadening of the diffraction peak. Its origin is
due to the misorientation of grains and the presence of grain boundaries. Main sources
of microstrain are crystal defects like dislocations, grain and twin boundaries, stacking

faults, vacancies, but also mechanical deformation or compositional gradients.

Besides lattice distortions, peak broadening is also influenced by domain size (grain or
particle size) which is independent of the order of the (hkl) reflection. The Williamson-Hall
plot [325] is the simplest model to separate between both contributions, and has been
previously used in our group to calculate the microstrain of YBCO nanocomposites
[5, 115, 245]. Basically, it uses the different dependence on the Bragg angle of size  and

microstrain ,, broadening

K\
s = A.
L cos (A5)
and
m = 4v tan (A.6)
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Eq. A5 is the well-known Scherrer formula [326], where K is a constant with a typical value
of 0.9, X is the wavelength of the X-ray source, and L is the average domain size. Eq. A.6 was

derived by Stokes and Wilson [327], where v is the microstrain.

Assuming a Gaussian profile, the real microstrain broadening is 2,,= ;7 2 instr 2,
and the W-H equation results in
2 2 KA * 202
hk1 COS” = [—— + 16v° sin (A7)

In this thesis, we have used the Williamson-Hall plot to evaluate isotropic variations of

the disorder parameter along out-of-plane orientations, in our case (00l) reflections, from the

2 2

graphical representation of 2,,cos® versussin® for different 00/ diffraction peaks as shown

in Fig. A.12 for a Bag gSrg 2 TiO3 thin-film grown on a LaAlO3 substrate.
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Figure A.12: Microstructural analysis of a Bay.sSro.2TiO3 thin-film grown on a LaAlOs substrate using the
Williamson-Hall plot method.

Basically, the angle was centered on the film, the range was reduced to minimize

substrate’s contribution and the acquisition time was increased to 30-60 min.

A.3.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is an extremely robust tools to analyze the internal
structure of materials with sub-nanometer resolution ({( 0.5 A4) in the case of
aberration-corrected microscopes [328]. In essence, TEM consists in a parallel static beam of
coherently accelerated electrons ({ 100-300 kV) which interacts with a sample. There electrons
scatter with the atoms of the specimen and generate diffraction patterns. Electrons travelling

across the sample are magnified and focused by a series of electromagnetic lenses to finally
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gather all information containing its atomic distribution in an image. The fundamental
elements of a conventional TEM microscope are depicted in Fig. A.13a.

The same working principles are applied in Scanning Transmission Electron Microscopy
(STEM), yet with a small difference in the electron beam incidence on the sample where a
convergent beam is scanned through it. This is achieved by placing the objective lens before

the specimen (Fig. A.13b).

(a) (b)
- 111}

f I" i 1 .
‘ LR b Specimen
i ! f \

*f;_[-:,,__.-"_? 7>  Objective

Back focal lens High angle
lane scattered
Y electrons
ADF -+ — -
detector I -
Image [ 1 BF detector
plane

Figure A.13: (a) Simple representation of the main components present in a Transmission Electron Microscope.

(b) Hlustrative view of a STEM microscope. Figure has been adapted from [329].

Besides imaging and modifying the position of the electromagnetic lenses, TEM can
perform Electron Diffraction (ED) and spectroscopies like Electron Energy Loss spectroscopy
(EELS) which give information about the chemical and structural composition of an specimen.
The information obtained from ED and imaging is generated by coherently and elastically
scattered electrons®.

On the other hand, electrons scattered inelastically at high angles, typically incoherent, are
used for High Annular Dark Field (HAADF) STEM imaging. It is worth noting, and has
already been demonstrated, that their intensity is proportional to Z2 (Z is the atomic number)
[330]. This means that the heavier the atom, the brighter will be its contrast, leading to an
unambiguous interpretation of its chemical nature. Furthermore, while operating a STEM, the
non-scattered beam can be selected as well and, thus, STEM imaging is quite similar to TEM
Bright Field imaging.

Although High Resolution TEM (HRTEM) provides atomic resolution, STEM is in a

*Coherently scattered electrons are those that preserve their energy and a certain phase relationship between

them after their interaction with the sample.
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preferential position since image interpretation is more straightforward. This is because
HRTEM contrast is due to phase differences of the scattered beams which means that the
images will highly depend on sample thickness and microscope defocus. Also, interpretation
of HRTEM results often necessary to perform simulations to univocally determine the origin
of the contrasts observed.

Most limitations in TEM and STEM are caused by lens aberrations like astigmatism,
chromatic and spherical aberrations, and by the quality of the sample, particularly its
thickness. For a specimens to be transparent to electrons, its thickness must be of few tens of
nanometers (< 100 nm).

Practically all samples were prepared by mechanical polishing at ICMAB with the exception
of samples containing stainless-steel that were prepared by FIB. After the mechanical polishing
process, the specimen has a thickness ( 20 ¥m, so to reduce its thickness to the required values
an Ar' ion bombardment using a Precision Ion Polishing System (PIPS) is performed. This
process was exclusively carried out by M. de la Mata and F. Belarre. Further details about
sample preparation or the techniques are exhaustively described in dissertations from other
members of our group specialized in these techniques [329, 331] and in the book from Williams
and Carter [328].

Different microscopes were used for the HRTEM and STEM characterization of our
samples. For instance, HRTEM images were acquired in a Jeol 2010 FEG (200 kV) at “Serveis
Cientifico-Tecnics” of UB and a FEI F20 (200 keV) at ICN2. HAADF images were obtained in a
probe corrected FEI Titan 60-300 operated at 300 kV and located at the Advanced
Microscopies Laboratory (LMA) from the Institute of Nanoscience of Aragon (INA). Image
acquisition and interpretation was carried out by M. de la Mata using the DigitalMicrograph

software (Gatan Inc.) and 3D atomic models with the Rhodius Software [332].

A.3.4 Reflection High-Energy Electron Diffraction (RHEED)

Reflection High-Energy Electron Diffraction (RHEED) is a diffraction technique extremely
sensitive to morphology and structure of surfaces with a sensitivity as thin as a monolayer
[333]. This makes RHEED a very appropiate tool either to characterize the morphology of flat
surfaces or to control the growth of thin films, and provides complementary information to
XRD and TEM.

The setup employed in RHEED measurements is composed of an electron gun which

produces a beam of electrons, is located in a vacuum chamber to prevent them from scattering
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by gas molecules, typically operates at 10-100 keV, and probably is the most significant part
because it limits the resolution of the system.

The electrons flowing from the source hit a sample at extremely small angles in relation to
its surface which ensures a high surface sensitivity and reduces the contribution from the
substrate. A small fraction of incident electrons generate a diffraction pattern when they
interfere constructively at certain angles. Electrons interfere according to the position of atoms
on the sample surface, so the diffraction pattern at the detector is a function of the sample’s
surface. If it is perfectly flat, the pattern presents a group of concentric spots known as Laue
circles. Fig. A.14 presents a simplistic representation of the elastic scattering of electrons and
the formation of the reciprocal diffraction pattern.

(3D view | {RHEED screen

reciprocal rods

part af the
Ewald 1.|1l||.-1e
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.,

e icident beam e

g

Figure A.14: Three-dimensional schematic representation of electron scattering in the real space and its

corresponding pattern in the reciprocal space. Reproduced from [334].

However, most surfaces are imperfect and, thus, the shape of the diffraction pattern is
modified by splitting or broadening of its peaks. The pattern for rough surfaces is
characterized by spots consists in straight lines since high energy electrons penetrate through
surface irregularities (Fig. A.15a). When crystals size is reduced, the diffraction spots enlarge
in the direction of decrease as exemplified in Figs. A.15b and c. Finally, surfaces with flat
terraces present patterns which incorporates reflected and transmitted electron (Fig. A.15d).
An amorphous surface shows a blurred background instead of a diffraction pattern.

Measurements of the crystallographic structure of ultrathin-films and interfacial
nanoislands were obtained at ICMAB using a RHEED system (Staib Instrumente GmbH) with
an electron gun of 30 kV, a current of about 50 A and an incidence angle of less than 4° with

respect to the substrate surface.
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(c) (d) 00,
'

Figure A.15: Sketch of the various surface morphologies and RHEED diffraction patterns associated to them.

A.4 Physical properties measurements

A.4.1 Rheological and contact angle measurements

Viscosity and contact angle with the substrate are critical parameters which determine the
proper wettability of precursor solutions over substrates. The former controls, along with
molarity and deposition conditions, the final thickness of the films. Theoretically, viscosity (1)
measures the resistance of a fluid to deformation by shear or tensile stress. The measurement
of viscosity in our precursor solutions involves the deposition of a small volume of solution
between to plates of a rheometer (Haake RheoStress 600 from Thermo Fisher Scientific Inc.),
which are covered with a glass hood to avoid evaporation of solvent. Then, the instrument
applies a torque force to maintain a preset rotational speed of the upper plate. This force is
registered continously and allows the calculation of the shear stress (7) and viscosity using a
specific software. Fig. A.16a shows an example of the data acquired; viscosity values are

extracted from the stable range of the measurement.

The later quantifies the wettability of the precursor solution over a substrate. A small drop
of solution is deposited on a substrate, its trajectory is recorded and the contact angle is
extracted precisely at the moment when the drop makes contact with the surface. Fig. A.16b
presents an image of the drop used to measure the contact angle. The equipment employed

was a Drop Shape Analyzer DSA100 from Kriiss Gmbh.
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Figure A.16: Typical data obtained from (a) viscosity, and (b) contact angle measurements.

(b)

A.4.2 UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy is an absorption technique that uses light from the near-IR to near-
UV. In this region of the electromagnetic spectra, molecules undergo electronic transitions and
lead to characteristic absorption of light as a function of the wavelength (). This spectroscopic
technique is mainly used to characterize quantitatively solutions containing transition metals
or highly conjugated organic compounds. However, we have used this technique for the optical
characterization of CSD-deposited thin-films.

It is based on the Lambert-Beer law which establishes an exponential relationship between
the intensity of incident light at a given wavelength that goes into a medium and the intensity
of light transmitted.

I; =Iyexp( 1) (A.8)

where I, is the trasmitted intensity, Iy is the intensity of the incident light at a given wavelength,
is the absorption coefficient and [ the pathlength through the sample.

The spectrophotometer mesures the intensity of light that goes through a sample and
compares it with the initial intensity. The relation I Ij is called transmitance and can be
expressed in percentages. An spectrophotometer consists of a light source composed by a
tungsten (300-2500 nm) and a deuterium lamp (190-400 nm), a sample holder (the same used

in the FTIR spectroscopy in section A.1.1), a diffraction slit or a monochromator to split the
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different wavelengths and a detector which is tipically a photodiode or a CCD camera.

The measurements from this work have been obtained with UV-Vis-NIR Cary 5000
spectrophotometer (Varian). Highly transparent quartz or alumina substrates have been used
to measure the optical properties of both the as-deposited metal-organic and the pyrolyzed
films. The range of measure has been chosen to be from 200 to 1100 nm, since the wavelength
of the Nd:YAG laser used are within this range.

However, our samples are partially transparent and, thus, reflectance measurements are
also required for the complete characterization of our samples. For this purpose, we attached
a device called integrating sphere to the spectrophotometer which consists of a spherical cavity
made of a reflective coating, and collects the light specularly and diffusively reflected on the
sample. Then, using transmitance and reflectance measurements and knowing the thickness
of our films, we can applied a model designed by Denton et al. [284] to calculate the complex
refraction indexes (n and k) from which the absorption coefficient () can be extracted using the
following formula:

2 (A.9)

A.4.3 Ellipsometry

The word "ellipsometry" has its origin in the fact that elliptically polarized light is employed
during the measurement. Basically, it consists of the investigation of the dielectric properties
of thin films such as the complex refractive index or the dielectric function by measuring the
change in light polarization when interacts with a material, i. e. reflection at non-normal
incidence. Fig. A.17 illustrates a schematic representation of the ellipsometry setup.

The change in polarization o, commonly written as o = tan exp (¢ ) is quantified by
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Figure A.17: Schematic representation of (a) the ellipsometry setup, and (b) the light path for multi-layered

samples.
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two magnitudes, the amplitude ratio and the phase difference  as defined in [335]. Then,
thickness, composition, porosity, surface roughness and optical constants can be extracted by
fitting those functions with a model. The need to model the data is the main difficulty of this
technique which sometimes can be extremely complicated.

For semi-transparent films, the most simple model is the Cauchy dispersion law:

B C D FE F

where A, B, C, D, E and F are constants, and ) is the wavelength. However, if the system
is rather complex, a modified Cauchy law or a Tauc-Lorentz model may be more valid?. Fig.
A.18 shows the typical data obtained from ellipsometry measurements

Ellipsometry measurements were performed at ICMAB with a GES5E ellipsometer.
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Figure A.18: (a) Data obtained from ellipsometry measurements of CZO films on YSZ, tan  (solid lines) and
cos (dashed lines) for experimental values (black lines) and fitted values (red lines) at an angle of 70°. (b)
Refractive index n (- - -) and extinction coefficient (- - -) obtained applying the Tauc-Lorenz model. n and k data

from Ref. [336] are plotted for comparison.

A.4.4 Electric transport measurements

Electric transport measurements on LNO films have been performed using a Physical
Properties Measurements System (PPMS) from Quantum Design located at the ICMAB. The
system has a 9 T superconducting magnet and a helium cryostat which allows a precise
temperature control between 1.8 K and 400 K. In addition, it incorporates a nano-voltmeter

and a AC/DC current source which provides currents down to 1 A and up to 2 A with a

*A summary of the multiple dispersion laws available can be found in the user’s manual of the SOPRA GES5E

ellipsometer.
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resolution of 0.1 #A. Vacuum grease is used when mounting the sample in order to ensure a
good thermal coupling. Furthermore, a thermometer is found just below the sample
mounting space to monitor the sample temperature.

In order to determine the resistivity of thin films, we have mounted our samples with a four-
point configuration which allow us to avoid the contribution of contact resistivity (silver). Fig.
A.19 presents an sketch of the measurements, where current is applied through two contacts
(M and N) and voltage is measured on the other two (O and P). Then, a second measurement is
performed by applying current through two other contacts (P and M) and voltage is measured

on the remaining ones (O and N).

I+

Figure A.19: Van der Pauw configuration employed to perform resistivity measurements.

We calculate the resistivity following the van der Pauw method [337], in essence, after the

measurements we define p as

7wt Runop+ Ryo.pm
p== f
In2 2

(A.11)

where Ry nop=(Vp — Vo)/Iun and Ryo,pvi=(Var — Vp)/Ino are the resistances for the two
measurements, ¢ is the thickness of the sample, and f is a multiplying factor between 0 and 1

. R
and depends on the ratio 7222,
NO PM

A.4.5 Superconducting quantum interference device (SQUID)

A superconducting quantum interference device (SQUID) is a very sensitive magnetometer
utilized for the measurement of incredibly small magnetic fields. This can be achieve thanks
to a superconducting loop with one or two weak links (Josephson junctions) inserted in these
devices. In essence, they generate an output voltage signal, which is a periodic function of the

magnetic flux threading the loop, a geometry known as DC-SQUID (constant bias current).
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The magnetometer consists of a SQUID system and a precision temperature control unit
attached to a high-field superconducting coil. The sample is put inside the coil producing a
uniform dc-magnetic field at its location. Once the sample is magnetized, it is moved through
a set of pickup coils inducing a current in the detection system which is proportional to the
variation of magnetic flux. This signal is amplified via a sensor in form of voltage. Therefore,
the magnetic moment of the sample is proportional to voltage variations detected with the
SQUID, which can resolve magnetic moments as subtle as 10 ¢ emu. The whole system goes
inside an helium cryostat whose function is to refrigerate the superconducting coil and
provides precise temperature control.

Field and temperature dependent magnetization curves of LSMO thin films were
measured at ICMAB using a commercial MPMS XL-7T SQUID DC-magnetometer (Quantum
Design) equipped with a 7 T superconducting coil and a helium cryostat with temperature
control from 1.8 to 400 K. The isothermal magnetization curves presented a strong negative
slope due to the diamagnetic contribution of the single crystal substrates. Data treatment
involved the withdrawal the aforementioned contribution by linear fitting of the diamagnetic

signal.

A.4.6 Piezoresponse Force Microscopy (PFM)

The investigation of ferroelectric properties can be done through measurement of
piezoelectricity since both phenomena are connected, i. e. ferroelectric materials are also
piezoelectric [338].

Piezoresponse Force Microscopy (PFM) is a local technique based on the working
principles of AFM characterization (section A.2.1) operating in the so-called contact-mode.
The application of an electrical stimulus in the form of a periodic (or AC) voltage to a
conductive tip leads to a local deformation of the sample causing the tip/cantilever to deflect
(Fig. A.20). Since a laser/photodiode system is used to adjust the position of the tip (section
A.2.1), any change of the laser position on the photodiode is recorded by a lock-in amplifier.
The measured signal is proportional to the material’s piezoresponse. Typically, PFM measures
the ferroelectric domains of a selected region where the amplitude of the cantilever deflection
is proportional to the piezoelectric coefficient and the phase indicates the orientation of the
ferroelectric domain.

Besides measuring the ferroelectric domains by applying an alternating voltage V5. (1-10

V) to the tip, PFM can also be used to change the polarization of small regions of a sample by
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Figure A.20: Piezoresponse Force Microscopy operation and deformation cause on samples surface during the

application of an alternating voltage. Image courtesy of S. Jesse from ORNL.

using a continuous voltage V. or bias, i. e. lithography. Then, reading of the written domains
is done using an AC voltage as we mentioned previously. The V3. must be sufficiently high
(larger than the coercive field) to be able to polarize the desired area without modifying the
material’s surface. The V,. reading voltage must be lower than the coercive field to prevent
domain rewriting. For instance, Fig. A.21a depicts a BST film with two ferroelectric domains
with inverse polarization after applying a bias of -7 V (inner region) and +7 V (outter region).
The reading voltage employed in this case was 2.5 V.

PFM spectroscopic measurements can also be carried out, obtaining hysteresis loops of the
ferroelectric behavior. Essentially, a reading voltage is applied to the tip and the bias voltage is
varied. The change in amplitude and phase signals are then recorded leading to the common
hysteresis loops. Figs. A.21b and c illustrate the variation of amplitude and phase as the V.
applied to the sample changes. Finally, calculation of the piezoelectric coefficient, i. e. the d33

component, can be obtained from

A

d3s = A2
B=7 05 (A.12)
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Figure A.21: Piezoresponse Force Microscopy (PFM) measurements of a BST film annealed at 900 °C, 20 °C s !

for 30 min in Os. (a) PEM phase image showing the written domains with a voltage of +7 V (outter square) and

-7 V (inner square). Hysteresis loops are representative of (b) amplitude and (c) phase.
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where A is the amplitude, V,. is the reading alternating voltage and @ is the so-called quality
factor of the cantilever. Usually, the ds3 is calculated at the maximum amplitude A,,,, (at the

resonance frequency ¥..s) and the quality factor is defined as

%68

Q - &phigh !Zow

(A.13)

where ¥, and %4, are the frequency values below and above ¥, that fulfil the condition
A=Apqa: 2. Notice that a gain is usually applied during the measurement, therefore, it must
be subtracted when calculating the piezoelectric coefficient.  Fig. A.22 illustrates the
amplitude/frequency curve from where ¥..; and @ can be determined. A more detailed
description of PFM working principles, imaging, spectroscopies and additional measurements

can be found elsewhere [231, 339, 340].
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Figure A.22: Example of a frequency curve used to determine the resonance frequency and the Q factor.

PFM measurements where done at ICMAB with an Agilent 5500LS from Agilent
Technologies. Triangular silicon tips coated with 100 nm of doped diamond from APPNANO
were mounted on Si cantilevers with force constants around 0.1-0.6 Nm ! and resonance
frequencies from 11 to 18 kHz. Data analysis was carried out using MountainsMap 7.0

software from Digital Surf.
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