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Abstract

The widespread use of High Temperature Superconductors (HTS) into large
scale applications is, in part, still limited by the high costs of coated conductors
manufacturing. Aiming for a breakthrough to achieve high throughput, in this
thesis we have developed a novel technique that combines the low cost benefits
of solution processing with the very high growth rates of crystallization from
liquid phases. It relies on the growth of YBasCusO7_s epitaxial films assisted
by a transient liquid derived from carboxylate solutions.

In this dissertation, we first explain the basics of the process that leads
to YBapCu3zOr_;5 crystallization assisted by a transient liquid and then we
elaborate on the results of our investigation about this technique.

The reactions involved in the process are observed with ¢n situ measure-
ments. Pyrolysis of the Ba, Cu and Y propionates mixture at low temperatures
(<500°C) is observed with in situ infrared spectroscopy. Then, time resolved
X-ray diffraction with synchrotron light is used to reveal the reaction paths
to convert the resulting BaCOg3, CuO and Y203 to the final phase, as well as
nucleation and growth of the YBasCu3O7_s film from the transient liquid.

To do so, the deposition step is performed with spin coating or Ink Jet
printing methodologies. The solutions characteristics have been adapted to the
deposition technique and correlated to the resulting film morphology.

Then, several parameters have been investigated to control the rate limiting
BaCOj elimination reaction in order to avoid carbon retention in the final thick
epitaxial films.

Afterwards, the basic concepts for understanding the nucleation and growth
mechanisms of YBCO with TLAG are set. With the aim of obtaining c-axis
epitaxial YBay;CusOr_s films, several strategies are presented to control the
driving force for crystallization. The relevant parameters are solution compo-
sition, oxygen pressure, heating ramps and growth temperatures. Finally, the
crystallization conditions are correlated to the resulting films microstructure
and superconducting performances.

Two different paths are presented to reach TLAG. A direct temperature rise
at constant oxygen pressure (Temperature-route), or a two step process (Po,-
route). For the latter, BaCOg elimination is disentangled from YBayCu3zO7_s



ii

growth by a jump on Po,.
Additionally, several challenges needed to be addressed depending on the

route: liquid reactivity with the substrates due to its highly corrosive nature
or improper wettability, are some of them.

Finally, we have succeeded in obtaining highly epitaxial YBCO thin films of
90-500 nm with very high superconducting performances (T.=90-92 K, J. up
to 5 M A/em? at self-field and 77 K), at growth rates up to 100 nm/s, increased
by a factor 100 from those reported with conventional CSD.
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CHAPTER 1

Introduction

1.1 Motivation

The fight against global warming is the main challenge that society currently
needs to face. It involves, among many other necessities, a change of the energy
paradigm to stop COg emissions. Therefore, new technologies with enhanced
efficiency, smart and clean energy concepts are a necessity.

Any such new device will most likely rely on materials with outstanding
functional properties. In particular, the processes of crystal growth, thin film
fabrication, and development of nanomaterials lay the foundation of the modern
functional materials, low-dimensional structures, microelectronic devices and
nanostructured materials with new functionalities [1, 2].

The International Energy Agency stated in their 2018 outlook that electric-
ity is the fastest-growing final form of energy, especially with the increasing
electrification of transportation including plug-in vehicles [3]. Cuprate super-
conductors, are a particular case of functional oxides which can transport large
currents without losses, a property that makes them very interesting for energy
sustainability applications (efficient, smart and clean power system; transform-
ers, motors, superconducting magnetic energy-storage (SMES) devices, etc).

The development of this material into a flexible conductor with high current
transport capabilities is already a reality, so called 2G-coated conductors (CCs).
It involves the growth of epitaxial REBayCu3O7_s (REBCO, RE=Rare Earth
or Y) layers on top of buffered long length flexible metallic substrates.

However, in most cases, their real applicability now relies on commercial
viability. For a widespread use of superconductivity, as for other sustainable
energy technologies, new breakthroughs in the manufacturing processes are
required. Those should combine high performance with high throughput and
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low cost [4, 5, 6, 7, 8]

Chemical Solution Deposition (CSD) techniques have emerged with enormous
potential for low cost production of many functional oxide thin films. In the
recent years, it has been proven as a unique opportunity for processing high
performance, low cost nanostructured YBasCuzO7_s5 based coated conductors.
However, it has an intrinsic limitation on the material growth rate (< 2nm/s)
to achieve high throughputs.

The oxide growth techniques with real potential to go well beyond the present
state of the art concerning growth rates, are those using liquid assisted growth.
Fast atomic diffusion and high atomic density encompasses a much higher
growth rate than in vapour or solid diffusion approaches [9]. Some method-
ologies for liquid-assisted growth of REBCO material have been developed, but
none using low cost CSD approaches.

We propose and develop in this thesis a new approach based on deposition
of chemical solutions, but using a transient liquid to assist the epitaxial growth
of REBCO: Transient Liquid Assisted Growth (TLAG-CSD). We expect this
combination to be a breakthrough on the epitaxial growth of functional oxides
at enhanced rates and adaptable to low cost manufacturing. However, many
issues have to be addressed, from the understanding of the overall process, to the
attainment of epitaxial layers with the required microstructure and properties.

1.2 Superconducting materials

The main property of superconductors is the ability to show zero resistance
against electrical current below a critical temperature (T.). The nature of the
superconductivity is unconventional, which can be considered as a macroscopic
quantum phenomenon: quantum mechanics on a real-world-sized scale [10]

Superconductivity was first discovered in mercury at 4.2K back in 1911 by
Kamerlingh Onnes after being able to liquefy helium [11]. Many expectations
arose from this phenomena for both scientific and practical visions. Since then,
numerous advances have brought theoretical insights gave rise to several nobel
prize laureates (1933 Meissner effect [12]; 1957 BCS theory [13]; 1950 Ginzburg-
Landau theory [14]; 1962 Josephson effect [15]), while serendipity has played a
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major role to the finding of new class of materials displaying entirely unforeseen
properties.

During many years Nb alloys were the champion in terms of performances
and applicability. Their properties led to fabrication of high electric field super-
conducting magnets (>10T) still widely used in magnetic imaging resonance
(MRI) and high-energy physics applications.

It was not until 1986 that the discovery of high transition temperatures su-
perconductors (HTS) [16] based on ceramic materials supposed a new break-
through in the field. With transition temperatures higher than 77 K and up to
92 K, HTS can operate under liquid nitrogen cryogenic systems.

In the last 20 years, other type of superconductors appeared, such as MgBs
[17] with T,=39 K and pnictide-based materials [18] of the general formula
La-Fe-As-O, with critical temperatures of up to 50 K.

Now, from an engineering point of view, the discovery of higher T, materials
would not make a very large difference in the prospect of widespread use of
superconductivity

Instead, the introduction of superconductivity in large scale applications will
be driven by exploiting the current-carrying capabilities on cost-effective fabri-
cated superconductors [4]. Of course, the particular requirements are different
for each application [7].

The opportunities that superconducting based devices offer are not only
based on simple increased efficiency over conventional technologies; they pro-
vide unique solutions to challenges that cannot be achieved otherwise (i.e power
cables, superconducting magnetic energy-storage (SMES) devices, transform-
ers, fault current limiters and motors) [5].

This transition faces several limitations. For instance, economic constraints
are related to the current HTS high costs due to sophisticated, low yields and
limited throughput manufacturing processes. Hence, the challenge of producing
long length uniform wires of these materials is huge and there is still a need for
further research [8].

One of the most relevant parameters for superconducting materials profi-
ciency is critical current density (J.) performance under external applied mag-
netic fields, specially important for high magnetic field applications.
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All HTS materials are type II superconductors. They present two values of
critical fields (H,, and H.,). They are schematized in Figure 1.1a. Below H,,,
superconductors are in the Meissner phase [12], by which the material expels
applied magnetic field from its interior by generating surface electrical currents,
showing a perfect diamagnetic behaviour.

(a) (b) a0 FeSe,Te, . Nitrogen
H
¥ A: _ Normal state
~~
c2 IL ~ ~ o

Field (T)

Hcl

Meissner state

T Temperature (K)

Figure 1.1: (a) Typical magnetic field-temperature diagram for type II su-
perconductors in which different states can be observed. (b) For several su-
perconductors, dashed lines show the upper critical field (H., (7)) at which
superconductivity is destroyed, while solid lines indicate the irreversibility field
line (IL) at which the critical current density vanishes. Figure adapted from
[19]

For fields between H., and H., a new state is formed (Mixed state) |20,
21]. Here, the magnetic field penetrates into the material forming quantized
cylindrical flux lines called vortices. In this region, the material can carry high
currents without destroying superconductivity as long as the vortices are static.
At higher temperatures and magnetic fields, vortices movement activated by
thermal energy produces current dissipation, and J. vanishes above the so called
irreversibility field (H*).

Hence, the irreversibility line (continuous line in Fig.1.1) is the relevant pa-
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rameter for applications, and not the transition to normal state H,,.

YBayCuzO7_s [22] exhibits the most promising performance suitable for both
low /high field and temperature applications. It presents a high T. at 93 K
and the highest field current carrying capacity at liquid nitrogen temperature
(77 K). Additionally, the J.(H) curves at high temperatures can be further
pushed by engineering the nanostructure in a way that vortices movement is
hindered. Artificial pinning centers (APC) or non-superconducting defects may
be generated through synthesis of nanocomposite materials [23, 24].

1.3 YBa,Cu30Oy,_; structure

YBayCu3zO7_s is commonly termed as YBCO or Y123. Its unit cell structure
is displayed in Figure 1.2. It is composed by three pseudocubic elementary
perovskite unit cells. A central Y layer, around which are stacked the CuOs
planes which are thought to be the seat of superconductivity. CuOs planes
are separated by charge-reservoir interleaved layers which contain CuO chains.
Those provide a proper carrier density in the superconducting planes.

The § value is related to oxygen vacancies that can be disordered or ordered
leading to two different lattices: tetragonal (0.65 < § < 1) or orthorhombic
(0 < < 0.65). Maximum T, value (~ 92K) is achieved with a § ~0.07,
when the compound presents the orthorhombic phase [25]. In this form, the
oxygen atoms occupy the O(1A), while the O(1B) sites are empty, resulting in
a one-dimensional CuO chain parallel to the b-axis (Fig. 1.2).

Due to its structure, the current along the CuOs planes (or ab planes) is
much higher than the current that flows parallel to the c direction. Conse-
quently YBCO (and superconducting cuprates in general) is highly anisotropic.
This fact places fundamental restrictions on its properties, especially in poly-
crystalline form.

It was shown that grain boundaries act as weak links, hence critical current
density drops exponentially as the misorientation angle (6) between crystallites
increases [26]. Dimos et al demonstrated that this reduction occurs irrespective
of the type of grain boundary misorientation: twist, tilt, etc. Thus, to avoid
significant grain boundary obstacles to current flow, the material must be tex-
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OY °Ba ©Cu @0 ) O partially occupied site
Figure 1.2: orthorhombic phase crystalline structure of YBasCusOr_s

tured biaxially. That is, not just with one axis of texture but the three of them
(in plane and out of plane texture) [27].

Therefore, highly epitaxy (#<4) is required to display the highest super-
conducting performances [28, 29]. The approach for texturing HTS material
biaxially over long lengths is addressed with the coated conductor technology.

1.4 Second generation coated conductors and per-
spectives

The manufacturing of long, robust and flexible conductor out of anisotropic
ceramic materials is a challenging task. Extensive work with contributions from
material science, nanotechnology and engineering fields led to the appearance
of so called second generation tapes or Coated Conductors (CCs), first demon-
strated in 1991 [30].
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Figure 1.3: Representation of a multilayer architecture of coated conductors
(CC). At the inset, biaxially textured nanostructure of the YBasCusO7_s film

An example of coated conductor architecture is displayed in Figure 1.3. A
REBCO thin film is grown biaxially aligned to an oxide buffer layer with similar
lattice parameters. Those are at the same time placed on a metallic substrate
with good mechanical properties. On top, a protective cap layer is used to
cover the superconducting phase. Overall, it composes an heteroepitaxial tape
[6, 7]

Several buffer layers may be needed to transfer the biaxial texture from the
substrate to REBCO while providing a continuous, smooth and chemically inert
surface (avoiding metallic ions diffusion from the substrate). The most used
materials are CeOq9, YSrOgy (YSZ), BaZrO3, MgO, LaAlO3 and SrTiO3. The
substrates can be textured using RABITS (Rolling Assisted Biaxially Textured
Substrates) or IBAD (Ion Beam Assisted Deposition) reel-to-reel technologies
[31].

Currently, CCs tapes are produced by several companies worldwide with
lengths up to 500 m [32|. However, the slow growth methods and expensive
production still limit the introduction of this technology to a wide market.
The key parameter is cost/performance ratio, usually measured in terms of
€/kAm, using critical current (I.) at 77 K and self-field [7]. For instance,
a value of 10 €/kAm would be required to boost the propagation of CCs in
power systems [8]. Requirements imply that production rate of CC should be
in the range of 500 km/h. Therefore, for the growth of 2-3 um thick REBCO
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film in 5-10 m long furnaces, growth time should not exceed 30 s.

Coated conductors use only a few per cent of the current-carrying cross sec-
tion, so J. of REBCO has to be pushed to its limit [19, 33]. On the other hand,
the need of enhancing production speed at low cost requires the development
of new material growth methodologies.

1.5 Oxide growth techniques for REBCO

The growth of such complex architecture supposed big challenges [34] that
drove to the development of new thin film growth techniques, initially used for
semiconductors nanotechnology, for complex oxides.

The deposition of complex perovskite cells in form of high-quality thin films,
has prompted oxides applicability to smart and functional devices. These
materials are characterized by having strongly correlated electronic and mag-
netic states [35]. Some of their functionalities are ferroelectricity, magnetore-
sistance, ionic and electronic conductivity, thermoelectricity, electrochromism,
magnetism, piezoelectricity, resistance switching and superconductivity.

Methodologies to prepare epitaxial oxide thin films are very diverse [36]. The
most successful techniques for REBCO growth in practical applications, being
currently used by CCs manufacturers, are Pulsed Laser Deposition (PLD),
Trifluoroacetates based Metal Organic Deposition (TFA-MOD), Metalorganic
Chemical Vapour Deposition (MOCVD) and the recently developed reactive
co-evaporation and direct reaction (RCE-DR) [5].

The mayor drawbacks of vapour deposition techniques are the high costs and
equipment complexity. In recent years, there have been huge developments in
engineering that have led to the deposition of large areas in continuous and
enhanced throughput [33, 37, 38|

More advantageously, solution deposition methods enable easy continuous
deposition over large areas at atmospheric pressure, having a strong potential
for achieving the above mentioned cost reductions [39, 40, 7].

Nevertheless, low throughput due to small growth rates still refrains the full
development of these classic techniques due to intrinsic growth rate limitations.

In in situ vapour deposition techniques, the material flux (atoms-cm?-s71) is
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the rate-determining factor for growth. Maximum growth rates reported using
PLD [41] and MOCVD [42] are up to 10 nm/s.

In trifluoroacetate chemical solution routes (TFA-CSD), the low solid state
diffusion involves growth rates limited to <3 nm/s [43].

Therefore, a liquid phase intermediate may be a necessity to increase pro-
duction throughput. For instance, Y atomic diffusivity in the liquid is over
100 times higher than in the solid, and atoms concentration on the surface is 5
orders of magnitude higher in solutions than in vapour [44]. This makes liquid
assisted processes so much faster.

(107 —107%) in the vapour as compared to the liquid in LPE (~ 1071) [44].

1.5.1 Liquid mediated growth techniques

Melt growth techniques are the most widely used to produce single crys-
tals at the fastest rates (>1 mm/h). It is estimated that the 90% of sintered
commercial products involve the formation of a liquid during the process [45].

Another advantage is the high quality of the obtained crystals. One of the
major difficulties relies on the corrosive character of melts, that may lead to
contamination from the crucibles or seeds. Fundamental aspects on crystalliza-
tion from liquids are given in chapter 4.

If the material can grow from its own melt, melt growth is the most used
approach. However, it requires, among other things, congruent melting. The
alternative is growth from high temperate solutions. In this case, the compo-
nents of the material dissolve in a solvent (flux) which is a low-melting oxide
(see Fig.1.4). The flux composition can include, or not, the elements of the final
crystal phase. Single crystals are obtained when this solution is supersaturated,
usually by cooling. Information from the material phase transformations and
solubility curves given in phase diagrams is essential for the design of this
methodology. Because it is possible to find a flux for most inorganic materials,
high temperature solution growth is used for the synthesis of many oxides, such
as garnets [46].

Since YBaoCu3zO7_5 melts incongruently, growth from direct melt can not
be performed. For this reason, high temperature solution growth methods have
been used.
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Holder

Seed
Growing
crystal

Solute

Figure 1.4: Scheme of thin film growth using high temperature solution growth.
Particularly, liquid phase epitaxy with a vertical dipping system

Phase diagrams for the Y-Ba-Cu-O system are extremely complex, involving
tens of species of different compositions and states [47]. For instance, about
11 melt-involved interactions can be identified only in air [48|. Hence, the
possibilities for the design of a flux method for this material are huge, but also
very complex. However, its interesting performances as a superconductor drove
to an extensive research resulting on abundant data and numerous approaches
for its synthesis, that still continuous nowadays.

Liquid mediated growth processes were used in the early years after HTS
discovery for the fabrication of bulk HTS materials. First, the so called Melt
Textured Growth (MTG) for bulk ceramics was developed taking advantage of
the material peritectic decomposition to [BaO-CuO]liquid + Y9BaCuOj5(211)
[49, 50, 51, 52|. Growth is performed when cooling from high temperatures and
the 211 particles supersaturate the melt to form REBCO (Fig. 1.4). To do so,
a starting composition containing YBCO + 211 phases, is melted followed by
a slow cooling process.

For instance, the diffusivity of Y in the [3BaO-5CuO] liquid at 970°C is
4-107m2s~1 [53], while in the YBCO solid is almost two orders of magni-
tude lower, of only 8 - 10712m?2s~! [54]. With MTG, single crystals could be
synthesized at rates of 200-800 nm/s and filaments up to 3000 nm/s [49, 55].

With the same idea, other examples were later developed for thin films pro-
duction. First was Liquid Phase Epitaxy (LPE) [56], widely applied to com-
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posite semiconductor materials, in particular to III-V-semiconductors such as
GaAs or InP. Growth is performed from a bath of molten flux which is super-
saturated either by cooling the melt from the undersaturated region (Fig. 1.4),
or by spatial transport of flux through a temperature gradient. REBCO thin
film growth rates were up to 50 nm/s [53, 57, 58].

Some LPE limitations were solved with Hybrid Liquid Phase Epitaxy or
Tri-phase epitaxy (HLPE, TPE) [59, 60, 61, 62]. They involve deposition and
melting of a thin [BaO-xCuO] liquid flux layer, followed by RE introduction to
the layer by means of a vapour technique. Rates of around 10-35nm/s were
demonstrated for the growth of epitaxial YBCO thick layers [63].

An outstanding recent development is reactive co-evaporation and direct re-
action technique (RCE-DR) [64]. A liquid phase develops at low oxygen par-
tial pressure (~ 107% bar) from an amorphous phase deposited by reactive
co-evaporation. Then, a fast change on Pp, conditions allows rapid conversion
to REBCO. RCE-DR holds the record for throughput per hour (360 m/h) for
an industrial CC process.

Though, all just mentioned techniques still require the use of complex imple-
mentation schemes; and in many occasions are not flexible enough to induce
inclusions of secondary phases for pinning and properties enhancement.

1.5.2 Chemical Solution Deposition methodology

The ex situ chemical method Chemical Solution Deposition (CSD) appears
to be the most promising methodology for large-scale low cost production.

The development of CSD processes was first made for SiO9 and TiO9 optical
coatings |65, 66]. Nowadays, CSD has already been proven to succeed in high
quality epitaxial growth of oxides and other materials, displaying performances
competitive with in situ methodologies [67, 68]. Some examples are graphene
[69], CeOq for catalysis and as buffer layers in superconducting applications [70,
71]. Among complex oxides, some examples are (Ba, Sr)TiO3, Pb(Zr, Ti)Os3,
LaNiOg, (La, Sr)MnOj3, BiFeO3 and YBagCusO7_s.

The general principle is to prepare a homogeneous solution of the necessary
cation species that after deposition on a substrate and annealing will compose
the crystallized material.
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The methodology usually involves four steps (Fig.1.5): (1) synthesis of the
precursor solution, (2) solution deposition on the substrate (3) low-temperature
heat treatment for drying and/or pyrolosis of organics, and formation of amor-
phous films (typically 300-500°C), (4) high temperature heat treatment for
densification and crystallization (from 600 to 1100 °C) [72, 73, 74].

(1) Solution (2) Deposition (3) Pyrolysis (4) Crystallization

Figure 1.5: Schematic representation of the 4 processing steps in the Chemical
Solution Deposition methodology

There are a variety of solution-based approaches depending on the process
chemistry [75]:

e Sol-gel mainly using alkoxide precursors that undergo primarily hydrolysis
and condensation, with 2-methoxyethanol as reactant and solvent

e Metalorganic decomposition (MOD) based on metal carboxylate com-
pounds

e Hybrid routes or chelate utilize both carboxylate and alkoxide precursors,
which react to form oligomers or small polymers

MOD main challenges are: i) film susceptibility to cracking and shrinkage
due to the excessive volume loss during pyrolysis ii) film porosity and iii) limited
control of structural evolution and film microstructure.

CSD for YBCO growth

Until the present, the development of Metal Organic Chemical Solution De-
position (CSD) for YBagCu3zO7_s thin films growth has been governed by the
so called TFA route (TFA-CSD), proposed by Gupta et al [76].
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The use of solutions based on trifluoroacetate salts leads to BaFy after py-
rolysis that react with water vapour to form the YBapCu3zO7_;5 phase [39, 40].
Hence, the growth is driven by a solid-gas reaction that suffers from low growth
rates (1 nm/s) [77].

An additional difficulty of the TFA process is the HF release, which is highly
corrosive and entails a fine control of the gas flow that also limits the possibilities
for parallel growth of tapes. Most recent research is focused on reducing the
fluorine content (Low Fluorine route) [78, 79, 80, 81]

TFA-CSD developments and the introduction of artificial pinning centres by
the addition of elements in the starting solution, boost HTS materials perfor-
mance [82, 83].

On the other hand, CSD growth of YBCO films using completely non-
fluorinated precursors has been very little studied. The main limitation is
a poor control of the decomposition kinetics of BaCOgs [84] (a stable phase
produced in a significant amount from non-fluorinated salts decomposition),
specially for thick films. This fact has hindered a reliable CSD methodology
other than the TFA route.

Some studies were made shortly after the discovery of HTS, but could not
obtain good performances [85, 86]. In the most recent years, scarce works from
non-fluorine solutions suggested that good quality (1-4 MA/em?, 77K, sf)
pristine YBCO films could be grown following similar processing conditions to
the ones used for TFA precursors. Different precursors were used: acetylaceto-
nates [87], acetates in propionic acid solvent [88, 89, 90, 91], acetates in aqueous
solvent [92|, polymer assisted deposition [93, 94|, dichloroacetic acid-MOD [95]
and Cl doped propionate solutions [96], with different degree of success.

However, many unknowns still exist about the reaction mechanisms to form
YBasCuszOr7_s and real capability of eliminating carbon in a reproducible way.
Until today, any author has reported ultrafast growth rates using fluorine free
solutions.
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1.6 Objectives and outline of the thesis

We develop along this Thesis a new liquid growth technique approach us-
ing chemical solutions deposition (CSD): Transient Liquid Assisted Growth
(TLAG-CSD). In this case, the formation of the liquid naturally occurs as an
intermediate state at the thermodynamic conditions of the final crystal phase.

For the REBCO superconductor, the forming liquid is composed by the BaO-
CuO mixed oxide, while Y or RE are the solute. These are the same phases
used in the just described techniques based on growth from liquids.

The key to reach such conditions is the choice of specific solution composi-
tion that, after pyrolysis, results on a nanometric mixture of the correspond-
ing cations oxides or carbonates, instead of fluorinated precursors obtained in
the TFA-CSD methodology. Additionally, the proper conditions for ultrafast
growth have to be reached at very fast rates (i.e using a Rapid Thermal An-
nealing).

This approach entails a tight control of the intermediate compounds leading
to the final desired phase. Then, the growth of epitaxial films with good per-
formances still needs to be optimized by tuning the solubility conditions, which
are the driving force for crystallization.

To do so, several issues have to be addressed:

e The design of a stable solution to be deposited and decomposed to obtain
a layer of the desired thickness, homogeneity and the adequate precursors

e Enhance the elimination of the intermediate BaCOj3 to avoid C retention

e Control the nucleation processes for epitaxial growth with the adequate
microstructure to maximize the physical properties

e Determine the growth rate with in situ approaches

In this work we report the basis and first investigations of the whole pro-
cess. It involves from the solution design to the achievement of epitaxial
YBasCu3zO7_s thin films with excellent superconducting properties and ultra-
fast growth rates. YBagCu3O7_s growth velocities of 100 nm/s are demon-
strated and critical currents up to 5 M A/cm? at self-field and 77 K have been
achieved, surpassing present technologies.
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Chapter 2 is dedicated to describe the experimental procedure for the overall
synthesis and the characterization techniques that have been utilized.

In chapter 3, the solution deposition, decomposition and precursors reactions
during thermal treatment are addressed. First, it is necessary the design of an
adequate and stable solution composed by the carboxylate salts of the respective
cations. The next step is the solution deposition on substrates for obtaining
the desired thickness and an homogeneous film. Both spin coating and Ink Jet
printing deposition methodologies have been applied. After that, the pyrolysis
of the dried deposited solution until decomposition of the organics is analysed
with #n situ Infrared spectroscopy measurements.

On the other hand, the resulting morphology at the macro- and nano-scale
is also characterized and optimized.

After that, the reactions at higher temperatures of the obtained oxides and
BaCO3 are elucidated with in situ XRD experiments with synchrotron light.
Additionally, experiments at ultrafast heating rates under different atmospheres
have been used to enhance decarbonation kinetics.

The basis of the nucleation and growth from the transient liquid will be
reported in Chapter 4. Fundamental aspects on nucleation and growth from
solution are first summarized and then used to set the bases for crystallization
from the transient liquid. Important issues that will be widely used in the next
chapters are solution supersaturation, the control of forming YBCO crystal
orientation, growth rate limiting factors and the T-Fp, phase diagram.

Chapter 5 is devoted to the YBasCusOr_s synthesis by directly heating at a
constant Pp, to the transient liquid growth conditions for YBCO. Efforts are
made to disclose and control the supersaturation conditions for epitaxial growth
and maximized superconducting performances. YBCO nucleation and growth
rates are disclosed by means of fast acquisition in situ XRD and Transmission
Electron Microscopy (TEM) analyses. The main difficulties in this approach lie
on the control of the dewetting and corrosive character of the transient melt.
Both phenomena are deeply investigated in order to propose several solutions.
Finally, the resulting films microstructure and physical properties are reported.

Another processing path, the Pg, route, is described in chapter 6. It consists
on reaching the liquid growth zone with a Pp, jump at isothermal conditions.
This approach overcomes some of the limitations of the previous route. Again,
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YBCO nucleation and growth mechanisms are extracted from n situ XRD
experiments and the resulting microstructure and physical properties correlated
to the liquid supersaturation for crystallization.

Finally, the main conclusions of this research and future perspectives are
gathered.

This work involves results arisen from strong collaborations with other scien-
tists. First, group co-workers dedicated to: analysis of physical properties and
advanced X-ray diffraction (PhD candidate J. Banchewski), growth of nanos-
tructured films using TLAG (PhD candidate J. Jarefio), Transmission Electron
Microscopy analyses (Dr. R. Guzman), thermal analyses and growth from
ultra-high vacuum (PhD candidate S. Rasi) and InK Jet printing (Dr. B. Vil-
larejo and Dr. F. Pino). All this is performed under the framework of the ERC
Advanced grant “ULTRASUPERTAPE project: Utrafast growth of ultrahigh
performance superconducting tapes "led by Prof. T.Puig.

Involving other research groups, we have collaborated with Dr. P. Roura
and Dr. J. Farjas from the GRMT group at University of Girona for ther-
mal decomposition analyses and the phase diagram of YBCO; Dr. C. Mocuta
from the Diffabs Beamline in Soleil synchrotron (Paris) with the in situXRD
experiments with synchrotron; Dr. M. Kreuzer from the MIRAS Beamline in
Alba synchrotron (Bellaterra) with the in situ IR experiments; and a 2 months
research stay at the University of Cambridge (United Kingdom) under the su-
pervision from Prof. J.MacManus-Driscoll and Dr. A. Kursumovic, provided
fundamental understating from the HLPE technique (not reported here) that
could be applied to TLAG.
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Experimental methodologies

In this chapter are described the experimental methodologies used in this
Thesis to process, analyse and characterize all the steps involved on the tran-
sient liquid assisted growth of YBCO thin films from chemical solutions.

2.1 Experimental procedure

The experimental procedure applied for the preparation of YBCO thin films
mediating CSD-TLAG is based on the methodologies developed for MOD tech-
niques [67, 68]. The process is carried out through five main steps. Firstly, a
metalorganic precursor solution containing the metal salts is prepared (section
2.1.1) and deposited on the substrate (section 2.1.2). Then, the sample is ex-
posed to a low temperature heat treatment for the removal of organic species
(section 2.1.3), followed by a higher-temperature heat treatment to crystallize
the material (section 2.1.4). Finally, an oxygenation step is necessary to con-
vert the tetragonal phase to the orthorhombic superconducting phase (section
2.1.5). The experimental procedure for each step is detailed hereunder.

2.1.1 Preparation of precursor solutions

Acetate salts of the three cations that comprise YBCO are dissolved in pro-
pionic acid and alcohol solvents [88]. In this work, the effects of different cation
proportions, total concentration and solvents ratio have been investigated. Is
described here the general synthesis procedure.

Commercial Y (CH3COO)s, Ba(CH3COO)9 (Aldrich) and Cu(CH3COO)s)
(Alfa-Aesar) are dried in a thermostatic vacuum dryer (Vaciotem-T, from Se-
lecta). Tt is important to keep water content of synthesized solutions lower
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than 2%. Therefore, it is necessary to handle the preparation process under
a dry and inert atmosphere such as nitrogen or argon. Special care has to
be taken with yttrium acetates due to its hygroscopic behaviour. In contrast,
completely anhydrous yttrium acetate is difficult to dissolve. One night at the
vacuum dryer and 50°C are the optimal conditions that allow proper dissolution
maintaining low water content.

The three salts are then dissolved in propionic acid for four hours at 50°C.
After cooled down to room temperature, anhydrous alcohol (methanol or bu-
tanol) and additives (typically 5%/, triethanolamine (TEA)) can be added at
this step and the mixture is stirred overnight for a complete dissolution. Finally,
the solution is transferred to a volumetric flask to reach the appropriate volume
according to the desired concentration. The obtained blue solution (Fig. 2.1)
is kept in sealed vials, under argon atmosphere and it is filtrated using syringe
filters (Teflon membrane, 0.2 pm of pore size) before usage .

Figure 2.1: Acetates based solution with methanol:propionic acid 1:1 ratio

Typically concentration ranges for the precursors solutions are from 1M to
1.5M in sum of metals salts (Y+Ba+Cu). Two solutions were prepared with
the stoichiometric ratio 1:2:3 and 1:2:4.6 for Y:Ba:Cu salts. The resulting stoi-
chiometry is measured by classical volumetric and gravimetric methods so that
the weighted quantities are adjusted to these results.

Solutions stability with time depends on concentration, solvent and water
content. Since alcohols are hygroscopic and can produce esterification reactions
with carboxylic acids, an alternative procedure is used for solvents mixtures.
In the first place, a "mother solution" with propionic acid and double concen-
tration of salts is prepared and kept in sealed vials. The addition of alcohol
and additive is then performed just before usage. However, due to solubility
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restrictions, this methodology can only be used for final concentrations <1M
in sum of metals and the Y:Ba:Cu 1:2:3 composition.

2.1.2 Deposition on treated substrates

Deposition of precursor solutions on substrates has mainly been carried out
by spin coating (SC) deposition. It is a simple procedure suitable for the syn-
thesis of thin films (<300nm of final film thickness) at a laboratory scale. Ad-
ditionally, our solutions have also been tested for Ink Jet printing (IJP), which
allows single deposition of higher volumes (>300nm of final film thickness) and
it is appropriate for continuous long length production or patterning [97].

Both procedures are conducted inside a glove box under a continuous flow of
nitrogen in order to keep environmental humidity lower than 10% and minimize
impurities inclusion.

Transducer (piezo
I b) or heater)

Ink to be |

ejected ~

- ‘ T
i i Nozzle /{
L -~ orifice 4
I,.;K"'_; =
substate 4
= =

Platform movement
—_—

Figure 2.2: Schematic representations of a)spin coater and b)Ink Jet printer
(reproduced from [98])

Spin coating

The fluid is spread by centrifugal force on the substrate when a rotary move-
ment is applied (Fig.2.2(a)) [99]. To do so, 15 uL of precursor solution are
placed at the centre of the substrate with a Pyrex microsyringe. Then, it is ac-
celerated in 1s at a rate of 6000 rpm and held for 2 min. Just after, the sample
is placed in a hot plate at 70°C for 5 min to complete solvent evaporation.
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Ink Jet printing

Printing is performed by controlled ejection of picoliters of ink on the surface
from a printhead employing a single nozzle (Fig.2.2(b)). The ink is loaded by
capillary forces into a hollow glass needle, which is attached to a piezoelectric
dispenser. The drop is controlled mediating a bipolar squared wave, by tuning
the pulse length, wave pulse width (voltage), and frequency.

In this case, the nozzle is static while a platform where the substrate is placed
moves in two perpendicular directions. The thickness will be determined by
the drop volume and drop pitch (distance between deposited drops). The last
depends on motors velocity and drop frequency.[100, 101].

Ink Jet printed pyrolyzed samples shown in this Thesis have been produced
in collaboration with B. Villarejo and F. Pino and in the framework of other
thesis and projects [102].

Substrates

Three commercial single crystals have been mainly used as substrates for
YBCO growth: (001) LaAlOs (LAO), (001)SrTiO3 (STO) and the mixed
peroviskite (100) (LaAlO3)p.3(Sr2AlTa0¢)p.7 (LSAT). They are commercially
available and 5x5 mm of size. The choice is based on the low mismatch with
YBCO lattice parameters (Tab. 2.1). Besides that, other requirements taken
into account are thermal expansion, polished surface quality, stability and ro-

bustness.
Structure Lattice parameters (A) Misfit to YBCO (%) ‘
LAO cubic 3.79 -1.56
STO cubic 3.91 1.56
LSAT cubic 3.86 0.26
YBCO orthorhombic 3.85 0

Table 2.1: Lattice parameters and mismatch with YBCO of substrates. Neg-
ative misfit will produce compressive strain, while positive misfit is accounted
to tensile strain

Before usage, the surface is cleaned and conditioned to be atomically flat.
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The substrates are previously washed with methanol and acetone, removed by
means of compressed No flow. Then, a thermal treatment at 900°C for 5h
under 0.5L/min of oxygen flow is applied to reorganize the surface in form of
atomically flat terraces (Fig.2.3).
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Figure 2.3: AFM image of as-treated STO surface and the corresponding profile

This stair-like morphology is a consequence of the miscut angle 6. From this
value, it depends the terrace width (A):

a
= — 2.1
tand 3 (2.1)

Being a the lattice parameter. Terrace steps for (001) surfaces in equilibrium
should be separated by a height (n + 1/2)a with n=1/2,1,3/2,2....

/
» | 334 :
. " - :: 0 E Aana T T J
ms=6.6Nm « == . 0 0.2 0.4 ym

Figure 2.4: AFM image of 50nm YBCO buffer layer grown by PLD and profile
of a CuO grain

On the other hand, 50nm thin films of YBCO have been used as buffer
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layer for homoepitaxial growth. YBCO is deposited in this case by Pulsed
Laser Deposition (PLD) on treated STO substrates. The growth conditions,
optimized in previous Thesis of the group, are at 800 °C with a pressure of 0.3
mbar of Oy and it is deposited at a frequency of 5Hz, 1300 pulses and 2.J - cm ™2
of laser fluence. The films surface present no porosity, roughness of ~ 6nm and
typical precipitates of copper oxide are ~ 50nm high, as it can be observed in
figure 2.4.

2.1.3 Pyrolysis step

During low-temperature heat treatment the dried solution is converted to a
nanocrystalline film by decomposition of organic phases, the pyrolysis process.
This step was optimized after studying the solution decomposition processes in
previous works to ensure that the obtained films are free from organic species.

Thermal treatment is carried out with a tubular furnace placed in a lab-
oratory of controlled humidity (<30%) to prevent hygroscopic processes of
as-deposited films [103]. However, when increasing temperature, humid at-
mosphere is used in order to avoid sublimation of copper(IT) acetate at temper-
atures higher than 110°C [104]. To do so, humidified gas with Py,o = 23mbar
is obtained by passing oxygen through deionized water contained in two flasks
in series, prior to entering the furnace. The thermal process is made under
oxygen flow (0.12L - min—1!)

Single deposition Most of the samples deposited by spin coating have been
calcinated following the thermal profile presented in figure 2.5. For thicker films
deposited by IJP, heating ramps have been modified.

Multi deposition For the achievement of homogeneous thick films by spin
coating using our solutions, a process of multideposition has been followed.
It consists on subsequent deposition and pyrolysis of several layers until the
desired thickness is reached. Intermediate depositions are heated up to 300°C
following the heating ramps of the standard process. After the last coating, the
standard temperature profile up to 500°C is followed, increasing the dwell time
30min.
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Figure 2.5: Thermal profile for standard pyrolysis

2.1.4 Film crystallization

YBCO phase is crystallized from as-pyrolyzed films over a higher tempera-
ture thermal treatment. Several processes take place during this step: decom-
position of intermediate phases, formation of a metastable liquid and YBCO
nucleation and growth. The understanding and optimization of these processes
is one of the main aims of this Thesis. Thus, detailed information regarding
experimental conditions has been modified for each experiment and will be
detailed with the corresponding discussions. Yet, in this section the character-
istics and set up for the thermal treatments performed by means of the different
furnaces used will be undertaken.

Typically, heat treatments for CSD have been performed in tubular furnaces
with Conventional Thermal Annealing (CTA). For the crystallization step in
TLAG, CTA have been used for low heating rates. However, the control of
fast liquid mediated growth demands very high ramp rates. This requirement
is fulfilled using a Rapid Thermal Annealing (RTA) oven (AS-Micro from An-
nealsys) that can work at rates up to 250°C-s~! for heating and ~ 20°C-s~1
for cooling down.

e Conventional Thermal Annealing with tubular furnace uses elec-
tric resistive heating. The sample is situated on a crucible in a quartz
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tube at the previously calibrated position for the desired temperature
profile. The furnace is calibrated to minimize the possible overshoots and
it is tested periodically and for every new heat recipe by measuring the
real temperatures with a thermocouple type k.

Rapid Thermal Annealing furnace is equipped with an infrared sys-
tem allowing very fast and precise changes of temperature. It is composed
by a quartz tube with infrared halogen lamps on top and bottom side. The
lamps are supplied by a special power converter that controls the power
applied to the lamps and provides fast power control and high process
reproducibility. The sample is placed on a SiC coated graphite susceptor
on a quartz holder provided with a thermocouple and its position has
been determined in order to give the best temperature uniformity. This
susceptor allows maximum speeds of 60°C - s~ 1.
a silicon wafer has been used as holder, with less precise temperature
control.

For faster velocities,

Infrared halogen lamps

s /
- Quartz tubc\ / /

e

Sample

Gas,

Crucible

Susceptor

Thermocouple

Figure 2.6: Schematic representation of a tubular furnace, at left and a Rapid

Thermal Annealer, at right.

In both cases, oxygen partial pressures are achieved mediating the mixture of

nitrogen and oxygen, which gas flow speed is set by mass flow controllers. In

table 2.2 the operating conditions ranges are summarized for each furnace.

However, the effective flux distribution where the sample is placed is homo-

geneous in the case of the CTA with a ~22mm quartz tube, but turbulent and
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Parameters ‘ Tubular RTA
Heating rate (°C - s71) <04 0.4-60
Cooling rate (°C - s 1) 0.05-0.5 10-30

Po, at py (bar) 2:1074-1072 | 4.107%-10~2
Total gas flow (L - min~") 0.6 2

Table 2.2: Range of parameters used for YBCO crystallization with each fur-
nace

low for the RTA due to the bigger dimensions of the chamber compared to the
gas inlet and outlet size and position. Thus, total gas flows are not compa-
rable for the two equipments. Most of the experiments have been performed
operating with the highest flux that flow controllers permitted.

Other advantage of the tubular furnace is the possibility to work with humid
gas, which permits to perform all the annealing steps (pyrolysis, crystallization
and oxygenation) in continuous.

In contrast, RTA is provided with a rotary pump and it can operate at
reduced total pressures, in contrast our CTA.

During the course of this Thesis, a new tubular furnace with flash heating
is being developed in the group to fulfil the requirements of TLAG process. It
combines the advantages of having a high and homogeneously distributed gas
flow in the tubular tube; with very fast heating ramps by means of a motor that
brings mechanically the sample to the desired temperature and speed inside the
furnace.

2.1.4.1 Experimental conditions for the low FPp, route

For the low Pp, route, the pyrolyzed sample is first heated up to high tem-
perature (770-840°C) at a Pp,~ 107° bar for precursors decomposition below
YBCO stability line (step I). Then, YBCO crystallization is produced after a
jump on Pp, at a constant temperature to the optimum T-Pp, conditions (step
IT).

To achieve a Pp, of ~ 107° bar with our systems, we use the RTA at the
minimum total pressure of 2-1072 bar, previously cleaned using N, and vacuum
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cycles. For the jump on Pp,, the total pressure is increased to 2 - 1072 bar by
introducing a flux of gas flow at 2L /min and keeping the rotary pump. A Pp,
of 3-107% bar, is reached as fast as with 2ms. (Fig. 2.7(b)).

Pp, can be tuned for this step from 1074 bar to 2- 1072 bar by using No/O3
mixtures controlled by massflows. Monitored total pressure and oxygen partial
pressure is shown in figure 2.7 for the switch between step I and step II.

| Il
Rotary Rotary + gas 2L/min
N,atm P=2-10"%bar

Pressure (bar)
o
o
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Figure 2.7: Monitored jump in total pressure and oxygen partial pressure for
the low Pp, route and final Pp, of 1073 bar.

2.1.5 Oxygenation

A post annealing process is required to oxygenate the resulting YBCO tetrag-
onal phase for its transition to the superconducting orthorhombic crystal orien-
tation. The thermal treatment was optimized and checked by in-situ resistance
measurements conducted by A. Stangl (Fig.2.8a). This step is performed at a
tubular furnace under an oxygen flow of 0.6L - min .

In the case of samples crystallized in the tubular furnace, the oxygenation
has been conducted when cooling down. At 600°C the gas flow is switched to
dry oxygen and temperature is decreased at a rate of 2.5 °C-min~! to 450°C
and hold for 200min.

For the samples grown in the RTA or other furnaces, the oxygenation process
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Figure 2.8: At left, time evolution conductance during dwell at 450°C. At right,
standard thermal profile for oxygenation

is carried out separately from room temperature, following the profile depicted
in Fig. 2.8b.

2.2 Characterization techniques

Phase composition and films structure have been mainly characterized me-
diating X-Ray Diffraction (XRD) techniques and Transmission Electron Mi-
croscopy (TEM). TEM also provides morphological information within the film,
as well as Focused Ion Beam (FIB). Organic species and barium carbonate
evolution have been also investigated by means of Fourier Transform Infrared
Spectroscopy (FTIR).

Surface smoothness and superficial homogeneity of as-pyrolyzed samples have
been characterized by Optical Microscopy (OM), while the surface microstruc-
ture and phase purity of growth films have been observed using Scanning Elec-
tron Microscopy (SEM) with coupled Energy-dispersive X-ray spectroscopy
(EDX) and eventually by means of Atomic Force Microscopy (AFM) or Ra-
man spectroscopy.

Finally, film thickness has been measured by TEM, FIB images or by mea-
suring a step with a Profilometer P16 from KLA-Tencor. To do so, half of the
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sample is covered using a standard photoresist as protector, while the uncov-
ered material is removed by chemical etching with orthophosphoric acid diluted
in distilled water (1:1).

2.2.1 Precursor solution physiochemical characterizations

Physiochemical properties of solutions have an influence on deposition and
pyrolysis processes. Further, they serve as a tool to ensure stability and repro-
ducibility of the process. Evaluated parameters are the following:

Viscosity is measured at room temperature with a HAAKE RheoStress RS600
rheometer from Thermo Electron Corporation by the "controlled stress
method". A rheometer measures resistance of liquids in response to ap-
plied forces. In this case, the shear rate produced by a liquid placed
within a rotating and static cylinders can be correlated to viscosity.

Surface tension is determined with the pendant drop method [105] with a
DSA 100 analyser from KRUSS.

Contact angle is a measurement that allows quantification of the wettability
that a liquid have on a certain surface. Our solutions are evaluated on
LAO substrates from imaging analysis of sessile drops photographs (Fig.
2.9) with a DSA 100 analyser from KRUSS by using the Axysimmetric
Drop Shape Analysis (ADSA) technique [106].

Figure 2.9: Image of a 2uL digitized sessile drop for contact angle (©) analysis
with ADSA technique

Water content is measured by Karl Fisher titration with a Crison Tritomatic
1S [107]. Solution water content should be kept <2wt% for obtaining good
and reproducible results. Its influence is commented in section 3.3
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Stoichiometry Copper and yttrium concentrations are determined with iodime-
try and complexometric titrations respectively. Precipitation gravimetry
is required in order to determine the barium content.

2.2.2 Thermal decomposition analyses

The thermal decomposition pathway of deposited films is followed by Ther-
mogravimetric Analysis (TGA) and Evolved Gas Analysis (EGA). These anal-
ysis have been conducted by the GRMT group at University of Girona (UdG)
in collaboration with S. Rasi, Dr. P. Roura and Dr. J. Farjas.

TGA measures weight evolution of the material with temperature, under cer-
tain atmospheric conditions. Simultaneous thermogravimetry and differential
thermal analysis (DTA) have been performed with a Mettler Toledo thermo-
balance (TGA/DSC1).

In order to correlate the information provided by TGA measurements with
our film decomposition processes, analyses are performed directly on deposited
films. Previous studies observed relevant differences if measurements were made
on powders, which is more common [108]|. Furthermore, experimental condi-
tions are also reproduced. Similar annealing profiles to the standard processes
and gas compositions in continuous flow (55ml/min) were possible.

Furthermore, the initial and final mass of the samples (measured with a
XS3DU balance) is always compared with that deduced from the TG curve.
TG curves are normalized to the mass of the sample once dehydrated, at 150°C
[109]. Additionally, the derivative of the mass loss (dTG) is plotted to indicate
the main mass loss steps.

EGA permits the detection of gases evolved from a heated sample during
decomposition or desorption. For some measurements, EGA was coupled with
TG analysis using mass spectroscopy (MS) detection (TG-MS). For that, a steel
capillary heated to 200°C connects the TG gas outlet which is at atmospheric
pressure; with the MS chamber composed by a quadrupole mass analyser (MKS
model Microvision Plus) kept in vacuum. Very thick films (> 2um) have to be
used for good sensitivity.
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2.2.3 Microscopic techniques
Optical Microscopy

OM is used to image the films surface with a maximum magnification of 100x
with visible light. On the one hand, it is useful to characterize the global film
homogeneity after pyrolysis and identify film defects such as cracks, buckling or
precipitates. On the other hand, it shows macroscopic inhomogeneities caused
during film growth. Some examples are big secondary phases raising at the
surface or film free areas produced by the formation of drops, phase separation
or dewetting phenomena of the YBCO film. Mainly two OM equipments have
been used during the course of this Thesis: a Leica DM 1750 M and a B-600
MET from OPTIKA.

Scanning Electron Microscopy

SEM provides high resolution information of film surfaces, reaching magni-
fications up to 10°x. For our study, it is a crucial to observe features such as
microscopic material inhomogeneities, grains size and orientation, phase sepa-
ration, precipitates on the surface, porosity, etc. A morphological information
that is crucial for the understanding of film growth, as well as for its physical
properties.

The film is scanned by means of a focused high-energy electron beam that
interacts with the atoms of the sample. From this collision, two types of elec-
trons are ejected, besides X-rays: backscattered electrons (BSE) and secondary
electrons (SE). One detector collects SE, which are low energy electrons (0-20
eV) produced from inelastic scattering of ionized atoms from the first nanome-
ters. It provides topographic information since the amount of detected electrons
depends on the depth, producing an image of different contrasts. The other
detector is devoted to BSE, high energy electrons (~ 50keV) reflected from
interactions with atoms nucleus. Those will be proportional to atomic nucleus
weight, leading to compositional images of the films.

Images were taken on a field emission FEI Quanta 200 FEG SEM of FEI
CompanyTM. High-resolution imaging is performed under high vacuum con-
ditions with an acceleration voltage of ~ 15kV. Sample preparation is not



2.2. Characterization techniques 31

Figure 2.10: SEM images of a grown YBCO film with CuO precipitates on the
surface. At left the image is acquired using SE mode and precipitates appear
brighter due to their higher thickness. At right, a BSE image in which the
grains are darker than the film because of the lower atomic number of CuO

required since the films are electrically conductive after oxygenation. Measure-
ments were carried out by me.

Focused Ion Beam

FIB resembles SEM, with the difference that SEM uses a focused beam of
electrons, while FIB uses a focused beam of gallium ions instead. Primary
beam currents are used for imaging the sample surface, whereas high beam
operation is used to sputter or remove material from the surface (e.g. high-
precision milling). This allows the creation of very precise cross sections of a
sample for subsequent imaging via SEM.

For this project, the technique is performed for imaging the inner part of
the films in order to study the porosity of pyrolyzed films and quantification is
performed by image treatment using ImageJ program. FIB images were taken
by Dr. R.Guzman and Dr. A. Palau from our group (SUMAN) by using dual
beam (SEM, FIB) Zeiss 1560 XB.

Transmission Electron Microscopy

Using TEM is possible to image the internal structure of films at the atomic
scale. A beam of electrons is transmitted through a very thin sample. After be-
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ing magnified and focused by a series of electromagnetic lenses, the information
is gathered in an image or diffraction pattern. Additionally, this information
can be complemented with compositional analysis by using attached EELS
(Electron Energy Loss Spectrometry) or EDX devices that collect electrons
which have been scattered instead. This makes TEM a very powerful tool for
both morphological and compositional characterizations of the YBCO matrix,
lattice defects, grain orientations or secondary phases.

TEM studies were performed by Dr. Roger Guzman and Bernat Mundet,
members of our group (SUMAN). Samples were prepared by FIB or conven-
tional mechanical polishing followed by low-voltage Ar ion milling for the final
thinning [110]. Different TEM equipments were chosen depending on the reso-
lution needed for each case of study. For low magnification TEM images, a FEI
Tecnai G2 F20 operated at 200KV located at Catalan Institute of Nanoscience
and Nanotechnology (ICN2) was used. While high resolution TEM images were
obtained using a FEI Titan 60-300 microscope equipped with an X-FEG gun, a
CETCOR probe corrector and a Gatan TRIDIEM 866 ERS energy filter oper-
ated in STEM mode at 300 kV. This one is placed at the Advanced Microscopy
Laboratory (LMA) in Zaragoza.

Scanning transmission electron microscopy (STEM) was performed using the
FEI Tecnai F20 S/TEM operated in STEM mode at 300 kV with a Gatan
TRIDIEM 866 ERS energy filter.

2.2.4 X-Ray Diffraction techniques

XRD is the most common technique for structural characterizations of mate-
rials. In contrast to TEM, it is a nondestructive technique and it probes a large
sample volume. With XRD we perform studies on the film composition, crys-
talline structure, grain orientations, phase quantification, lattice parameters,
defects. .. When a crystalline matrix is irradiated by a monochromatic X-ray
beam, this will be scattered with the same wavelength (\) as the incident beam.
For parallel atomic planes of atoms (hkl), with a space dpy; between the planes,
constructive interference only occurs when Bragg’s law is satisfied:

nA = 2dpsinb (2.2)
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Figure 2.11: Schematic representation of the constructive interference between
two incident X-rays on a crystal surface (Bragg’s law)

Consequently, a family of planes produces a diffraction peak only at a specific
angle 6. In a typical configuration, the diffracted wave intensity is then collected
by a detector for each incident angle to build the so called diffraction pattern
(I(20)). Thus, peak positions are determined by dpy; since A is fixed by the
diffractometer [111]. Additionally, the plane normal [hkl| must be parallel to the
diffraction vector s as seen in figure 2.11. Then, the intensities will be affected
by the orientation of grain domains within the sample. For polycrystalline
samples, in which grains are randomly distributed, the scattered intensity will
be constant for the same scattering angle, and distributed in a circle (Debye
ring). However, for epitaxial films, only families of hkl planes that are oriented
parallel to the surface plane contribute to a Bragg reflection, focused to only a
few points in the reciprocal space (Fig.2.12).

N4
7N

(a)

Figure 2.12: Patterns of diffracted X-rays: (a) from a single crystal and (b)
from a polycrystalline sample [112]

Multiple information can be gathered by tuning the diffraction configura-
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tion. Typical rotating angles are represented in figure 2.13. We have used for
the study of our films different scan modes and detectors, involving multiple
diffractometers that are presented in this section.

P

X-ray source Detector

Figure 2.13: Schematic representation of a § — 20 scan with a typical Bragg
Brentano geometry and rotating angles nomenclature.

2.2.4.1 High-Resolution X-ray Diffraction

High-resolution (HRXRD) scans are performed with a Discover D8 Bruker
diffractometer (X-ray energy = 8.049 keV) equipped with a Lynxeye XE energy-
dispersive 1D detector, using Bragg-Brentano configuration (Fig.2.13). The
measurements were conducted by the service technicians A.Crespi, J.Esquius
and F.G.Campos, whereas analysis of acquired data was performed by me and
in collaboration with J.Banchewski.

e O — 20 scans. Data acquisition is performed in the range of 7°to 100°in
20 with a step size of 0.02°at a speed of 2s/step. Grain sizes can be cal-
culated from the integral-breadth S applying the Deby Scherrer formula,
and non-uniform strain evaluation is determined through semiquantita-
tive Williamson-Hall plots|83].

e Grazing Incidence-XRD is needed for compositional identification of
polycrystalline phases within the film which intensity may be hidden by
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the pronounced enhancement of Bragg reflections from textured phases or
the substrate. These include precursor phases, remaining intermediates
or products derived from reactivity with the substrate. To do so, w is
fixed at a very low angle ~ 1°(above the critical angle for total reflection
of the film material) while the detector is moved along the 26 circle. Bragg
reflections are found at comparable positions as in a symmetrically mea-
sured pattern. However, with grazing incidence geometry the scattering
vector s is no longer parallel with the surface, excluding Bragg reflections
of our epitaxial phases and single crystal substrates.

e w scan or rocking curves provide information on mosaicity of a particular
reflection. A scan in w is performed at a fixed 260 position. For the case of
YBCO, the chosen 26 is the corresponding to the (005)YBCO peak. Then,
the calculated full width at half maximum (FWHM) of the acquired peak
is proportional to the quality of the out-of-plane texture. The narrower
the peak, the higher the crystalline quality of the sample.

2.2.4.2 Two-dimensional X-ray Diffraction

Many of the films to be analysed in this study are composed by both tex-
tured and random grains of the YBCO phase. Typical § — 26 scans on these
type of samples are not optimal since the diffracted intensities of out-of-plane
crystallites is hidden within the enhanced intensity of peaks diffracting from the
epitaxial fraction lying parallel to film surface, as explained before. In addition,
with rocking curves is possible to measure grains misorientation degree, but it
only probes the orientation in w direction and for a particular reflection. Other
plane orientations can be projected by means of pole figures (¢ scans for each
X), but those are very slow measurements with a point detector and again for
only a particular 26 reflection.

Therefore, it is convenient to perform texture studies using an equipment
provided by a two-dimensional detector, which can acquire out-of-plane po-
sitions probing a larger volume of reciprocal space within a single collection
frame (A20—=30°, Ax=70°). The General Area Detector Diffraction System,
from now on GADDS, is integrated in a Bruker-AXS D8 Advance diffractome-
ter, operating with Cuk, radiation. It is located in ICMAB and it has also
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been operated by the XRD service managers.

It uses the same geometry as a conventional four-circle diffractometer. The
detector is moving in one circle, while a goniometer is used to rotate the sample
as shown in figure 2.14. The resulting patterns are later integrated at the desired
angles using a software. A typical scan is shown in figure 2.15.

Figure 2.14: Representation of a goniometer and rotation axes (w,x,¢) and
translation axes X, Y, Z [112]

1000

Intensity (a.u)

100

20 25 30 35 40 45 50
20(°)

Figure 2.15: At left, typical GADDS frame of a w-scan and diffraction pattern

obtained after x integration of the full frame, at right. Measurement conditions
are w=10°- 25°, 20=35°and detector-sample distance is fixed at ~ 15cm

e Standard scans 6 — 20 range is already defined in the area detector
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at a fixed 260 position. Yet, in order to acquire the full intensity of the
epitaxial phases, the measurement is performed by moving the sample in
w to assure Bragg conditions.

For standard scans, w values range from 10°to 25°during 900s.

e Secondary phases identification. For non-quantitative measurements
and with the objective of enhancing the intensity of secondary polycrys-
talline phases, diffraction angles of substrate planes are avoided with an
w range of 12°-23°, during 1800s.

2.2.4.3 Quantification analyses

Data analysis for the quantification of epitaxial and random fractions, c¢- and
a/b-oriented grains are performed with the GADDS detector.

YBCO random fraction

The methodology developed for the random fraction quantification of nanopar-
ticles developed by A.Llordés [113, 24], is now applied to YBCO.

During a GADDS measurement, the acquisition of the diffraction pole (c-
axis oriented epitaxial grains) and diffracted ring (randomly oriented grains) is
simultaneous. We calculate random fractions from the standard 6 — 20 mea-
surements, in which the detector is approximately centred at the (005)YBCO
reflection.

The random fraction can be approximated to:

ITP . (360/Ay) - 4m)

1% d i
Fr(mdom = mem = T ] . [P (23)

Ve—grains pole

where I is the integrated intensity and v the volume fraction. The diffracted
intensity of the epitaxial contribution is normalized for the equivalent 8 poles
by symmetry, while the polycrystalline ring is applied for the whole ring (360°)
and the entire solid angle 47 as an approximation.

The integration limits are: A26 = 1.5°is the same for both contributions.
Ax = 7 for the ring and Ay = 3 for the pole, centred at the respective reflection
angles.
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Then, the background intensities are subtracted, and the polycrystalline in-

tensity normalized is deducted from the epitaxial one. For instance, I;:ZI; =
Ieate — Igale — (I - AXpole/ AXring)- The background integration area is dis-

placed to close 26 maintaining the same y, for both reflections. An error of
4% was calculated from the dispersion of results when applying different 26
integration limits.

ab-oriented YBCO grains fraction

The ab-grains volume percent (v4;) and fraction were determined by Granozio
et al [114] using the following relations:

2 Iysin(xq)

- 2.4
T2 Iysin(xa) + esin(xc) 24

then, v v
T, = Zab _ ab 2.5
ab v, 1— vy ( )

The factor 2 is introduced due to the twofold symmetry of a-grains. Corrections
for the scattering factors are not required when comparing intensities from
reflection of the same family of planes.

Two 2D-XRD ¢ scans are performed with the GADDS detector on the
(104)YBCO reflection centred at a fixed x to the value of the corresponding
maximum intense Bragg peak for each grain (see Fig2.16). A¢ = 5°, 20 = 28°,
w = 14.x, = 34°and x. = 56°. The acquisition time is 30 min. The intensities
I are extracted from the integration of the respective poles, after background
subtraction.

c-oriented YBCO grains fraction (epitaxial fraction)

The epitaxial fraction (I';) is referred to the percentage of c-axis oriented
grains with respect to the total YBCO orientations. It is calculated after having
quantified the contributions of the random (I'¢_, ,....) and ab-grains (I',) with
respect to the c-grains, using the just exposed methods. Then, the random
fraction can be expressed as:

Ve 1
-100 = - 100 2.6
Ve + Vap + Vrandom) (1 + ng +I7 ) ( )

random

Te(%) = (
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Figure 2.16: Schematics showing the x angle of the (104) plane in (a)c-axis and
(b) a-axis grains. Reproduced from [114] (c) 2D-XRD image of a scan centred
on the diffraction pole of the (104) reflection of the a-grains

Taking into account that:

Vab = U'gpy - Ve and Veandom = Lyandom * Ve (2.7)
Then
Ff%izdom(%) = I‘7C"cmdom ' FC and Fz%t(%) = ng + FC (28)

2.2.5 In situ XRD with synchrotron radiation

In situ XRD growth experiments with fast acquisition times were performed
to study reaction paths, growth rates, deduce the presence of the transient
liquid phase and characteristic temperatures of all involved phases.

We carried out in situ XRD experiments in synchrotron beamline DiffAbs-
Soleil, located in Paris. The experiments exposed in this thesis were performed
in two runs of 6 full days and were granted under the proposals n°20160881
and n°20170911.

The experiments were conducted by group co-workers and me with the as-
sistance of C. Mocuta. Raw data treatment was performed by J.Banchewski,
and I carried out the data analysis of the exposed experiments in this thesis.

The beamline has a DiffAbs-6 circles diffractometer with a heater stage pro-
vided, among others, an area detector (X-ray hybrid pixel area detector, XPAD)
(Fig.2.17a). The beam energy was maintained at 18 KeV. With such conditions,
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the main phases involved in our process diffract within the 26 range of the 2D
detector. Thus, we could extract information regarding all phases at each ac-
quisition point.

2D-detector
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Figure 2.17: (a) Experimental station where the principal components are sig-
nalled. The inset shows a detailed view of the sample stage. (b)2D-XRD image.
(c)Integrated 26 diffraction scans with temperature

Acquisition times per data point could be from 50 ms, with better resolution
as time increases. Generally, 500 ms were used for phase evolution before YBCO
growth and 100 ms for YBCO growth. To follow random phases, grazing XRD
scans (w = 4°) were recorded, while to follow YBCO growth, conditions close
to Bragg angle (w = 7.9 — 8.1°) with the (005) peak were met (626 geometry).
Total Bragg configuration could not be used to avoid saturation of the detector.

Two heaters were used. In the first run, a DHS 900 heater allowed heating
ramps up to 0.8°C/s. During the 2nd run, a Anton Paar DHS1100 heating
stage equiped with a Graphite dome allowed heating rates up to 5°C/s. Slight
gas flow was allowed from a gas inlet and being expelled from leaks between



2.2. Characterization techniques 41

the dome and stage.

Two main configurations were used to meet the requirements for the Temperature-
route and the Pg,-route.

Temperature rise
The pyrolyzed samples were placed at the heating stage and heated at rates from
0.4 to 5°C/s at 1 bar of total pressure with different oxygen partial pressures.

POz jump
In order to carry out experiments that require a pressure jump with precise Po,
control, a singular purpose experimental setup was designed and implemented
with user home equipment.

Fig.2.18 shows a schematic drawing of the setup. Two circuits, one for the
lower and one for the upper pressure regulation, are separated by timers/electrovalves
and connected to the dome furnance. Two rotary pumps, one turbo pump,
needle and butterfly valves allow the independent pressure regulation of both
cicuits before the experiment. A Pp, meter and a massflow system were used
to adjust a desired oxygen partial pressure. Pressure jumps from 1076 bar
to atmospheric pressure with O, adjustment down to 1075 bar were realized,
allowing us to perform precise Po, step processes at a given temperature.

Used during __._.
experiment

__________________________________

P Butterfly Valve  Lpoctrovaive i f el_w:m:wal\nev2 i
+ timer No. 1 i + timer No. H
onjfoft I [ Poz :
- ! [l meter
! |
1
i

Needle Valve 2 O i Used for calibration
before experiment

Rotary + Turbo

um ! 1
pump i |
[ 1
H 1]
1
1
i
1

" all corrugated vacuum pipes
" additional rotary pump needed

Lower pressure regulation (step 1)

i Upper pressure regulation (step 2) E

Figure 2.18: Schematic illustration of the circuit to perform a pressure jump
from initial to final value with pre-adjusted Pg, partial pressure
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These experiments were performed with the Anton Paar DHS1100 heating
stage during the second run. Unfortunately, during the pressure jumps the
heater temperature suffered an undesired temperature decrease due to the tem-
perature difference of the incoming cold gas and a slow response of the heater.

Data treatment
Each scan conforms a 20—y image at a fixed w (Fig.2.17b). Those are integrated
in x to obtain intensity-26 diffraction patterns (Fig.2.17c).

To follow phases evolution, the main reflections intensities are normalized by
their maximum intensity. To do so, first the background is subtracted and then
the peak maximum is taken within shifts. Then, we approximate the intensi-
ties to be proportional to the phase molar amount. To finish, the normalized
intensities are plotted with temperature or time to show each phase evolution.

In some specific experiments, the peaks were fitted to correlate to the molar
amount with better precision (not shown here). It showed comparable results
with peak intensity.

The slight increase in intensity observed sometimes in the BaCO3 and CuO
phases at high temperatures just before decomposition, was justified from fitted
results by an increase of particle size [115].

2.2.6 Fourier Transform Infrared Spectroscopy

We use this spectroscopic technique for two main purposes: investigation of
organic species during calcination and semi-quantification of carbonate at high
temperatures.

Molecules absorb infrared radiation of the same wavelength as the frequency
of chemical bonds vibrational or rotational modes. The FTIR spectrum is
recorded by passing a beam of infrared radiation through the sample. Then,
the amount of transmitted light is detected for each frequency or wavelength.
After being submitted to Fourier transform, a transmittance or absorbance
spectrum reveals information on the nature of chemical bonds so that it is a
fingerprint of the sample chemical composition.

Since our samples are films already deposited on the substrate, measurements
are performed on transmittance mode using a holder in which the sample is
placed normal to the beam. The detected wavelength range is limited by the
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oxides substrate absorption, typically below 1500 ¢m ™! for our substrates, being
LAO the one absorbing below the lowest wavelengths (1370 cm™!). A typical
scan is conducted in the mid-infrared region, approximately between 4000-1200

em™ L

In situ FTIR

The analysis of organic specimens evolution through the pyrolysis step is per-
formed by means of in situ FTIR. These experiments have been conducted in
collaboration with Dr. M. Kreuzer at the facilities of infrared microspectroscopy
beamline (MIRAS) of ALBA synchrotron, but working with conventional TR
radiation from a Vertex 70 spectrometer. The system is provided by a Linkam
temperature controlled sample stage FTIR600 and the detector is coupled with
a microscope (Fig. 2.19). The heater is composed by a transparent window
and a 3mm hole in the holder that allows the sample to be measured in trans-
mittance mode under continuous gas flow. Additionally, the Hyperion 3000
microscope is used to focus the film area to be measured with a magnifica-
tion of 15x, while the IR light have a spacial resolution of 33um. Thus, the

" Microscope — , Absorbance [a.u]

Figure 2.19: At left, temperature Montrolled Microscope Stage used for in situ
FTIR analysis. At right, time resolved absorbance while heating

equipment allows continuous data acquisition while performing film calcination
process under similar conditions to the standard pyrolysis process (See Fig.2.5).
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Each spectrum is composed by 64 scans, acquired during 15s. A total of 80
spectrum have been recorded from 50 to 500°C, thus one every 5.6°C. Solutions
are previously coated or printed on LAO substrates and dried to 70°C.

(a) Raw data film on LAO Temperature [°C] (b) LAO substrate Temperature [°C]
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Figure 2.20: In situ FTIR scans from 50 to 500°C. Image (a) shows the raw
data obtained for a deposited solution. In (b) the scans obtained for LAO
substrate alone and (c) the result of data treatment after substrate absorption

subtraction

Data treatment is necessary to subtract absorption produced by the sub-
strate, which is increasing at high temperatures and at low wavelengths (See
Fig. 2.20). To do so, LAO substrate IR spectrum has been measured without
coating along a similar thermal profile. Then, the substrate scans have been
interpolated to fit the exact temperature values for each experiment. Once this
step is completed, the data can be placed in matrices of the same size. This
allows simple subtraction of the substrate absorbance values from the sample
raw data with temperature. The result is a corrected spectrum in which only
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bands corresponding to the film chemical compounds are present.

Carbonate pseudo-quantification

On the other hand, barium carbonate intermediate decomposition during
thermal treatment has been followed by ez situ FTIR measurements performed
with also a Vertex 70 from Bruker located in ICMAB. Before each measurement,
the chamber is filled with N to prevent atmospheric signals. The carbonate
absorption band (v3 ~ 1413cm™1) is followed for different thermal treatment
conditions of the growth stage.

p— As-pyrolyzed film
j— QLIeN

emperature

0 T T T T
1700 1600 1500 1400 1300 1200
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Figure 2.21: Integration range of IR absorption peaks corresponding to carbon-
ate for the calculation of carbon losses

The FTIR spectrum of each film is also recorded after pyrolysis, when all
carbonate is present, for normalization. The blanc is subtracted by measuring
the LAO substrate without any film deposited on top. A semi quantitative
analysis for determining the carbonate content of the samples is performed by
normalizing the area of the absorbance bands obtained after treatment with
the initial content for each film (Fig.2.21). An area-based method appears
preferable to considering peak heights at selected wavenumbers since numerous
factors can affect band position, shape and intensity [116]. By Lambert-Beer
law (2.9) and assuming e and b constant values, absorbance is proportional to
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concentration.
A = ebe (2.9)

Where A is absorbance, ¢ is the molar absorptivity with units of L-mol " tem ™1,

b is the path length in which the sample is contained and c is the concentration
of the compound in solution, expressed in mol - L.

2.2.7 Physical characterizations of superconducting properties
Inductive Measurements: SQUID Magnetometer

DC-magnetometry was used to investigate the electromagnetic response of
superconducting YBCO films to provide us an idea about the quality of the
samples.

The magnetic moment of the films can be measured in a non destructive
way with a commercial superconducting quantum interference device (SQUID)
magnetometer from Quantum Design equipped with a superconducting magnet
of 7 T. The sensor can resolve magnetic moments in the order of 1076 emu and
since it is placed inside a helium cryostat, measurements between 5K and room
temperature are possible.

and then cooled down under Zero Field Cooled (ZFC) conditions (no mag-
netic field is applied during the cooling process) to 10 K.

In order to extract J., the sample is cooled down under Zero Field Cooled
(ZFC) conditions (no magnetic field is applied during the cooling process) to
5K. Then, the magnetic moment of the sample is saturated at 5K by applying a
constant magnetic field of 3T parallel to its c-axis, that is then removed again.
For J.(T), the sample magnetization is measured as temperature increases.

To measure J.(H), after ZFC, the magnetic field is increased up to a maxi-
mum of 7 T while the magnetization values are being measured at a constant
temperature and then, decreased to close the hysteresis loop.

According to the Bean model[117], we can obtain the critical current density
(J¢) from the magnetization values m obtained by using the following equation:

3m
J.= —— 2.10
< 3t (2.10)
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where t is the sample thickness and r the radius. r is approximated to 2.57 mm
for 5xbmm? squared samples.

Electrical transport measurements

Superconducting characterizations can also be performed from electrical trans-
port measurements. The transport measurements of the YBCO films have been
performed at ICMAB by J. Banchewski.

When the applied current exceeds 1., the resistance becomes non-zero and
a drop in voltage is measured. Transport measurements of patterned samples
have been applied to determine the critical current density on tracks of the
YBCO films in the presence of an applied magnetic field H as a function of the
angle 6 and at different temperatures.

Electrical transport measurements were carried out with a Physical Proper-
ties Measurement System (PPMS) from Quantum Design at ICMAB. The sys-
tem essentially consists of a 9T superconducting magnet and a helium cryostat.
Precise control of temperature within the range 1.8-400 K can be achieved.

Critical temperatures (T.) were determined using the PPMS Quantum De-
sign system using the Van der Pauw method determined with the derivative
criterion (highest slope at the transition).






CHAPTER 3

Solution processing and
intermediate reactions

The combination of liquid-assisted growth with solution processing many join
of the advantages required for low cost, high throughput and high performance
production of CCs. Chemical solution deposition (CSD) demands low capital
investment and low cost production, while liquid assisted growth would enhance
film growth rate as compared to the TFA-CSD approach.

Here we report an investigation which has as objective the development of so-
lution derived precursors suitable for transient liquid assisted growth (TLAG).
Morphological properties, thickness, composition, and consequently, perfor-
mance of the crystalline film can be tuned by modifying the characteristics
of precursor solution and all processing steps.

The first requirement is the design of an adequate solution so that after depo-
sition and decomposition of organic matter (pyrolysis) results in homogeneous
films. At the macroscale, the films should be continuous, without cracking or
buckling.

Film thickness control depends on the deposition technique. This process is
compatible with well known methodologies (e.g. spin coating, dip coating or
web coating) in which thickness depends on rheological properties and solution
concentration. But also novel drop-on-demand Ink Jet printing (IJP) can be
applied. The advantage rely on thickness control mediating drop volume and
spacing, making it suitable for large volumes deposition and large scale appli-
cations. However, the issue of increasing film thickness in CSD still remains a
complex problem.

Regarding composition, it is of essential importance for TLAG growth that
the nature of phases after pyrolysis is the adequate to form the transient liquid
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at higher temperatures. For REBCO growth, the liquid phase is the [BaO-CuO]
eutectic melt.

This rules out the possibility to use trifluoroacetate solutions, which BaFq
intermediate only decomposes with the presence of water through a solid-gas
reaction forming YBCO |76, 40|.

Instead, decomposition of fluorine free organometallic solutions lead to the
formation of the metal oxides or barium carbonate. Early studies showed the
impossibility to eliminate residual carbon at the grain boundaries resulting
from a non complete BaCO3 decomposition which was shown to be detri-
mental on the superconducting properties [84|. Nowadays, many unknowns
still exist about the real capability of eliminating carbon, specially for thick
films (> 300nm), as well as about the reaction pathway to form YBCO. For
this reason, a careful study on precursors evolution, with special focus on
the BaCO3 elimination, is essential to achieve high performance YBCO films
through TLAG.

In this chapter we will address the two main decomposition processes, from
both a morphological and compositional point of view: firing of the deposited
organic solution at low temperatures and BaCOg evolution at higher tempera-
tures. Additionally, we will follow the reactions by means of in situ experiments
performed using Infrared Spectroscopy and X-ray diffraction with synchrotron
light, respectively for both processes.

3.1 Solution design towards TLAG

Chemical solution deposition is a very versatile technique for tuning films
characteristics through changes on solution chemistry and deposition parame-
ters, while maintaining a control of the stoichiometry on a molecular level.

Precursor composition, concentration, rheological characteristics and deposi-
tion technique have a direct influence on the film thickness and homogeneity, on
the thermal decomposition pathway, resulting porosity and, in the last instance
on the crystallization processes.

In this section we correlate starting solutions and their properties with the
morphological and compositional characteristics of the resulting pyrolysed films.
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For the precursor solution design, we choose fluorine free metalorganic based
solutions composed by short alkyl chain carboxylates dissolved in carboxylic
acids and polar solvents such as methanol. The advantages of using carboxy-
lates are the following: they are stable, commercially available and easy to
prepare. Additionally, low carbon backbone organics are preferred to avoid
large releases of carbon dioxide that could lead to increased porosity in the
films, residual carbon or cracks |68, 118|.

A screening on stability of various salts, solvents and additives was per-
formed in previous studies [88]. As a result, solutions composed by metal
acetates dissolved in mixtures of propionic acid and methanol are stable for
4 weeks and allow maximum concentrations of 1.5M in sum of metals salts
(Y+Ba+Cu). Moreover, the addition of small quantities of aminoalcohols such
us triethanolamine (TEA) or diethanolamine (DEA) is investigated with the
objective of increasing solution stability [119], thickness or mechanical proper-
ties during decomposition.

After having obtained stable solutions, their rheological properties have to be
suitable for the deposition technique in order to obtain homogeneous films of
the desired thickness. For ez situ techniques, the quantity of material obtained
will be determined by the thickness achieved at the deposition step and metal
concentration of the initial solution.

Deposition Thickness Conc.(M)  Solvent Additive
(nm)
Propionic
- 1-—1.
SC 90-300 5 acid /Methanol 5%y TEA
Propionic
LJp 400-800 0.5 acid /Butanol 0.5%,/, DEA

Table 3.1: Characteristics of precursor solutions used in this Thesis for each
deposition technique. Thickness is referred to final film after YBCO growth

Typical final film thickness achieved by Spin Coating (SC) are in the range
of 90-300nm, linked to solution rheological properties. Most of the studies for
this Thesis have been performed with filins of this thickness range.

However, it is also of big interest for applications the achievement of thicker
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films. With this objective, we have performed either spin coated multideposi-
tions or single deposition by Ink Jet printing.

In table 3.1 typical solutions composition adapted for each deposition tech-
nique are presented.

3.1.1 Solvent and additive effects on film thickness and mor-
phology

Spin coated solutions

The effects that solvent and additives of spin coated solutions have to film
uniformity and thickness are investigated.

Solutions composed by acetate salts with different solvents mixture of pro-
pionic acid-methanol and with-without 5%, /v TEA have been spin coated on
LAO treated substrates and pyrolyzed until 500°C under wet oxygen flow with
the standard thermal treatment. Total salts concentrations were fixed at 1.5M
and thickness were measured after growth by profilometry after chemical etch-
ing (Fig.3.1(a)).

Considerable differences on final film thickness are observed depending on
both solvent mixture and additive. The spin coating process can theoretically
be expressed using a modified Navier-Stokes equation (3.1.1) [67] that correlates
film thickness (h) with deposited solution physical parameters:

he g (1) 1)

Where 7 is the viscosity, ¢ the mass concentration (weight of solid film /weight
of solution) and ps and p; are the solid and liquid densities respectively, while
w and t refers to the angular velocity and spinning time.

To provide insight into this matter, viscosities and solutions wettability with
the substrate have been measured (Fig.3.1b,c).

The addition of organic additives is a well known strategy for thickness en-
hancement by increasing solution viscosity. For the studied solutions, viscosity
values are doubled by addition of 5%,,/,TEA and also contact angle increases
respect to solutions without additive. These two factors contribute on enhanc-
ing final film thickness. For instance, the thickness of a deposited propionic
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Figure 3.1: Characteristics of different precursor solutions containing differ-

ent ratio of methanol-propionic acid solvent and possible addition of 5%U/U
TEA. (a) Thickness of final YBCO film obtained measured by profilometry.
(b)Viscosity values and (c) Solution contact angle § with LAO substrate

acid solution can be increased from 70nm to 200nm by the addition of TEA.
Nonetheless, the extent of this increase is less relevant for methanol solutions,
which contact angle values do not differ in respect to the solution without

additive.

Additionally, high viscous solutions trend to produce non-uniform distribu-
tions of liquid resulting in inhomogeneous or irreproducible pyrolysis [80]. This
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fact limits the possibilities to increase the additive amounts and use this strat-
egy to enhance film thickness even more. In our screening, the solution pre-
senting the highest viscosity (20mPa - s) has a final thickness of 200 nm and
pyrolysis is completely homogeneous.

Still, a major effect on film thickness enhancement is observed by solvent
formulation when increasing the proportion of methanol. Despite the fact that
methanol viscosity is lower than for propionic acid, a trend that can also be
observed in Figure 3.1(b), solution contact angle on LAO substrate increase
very significantly with methanol, leading to much thicker films. For instance,
methanol based solution which contact angle is 20°, produce 300 nm thick films,
while propionic based solution that have complete wettability results on only
70 nm thick films.

Thus, the effect of wettability seems to have a major contribution than vis-
cosity. Being surface tension very similar for both solvents (25.5mN/m for the
propionic acid and 24.5 for methanol), we attribute the differences on wetta-
bility to distinct interaction between the functional groups and the substrate
surface.

Another effect to take into account is the low volatility of methanol (boiling
point of 64.7°C), that may cause the evaporative drying step to happen very
early during spinning. That may result in the coating being dried before the
peak speed is reached, thus creating thicker than expected films [120].

Composition effects in terms of coating homogeneity are presented in Figure
3.2. Thickness have been adjusted to 200nm after growth by diluting propor-
tionally the salts concentration of solutions named as:

Solution Propionic acid- Methanol(%) TEA (%,/,) Concentration (M)
D 0 ) 1.5
B 50 ) 1
E 88 0 0.75

Table 3.2: Solutions nomenclature

While solutions with < 50% of methanol are completely homogeneous, Solu-
tion E with a 88% presents stritations already observed just after deposition.
These defects are thickness ondulations along the fluid flow direction during
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Figure 3.2: 2.5x optical microscope images of pyrolyzed films deposited with
solutions containing different proportions of methanol-propionic acid, being the
methanol content 88%, 50% and 0%

spinning. This phenomena is also accounted to fast evaporation processes. It
leads to unbalanced capillary forces that develops into thicker or thinner areas
depending on local surface tension deviations [67].

Although epitaxial films of YBCO presenting very good properties (3M A/cm?,
T-route) were obtained using Solution E; homogeneity problems in pyrolysis are
a source of irreproducible results and thus solutions containing a maximum of
50% of methanol have mostly been used for the films growth.

Ink Jet Printed solutions

IJP allows deposition of huge controlled volumes, leading to thicker films
with a single deposition. Moreover, it is appropriate for continuous long length
production or patterning.

Preliminary studies on solution design and pyrolysis of big deposited volumes
were carried out with collaboration with B. Villarejo within our group. As a
result, it has been demonstrated that modified fluorine free solutions (table 3.1))
are also compatible to deposition by IJP, although much effort has to be done
in order to control decomposition without cracking or buckling phenomena.

Extensive studies are presented elsewhere [102] compared with IJP deposition
of low fluorine solutions. Both solutions only differ from the Yttrium salt, being
trifluoroacetate instead of acetate. This leads to a content of 20% in F. The lack
of trifluoroacetate molecules produces films more susceptible to stress release,
leading to higher probabilities to buckle.

The use of coordinating ligands such us diethanolamine (DEA) showed me-
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chanical resistance improvement towards obtaining bucking and cracks as seen
in Figure 3.3. A 0.5%,,, of DEA in a 0.5%M YBCO solution, corresponds to
a 10.4% mol DEA /mol M(Y+Ba+Cu).

Figure 3.3: 2.5x optical microscope images of pyrolyzed films deposited by
Ink Jet printing deposition. Solution are composed by propionic acid solvent
and (b) has a 0.5% of DEA. Nominal thickness is 500nm. Films were heated
respectively at a rate of 0.2°C/min and 1°C/min at the critical temperature
range of 160-300°C. Figure (a) presents cracks and delamination, while film of
Figure (b) is homogeneous

In situ monitoring by optical microscope during film annealing show buckling
is produced between 180-240°C, while cracks appear from 240°C to 300°C. A
comparison of buckling in films with and without additive is illustrated in Fig-
ure 3.4. Decomposition of the film without additive arise irreversible buckling
starting at 180°C and delamination at ~ 210°C. In contrast, stress release of
the sample containing DEA ligands generates smaller buckling at 180°C, that
is reversed after 10°C, leading to a homogeneous film at 200°C.

Still, reproducibility is low due to inhomogeneities caused by liquid movement
during deposition. It leads to solution accumulations causing thicker areas
where cracks are prone to form. Thus, more effort has to be done on fixing the
liquid, for example by UV curing.

3.1.2 Porosity modulation

Solvent removal from the forming gels of particles has to go through several
structural rearrangement processes while a large fraction of volume is elimi-
nated. As a result, internal stress is generated and a from of relaxation is
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(a) 0% DEA 1 °C/min

“‘ 0.5%‘” DEA 5 °C/min

Figure 3.4: In situ OM images of film surface during annealing under humid

O3 of 1J printed solutions. Film (a) shows irreversible buckling, while film (b)
containing an additional 0.05%,,/, DEA shows reversible buckling. Solutions
are 0.0M of acetate salts dissolved in propionic acid. Annealing speed is (a)
1°C/min and (b)5°C/min

through the formation of pores [73].

Modulation of porosity is a very interesting tool to modify materials proper-
ties. For instance, highly porous MOD derived films are appealing for sensing,
optics and microelectronics applications, presenting a higher accessible surface
area, low dielectric constant and tuning refractive index [121]. In contrast,
residual pores reduce properties of ferroelectric thin films or photovoltaic solar
cells [67]. In YBCO films, pores are defects that preclude current percola-
tion [122]. However, very closed porosity may difficult gases release hindering
further decomposition reactions.

Thus, control of porosity is an advantage in solution processing, but it still
remains a challenge. We show here how solution composition affected film
density after calcination.

Cross sections performed by SEM-FIB of multideposited pyrolyzed films (Fig
3.5) reveal distinct microstructure depending on initial precursor solution sol-
vent. The film coated with methanol based solution (Solution E) presents much
higher porosity than the coating prepared with full propionic acid solvent (So-
lution D). Pore densities have been calculated from image analysis and vary
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- (a) Solution D

(b) Solution E

' 1100nm
i 11800nm

Figure 3.5: SEM of cross sections performed by focused ion beam (FIB) of fired
films to 500°C composed by 3 multidepositions of (a) Solution D (100% propi-
onic acid and 5%,,/,, of TEA) and (b)Solution E (12:88 propionic acid:methanol
mixture). Both solution concentrations are 1.5M of total cations. At top of
each, pores are coloured in red for quantification analysis

from 3 4+ 1% for the film produced with Solution D (a) to 17 4+ 3% for Solution
E (b).

Since pyrolysis have been performed following the same thermal profiles,
pores generation has to be triggered already during solvent evaporation. A
process that is very fast for methanol, which boiling point is 64.7°C. Quick gas
release leaves big void spaces that will be kept along the pyrolysis process. In
contrast, the use of higher boiling point solvents (propionic acid, bp. 141.2°C)
enables slower evaporation rate, producing smaller and less quantity of pores
behind.

As discussed in the previous section, film E is also much thicker than film D.
However, this difference can not only be accounted to higher presence of these
empty spaces, since for a 1800nm thick film only 306 nm are the 17% accounted
to pores. Thus, the amount of material subtracting porosity is still larger
for the methanol based solution (1490nm) than the propionic acid (1060nm).
The additional difference then lies on the amount of material retained at the
deposition step.

Additionally, the fact that every coating is followed by a calcination to 300°C,
results in the firsts layers being exposed to multiple thermal treatments in which
compaction is produced. This results in a porosity gradient, being the layers
close to the interface more dense than the lasts. Also, regions of increased pore
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density are those between layers interface. This segregation between layers is
another source that produces current blocking and final properties deterioration
in TFA films [123]

However, there are no evidences that this is a problematic for liquid growth,
since such interfaces are not observed in YBCO film after conversion (see
Fig.5.32 in section 5.4.1.1). In this case, the diffusion of the liquid interme-
diate heals porosity completely.

Figure 3.6: SEM-FIB cross section and corresponding surface optical image of
a pyrolyzed film of a single deposition by IJP with a solution of propionic acid
and 0.5%,/, of DEA. Thermal profile is performed at 5°C/min until 160°C;
3°C /min until 300°, 5°C/min to 500°C under flow of wet oxygen

On the other hand, a single deposition performed by means of IJP about the
same thickness (1800 nm after pyrolysis, leading to ~ 800nm after growth),
is shown in Figure 3.6. This film was produced with a propionic acid based
solution with addition of 0.05%,,/, DEA.

The layer presents an homogeneous distribution of small pores. Calculated
pore density is 5%+2%, similar to values obtained for the spin coated layers of
the same solvent. This fact confirms that low and homogeneous porosity can
be kept during decomposition of big volumes if only one annealing process is
performed.

3.2 Pyrolysis process of fluorine free solutions

Pyrolysis of the ternary mixture containing Y,Ba,Cu-propionates is inves-
tigated in this section. There are some studies reporting on the individual
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decomposition of Y, Ba and Cu propionates in powder [67]. However, several
differences can exist on thin films and depending on the atmospheric condi-
tions [124]. Additionally, no detailed study exists on the pyrolysis process of
this ternary mixture in thin films. In this section we provide insight into this
matter.

The final phases of calcined films at 500°C with the standard process are iden-
tified by XRD. Figure 3.7 discloses the presence of completely polycrystalline
phases, identified as CuO, Y903 and BaCOg3 orthorhombic (natural witherite).
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Figure 3.7: At left, two-dimensional XRD pattern of a pyrolyzed film deposited
with solution 5B under the standard thermal treatment. At right, grazing
incidence XRD of the same film.

CuO is the expected phase formed after the corresponding carboxylate de-
composition under wet oxygen, while other processing atmospheres could lead
to other copper oxidation states [92, 125].

In contrast, the formation of barium carbonate is preferred over its oxide at
atmospheric pressures. The low charge density of this alkaline earth element
maintains carbonate polarity low, making it a very stable compound.

Pyrolysis of rare earth propionates may lead to the formation of oxycarbon-
ates (Y O2C0O3) between 300 to 400°C 67, 126]. However, yttrium oxycarbon-
ate in thin films under humid oxygen decomposes to yttrium oxide (Y203) at
around 440°C [124].
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3.2.1 In situ FTIR analysis on metal propionates decomposi-
tion

To disclose the decomposition pathway of the ternary mixture in films, we
have performed in situ Fourier Transform Infrared spectroscopy measurements
during the pyrolysis process. The study has been conducted in collaboration
with M. Kreuzer, at MIRAS beamline in Alba synchroton facilities, but working
with conventional IR light.

Solutions previously coated on LAO substrates and dried to 70°C are heated
to 500°C under gas flow while FTIR spectra is continuously acquired. More
details on the methodology and data analysis can be found in section 2.2.6.

The series of spectra during annealing to 500°C at 10 °C/min in wet oxygen
are plotted in Figure 3.8.
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Figure 3.8: In situ FTIR for pyrolysis process performed with a heating rate of
10 °C/min to 500°C in wet oxygen (0.12L - min~'). Raw data is shown for the
high wavenumber range (a), while substrate subtraction has been necessary for
low wavenumbers (b) (See section 2.2.6). Precursor solution solvent is composed
by propionic acid-methanol (50%).
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Chemical composition of as deposited solutions

From the initial FTIR spectrum at 30°C (Fig.3.8, black lines), absorption
bands corresponding to propionate groups can be observed. Absorption peaks
at 2978, 2944 and 2876 cm ™! are accounted to propionate (C' — H) vibrations,
while the more intense bands at the region 1300 — 1560cm ! are characteristic
of the carboxylic group (COO™). Since the starting precursor salts are acetates,
this indicates that these have been displaced before annealing. This fact has
also been demonstrated with NMR measurements for low fluorine solutions [80].

Additionally, the coordination mode of the ligand can be deduced from car-
boxylate peaks position. The separation between antisymmetric (v,s) and
symmetric (v4) stretch absorptions of (COO™) discerns the coordination type
within unidentate bridging (Av = 350 — 500cm '), bidentate bridging (Av =
150 — 180em~!) and bidentate chelating (Av = 60 — 100em 1) [127, 128]. In
our system, v45(COO™) absorbs at 1550 em ™! and vs(COO™) at 1420 cm ™.
Then, a separation of Ay = 130ecm ™! denotes that propionate group acts as
bidentate, by either as a chelating ligand of one cation or bridging between two.
Bidentate structures are advantageous since coordination of water molecules is
hindered, making solutions more robust.

Apart from that, no presence of uncoordinated solvents is detected at any
temperature. (C=0) band of free carboxylic acid would absorb at 1742 em ™1
and v(C-OH) from methanol would give a broad band at 3500-5640 cm™!.
Since the film was previously dried at 70°C after deposition, solvent release
would occur below this temperature. Additionally, only a broad band centred
at 3433 cm~! is observed and it is related to water, probably absorbed after
deposition and drying. This band disappears during thermal treatment before
50°C, indicating that dehydratation occurs at very low temperature and this
fact confirms that water molecules are not coordinated.

Decomposition of Y, Ba, Cu propionates mixture

The evolution of FTIR spectra (Fig.3.8) along the thermal treatment shows
a progressive diminution of the absorption peaks related to propionate groups,
with no changes on wavelengths, indicating that the metallic coordination is
not modified.
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Figure 3.9: (a) Contour map of time resolved FTIR spectra from figure 3.8.
Main wavelengths corresponding to propionate (1550 cm™!), oxalate (1635
ecm™1) and carbonate (1373 ¢cm™!) groups are indicated and intensities are
plotted vs temperature at graph (b). Absorbance has been normalized to the-
oretical mass of organic matter. Is added for comparison a TG analysis at
5°C/min and TG-FTIR absorbance of CO2 gas evolved of the same coated
solution
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Analogous to the propionate groups decomposition, volatile species are evolved
and new chemical bonds are formed. The same data is represented in a con-
tour map in Figure 3.9(a). New absorption peaks appearing between 1350-1550
em ™! correspond to carbonate [116]. Additionally, a band shoulder at 1600-
1650 em ™! is identified between 200-450°C. This band coincide with asymmetric
stretching mode of (C-O) bonds in oxalate groups. These two compounds are
linked to the barium propionate decomposition.

A peculiar feature is the significant increase of the COs band centered at
2330cm ! in Figure 3.8(a). It is observed between the range of 374-440°C, ac-
companied by a change in total absorption baseline for all the samples analysed
except for the single substrate. We dismiss atmospheric contamination since
evolving gases are rapidly released in continuous flow and no other volatiles
are detected. Thus, this band can be attributed to physisorbed CO2 at the
film surface. Physisorbed gases present similar vibrational frequencies to the
molecules in gas state since their structure is preserved and the interaction with
the material surface is limited to van der Waals forces [129].

No other peaks in the absorbing region of ionic hydroxides (3500-370 cm™!)
are detected. While the ones corresponding to oxides are out of measure range
due to substrate strong absorption below 1200 em~!. Oxycarbonate main bands
are overlapped with the carbonate, making impossible to discern if yttrium oxy-
carbonate exists in the ternary mixture as intermediate once barium carbonate
is already formed.

The evolution of the organic species along the thermal treatment is depicted
in Figure 3.9(b). This data together with TG-FTIR of CO; release, disclose
the reaction mechanisms during pyrolysis. Different steps can be discerned:

e 100-200°C
Up to 200°C no COs is evolved and any new organic molecule is de-
tected in the film. However, propionate signal decreases a ~ 30%. All of
which, the hydrolysis to form the corresponding oxides could take place

for Cu(EtCOQ)Q and Y(EtCOQ)gi
Cu(CH3CH,CO0)y 222 CuO + 2CH;CH,COOHT  (3.2)

2Y(CH;CH,CO0)3 222 Y,05 + 6 CH3CH,COOH 4 (3.3)
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Concerning 1:2:3 cations stoichiometry, complete decomposition of
Cu(EtCO3)9 would correspond to a 46.15% of the total propionates, while
Y(EtCOq)s represents a 23%. Therefore, it is clear that conversion of
these two compounds is not completed by hydrolysis at this stage.

e 200-300°C
At this thermal region propionates signal diminish faster until their total
decomposition at around 300°C. This process is now accompanied with
small quantities of CO3 gas evolved. It could be accounted to oxidation
processes for the remaining Cu(EtCO2)s or Y(EtCO2)s:

Cu(CH3CH2COO)2 —— CuO + CHgCHQCOOH T + CH3COH T + COQ T
(3.4)
2 Y(CHgCHgCOO)g — Y205C03+3 CH3CH,COOH 1 +3 CH3COH 1

4+2C0O3T —> Y203+ COs 1 (3.5)

Unfortunately, oxycarbonate IR peaks are overlapped in this experiment
with either barium carbonate signal or proportionate groups adsorption
bands. So, it is not possible to confirm if yttrium oxycarbonate is formed
as intermediate in the ternary mixture. Despite that, it has never been
identified by XRD of quenched samples.

On the other hand, at this stage is the formation of barium oxalate and
consequently the temperature range that Ba(EtCOg2)2 decomposes. Its
formation is completed at 320°C.

Ba(CH;3CH,CO0)s 22, 2 CH;CH,COOH 1 +Ba(HCO3)s 225 BaC,04

(3.6)

e 300-500°C
At higher temperatures barium oxalate is converted to carbonate. In
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oxidizing atmosphere, the proposed reaction is shown in Scheme 3.7:

(3.7)

Parallel to carbonate formation, big quantities of COy are evolved and
some amount remains physisorbed at the film surface. Physical adsorption
of CO4 on oxide film surfaces is observed frequently on surface catalysis
studies at temperatures above 250°C [130, 131].

At higher temperatures, surface carbon dioxide can either be desorbed
or oxidated to carbonate, remaining at the film surface. Since no extra
gas release coincides with the drop of COs FTIR band in the film, but
the COg signal keeps increasing, the second hypothesis is more plausible.
Additionally, this reaction is specially favoured with metal oxide layers,
which are providers of oxygen atoms.

Studies on the pyrolysis of separated precursor salts are performed by S.Rasi
at Universitat de Girona. The thermal behaviour under wet oxygen conditions
was revealed of each salt and is summarized in Figure 3.10 for comparison with
our data.

The results on separate salts match very well with the mechanisms described
for the ternary mixture. It becomes clear that Cu(EtCOs)s decomposition takes
place first, mainly through hydrolysis until 200°C and completed at 230°C.
In the mixture, a reduction on propionate vanishing slope coincides with this
temperature.

From the information provided from the individual salts analyses (Fig. 3.10),
Y (EtCO3)3 oxidation is happening above 200°C, yttrium oxycarbonate mass
is reached at 350°C and yttrium oxide at 500°C, if completed. Barium oxalate
mass is also reach at 350°C, and formation of carbonate proceeds to 500°C.
In agreement, we can see at the mixed salts analysis that at 350°C propionate
bands have disappeared but there is still a 12% left to decompose.
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Figure 3.10: TGA performed under flowing humid oxygen of 2p m thick films
of individual Y, Ba and Cu propionates. Heating is performed at 5°C /min

Additionally, at this temperature oxalate absorption is at its maximum in-
tensity and carbonate groups start to rise, also in accordance.

Influence of gas atmosphere

The importance of surrounding gas atmosphere on metal carboxylates de-
composition is remarkable since different conditions can lead to distinct final
products, reaction paths or microstructure. We have performed the previously
shown experiments under wet flow of oxygen, but one could think on tuning it
to avoid the formation of barium carbonate.

For instance, it is known that the use of more inert atmospheres (i.e., nitro-
gen) reduces partially the CuO to CupO, which coarsens and produces phase
segregation in the final YBCO film [132]. On the other hand, reported bar-
ium oxalate decomposition mechanisms under inert gas involve the formation
of elemental carbon [133]:

BaCy04 — CO + BaCOs3 (38)
CO —» 1/2C +1/2C0, (3.9)

The presence of elemental carbon in final YBCO film would be detrimental for
superconducting properties, or it can act as reducing agent, modifying metals



68 Chapter 3. Solution processing and intermediate reactions

oxidation state if it is oxidized to CO or CO;. As a result, the use of oxidizing
atmosphere still seems the most advantageous prospect.

Regarding humidity, one film was heated under dry oxygen in order to inves-
tigate its effects. The in situ FTIR map (Fig.3.11(a)) shows the same interme-
diates evolving at similar temperatures as on the coating processed under wet

oxygen. XRD performed after film annealing also reveals the same final phases
(CuO, BaCOj3 and Y203).

(a) , (b)
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Figure 3.11: (a)Contour map of time resolved FTIR spectra of a film processed
under dry oxygen. (b) Image of sublimated copper deposited on heater cover
after film processing

Nevertheless, dramatic copper propionate sublimation is happening while
heating without the presence of water vapour. Cu was deposited on the heater
cover, which can be well observed in Figure 3.11(b). Thus, hydro-stabilization
of the salt using humid gas, proposed by Mclntryre et al for copper trifluoroac-
etate [104], seems also necessary for copper propionate.

Heating ramp effect

In thermal decompositions, the heating rates can also play an important
role on the decomposition temperatures. In Figure 3.12 are compared samples
pyrolyzed at rates of 2, 10 and 50°C/min in wet oxygen. Film thickness is
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higher for the sample heated at the slowest rate, being 400nm instead of 270nm
(thickness after YBCO growth).
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Figure 3.12: At left, evolution of propionate and carbonate normalized absorp-
tion bands for heating rates of 2, 10 and 50°C/min. At right, the corresponding
dTG help on comparing temperatures. Sample at 2°C/min has been deposited
by IJP, while the others by SC with solution 5B

Despite thickness differences, heating rate is shown to have a more important
effect on propionates thermal evolution. Propionates decomposition undergoes
to lower temperatures as annealing speed is decreased. The main propionate
mass loss is taking place at 160°C, 210°C and 238°C for heating rates of 2, 10
and 50°C/min.

The delay on propionates decomposition triggers barium carbonate formation

towards higher temperatures. Onset T are 250°C, 310°C and 365°C, respec-
tively. However, complete conversion is not attained until 500°C in all cases.

Consequently, heating speed optimization can be a powerful tool to tune
decomposition temperatures with the objective of controlling stress release,
specially for thick films pyrolysis very susceptible to buckle or crack.
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3.2.2 Nanostructure of calcinated films

Films microstructure is analysed by means of Transmission Electron Mi-
croscopy (TEM) analyses. TEM measurements were performed by Dr. R.Guzman.
Figure 3.13a presents a cross-section of a pyrolyzed film under wet oxygen using
the standard thermal treatment to 500°C, of a spin coated Solution B.

Y, Ba, and Cu EDX maps (Fig. 3.13b) reveal a solid solution composed
by nanocrystalline intermediates. Grain sizes for CuO and BaCOj3 are around
10-30nm, while Y503 particles remain as small as 5-7nm.

Figure 3.13: Pyrolyzed film with the standard treatment and Solution B. A solid
solution composed by the different nanocrystalline phases is observed. (a)BF-
HRTEM Bright-field High Resolution TEM The distinct phases are identified
in the insets. (b)Energy-dispersive X-ray spectroscopy (EDX) to identify O,
Ba, Cu and Y elements

However, EELS elemental mapping along the full film thickness (Fig. 3.14)
discloses different concentration gradient perpendicular to the interface for Ba
and Cu. Thus, sole phase segregation exists, giving place to Ba-rich and Cu-rich
regions on the top and in the middle of the film.

Particularly, Cu map shows larger nanoparticle sizes near the interface. This
stronger tendency of CuO to coarsen may preclude a homogeneous distribution
of the metals along the layer. As a consequence, local defects in stoichiometry



3.2. Pyrolysis process of fluorine free solutions 71

100 nm
[

Figure 3.14: EELS elemental maps of Y, Ba and Cu of a pyrolyzed 250nm thick
film deposited with solution 5B under standard thermal treatment

(a)

Figure 3.15: Pyrolyzed films produced by (a) 3 layers subsequently spin coated
and heated at 5°C/min and (b) single deposition of Ink Jet printed film heated
at 0.5°C/min

can affect the reaction pathway. Additionally, bigger particles undergo lower
reaction kinetics.

It is well known that coarsening is enhanced when particles are exposed to
high temperatures and for long times. This effect is observed in the pyroly-
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sis of thick films (~400nm after growth). Either because multi-spin coatings
undergo through several annealings, or because Ink Jet printed films pyrolysis
are performed through longer thermal treatments to avoid buckling or cracks
derived from compaction stress release of high volumes.

For instance, CuQO particles as big as 200 nm are observed in a 1J printed
film heated at a rate of 0.5°C/min to 500°C (Fig.3.15). Note that standard
pyrolysis is carried out at velocities between 3-5 °C/min.

In contrast, the multideposited film present reasonable particles size, yet the
interlayers are composed by strongly segregated CuO phase.
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Figure 3.16: Integrated 2D—XRD diffraction patterns show secondary phases
in grown YBCO thick films at 840°C by low Pp, route. One has been deposited
by IJP and pyrolyzed at 0.5°C/min (purple) and the other is composed by 2
spin coating depositions with standard pyrolysis (grey)

As a result, after YBCO growth, the IJP film presents big amounts of un-
reacted Y203 as compared to the multideposited film (Fig.3.16). Still, c-axis
YBCO nucleation is not fully achieved in any of the cases.

Thus, it has become clear that the achievement of a fast pyrolysis process is
a requirement, not only for time economisation but also for avoiding particles
coarsening.

Therefore, one of the main challenges for the growth of thick films with TLAG
is the control of the pyrolysis step to obtain homogeneous films at relatively
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high rates. Up to now, either a multi-deposition process or one using Ink
Jet printing methodology are feasible approaches with distinct advantages and
inconveniences. This work is currently continued by group co-workers.

3.3 Water content influence

It is known for trifluoroacetate non-aqueous precursor solutions that water
content alters not only homogeneity of pyrolyzed films but it is also detrimental
on the final superconducting properties of an epitaxial YBCO layer [134, 107].
For the TLAG process, even more dramatic effects derived from wet solutions
have been observed, hindering nucleation of c-axis YBCO and suppressing su-
perconductivity. It seems therefore that although water is evaporated below
100°C, it must modify the reactions pathway to an extent that affects YBCO
microstructure.

In this section the influence of water is analysed for fluorine free solutions
and the TLAG process.

3.3.1 Solution water content control

Special control is taken during solution preparation and deposition to mini-
mize environmental water contamination and keep initial water content below 2
wt% (see section 2.1). However, since our solutions are composed by carboxylic
acid and alcohol, esterification can occur being water a product of the following
reaction:

CH3sCH;COOH + CH3;0H — CH3COOCH3 + H0 (3.10)

The water content evolution of our stored solutions was measured by means
of Karl Fisher titration [107] at different days after preparation (Fig.3.17). The
increase on the water content only for the solution having the mixture of both
solvents (Solution B), confirms that it is a consequence of esterification reaction
between the solvents. Hydratation rate depends on the initial concentration,
from 0.07 to 0.16%,:/day.
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Figure 3.17: Evolution of solution water content measured by means of Karl
Fisher titration at different days after solution preparation
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Figure 3.18: Rheological properties depending on solution water content:
(a)Drop images for contact angle calculation, (b) Viscosity and (¢)MO images
of pyrolyzed films
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Subsequently, we have observed that solution rheological properties are al-
tered with the increase of water (Fig.3.18). Viscosity increases from 1441 to
2541 mPa-s when water content boosts from 2 to 6.2%,; in Solution B. The
same trend is observed for the contact angle, increasing from 27£5°to 34£2°,
respectively. The two factors have an influence on film morphology after firing,
leading to cracked films when values are high.

Still, film morphology alterations does not explain YBCO properties suppres-
sion for solution water contents in the range of 3%, which are still homogeneous.

Hence, a strategy has been used in order to work with solutions composed by
the mixed solvents and ensure a robust methodology. A double concentrated
"mother solution" is prepared with all the salts dissolved in propionic acid, and
methanol is only added before deposition. "Mother solution" is stable up to
one month.

In other works, new methodologies were investigated to reduce water content
of initial solutions or obtain stable solutions with other solvents, such us butanol
[135].

3.3.2 Thermal decomposition of hydrated solutions

To prove insight into the role of water in the decomposition pathway, ther-
mogravimetric analysis have been performed for Solution B, containing a 2.5
and 6.3 %t of initial water (Fig.3.19).

We observe that decomposition of the more hydrated solution undergoes to
lower temperatures since completed conversion is attained at 400°C, 100°C
before. All of which suggests that water molecules contribute on fastening
organic decomposition rate, and thus pyrolysis kinetics. Coordinated water
molecules would favour hydrolysis reactions. Since hydrolysis take place at low
temperatures, that would explain the bigger mass decrease at this early stage
as compared to the dry solution.

Copper propionate is decomposed through hydrolysis already in dry solutions.
Thus, being yttium propionate also the most hydrophilic salt, it is reasonable
to think that the main difference between humid and dry solutions thermal
pathway lies on yttrium propionate decomposition. In the first case, through
hydrolysis at low temperatures (Eq.3.3), while in the second case oxidations
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Figure 3.19: TGA of solutions B with 5.4% and 2.5% of water content

are more favourable (Eq.3.5).

A surprising result is the impact on the nature of intermediates formed after
pyrolysis. X-ray diffraction patterns of pyrolyzed films at 500°C which solutions
contain low and high amounts of water are presented in Figure 3.20(a).

Barium carbonate crystal structure is normally orthorhombic before its tran-
sition into the hexagonal phase at 810°C. On the contrary, when using hydrated
solutions, the monoclinic form of barium carbonate is produced during pyrol-
ysis. Monoclinic BaCOj3 is a metastable phase that at ambient conditions is
transformed into orthorhombic within 4 days [136].

This simple structure change has dramatic effects on the formation of YBCO
films. BaCOg3 decomposition has been observed to be delayed when processing
pyrolyzed films containing monoclinic phase rather than orthorhombic. An
in situ XRD experiment (Fig. 3.20(b)) revealed that before reacting at high
temperatures, the monoclinic form is previously converted to the orthorhombic
phase. A process that consumes time and some retained barium carbonate can
be observed at the YBCO processed films.

Second, TEM images of a pyrolyzed film from a high water content solution
is presented in Figure 3.21. It depicts an important presence of copper metallic
in some areas of the film, others with CuO or Cu free regions. The presence
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Figure 3.20: (a)Grazing Incidence-XRD of pyrolyzed films at 500°C with So-
lution B containing 1.6 and 7.8%,,t of H2O. (b) BaCOj3 evolution during film
growth by in situXRD. Pyrolyzed films contain monoclinic (blue) or orthorhom-
bic (purple) BaCOs. The transition to orthorhombic is observed from the mon-
oclinic BaCO3 before decomposition

of elementary copper suggests that Cu?" has been reduced during pyrolysis by
other oxidative processes.

When a film containing elementary copper is heated to higher temperatures
for YBCO synthesis, Cu(0) has to be oxidized to Cu(II) before forming YBCO.

3.3.3 Morphologycal and physical consequences

From TEM analysis, grain sizes have been inferred and are plotted in Figure
3.22 for comparison. The resulting nanoparticles size of Y203 increases to
20£10nm for a pyrolysis performed from a wet solution. Cu particles size is
very inhomogeneous as can be seen in the previous image. Cu particles of
wet solution coating can reach 45nm size. This coarsening can be a direct
consequence of the metal salts earlier decomposition in wet solutions, leading
to a premature formation of crystals that grow along the thermal treatment.

Another effect is illustrated by FIB images in Figure 3.23. A strong decrease
of porosity is observed when increasing water content in solutions, specially at
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(a)

(b)

Figure 3.21: (a) STEM of film processed with a solution containing 7.8% of
water, showing areas with distinct microstructure: (b) composed by reduced
Cu(0) and (c¢) with CuO
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Figure 3.22: At left, plotted grain sizes inferred from TEM images of Y203 and
Cu or CuO nanoparticles for pyrolyzed films from solution B containing 1.6 or
8% of water. At right, TEM image of a big Y203 particle and elementary Cu

the regions containing elemental copper. Porosity drops form a ~ 5% (a) to
~ 1% (b,c) when water content of solution is increased from 1.6%,¢ t0 3.8% ¢
Since wet solutions decompose before, compaction can take place during the



3.3. Water content influence 79

remaining thermal profile. Even though low porosity is preferred in the resulting
films, extreme density may hinder gas release necessary to eliminate BaCOs.

(a) 1,6% wt H,O (b) 3,8% wt H,O

subsirale

Ic) 3 coatings 3,8% ., H,O

wt

Figure 3.23: SEM-FIB cross sections of (a) films quenched at 670°C which
precursor solution contained 1.6 and 3.8% of water and (b) 3 coatings pyrolysis
of Solution B with 3.8% of water, shows very low porosity

In Figure 3.24(a) water content is correlated to film performance, in terms
of critical current (J.) of the resulting superconducting YBCO phase. A dra-
matic suppression of properties is observed when water exceeds 2.3%.,;. For
a 1.5 M (total cation concentration) solution, it corresponds to a 0.85 water
to metal cations molar ratio. Thus, for higher water contents, there is more
than one water molecule for each cation salt in the precursor solution. Two
dimensional XRD results (Fig.3.24(b)) confirm the properties reduction to be
a direct consequence of the lost of epitaxy on the resulting YBCO phase.

The cause lies on the combination of all the previously described effects when
using wet solutions. BaCQOj transition from monoclinic to orthorhombic and
elemental Cu oxidation are extra reactions that drag out the solid reactions
pathway. In addition, extreme low porosity and big particles size can ham-
per reaction kinetics. Altogether alter optimum conditions for c-axis YBCO
nucleation, resulting in polycrystalline films.
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Figure 3.24: (a) Critical current densities (J., 77K, self field) of YBCO films
diminish with the increase of precursor Solution B water content. In (b), 2D-
XRD show polycrystalline YBCO fraction increases for higher solution humidity

3.4 BaCOj; elimination reactions

We have described in the previous section that pyrolysis of the deposited
cations carboxylate salts results in a film composed by nanocrystalline BaCOs3,
CuO and Y503 phases.

In this section, we study the solid reactions that take place at high tempera-
tures for the pyrolysis phases conversion into to the transient liquid precursor
(BaCuOg + CuO).

This involves the carbonate elimination from BaCOj, a highly stable com-
pound that does not decompose until 1350°C. If carbon is retained in the re-
sulting YBCO film grain boundaries, superconducting critical temperature 7,
is decreased [84]. This fact has limited the use of fluorine free solutions for
YBCO growth until the present.

Thus, special emphasis has to be taken on the understanding of BaCOg elimi-
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nation, as well as on strategies to enhance this reaction towards the achievement
of very fast processing rates.

Typical decomposition for alkaline-earth (A) carbonates is described by the
following reaction 3.11:

ACOs(s) = AO(s) + COs(g) (3.11)

However, with the presence of a transition metal oxide reagent (M), a mixed
oxide can be formed through reaction:

zACO3(s) + yM,O(s) = Ay My, O0p4y(s) + 2CO2(g) (3.12)

For our pyrolyzed precursor films, being composed by barium carbonate and
copper oxide, the formation of the mixed oxide is thermodynamically more
stable than the BaO simple oxide, thus reaction 3.12 is more favourable than
reaction 3.11 [137]. Therefore, barium carbonate decomposition during thermal
treatment at high temperatures towards YBCO formation will be driven by
reaction 3.13:

BaCOs3(s) + Cu,O(s) & BaCu,045(s) + CO2(g) (3.13)

The temperature at which this reaction occurs (Tp) is much lower than the
decomposition of single barium carbonate [138, 92|. For instance, Vermier et
al. performed TGA-DTA measurements in Ar and air which show that BaCOg3
powder is stable until 900°C, while the powder binary mixture 2BaCO3/3CuO
presents the first mass loss already at 700°C. In other words, CuO can act as
a reactant for the BaCOj3 elimination.

Furthermore, an additional and very significant drop on decomposition tem-
peratures is occurring at lower Pp, and for thin films as compared to powders,
due to grain size effects [139] (Tp= 620°C under N3 for 500-800 nm, [85] or 640
°C under 200 ppm O3). Other examples can be found in literature showing a
drastic temperature reduction for decarbonatation of BaCOj3 nanoparticles in
solutions with other metal oxides [140].

These facts reveal the possibility to complete barium carbonate at much
lower temperatures than expected in the YBCO ternary system, and specially
for thin layers.
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However, still many information is missing in order to understand the kinetics
and thermodynamics of this intermediate reaction that is also rate limiting for
the overall process, as well as avoiding carbonate retention in the thickest films.
In this section, we will put insight into this matter.

3.4.1 In situ XRD studies of the conversion process

The evolution of pyrolyzed films (BaCOgs, CuO, Y203) to high tempera-
tures, is followed via in situ, time-resolved X-ray diffraction performed with
synchrotron radiation at SOLEIL synchrotron.

Previously pyrolyzed films on STO substrates were heated inside a chamber
under the chosen Py, conditions. A maximum of 5°C/s heating rate could
be used with the provided heater stage at the moment. Films thicknesses are
~400 nm after total conversion.

Intensity was continuously acquired with a 2D detector at acquisition times
of 0.2-0.5s (Fig.3.25a). The detector area covers all the 20 range where the
main species diffract. More details on the methodology and data analysis can
be found in section 2.2.5.

The different species can be distinguished by the X-ray diffraction intensity
of their main reflections (Fig.3.25b). After data treatment, the main reflections
intensities are normalized by their maximum intensity, which we approximate
proportional to the phase molar amount. Then, the normalized intensities
plotted with temperature or time show the phases evolution along the thermal
treatment.

The solid reactions involving BaCO3 and CuO at a heating rate of 0.4°C/s
and under different Py, conditions are disclosed hereunder.

Po, = 1073 bar

At first, the results at a Po, of 1073 bar are presented in Figure 3.26.

Two solution compositions have been explored: (i)the YBCO stoichiometric
content corresponds to a cations ratio of Y:2Ba:3Cu and (ii)the Y:2Ba:4.66Cu
ratio has a Cu excess respect to YBCO. It corresponds to a BaO:CuO relation
of 3:7, matching the point of a eutectic reaction in this binary system (see Fig.
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Figure 3.25: Typical data acquired with in situ XRD with acquisition points
every 0.2s, during sample growth at 0.4°c/s under 1073 bar Oy and the 2:3
liquid. (a) 2D detector image (b)Each 2D image acquired along the process is
integrated in x and represented with temperature

3.27).
For the (i) stoichiometric composition, we observe that BaCO3 reacts with
CuO to form BaCuOs:
2BaCOs3(s) + 3CuO(s) — 2BaCuO3(s) + CuO(s) +2COz(g)  (3.14)

Hence, the solid BaCuO2 XRD intensity evolves in parallel to BaCO3 and CuO
decrease, until 650°C. Then, BaCuOs signal diminishes while YBCO starts
growing. When BaCuO4 has completely vanished, YBCO is fully grown.

However, when YBCO starts nucleating, still a 70% of BaCOgs precursor
remains and continues decomposing even after BaCuOs has disappeared. It is
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Figure 3.26: Time-resolved evolution of pyrolysis solid species is represented
for 400nm films treated at 0.4°C/s under atmosphere of Pp, = 1073bar, Py =
1bar. Y:Ba:Cu ratios are (i)1:2:3 and (ii)1:2:4.7

evident therefore that reaction 3.14 for the elimination of BaCOj is the slowest
and rate limiting process.

In contrast, during the decomposition path of the (ii) Cu excess composition,
the BaCuOs2 solid phase is not observed. Additionally, reaction onset temper-
ature is the same for both compositions (630°C+5), but barium carbonate is
vanished at (1)720°C and (ii)670°C. For a heating rate of 0.4°C/s, these val-
ues correspond to significantly different total reaction times: 220s and 90s
respectively.

Still, this range of temperatures is very low, which indicates the feasibility of
completing decarbonation towards the growth of YBaoCu3zO7_s.

Furthermore, the fact that the crystalline precursor phases have disappeared
at the onset of YBCO growth, is a direct poof of the presence of a liquid
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intermediate. The existence of a liquid phase under these conditions is not
expected in the ternary phase diagram for YBasCusOr_s. However, the binary
system of BaO-CuO, without Y203, presents an eutectic reaction that involves
the formation of a melt [85, 141, 142]| (Fig.3.27 and section 4.3).

BaCuO, + CuO

50 60 70 80 90 100
BaCuO, mole %Cu0O Cuo,

Figure 3.27: Scheme of the BaCuO2-CuO phase diagram [141]. Indicated in
arrows the paths followed for each composition

Consequently, the following reaction is proposed, where the intermediate lig-
uid phase subsequently transforms to YBCO by reaction with Y90Os3:

1 1
2BaCO3(s) + 4.7 CuO(s) + 3 Y203(s) — [Ba—Cu—0](1) + 3 Y20s3(s)
+2C021T — YBagCuzO7_s(s) + 1.7 CuO(s) (3.15)

These reactions, involving the formation of this transient liquid and subsequent
fast YBCO growth, are investigated in more detail in section 3.4.2 and in the
next chapters.

Hence, the binary diagram represented in Figure 3.27 also explains why the
BaCuOs solid phase is only a solid intermediate when using the stoichiometric
composition (2Ba:3Cu). For this composition, BaCuOq will gradually disappear
at expenses of a liquid phase when passing the liquidus line (7), at higher
temperatures.

This fact also confirms that the 1:2:4.7 composition matches the eutectic
point of the binary phase diagram, where no solid species are expected after the
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eutectic temperature (7). Therefore, the mixed oxide would only be observed
if BaCOj3 is decomposed before T,, but it has not been detected so far.

In this case, the BaCOj3 elimination reaction leads directly to the liquid phase
(equation 3.15), while YBCO is formed with a certain delay due to the induction
period for nucleation (See Chapter 4.1.2).

Po, = 1075 bar

Now, the BaCOj3 conversion to high temperatures is observed under reduced
Po,, at 107° bar and for the 1:2:4.7 composition in Figure 3.28.
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Figure 3.28: Time-resolved evolution of pyrolysis solid species is at 0.4°C/s
under Pp, = 107 bar, P,y = 5 - 107 %bar. Solution Y:Ba:Cu ratio is 1:2:4.7.

From in situ XRD experiments we observe that BaCO3 removal is driven by
its reaction with CusO to form BaCusO2, which are the stable phases at this
Po, [143]:

2 CuO «— Cuy0O (3.16)

BaCOs(s) + Cuz0O (s) «+— BaCuy02(s) + CO2(g) (3.17)

First, CuO reduction takes place. It starts around 770°C and proceeds to
820°C, at a rate of 0.5°C/s. Note that equilibrium CuO/Cuz0 should take
place at lower temperatures according to the phase diagram (650°C at Po, =
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10~ 5bar) [143] (Fig. 3.30). Once completed, BaCOj3 reaction takes place along
the thermal treatment dwell at 830°C for, at least, 700 s.

In this case, the formation of YBaoCu3zO7_s is not observed, as expected in
this Pp, range, which is below the phase stability zone [144]. Furthermore, any
evidence of a liquid intermediate is found in this case.

Consequently, BaCO3 conversion may be disclosed from YBCO formation
and it leads to solid BaCugO2 under low enough Po,.

Thermodynamic considerations

The evolution of barium carbonate from in situ XRD experiments is com-
pared in Figure 3.29 for treatments under a wider range of Pp, and heating
speed conditions (0.4 and 5°C/s) with the 3Ba:7Cu composition.
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Figure 3.29: (a) BaCOj evolution along thermal treatment at 5°C/s un-
der different Pp,. (b) Reaction onset temperatures. Cations composition
is 1Y:2Ba:4.66Cu and film thickness 400nm. Total pressures are 1 bar for
Po, > 2.510~4bar and P,y = Po, - 5 for the lower pressures.

Two differentiate regimes can be deduced from BaCOj elimination reaction

rates.
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At high Pp,, conversion is as fast as 10s at a heating speed of 5°C/s and
starts at low temperatures (~670°C). Such an increased reaction rate could be
driven by the presence of the liquid intermediate. The formation of a liquid
during the decomposition of solid reactants (e.g. melting, eutectic formation or
dissolution), often involves an increased rate as a consequence of the relaxation
of the bonding forces responsible for lattice stabilization [145].

In contrast, for Pp, lower than 10~ *bar, reactions take more than 10 min and
are initiated at higher temperatures (>820°C). Based on the previous section
analysis, BaCOj elimination at low Pg, originates solid BaCu20O2. The absence
of a liquid phase under these conditions could explain the longer reaction rates
to higher temperatures.

We can dismiss the effect of total pressure. First, one would expect that
lower total pressure would in any case enhance the reaction by easing CO4
expel. Second, other experiments performed in the laboratory furnaces at the
low Pp, regime, but working at a higher total pressure, (3-1073 bar, Ng) show
very similar reaction temperatures and speed.

The information concerning these reactions is represented in a T-Pg, phase
diagram in Figure 3.30. The crossover for the stability of both mixed oxides
(orange line) is reproduced from Lindemer et al [143]. It corresponds to equi-
librium:

1
BaCuOs 4+ CuO = BaCuy0, + 5 O2(g) (3.18)

Hence, reaction 3.14 to form BaCuO; and a liquid intermediate takes place
when raising temperature at Ppo, > 2.5-107* bar, above the BaCuO2/BaCuy09
equilibrium. Instead, the reaction 3.17 to form BaCusQOs proceeds at 10~ >
Pp, > 107° bar, below the equilibrium line. Thus, BaCuO3/BaCus0s equilib-
rium determines the stability zone of each mixed oxide and consequently which
reaction for the decomposition of BaCOj3 takes place.

This fact can lead to two distinct paths to convert the pyrolysis precursors
to the final YBayCu3zO7_s5 phase. One proceeds towards a direct temperature
rise at constant Pp, > 2.5 - 10~% bar, named Temperature-route (T-route, red
arrow in Fig.3.30). For the other, BaCOj3 reaction take place while heating at
104 > Pp, > 107° bar and under the YBCO stability line conditions, to form
solid BaCusOs. Then, the growth region for YBasCu3zO7_5 may be achieved by
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Figure 3.30: Deduced T'— P(O3) phase diagram from the pyrolysis films evo-
lution. The blue regions indicate the area where YBCO is grown from a lig-
uid intermediate. Equilibrium lines are represented for the Ba-Cu-O eutectic
reaction (Te) [115], the YBCO peritectic temperature (Tp) [146, 147], the in-
stability YBCO line (Ijps) [148] and the CuO — CusO and BaCuO2-BaCuy0,
equilibriums [143]. The T-route and Pp,-routes are indicated in arrows

a Pp, step at constant temperature. This approach will be named the oxygen
partial pressure route (Pp,-route, green arrow in Fig.3.30).

The heating rate effect is also distinct for the two Pp, ranges. At the high
Po, regime, reaction temperature depends on the annealing speed, being lower
for slower heating rates (Fig.3.29b). For instance, reaction onset temperatures
are displaced from 620°C to 670 °C for heating speeds of 0.4 and 5°C/s. This
is then a thermally activated process following an Arrhenius behaviour.

In contrast, for the explored region at Pp, < 2.5-107*bar, a reduction in
heating speed showed no decrease of Topset- A constant reaction rate suggests
it is controlled by solid interface kinetics.

Lindemer et al [144] found the same trend in VTGA analysis of the ternary
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mixture, but no explanation was given to the nature of the conversion process
at low Pp,.

Therefore, each reaction is controlled by particular kinetic and thermody-
namic factors. Metal carbonate decompositions are both endothermic and re-
versible, which makes it difficult to study kinetics in non isothermal experi-
ments.

The net rate in reversible reactions is the difference between the forward and
backward rates. It can be expressed as [149]:

AP} _ () (mo) - ) (3.19)
where k* is the kinetic constant for the forward reaction and depends on the
enthalpy and entropy difference. K is the equilibrium constant, in other words,
it implies how far from equilibrium is the system. R, and P are the reactants

and products of the reaction, respectively.

For the studied case, the equilibrium constants are dependent on COs(g)
since activity of solid and liquid species is constant:

[BaCuZOQ] . PC()2
[BaCOs3][Cu,O]

Values reported for the formation of BaCuO; and BaCuyOg were given by
Lindemer et al [143]:

BaCuOg: K=log(P|CO2|[MPa]) = 6.655 - 11144/T
BaCuy03: K=log(P[CO2|[MPal]) = 6.121 - 10285/ T

Equilibrium P[COs] is lower for the reaction leading to BaCuzO2. Looking
at equation 3.20, a smaller K results in less quantity of products in equilibrium

K= = Pco, (3.20)

conditions. In other words, the equilibrium is more displaced to the left in
comparison to the other reaction. As a consequence, taking equation 3.19, a
lower K results in lower reaction rate for the products formation. This means
it is more difficult to decompose the BaCO3 at the low Pg, regime.

3.4.2 Towards ultrafast conversion rates in T-route

We have deduced from previous experiments that reaction kinetics at Pp, >
2.5 -10~* bar depends on the heating ramp, Pp, and precursor composition.



3.4. BaCOgj3 elimination reactions 91

Additionally, the reactions that follow, including the formation of a liquid,
can modify BaCOj elimination rate as well. In this section, we investigate in
more detail these processing parameters with the objective of achieving fast
conversion rates.

3.4.2.1 Pp, effect

The experiments shown in the preceding section in Fig. 3.29 with the
Y:2Ba:4.7Cu solution are performed only at Pp,—1072 and 2.5-10~4 bar. Thus,
the change in Pp, is too small to find relevant differences. In order to disclose
the effect of Pp, in the T-route conditions, we performed in situ XRD isother-
mal treatments under Po, of 1072 bar and 2.5-10~* bar, using the stoichiomet-
ric solution composition. The phases evolution along the thermal profile are
depicted in Figure 3.31.
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Figure 3.31: Phases evolution on pyrolyzed films of the stoichiometric solution
during heat treatment and in situ XRD. Multiple thermal isotherms have been
applied to study reaction kinetics and are plotted in grey. Pp, conditions are
(a)1072 bar, (b)2.5- 10~* bar

BaCOs3 conversion reaction already starts during the isotherm at 650°C, in
both cases. Since COs release is limited by the system configuration, equilib-
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rium conditions are reached.

At this step, for a Pp,=1072 bar, the equilibrium is achieved at 650°C with a
60% of BaCO3 conversion. The products are BaCuOy and only 3% of YBCO.
Complete carbonate elimination is attained at higher temperatures (678°C),
together with the BaCuOs solid disappearance to form YBCO.

In contrast, when Pp,=2.5-10"% bar, the equilibrium entails a 90% BaCO3
conversion at 650°C. The remaining 10% is transformed at 750°C, when equi-
librium has been displaced to higher temperatures. YBCO is observed as the
only product already at 650°C, without detecting the solid BaCuOsy phase. We
deduce that BaCuQO3 is not observed because it is in the liquid state and rapidly
transforms to YBCO.

These results indicate that for the same temperature, at lower Pp, the system
is closer to the liquid and YBCO stability region. This is in agreement with
the eutectic temperature downward tendency with the decrease of Py, (see T,
line in Fig. 3.30).

All of which evince the effects of subsequent liquid reactions on improving
the reaction yield, at least when there is low CO4 expel. Thus, when BaCO3
conversion takes place at the area where product BaCuOs + CuO becomes
liquid, reaction kinetics are enhanced and BaCO3 can undergo complete trans-
formation at lower temperatures.

The same effect explains the sooner BaCOj transformation previously ob-
served in Fig. 3.26 for the eutectic composition (Y:2Ba:4.7Cu) in comparison
to the stoichiometric (Y:2Ba:3Cu), since BaCuOs(s) intermediate is avoided in
the first case.

This idea becomes clear once representing the species evolution in the T'— Pp,
phase diagram in Figure 3.32a for the stoichiometric solution. This diagram
has been build using data extracted from in situ XRD experiments at heating
rates of 0.4°C/s under different Po,.

First, BaCOg3 conversion starts at higher temperatures (7,,) at higher Pp,.
T,y raise from 630°C at 2.5 - 1074, 1073 bar to 660°C at 1072 bar.

Apart from that, at more elevated pressures, reaction proceeds along a larger
temperature range due to the presence of intermediate BaCuOs solid. Conse-
quently, conversion rate is slower. As a result, transformation time drops from
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Figure 3.32: (a)T — Pp, phase diagram with phases information from in situ
XRD heating at 0.4°C/s the YBCO stoichiometric composition. BaCOg3 is rep-
resented in green and triangles indicate onset and final conversion temperatures.
BaCuOs exists at the orange region and the star symbols depict its maximum
intensity. Yellow triangles indicate where YBCO starts nucleating. (b)Barium
carbonate decomposition reaction times

315 s to 134 s when pressure is decreased from 1072 to 2.5-10~% bar, at a speed
of 0.4°C/s (Fig. 3.32b).

Note that YBCO starts nucleating below the thermodynamic eutectic line
(an issue that will be further discussed in the next chapters).

Knowing this, we deduce that the fastest conversion rates and at lower tem-
peratures will be achieved at the 1" — Pp, conditions where BaCuO4 solid is
avoided and in which subsequent reactions involving the formation of liquid
takes place. This is accomplished at the lowest Pp, area for T-route with the
stoichiometric composition.
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3.4.2.2 Heating rate effect

The effect of heating rate will be widely explored in this section. Various
experiments using different annealing rates up to 5°C/s have been performed by
means of in situ XRD. BaCO3 conversion onset, final temperatures and speeds
are represented in Figure 3.33 for both compositions and annealing rates.
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Figure 3.33: (a) BaCO3 and BaCuO3 conversion onset (A) and final (V) tem-
peratures for both cation ratio during heating rates at Pp, = 10~ 3bar. (b)
Reaction times. Values are extracted from corresponding in situ time resolved
XRD experiments

The increase of heating ramp shifts reactions onset temperature to higher
temperatures, as expected for thermally activated processes. Ty, increases from
~630°C at 0.4°C/s to 690°C (2Ba:3Cu) or 670°C (3Ba:7Cu) at 5°C/s.

Thus, a delay on BaCO3 conversion temperature with fast heating rates may
seem a disadvantage towards the objective of avoiding carbon retention. How-
ever, reaction kinetics are slow (100-300s) for low Tgonge (630°C at 0.4°C/s) and
very much increased at higher Ty, (670-690°C, 5°C/s), presenting conversion
times as short as 10 s for both compositions.

In the case of the stoichiometric composition, the formation of solid BaCuOs
delays BaCOj3 elimination. We observe the mixed oxide at rates until 0.8°C/s,
when reaction starts below 660°C. Instead, the use of very fast temperature
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rise brings decomposition to higher temperatures, where the solid intermediate
formation is hindered in favour of the transient liquid, thus speeding up reaction
kinetics. It results on the final decomposition temperature being lower for the
fastest annealing, which has higher T,.

Therefore, we can conclude that when conversion starts at temperatures
where the reaction product is a liquid (although transient), it enhances the
solid reactions rate. Instead, if BaCOj3 conversion starts before, the formation
of the solid intermediate BaCuQO9 will slow down reaction kinetics.

Hence, the use of very fast annealing rates has appeared as a solution for
avoiding BaCuOx(s), even at high oxygen partial pressures. Thus, allowing
very fast reaction rates in a wide area of processing conditions and for the
stoichiometric composition.

Additional advantages from rapid heating are particles coarsening hindering,
and more favourable YBCO c-axis nucleation (see Chapter 5).

Ultrafast heating rates

On the light of these findings, we have investigated faster heating rates with
quenching experiments. The range of 20 to 100°C/s has been explored using a
Rapid Thermal Annealing furnace (RTA).

Pyrolyzed films with final thicknesses off ~300 nm have been heated up with
heating ramps from 20 to 100°C/s and quenched at ~800°C. The remaining
BaCO3 content has been deduced from GI-XRD analysis of the resulting films.
Figure 3.34a shows the normalized intensity of the BaCO3 and YBCO main
reflections with the time the sample has been exposed to higher temperatures
than 650°C during each quench (Fig.3.34b).

We can observe that full conversion has been completed for heating rates
slower than 30°C/s. At this speed, the total time that the film been exposed to
temperatures > 650°C is ~ 6s (Scheme 3.34(b)). This would be therefore, an
approximation of the minimum time needed for a total conversion under these
conditions.

Another experiment has been carried out applying a constant heating rate
of 80°C/s and different holding times at 800°C, shown in Fig.3.34(c,d). There
is no conversion with 0s of dwell, that corresponds to a time of 2.2s in the
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Figure 3.34: Quenched films at 800°C using ultrafast heating ramps from 25
to 100°C/s with the RTA oven. In (a) Intensities corresponding to BaCO3 and
YBCO reflections of quenched samples heated at different rates and normalized
to a pyolyzed sample. The total time at temperatures above 650°C has been
inferred for the real thermal profile, including heating and cooling, is schema-
tised in (b). In (c) quenches performed at 80°C/s with different holding times
at 800°C. The corresponding XRD diffraction patterns are plotted in (¢). Films
thickness are ~300 nm, produced with solution 5B and atmospheric conditions
of Po,=10"2bar at lbar

previous experiment. However, by just 1s at high temperature, BaCO3 has
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decomposed a 20% of its initial content. Finally, reaction is totally completed
with 3 s at 800°C.

Parallel to precursors reaction, is the direct formation of YBCO. No presence
of BaCuOg solid is identified in the XRD (Fig. 3.34(d)). Thus confirming again
the use of fast heating speeds to avoid solid intermediates and enhance reaction
kinetics.

As a result, we have for the first time proven that the overall process can
take place in just 3 s for a final film thickness of ~300 nm. That would lead to
a film conversion rate as fast as ~100 nm/s. Thus, Rapid Thermal Annealing
brings unique opportunities for enhancing the reaction throughput and assure
a total fast decarbonation of the films.

3.4.3 CO, diffusion

Now, we will focus on the investigation of gasses diffusion effects on reaction
kinetics and the influence of film thickness. Note that in situ XRD experiments
were performed in a semi closed chamber, where gas flow was limited.

3.4.3.1 Thickness dependence
T-route conditions

Carbonate decomposition was followed by Thermogravimetric (TG) and Evolved
Gas Analysis (EGA) on deposited precursor solutions resulting in thin films
(Fig. 3.35). These experiments were performed by the GRMT group at Uni-
versity of Girona.

A mass loss of 7-12% in weight over the final YBCO mass is observed at high
temperatures, depending on film thickness. This step can be accounted to the
COs, release observed with EGA, corresponding to the gas product of reaction
3.14.

In Figure 3.36, the conversion temperatures (7p) for films of different thick-
nesses of stoichiometric composition at 0.4°C/s are depicted for comparison.
Temperatures are extracted from the dTG of the mass loss step, corresponding
to the maximum slope.
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Figure 3.35: EGA and TG analyses at atmospheric pressure showing ther-
mal decomposition of barium carbonate at high temperatures. Heating rate is
0.4°C/s, under atmosphere of wet nitrogen. Nominal film thickness is 2,5um
in order to have signal for the evolved gases. The only volatile detected during
this mass loss with m/z=44 is accounted to COq

For nominal YBCO final film thickness of 150-300nm, the main decarbonation
temperature lies around 690°C, while for films thickness ~ 500 nm it increases
to 715°C, for 660 nm to 720°C and > 830°C for a very thick film of 2500 nm.

The BaCOj3 reaction in thick films may be hindered by COs retention, either
at the film surface or through the thickness. As a result, gradients in carbonate
concentration within the layer can also exist. This fact would produce different
local reaction rates, thus bringing decomposition to higher temperatures.

Thus, the dependence of reaction Tp on film thickness indicates that the
process, in this case, is kinetically limited by the CO4(g) product out-diffusion.

Po,-route conditions

Quenching experiments for the Pp,-route conditions (Pp,=107" bar, P,,;=10"3
bar) are depicted in Figure 3.37.

XRD patterns of 90 nm thick films, much thinner than in situ experiments,
show reduction of Cu already at 770°C. However, the formation of BaCu20-
and total conversion is only observed after 20 min of dwell at this temperature,
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Figure 3.36: (a)TGA and the corresponding derivative curves (dTGA) in
dashed lines of the YBCO precursor solution thermal decomposition at high
temperatures for different layer thickness. Heating rate is 0.4°C/s, under wet
nitrogen and the solution Y:2BA:3Cu. At figure (b) the main decomposition
temperatures corresponding to the maximum slope of mass loss extracted from
dTG are plotted for different nominal film thickness

or at higher temperature quench (830°C).

For thicker films of 400nm, Cu reduction is observed after 5 min at 830°C,
but BaCus0O2 formation is delayed to higher temperatures. At 840°C is already
present, but a big quantity of BaCOj still remains.

They show similar results. Again, decomposition starts at higher tempera-
tures for thicker films.

Additionally, for thick films, local COs retention within the layer can addi-
tionally cause the backward reaction at the already decomposed BaCuzOs:

BaCuz03(s) + CO2(g) — BaCOs3(s) + Cuz0(s) (3.21)

We have seen the reversible character of this reaction in air at atmospheric
temperature. After some days of producing a BaCuO» film, XRD only showed
BaCO3 and CuyO precursor phases. The backward reaction has not been ob-
served in BaCuO4 containing films at atmospheric conditions. For this reason,
all the analyses involving BaCuyO9 are carried out right after the sample is
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Figure 3.37: Integrated GADDS 2D-XRD diffraction patterns of films heated
to 770-840°C and hold for 5 or 20 min. Films thickness are of (a) 90nm (1M5B
solution) and (b) 400nm (1.5M5B solution, 2 depositions)

produced.

So, it can be deduced that the barium carbonate reaction to form the mixed
oxide that implies COg release is kinetically limiting the process.

Longer annealing times and higher temperatures were probed without success
on total decarbonatation due to the limitations of the RTA furnace. Addition-
ally, total pressure is higher (3 - 1073 bar) than with the in situ experiments
(5-107° bar). Actually, 400nm thick films were totally converted in ~10 min
at 830°C during in situ experiments at lower total pressure (See Fig.3.26).

3.4.3.2 CO- removal towards faster decarbonation

Consequently, knowing that the kinetic behaviour is sensitive to ease of CO»
removal, different strategies can be developed to enhance this step. Enhancing
gas flow and lowering the total pressure are two strategies that will be explored.

On the one hand, the microstrucure and porosity of the starting film can
have an influence on the rate of escape of the volatile product by intragranular
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diffusion [145]. For this reason, all the comparative studies of this section have
been performed with the same precursor solution and maintaining the water
content lower than 2%.

On the other hand, we have studied the dependence of atmospheric con-
ditions on carbonate elimination process. Figure 3.38 illustrates the reaction
yield under different total pressure and flux conditions. The conversion yield is
calculated from carbonate absorption bands before and after quench by means
of FTIR spectrometry ((A(COO3)quench/A(COO3)pyrotysis) - 100.
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Figure 3.38: Carbonate elimination reaction yield deduced from FTIR measure-
ments of quenched (2)200nm and (b)400nm thick films to 680°C and 750°C,
respectively. Depositions have been performed with solution 5D using (a)one
or (b)two coating. Annealing has been carried out in a RTA oven with heating
rates of 0,4°C/s (@) or 20°C/s (). Different atmospheric conditions are plot-
ted: Pr = 1—0.01bar under static conditions or a flux of 2L /min. Py, is fixed
to 0.01bar in all experiments.

In Figure 3.38a quenches of 200nm thick films are performed at 680°C at 0,4
and 20°C/s rates and different atmospheric conditions:

e Static 1bar: no gas flow at 1 bar of total pressure
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e Flow lbar: maximum gas flow (2L/min) at 1 bar of total pressure
e Static 0.01bar: no gas flow, but total pressure is reduced to 0.01 bar

e Flow 0.01 bar: a gas flow is maintained with a working rotary pump. A
stable total pressure of 0.01 bar is obtained

In the film heated with a slow rate of 0.4°C/s (solid symbol in Fig. 3.38a) in
absence of gas flow at atmospheric pressure, all the barium carbonate present
after pyrolysis is retained after the quench. In other words, the reaction has
been blocked.

In contrast, carbonate decomposition does proceed with the same conditions
but under gas flow or reduced total pressure to 0.01 bar, giving similar yields
of ~70% conversion.

Both gas flow and reduced pressure are different methods to induce a bigger
gradient in the gas phase that drive the gas scape from the film. Consequently,
reaction rate for products conversion is increased. This fact is in accordance
with equilibrium laws of "Le Chatelier’s principle" for reversible reactions. The
forced removal of COa, since it is the reaction product, generates a disturbance
on the equilibrium so that in order to adjust itself, it will reduce the effect by
generating more product. In other words, equilibrium reaction is enhanced to
the right.

Surprisingly, the blocking effect when working in static conditions is less
important when annealing to high temperatures is faster (20°C/s, open symbols
in Fig.3.38(a)). The sample treated with no flow at 1 bar presents now a
transformation of ~50%, and it is not dependent on gas conditions.

One explanation is accounted to the formation of a liquid intermediate that
enhances the elimination of BaCOs. Somehow, the formation of this liquid,
and subsequent YBCO growth, is favoured when heating faster. This issue is
addressed in section 3.4.2.2.

In this situation, the fast conversion to the YBCO phase avoids the backward
reaction caused by not expelled COs.

Quenches of thicker films (400 nm, Fig.3.38(b)) are performed with a fast
heating (20°C/s) to 750°C. Being the films thicker, more differences are ob-
served within samples heated with/without flow or atmospheric/reduced total
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pressure. The sample treated at 1 bar without flushing presents a transforma-
tion of 75%, that working under flow or Pt of 0,01bar is increased to ~85%. If
continuous flow is also present at reduced pressure, reaction yield is the highest,
being ~93%.

Consequently, by using furnace conditions that contribute the most to COq
release, a 400nm thick film can be decomposed at temperatures close to 750°C
with a very fast ramping speed.

Still, instrumental limitations exist in the RTA furnace to explore a higher
range of pressures and gas flow. The big chamber permits a very low effective
gas exchange. Yet, total carbon elimination of 400 nm film has been just proved
possible under low total pressure (107° bar) in the synchrotron experiments.

Currently, a new tubular furnace has been installed in our laboratories and
allows a high Ny flux of effective 3L/min. Recent experiments show complete
BaCOj3 conversion to BaCuyOs at Pp, = 107° bar and 1 bar of total pressure
in 400 nm thick films and with only 5 min dwell at 830°C. Therefore, the gas
flow effects are remarkable and the use of low total pressure may not be even
necessary.

3.5 Conclusions

Pyrolysed thin films up to 1 pm thick can be obtained from deposition with
spin coating or Ink Jet Printing. For the first case, combinations of solution sol-
vents with distinct boiling points are used to tune films thickness, morphology
and porosity. IJP films are highly homogeneous along film thickness. However,
formation of cracks and shrinkage during big solution volumes decomposition
requires remarkable efforts and therefore research in this field is still on going.
If long thermal treatments are applied, CuO coarsening precludes the reactions
during film conversion.

In situ infrared spectroscopy measurements during pyrolysis reveal the de-
composition path of the three cations propionate salts mixture. Different ther-
mal regions are identified as heating to 500°C: (1)Cu(EtCO3)2 and Y(EtCO2)3
hydrolysis below 200°C, (2)oxidation processes leading to CuO, Y203 and
BaCs04 (3)Barium oxalate oxidation to BaCOs. The decrease of the heat-
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ing ramp undergoes these reactions to higher temperatures.

TEM analyses show a resulting nanocrystalline matrix of the three species
with very small particles sizes: 10-30 nm for BaCOs and CuO and 5-7 nm for
the YQOg.

A crucial parameter is the control of the water content in the solution. Dra-
matic effects are derived if it exceeds 2%, It alters solution rheology and the
thermal decomposition path, leading to the formation of monoclinic BaCOs3, in
contrast to the orthorhombic structure, and metallic Cu. This fact, together
with increased particles sizes and reduced porosity modifies drastically the nu-
cleation mechanisms.

Then, the reaction mechanisms for the BaCOg3 elimination at higher temper-
atures are elucidated with in situ XRD experiments. Two different reaction
paths are evidenced depending on Pp,.

At Pp, > 2.5 10~* bar, BaCOj3 reacts with CuO to give BaCuO,. The
BaCOj is the slowest reaction in the overall conversion process. This mixed
oxide becomes a transient liquid at a temperature that depends on the Ba:Cu
ratio. Still, with the Y:2Ba:3Cu composition, the formation of the BaCuOs
solid that hinders reaction speed, can be avoided using low Po, (2 - 10~ bar).
Also, the increase of heating ramp undergoes reactions to higher temperatures
and faster rates where solid BaCuOs is avoided. A 300 nm YBCO thick film
can be converted with only 3s at high temperatures when ultrafast heating
rates are used (80°C/s).

At 1074 > Pp, > 1075 bar, BaCOj3 reacts with CuzO, that has been previ-
ously reduced from CuO. The resulting phase is the solid BaCusOs.

The two reactions have different thermodynamic and kinetic drivers, being
the one leading to BaCusQOs, the slowest one.

We conclude that CO9 out-diffusion is the kinetic effect that limits the con-
version in thick films. Therefore, the enhancement of the gas release with the
use of gas flow or reduced total pressures seems to have promising effects on
enhancing the reaction yield.

This is specially necessary for the BaCO3 elimination with the Pg,-route,
where there is no liquid phase accelerating the reaction at these low Pp,.



CHAPTER 4

Liquid-assisted nucleation and
growth mechanisms

This chapter is devoted to the general description of the transient liquid-
assisted growth process, focused on the YBayCuzO7_5 material. At first, the
general concepts of nucleation and growth from high temperature solutions
will be described, and later used as a guidance to address the basic concepts
involved in the transient liquid-assisted growth (TLAG).

The nature and factors that drive the kinetically driven formation of the
transient liquid will be proposed and the steps for the growth process are de-
scribed. The processing conditions to do so are also suggested, based on the
experiments that will be reported in the next chapters.

A guidance of the supersaturation conditions for nucleation and growth is
necessary for the understanding of the future experimental results, as well as
for optimizing the process to synthesize the desired structure. YBasCusO7_s
presents an anisotropic cell structure with two matching directions, which
makes the task of forming the biaxially textured phase very challenging. The
same basic crystal growth concepts will be used to propose the growth rate that
can be achieved, together with the corresponding kinetic limiting factors.

Finally, experiments on the BaCO3 and CuO binary mixture will be pre-
sented to analyse the liquid formation in different compositions while using the
processing conditions for TLAG.
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4.1 Fundamental aspects on nucleation and growth
from solution

4.1.1 Introduction

Crystallization may be defined as a first-order phase transformation in which
a crystalline product is obtained from a liquid. In the case of solution growth,
the driving force for crystallization is supersaturation. It is the chemical poten-
tial of infinitely large crystal new phase (Apu.) relative to the chemical potential
of the mother phase (Auy): Ap = Aps — Ape. In the case of crystallization
from solution, the expression can be written as

Ap = len% = kTin(o + 1) (4.1)

where the relative supersaturation o can be written as:

oo Go=C G5 4 (4.2)
Ce Ce

where Cy and C, are respectively the real and equilibrium concentrations of
the solute in the liquid solvent. Hence, a supersaturated solution is that in
which the solute concentration exceeds the equilibrium solute concentration at
given T'— P conditions. The solution is therefore out of equilibrium and any
disturbance of this metastable state will relax into crystallization of the solute.
A supersaturated solution can be produced in different ways depending on the

growth technique [45]:

e Temperature gradient or undercooling (LPE)
e Evaporation of solvent
e Addition of solute (HLPE)

e Changing of solvent composition

Figure 4.1 shows a schematic drawing of the metastable zone of supersatura-
tion, so called Ostwald-Meiers regime. The solid line represents the equilibrium
solubility C, curve of the solute in the liquid, while the dashed line is referred
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Figure 4.1: Schematic representation of the supersaturated Ostwald-Meiers
zone of a liquid with temperature (yellow). The equilibrium concentration
C. is represented in a continuous line, while the boundary of supersaturation is
a dashed line where the real concentration Cy and thus supersaturation reach
their maximum

to the boundary of metastability, where maximum supersaturation is achieved.
A model to predict the metastable zone width was described by Mersmann and
Bartosch and may not have a constant width [150]. Thus, three zones can be
distinguished:

e The unsaturated liquid zone where crystallization is impossible

e Supersaturated metastable Ostwald-Miers zone lies between the two lines.
In this area spontaneous nucleation is improbable but a crystal can grow
in the presence of a seed or substrate that is closely matched to the
expected nucleating phase: heterogeneous nucleation

e Spontaneous homogeneous nucleation of the crystal

Overall, crystallization takes place in two differentiated processes. First,
nucleation of first new nuclei. Second, growth of these crystals to a larger size
to attain macroscopic dimensions.
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4.1.2 Nucleation

After reaching the metastable region, nucleation will only take place if form-
ing clusters surpass a critical radius (r*) and a thermodynamic barrier (AG*).
Below r* clusters are on average dissolving while above r* they are on average
growing to complete the phase transformation [151].

= Nuclei —=

+ == Clusters——= I

i
AG
AG*

Figure 4.2: Free-energy barrier for nucleation depending on forming clusters
radius. Nucleation is possible after a critical radius (r*) is surpassed

The critical radius may be related to supersaturation (Apu) in the system as:

/—

SV (4.3)

where Vjs is the molar volume of crystal and + the surface energy of the new
phase. Therefore, an increase in supersaturation and decrease of v will lower
r* and favour nucleation.

The corresponding free energy barrier to overcome (AG*) for homogeneous
nucleation (4.4) is usually higher than that for the heterogeneous (4.5) because
of a large reduction of surface energy (v) associated to forming nucleus shape
(f(9), Fig. 4.3). Note that this factor may depend on the substrate used, solute
and melt characteristics. Mathematical derivations and complete analysis can
be found elsewhere [45, 152].

167V,

AG3 =
Homo 3A/L2

(4.4)
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Figure 4.3: Equilibrium forming crystal shape with wetting angle 6. Red dashed
line for homogeneously nucleated round crystal and green line denotes heteroge-
neous nucleation on a foreign substrate. For the latter, equilibrium is attained
when -7, =7ccos(6), where 74 is the substrate surface energy, 7; the interface
energy, and 7. the crystal surface energy
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(4.5)

where 0 is the contact angle of the growing phase with the substrate, il-
lustrated in Fig.4.3. Thus, a crystal can nucleate heterogeneously with lower
supersaturation values than those required for homogeneous nucleation because
the nucleation barrier is lower.

Additional complexity is introduced in the case of cuprate oxide superconduc-
tors by the close barrier energies of crystallization for different possible epitaxial
orientations [153, 114].

The net number of clusters passing the critical size per unit time is the
nucleation rate dN/dt. It is defined as the number of critical nuclei generated
in a unit volume per second

dN . —AG* 3
— = NoA¥exp( T ) o eacp(—A—uQ) (4.6)

dt

where Ny is the number of available sites for nucleation and A* contains kinetic
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factors that describe the rate of atoms attachment to the nuclei. kg is the
Boltzmann’s constant.

AG* and nucleation rate dependence with supersaturation at a constant
temperature are represented in Figure 4.4a,b.
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Figure 4.4: Schematic representation at a fixed temperature with supersat-
uration of (a) nucleation barrier AG* (b) nucleation density dN/dt versus
(c)Induction time for nucleation (¢inq)

According to equation 4.6, nucleation rate changes very rapidly as a con-
sequence of exponential decrease of AG* with supersaturation. At low Ap
nucleation rate is very low and increases very rapidly several orders of magni-
tude at a certain threshold supersaturation value. For instance, reported values
for YBCO nucleation rate with LPE technique may change from 2-10~%4cm? /s
at o = 0.500 to 2-1073cm?/s at o = 0.800 and to lem3/s at o = 0.835 [154].

Yet, the nucleation rate may decrease at low temperatures when the pre-
exponential factor A* is low due to the reduced atomic mobility. Assuming that
the atomic mobility scales with the diffusion coefficient D in crystal nucleation
from liquids [151, 155]:

B 24Dr*2/3N 4 Ap

A*
A2 6mkpTr*

) (4.7
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where A is the atomic jump distance and N4 the Avogadro number

Diffusion is in turn related to liquid viscosity n and radius r of the moving
particles [156]:

kpT
D =2 (4.8)
67rn
7 follows an exponential temperature dependence:
= — 4.9
n = moerp( ) (4.9)

where E is an activation energy.

As a result, the nucleation rate dependence with temperature is illustrated
in Figure 4.5. Its maximum is found at intermediate temperatures and the
nucleation rate shows a strong dependence on the interfacial free energy ~
[151].
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Figure 4.5: (a) Steady-state nucleation rates as a function of temperature when
the effect of atomic diffusion is considered and for different . At low temper-
atures atomic mobility limits the rate and at high temperatures the energy
barrier increases with the decrease of supersaturation with temperature (b)
Induction time for nucleation

The time necessary for reaching the critical nucleus from attainment of su-
persaturation is called induction period of nucleation (ting) [45]:

find N 1
tind :/ “(T)dt x ——— 4.10
; 7D T An (4.10)
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ting correlation with supersaturation is plotted in Figure 4.4c; and on temper-
ature in Figure 4.5b.

4.1.3 Epitaxial growth

In general, two main processes for crystal growth were defined by Berthoud
(1912): diffusion of solute to the growing interface and surface kinetics pro-
cesses. The slowest process limits the growth rate of the material and deter-
mines the relation between growth rate and supersaturation. Hence, growth
rate may become diffusion controlled or interface controlled depending on both
mechanisms kinetics in each technique.

In the presence of a liquid layer, steady state growth rate R may be written
as [60]

05 - C
Czt
where D is the diffusion constant, § diffusion distance, k£ the kinetic coefficient
and C; denotes solute concentration in the forming crystal. When D/6 >> k,

R=(1/k+6/D)™* (4.11)

kinetic surface process are rate limiting and for first order reaction kinetics, R
can be approximated to

Cs — C,

R~k € = ko (Ce/Cut) (4.12)
Cxt

Surface kinetics involves three main steps described by the Kossel model for
layer-by-layer growth:

e (i) Attachment of solute atoms: exchange kinetics of solute molecules
between the volume immediately adjacent to the surface and the close-
packed terrace where the molecules are adsorbed

e (ii) Surface diffusion of adsorbed molecules on the terraces between steps

e (iii) Integration into the growth steps that involves attachment to a step,
diffusion along the step, and integration into the crystal at the kink

Most of the processes mentioned above are difficult to be discerned for their
study. However, supersaturation remains the thermodynamic potential that
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drives all these mechanisms. There are three classical modes that describe thin
films epitaxial growth, which have distinct tendencies with supersaturation: (1)
continuous, rough or normal growth, (2) two-dimensional growth and (3) screw
dislocations or spiral growth. They are illustrated schematically in Figure 4.6,
together with their growth rate dependency on supersaturation.
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Figure 4.6: Growth modes scheme of crystal growth on their dependence on
supersaturation. Adapted from [47]

At very low supersaturation values, the growing film contains screw disloca-
tions that derive from the substrate, or form to relieve substrate misfit stress,
these provide a continuous source of growth steps by spiral growth (3). At
intermediate supersaturations, 2D nucleation (2) has overcame the activation
barrier and it is the dominant mechanism. At higher supersaturations, R de-
pendence with supersaturation is linear (Ryqz < o). Here, normal growth (1)
is possible.

Finally for much higher Ay, homogeneous nucleation can occur leading to

growth instabilities and roughening. Supersaturation boundary for the latter
would correspond to the limit of supersaturation (Ostwald-Miers line).
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4.2 Transient Liquid Assisted Growth general char-
acteristics

4.2.1 Transient liquid growth principles

Liquid Assisted growth requires a system composed of a melt as a vehicle
where a given atomic element must dissolve in supersaturated conditions to
crystallize a new solid phase. Transient liquid is referred to a liquid phase that
is formed and subsequently disappears to transform into a new crystallized
phase.

The formation of the liquid component is usually driven by a change in
temperature (melting), but it can also happen following a change in composition
or pressure. Phase diagrams are used to represent phases transformations with
the various conditions of temperature, pressure and composition. Consequently,
they show which phase or mixture of phases is thermodynamically stable under
certain conditions.

However, TLAG is based on the kinetic preference to form transient liquids at
the equilibrium conditions of the crystal product, where it is not thermodynam-
ically expected. Yet, the liquid formation is the more kinetically accessible path
because of the energy barrier for nucleation of the equilibrium crystalline phase
(which delays its formation through an incubation time). Solid state direct
crystallization entails very slow rates, but when a transient liquid assists this
process, it can serve as a vehicle for enhancing growth rate or lowering growth
temperatures due to the faster diffusion in liquid state than in solid phases. A
similar case was only reported for the growth of germanium nanowires [157].

To do so, the system should start with mixed particles that, during process-
ing, some form a liquid while others remain as solute. A scheme is drawn in
Figure 4.7 for the transient liquid-assisted synthesis of YBasCuszO7_s.

When placing a mixture of BaCuO3, CuO and Y203 solid phases in the
YBasCuzOr;_; stability region, the system forms the eutectic BaO-CuO liquid
although this phase is not expected in the ternary phase diagram [144]|. Y203
nanoparticles remain solid and will be dissolved to supersaturate the melt due
to particles small size. Then, heterogeneous nucleation takes place upon Y
diffusion to the lattice matching substrate interface where free energy for nu-
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Figure 4.7: Draw of the transient liquid-assisted growth process for epitaxial
YBasCuzOr7_s from a nanocrystal solid solution

cleation is lower. Crystal growth proceeds through the same mechanism from
bottom to the top of the film. Experimental evidences of this process will be
given in the next two chapters.

A melt of Ba-Cu-O composition exists at high temperatures after an eutectic
reaction in the BaCuO3-CuO binary system [115, 141, 143, 158| (see section
4.3). Then, solubility of RE elements in such melts have also been reported and
widely used as driving force for YBCO crystallization in the liquid growth based
techniques for REBCO (see section 1.5.1). Though, none of them use transient
liquids and they are limited to other regions of the phase diagram where a
stable melt persists, neither through low cost solution processing approaches.

To generate the precursor phases, we use Chemical Solution Deposition method-
ology (CSD). BaCuOy, CuO and Y203 are precursor phases formed after fluorine-
free solutions decomposition and BaCO3 elimination. The processes and re-
quirements from solution design to the formation of such phases are described
in chapter 3.

Benefits for CSD methodology are the low cost and easily scalable methodol-
ogy. No special requirement of atmosphere control and no F would be generated
in contrast to CSD using trifluoroacetate solutions. This fact facilitates enor-
mously the implementation of parallel tape fabrication and so much higher
production throughput could be envisaged. Additionally, introduction of pre-
formed nanoparticles in precursor solution that can generate nanocomposites
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would provide particles size control and enhanced vortex pinning similarly to
that demonstrated for TFA-CSD [159].

We expect the combination of TLAG ultrafast growth with chemical solution
deposition (CSD) to be a breakthrough to achieve high throughput manufactur-
ing of long length coated conductors for energy and large magnet applications.

4.2.2 Working window for YBCO TLAG growth
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Figure 4.8: T-Pp, diagram for YBCO TLAG growth. The BaCuO2-CuO
eutectic temperature (7¢) [143, 115|, the YBCO peritectic temperature (7p)
[146, 147], the instability YBCO line (Tjns) [148] and CuO/Cug0 reaction
[143, 158] are shown. The T-route and Pp,-route are indicated in arrows.
Conditions where fast YBCO growth is possible are pointed in white triangles

A schematic phase diagram for TLAG is constructed on the basis of ther-
modynamic lines that will be used only as a guideline , because the conversion
process is not undertaken at equilibrium. Transient liquid growth should oc-
cur in the T-Pp, region (blue region, zone III) between three lines: eutectic
line from BaCuO2-CuO system (Tp), peritectic YBasCusO7_s5 decomposition
to YoBaCuOs (Tp) and phase boundary instability line at low Po, (Tins)-

T. line was reproduced from [115]. The line was determined for pyrolyzed
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thin films containing 3BaCO3-7CuO eutectic composition and analysed by ther-
mogravimetry (TG), differential thermal analysis (DTA), and in-situ and ex-
situ X-ray diffraction (XRD) experiments. Very advantageously, the eutec-
tic reaction takes place at lower temperatures as Pp, is decreased. Below
Po, = 10~* bar, CuO reduction to CupO and crystallization of BaCuzOs pre-
cludes formation of the eutectic liquid phase, as we observed in chapter 3.

Yet, the extent of formed liquid is sensitive to the Ba-Cu molar ratio due to
the existence of a liquidus line for compositions different from (3Ba-7CuQ) eu-
tectic point [141]. Section 4.3 will be devoted to further study liquid formation
in the binary system depending on molar composition and temperature ramps,
very relevant parameters in TLAG.

However, transient liquid mediated growth below T is also observed, at tem-
peratures as low as 650°C (dashed blue region, zone IT). One possibility is
that a Y supersaturated liquid is generated much below the expected binary
BaCuO3-CuO equilibrium eutectic temperature T,. Other systems exist in
which nanometric dimensions liquid growth is achieved the below bulk eutectic
temperature [157, 160, 161].

Yet, the fundamental processes that govern this behaviour are not completely
understood. There are also references in literature regarding the existence of
a quasi-liquid layer (QLL) below thermodynamic line for thin films (< 50 nm)
[60]. There is no accepted quantitative description for QLL. It is proposed that
such layers form by surface melting, or as a quasi-liquid adsorption layer.

Peritectic decomposition line, the upper temperature limit, may depend on
RE element [147] and substrate misfit. Temperature is shifted to lower values
with the increase of lattice substrate mismatch with YBCO [162].

The path followed for the conversion process through the transient liquid
mediated YBCO formation can be accomplished in two different ways. We
name them Temperature-route (red arrow Fig. 4.8) and Pp,-route (green ar-
rows ig. 4.8), depending if transient liquid formation proceeds with the increase
of temperature or Pp,, respectively.

Temperature-route consists on a single processing step in which the film is
heated at a constant Pp, to the YBCO stability region. Hence, transient liquid
is formed after crossing T¢ line. All conversion reactions take place consecutively
and consequently kinetics on precursors reaction (BaCOs elimination to form
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BaCuO3) may play a key role.

In contrast, for Pp,-route the transient liquid is formed after crossing Tj,s
line from a rise on Pp, atmospheric conditions at a constant temperature. In
this case, total film conversion proceeds in two processing steps. The first stage
in which the film is led to a temperature below T;,s can be advantageously used
to decouple BaCOj elimination reactions from YBCO nucleation and growth.

Since there is very few bibliography about YBCO nucleation in different
regions using fluorine free routes, we should explore the optimal parameters for
c-oriented YBCO nucleation in the possible transient liquid zone and for the
different conversion paths. This task will be extensively reported in the next
chapters. For next sections studies, we will consider both routes and different
Ba-Cu molar ratio compositions to disclose the reactions mechanisms.

4.2.3 Supersaturation in TLAG as driving force

Nucleation and growth mechanisms for TLAG can be described within the
general theoretical framework of crystal growth from solution. Yet, the under-
standing of crystallization mechanisms from a transient liquid process exposes
extra difficulties.

The basis on crystallization in TLAG will be adapted from considerations
from classic Liquid Phase Epitaxy (LPE) and closer related Hybrid Liquid
Phase Epitaxy (HLPE) processes. However, such expressions will only be used
as a guidance, since a more exhaustive theoretical basis has still to be devel-
oped. A quantitative treatment would require molecular dynamics modelling.
Additionally, there is a lack of essential data and reliable measurements on the
[BaO-CuO] liquid properties due to the highly corrosive character of this melt.

In TLAG, growth occurs by Y dissolution and transport through the melt
to the growing crystal interface. To achieve a full control of the nucleation
and growth conditions, the degree of supersaturation needs to be carefully
controlled. The driving force for crystallization is the difference between the
supersaturated concentration (Cjs) and the equilibrium concentration (Ce) of
the yttrium in the liquid, as previously described in equations 4.1 and 4.2.



4.2. Transient Liquid Assisted Growth general characteristics 119

Solubility C,. tuning by melt composition

Ce is an intrinsic parameter depending on temperature and the nature of the
solute and melt. Solubility of RE in Ba-Cu solution increases with increasing
RE size [163, 58]. Additionally, Nakamura et al showed that the Y solubility
increases with Pp, (from 1072 bar to 1 bar) [164].

Ce(T) values also depend on BaO:CuO ratio of the liquid. There are a
few estimations for Y solubility in BaO-CuO melt with various compositions.
However, an additional complication on determining it is the highly corrosive
character of the liquid, thus dissolving the crucible. Furthermore, most of them
are measured at high values of temperature and Py, (>0.01 bar).

Yao et al reported the Y solubility increase with the Cu content ratio of the
melt composition [163]. In this thesis, we compare the 3Ba:7Cu and 2Ba:3Cu
liquid compositions. Figure 4.9a shows the extrapolated Y equilibrium concen-
tration C¢(7T) in both melt compositions.

Ce(T) values for the 3:7 flux are extracted from [165] in air. We have found
no data for the stoichiometric 2:3 composition so far. As an approximation,

we have used extrapolated C.(T) data for 3BaO-5CuO melt from references
[63, 164].

Once having C.(T), to prove guidance into the variation of supersaturation,
we fix Cs5 to 10%. Now, a correlation of supersaturation with the processing
temperature for a fixed C5 = 10% can be depicted (Fig. 4.9b). Values of
Ce ~0.01 were estimated near the eutectic point at low Py, with the 3BaO-
5CuO melt [60]. For this reason, lower values than this have not been consid-
ered.

Supersaturation increases exponentially as C, approaches very low values at
low temperatures. Consequently, very high ¢ ~ 1000 is achieved close to T,
and rapidly drops as temperature increases.

Very significant is also the effect produced by the distinct C,(T") when chang-
ing the Ba:Cu ratio. The same supersaturation levels may be achieved in a tem-
perature difference of 100°C, depending on the molar stoichiometry. This fact
may be relevant on the search for lower processing temperatures and epitaxial
nucleation control.
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Figure 4.9: (a)Equilibrium concentration C, with temperature for Y in the
BaO-CuO melt for the Ba:Cu ratios 3:7 (turquoise) and 3:5 (red) in air. The
data is extrapolated to lower temperatures from references [165, 63, 164]. (b)
Computed supersaturation values Ay (continuous line) and o (dashed line)
assuming constant Cs = 10%

Y concentration Cj

In HLPE technique, the Y concentration in the flux Cj is controlled by exter-
nal Y feeding with physical methods during growth, which rate can be adjusted
to the crystal growth rate. In TLAG, a supersaturated solution is achieved upon
formation of a kinetically favoured liquid around a nano crystalline matrix of
Y203. Thus, all the Y necessary for the YBagCuzOg. s stoichiometric ratio,
which is a 17%, is already in the layer when the liquid is formed. Then, if all
Y contained in the Y203 nanoparticles dissolves in the forming liquid, ¢ can
become very high (> 1000).

An estimation of the Y dissolution Cs can be drawn in the phase diagram
by extending the liquidus line from the region containing thermodynamically
stable L+ Y503 phases at higher temperatures. It is represented in Figure
4.10a. From this assumption, it could be in the order of C5=10%.

Consequently, TLAG could operate at very high ¢. This fact may be bene-
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ficial for the achievement of very fast growth rates, but more effort is required
to limit nucleation to epitaxial c-axis orientation, as we will expose in the next
section 4.2.4.

Possible relative supersaturation changes owing to variations of Cy are shown
in Figure 4.10b. We assume C.(T") to be in the order of 0.01-0.6 mol% Y, in
our temperature range and studied melt compositions.
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Figure 4.10: (a) BaCuO2-Y203 temperature phase diagram reproduced from
[48], where the liquidus line from the high temperature L+Y503 region is ex-
tended. Numbers are accounted to Y:Ba:Cu phases composition ratio. 17mol%
Y is the YBagCu307_5 composition (b)Computed relative supersaturation o
variation with Cj at different C, values. Note that C, increases with tempera-
ture and Cu mol%

For instance, if Cys is 10%, o can vary 2 orders of magnitude (from 1000 to
10) by Ce changes when tuning temperature or melt composition. For an 1%
of dissolved Y, o range would be between 1 and 100; and very low Y solubility
(0.1%) would give o between 0.1-10.

Supersaturation can be compared experimentally in relation to the synthesis
conditions upon analysis of the growing phases. In the following sections of this
Thesis, the tuning of C, and Cs will be elucidated for both processing TLAG
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routes (T-route and Pp,-route).

Y dissolution Cs may depend on several factors. It can be tuned by indirect
parameters (see section 5.1.2); or by the solution molar ratio. For instance,
different Y concentrations for nucleation and growth could be obtained using
multi layered structures of different composition. An example is reported in
section 5.3.1.4.

4.2.4 Nucleation competition between YBa;Cu3;0O,_; orienta-
tions

For YBCO integration in a CC architecture, the crystal cell has to lay bi-
axially aligned in c-direction perpendicular to substrate or buffer layer surface
(|001] orientation). However, the close lattice parameters for different orienta-
tions (Fig. 4.11) adds additional complexity and entail a fine control to discern
supersaturation conditions for epitaxial nucleation.

[001]

1 c=11.68A

c/3=3.893A

é—u4Y/" b=3.8872A
a=3.8227A

Figure 4.11: TEM image where three different YBasCusO7_s orientations can
be observed with the c-axis of the crystal oriented parallel, perpendicular, or
at 45°with the substrate surface. At right, the YBCO cell structure with the
lattice parameters. The values for a, b and ¢/3 are very similar

We name a/b-oriented grains to crystals that grow with c-axis parallel to
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substrate surface ([100] orientation). If present, a/b-grains are always observed
on c-axis layer nucleated at the substrate interface (Fig. 4.11). They usually
grow to the film surface in form of elongated rods.

Occasionally, we have detected a preferential [103] orientation, with c-axis at
45°respect to the substrate surface and also 45°rotated in plane to match the
cell diagonal inter-distances.

The crossover behaviour between c-nucleation ([001]) and a/b-nucleation
(|100]) is depicted in Figure 4.12 on the basis of the previous described the-
ory applied to a cylindrical shaped nucleus of certain interfacial energies ~y
[166, 114].

1000

AG™(10%9))

Ap (10°29))

Figure 4.12: Free energies for nucleation of ¢ and a/b-oriented YBCO nucle-
ation versus supersaturation [166]. Calculations for enhanced interfacial sur-
face energies corresponding to different levels of 7;/7|001) exemplifies the effect
of substrates with increased lattice mismatch

Free energies (AG*) for nucleation of both orientations are plotted versus
supersaturation values. Surface energy of [001] plane is smaller (0.59 : J/m?)
than that of [100] plane (0.82 : J/m?) [153]. For this reason, c-axis orienta-
tion presents smoother and lower barrier energy than ab-oriented nucleation.
However, above a certain Ay threshold value, AG* for a/b nucleation gets in
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the order of c-nucleation and consequently a mixture of both orientations can

nucleate.

The choice of an adequate substrate has also a close influence on the early
stages of crystal nucleation. The misfit, misorientation, surface morphology
and defect structure of the substrate are critical to modify the free energy
required for each nucleation type. The effect of increased interfacial energy due
to modified strains when the lattice mismatch with YBCO is changed, is also
represented in Figure 4.12.

Supersaturation values differ within growth processes and thus each tech-
nique requires a particular tuning through processing parameters for controlling
nucleation. Hence, thermodynamic considerations will differ from well known
TFA-CSD routes and have to be completely new developed.

Consequently, the correlation between supersaturation with T-Pp, process-
ing conditions is essential for the achievement of biaxially textured YBCO.
Figure 4.13 represents nucleation free energy barriers (AG*) for both epitaxial
orientations respect to processing temperature owing to C¢(T") for two melt
compositions and the maximum supersaturation Cs = 10%.
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1000 1000
)
g (&‘0,?»

100 1001 >
21_’ i AGAc—aXiS E'? A(;.::c—i\‘iﬁ
S 2 S |
‘kv = : . ~—' :
2 10+ é . c-axis *@ 10+ ¢, a/b-axis |

3 | < mixed : c-axis
i ;

1 L T T T T T T 1 T T T T T T
700 750 800 850 900 950 1000 700 750 800 850 900 950 1000
Temperature (°C) Temperature (°C)

Figure 4.13: Estimation of free energies for nucleation of ¢ and a/b-oriented
YBCO nucleation versus temperature in TLAG, owing to a Cs =10%. C(T)
are taken from (a)the 3BaO-7CuO melt and (b)3BaO-5CuO
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AG* of the two orientations crossover happens at the lowest temperatures,
when supersaturation is higher. Below this crossover temperature, a mixed film
with heterogeneous ab and c-axis oriented grains will be obtained.

We can observe the temperature for the formation of only c-axis nucleation
is ~100°C lower for the melt matching the eutectic composition, with larger
Cu excess respect to stoichiometric YBagCuszOg,s molar ratio.

4.2.5 Rate controlling factors for growth

On the basis of a fully formed transient liquid, then three processes operate
in series for film growth:

1. Yttrium dissolution in the melt
2. Yttrium diffusion to the growing interface

3. YBCO nucleation and growth (surface kinetics)

The crystallization process is illustrated in Figure 4.14. At right, schematic
representation of yttrium atoms concentration in the three environments: in the
Y503 nanoparticles (C'}X 0), dissolved in the BaCuO32—CuOy) transient liquid at
supersaturated conditions (C%) and finally in the YBCO solid crystal (CY,B¢©).
For reference, the Y equilibrium concentration (C,) and supersaturation (o) are
also pointed out in the diagram. Composition differences are the driving force
for providing the necessary solute for growth.

Only upon understanding kinetics of the three mechanisms, one can clarify
what limits growth rate. Hence, growth rate will be adjusted to the slowest
step.

Dissolution of Y particles in the melt from Y9O35 nanoparticles is determined
by AC = CEXO — C}L/,(s, where C}%é x ?Tyfi and vyo is the Y903-Liquid inter-
facial energy, ASy the volumetric entropy of fusion and r the radius of Y203
particle [49].

Therefore, Y solubility from the NPs is enhanced by their small size. Since
smaller particles have a higher surface energy per unit volume than the larger
ones, they tend to dissolve faster.
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distance CYO

Y concentration

Figure 4.14: Scheme of the steps in the TLAG crystallization process. At
right, Cs depending on the distance ¢ to the growing interface. C}/O is the
Y concentration in the Y303 nanoparticles, C’{;, the concentration in the
BaCuO2—CuOy liquid and C;/IBCO in the forming YBCO crystal phase

Diffusion coefficient D; for Y in the molten flux (3BaO-5Cu0) was estimated

to be 4-10719m2s~1 at 870°C [53], but it decreases with temperature as D; =
kpT
67?7"77'

The surface kinetic coefficient was calculated by Kursumovic et al, and it is
in the range of k ~ 1075 — 10~%ms~! [63]. Tt slightly depends on temperature
as k oc VT [167], and Pp, conditions. A value for k = 2 - 10~ %mns~! will be
considered as an approximation for our calculations.

Owing to very small § distance from the dispersed Y203 nanoparticles to the
growing interface in TLAG and D > k, we can consider diffusion to be much
faster than interface kinetics in an ideal situation of our system. This fact
implies Cy,s < Cy,s,, as drawn in scheme 4.14. Of course, at lower temperatures
or when solid species coexist with the transient liquid, diffusion could still be
a limiting factor.

Consequently growth rate R is dependent on surface kinetics mechanisms.
According to the previous theoretical discussion, R is proportional to the level
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of supersaturation and C, (Fig. 4.15a): R ~ kasc;fe = ko(C./Cy). Where
Cy is 17 mol% Y. C, range from 0.01 to 0.6 for the considered temperatures
and melts, and different Cs are computed.
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Figure 4.15: Growth rate R in liquid growth limited by surface kinetics at
different levels of solubility (Cjs), depending on (a) relative supersaturation
and (b) temperature with the 3Ba-7Cu melt. C, varies from 0.01 mol%Y to
0.6 mol%Y k = 2-10"%ms~1 is considered in (a) and also k = 10~5ms~! in (b)
for C5 = 1%. The dashed line suggests the real dependence

We can observe that the major influence on growth rate depends on the
order of Y concentration in the liquid Cs. For the estimated 10% Y, o varies
between 10 and 1000 depending on temperature and melt composition and
growth rate around 1000nm/s is calculated. 40-100nm/s would be achieved for
1% of dissolved Y and around 3-10nm/s for 0.1% of dissolved Y.

In Figure 4.15b, an approximated tendency respect to temperature is inferred
for Y C¢(T') in the 3Ba-7Cu melt. Growth rate presents a trivial downward
tendency with the increase of temperature since supersaturation diminish with
it. However, the kinetic coefficient increase with temperature may affect R in
a larger extent, as suggested with the dashed line in Fig.4.15b. As a result,
growth rate could increase with temperature.

Yet, it is possible that diffusion is hindered for situations which the extent of



128 Chapter 4. Liquid-assisted nucleation and growth mechanisms

liquid is limited, not fully formed or not homogeneously distributed along the
thickness. Note that present correlations imply the assumption of an already
formed full liquid (7" > T.). However, in practical terms apart from growth
rate, transient liquid formation is also temperature dependent.

Experimentally, we have proven with in situ XRD growth rates up to 100 nm/s
at high temperatures for both conversion procedures (T-route and Pp,-route),
that will be reported in the corresponding chapters.

4.2.6 Supersaturation and morphology in REBCO techniques

Relative supersaturation o can vary by several orders of magnitude for differ-
ent deposition techniques [165]. For instance, Liquid phase epitaxy (LPE)[57,
58| is regarded as a very low supersaturation (o ~ 0.02 —0.1), near-equilibrium
with layer-by-layer growth processes. As consequence, very flat surfaces with
high degree of perfection are obtained [168].

Tri-phase epitaxy (TPE)[61, 169] or also called Hybrid Liquid Phase Epitaxy
(HLPE)[60, 170] techniques overcome mass transport limitations by deposition
from a thin flux layer (10-100nm). This fact allows the use of higher relative
supersaturation values, typically ¢ ~0.1-10. The resulting increase leads to
faster growth rates (10-35 nm/s) and more induced defects in the films [63].

Among non liquid growth mediated techniques, physical vapour deposition
(PVD) and chemical vapour deposition (MOCVD) are commonly treated as
high supersaturation growth processes (o = 10-100). They generally grow
through Volmer-Weber mode and tend to present higher density of defects
such as growth dislocations, stacking faults and antiphase boundaries. Overall,
it leads to increased vortex pinning and higher J. values.

However, growth rates are limited to 10 nm/s [41, 42] due to the lower atoms
concentration on the surface (107% — 107%) in the vapour as compared to the
liquid in LPE (~ 1071) [44].

Finally, TFA-chemical solution deposition (CSD) also presents Volmer-Weber
growth and growth rate is limited to 3 nm/s due to slow solid-gas state diffusion
reaction [43].

For TLAG, having very high supersaturation values, Volmer-Weber growth
or even normal growth could be expected. Therefore, the resulting micro-
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and nano-structure does not necessarily have to reassemble liquid mediated
techniques, but it could be more similar to those using highly supersaturated
growth processes, as the just mentioned.

4.3 BaCuO,-CuO eutectic reaction

The binary phase diagram for BaCuQO2-CuO was measured by several authors
for sintered powders [85, 141, 142|. It is represented in Figure 4.16. At high
temperatures, above 7; line, any combination of BaCuOs and CuO leads to
a homogeneous liquid. On the other hand, the lowest temperature region is a
heterogeneous solid system where BaCuO9 and CuO coexist as separate entities.

At intermediate temperatures, above the system eutectic temperature (7¢),
there are two separate regions of partial melting. The formed phases are
[BaCuO2 + Liquid] for 50-70 mol% CuO and [CuO + Liquid] for molar per-
centage between 70-100 mol% CuO.

The solid phases proportion diminish as temperature is raised. The eutectic
point in which T, = T} corresponds to the molar ratio composition 3Ba-7Cu.

2Ba:
T 2Ba:
T
| \
BaCup, Cuo +L
+L
Te
BaCu02+CuO
50 60 70 80 90 100
BaCuO, mole %CuO Cuo,

Figure 4.16: Scheme of the eutectic system BaCuOs-CuO phase diagram. Tem-
peratures are dependent on FPo,

In this section, liquid formation temperatures will be explored for pyrolyzed
films containing a mixture of BaCOj3 and CuO, the TLAG-CSD precursor
phases with the exception of Y903. Two molar compositions will be proven.
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The one corresponding to YBagCu3zO7_5 molar ratio (2Ba0O-3CuO, 2-3) and
the one matching the eutectic point composition (3BaO-7CuO, 3-7).

The films are brought to the same T-Fp, conditions where TLAG growth is
performed. Heating rates of 20°C/s using a Rapid Thermal Annealing (RTA)
furnace are used to reach the different final temperatures. The samples are
held for 2 min before quenching to room temperature. Atmosphere is kept
under gas flow at Pp, = 1073 bar. Figure 4.17 reports Grazing incidence X-ray
diffraction patterns obtained after the experiment for samples composed of (a)
3-7 and (b) 2-3 compositions. Film thickness is constant and estimated to be
around 300 nm before annealing.
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Figure 4.17: Grazing incidence X-ray diffraction patterns after 2 min annealing
at high temperatures (dT/dt—=20°C/s, Po, = 1073 bar). Solutions Ba:Cu ratio
are (a)3:7 and (b)2:3. All samples are on STO substrate, except for one with
3-7 flux at 800°C, marked in grey

The pyrolysis phases BaCOs and CuO first react to give solid BaCuOs, the
phase in equilibrium according to the BaO-CuO binary phase diagram at this
Po, [158]. The reaction has reached completion at 720°C, in both solutions.
We observe that at 650°C with the 3-7 composition, the reaction has already
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started but not finished. Since BaCuOs is a crystalline solid, these would be
the conditions below the eutectic line.

XRD patterns change drastically for the experiments above 750°C. On the
one hand, 3-7 solution patterns indicate very poor crystallinity. The main peaks
that are resolved correspond to BasTiO4 on STO, indicating that the film has
reacted with the STO substrate. At 800°C, their intensity has increased. At
the same temperature but on a film deposited on LSAT substrate, reactivity is
avoided and the forming phases after quench are BaCu3O4 and CusO.

Thus, the transformation detected at 750°C is consistent with melting. First,
the absence of equilibrium phases (barium cuprate and copper oxide) means
that crystallization from the liquid has been impeded by rapid quenching; i.e.
most of the film has remained amorphous. Second, enhanced reactivity with
the substrate is expected when a liquid is formed. In the LSAT case, the melt
would have partially crystallized in form of BaCu3z04 during cooling.

On the other hand, crystalline BaCuOs is still present at 750°C, but peak in-
tensity have diminished respect to the initial amount, and CuO has completely
disappeared. In parallel, a peak accounted to BaCu3zO4 has appeared. At this
point, we can deduce that the eutectic line has been crossed and the results
match the expected BaCuOy + L phases below the liquidus line 7;.

At 800°C the equilibrium phase BaCuOs has completely vanished. This
is an indication that liquidus line has been crossed at this temperature and
melt has crystallized in form of other barium cuprate phases while cooling.
In accordance, BasTiO4 appears above 835°C as consequence of melt reaction
with the substrate, which intensity increases with temperature rise. CuO has
reduced to CusO, as expected at these temperatures.

Corresponding films images by optical microscopy are presented in Figure
4.18. Films annealed between 650-720°C, which contain the BaCuO9 and CuO
solid phases, are dense and continuous. At higher temperatures, melt formation
is evidenced from the micron size drops leaving a large uncovered substrate
surface as a consequence from liquid dewetting. The poor wetting behaviour of
this melt is well known [171]. Hence, liquid like morphologies are observed above
750°C and 800°C for compositions 3BaO-7CuO and 2BaO-3CuO, respectively.
Thus, the eutectic and liquidus reactions are confirmed from the solidification
microstructure and they agree with the XRD results.
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Figure 4.18: Optical images at 100x magnification of the films in Fig.4.17.
Solutions Ba:Cu ratio are (a)3:7 and (b)2:3

Higher resolution surface images are obtained by means of Scanning elec-
tron microscope (SEM) and are shown in Figure 4.19. Film (a) at 720°C is
composed of BaCuO3 and CuO nanometer size grains conforming a dense film.
The same 3-7 composition annealed above 750°C shows characteristic liquid
drops on a dewetted substrate surface. Some of these crystallized drops are
up to dHum in diameter size and both rounded and squared shape grains can
be observed. Electron dispersive x-ray spectroscopy (EDX) analyses on several
grains indicate different Ba-Cu-O ratios with some smaller Ti and Sr signals
(not shown here).

Film (b), corresponding to stoichiometric 2Ba-3CuO ratio, doesn’t show the
same microstructure until 820°C. At 750°C, the remaining solid BaCuOs be-
tween eutectic and liquidus line has coarsened joining several grains that com-
pose larger structures. Completely different crystals are revealed from the films
annealed to 800°C. The new phases could be produced after crystallization of
the melt during cooling. Still, liquid dewetting is not widely observed. This
fact points out that atomic diffusion is still limited in this case.

Consequently, we could deduce eutectic and liquidus temperatures for the two
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Figure 4.19: SEM images of the films in Fig.4.17. Solutions Ba:Cu ratio are
(2)3:7 and (b)2:3

compositions that will be studied along this thesis, and for similar processing
conditions (i.e. heating rates of 20°C/s).

Heating rate seems to be an important parameter. The binary system was
analysed by in situ XRD at rates of 5°C/s, and onset melting for the 3-7
eutectic composition at 1073 bar was 765°C [115]. Our results on fast heating
experiments have pointed out complete liquid formation already between 730-
750°C. Therefore, temperature has decreased by about 20°C by increasing the
heating rate a factor 4.
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This fact could be related to influence of grain sizes as found in other systems
[172] and could also explain the temperature shifts between thin films and bulk.
However, more experiments should be performed at different rates to confirm
if T, and grain sizes significantly change with heating rate.

4.4 Conclusions

Transient liquid assisted growth (TLAG) is based on the formation of the
[BaCuO2-xCuO)] transient liquid in the region of the phase diagram where solid
YBCO is the equilibrium phase. The kinetic hindrances in YBCO crystalliza-
tion from these solid precursor phases are advantageously used to generate the
eutectic liquid from the binary system instead. Then, upon dissolution of the
Y203 nanoparticles in the Ba-Cu-O transient liquid and Y diffusion towards
the substrate interface, the fast epitaxial growth of YBCO occurs.

Therefore, in contrast to other existing methodologies, the working window
of processing conditions is the stability zone of YBayCusO7_s, at relatively
low temperatures, even below the eutectic temperature of the binary system
composting the liquid, and atmospheric pressure. Two paths are proposed to
reach the growth region: through heating at a constant P, (T-route) or by a
Py, jump at constant temperature (Po,-route).

The existence of this liquid with the used compositions and processing con-
ditions of TLAG has been proven with experiments using the binary mixture
(BaCO3+CuQ). The eutectic composition 3Ba:7Cu leads to 100% liquid at
lower temperatures than the stoichiometric 2Ba:3Cu ratio. The latter has the
BaCuOs phase as solid intermediate until the liquidus line is surpassed at higher
temperatures.

TLAG can be understood as a type of high temperature solutions growth
technique. The relation between Y concentration in the transient liquid (Cy)
and the equilibrium solubility (Ce(T)) is the driving force for nucleation. Hence,
the values of these two factors are the key parameters to understand the result-
ing nucleation processes and the growth rate of the forming crystal.

C. basically depends on temperature and the Ba:Cu ratio composition of the
melt. While Cs can not be directly controlled or measured. The dissolution
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process takes place in situ from the big quantities of Y in the Y203 nanoparti-
cles when the melt is formed. Yet, very high values of relative supersaturation
o = (Cs/Ce) — 1 are foreseen (100 — 1000). Hence, the supersaturation condi-
tions in TLAG would be much higher than those in the other solution growth
techniques for REBCO.

On the one hand, this fact entails a fine control of nucleation, since the
different YBasCusOr_s crystal orientations are favourable at high supersatu-
ration values. Conditions for epitaxial growth are more likely to be reached as
temperature increases and with a Cu excess composition.

On the other hand, owing to the low diffusion distance of Y from the close
Y703 particles to the growing interface, and the high diffusivity in the liquid,
the limiting step for growth rate is thought to be interface surface kinetics.
High growth rates (R) are expected since R x o.






CHAPTER b

TLAG Temperature-route

In TLAG Temperature-route, YBCO crystallization takes place upon Y dis-
solution in the transient liquid formed while heating at a constant pressure.
These conditions are achieved at Pp, higher than 2.4 - 10~% bar, the region
where BaCOg and CuO precursors decomposition lead to solid BaCuOs, and
to transient liquid in subsequent reactions during heating.

Epitaxial growth is achieved through tuning of supersaturation conditions.
Liquid composition and RE element solubility in the melt are the relevant pa-
rameters influencing nucleation. Two different liquid stoichiometries are com-
pared: 2Ba0-3Cu0O (YBayCu30,) and 3BaO-7CuO (YBayCuy660;). It is of
interest to correlate experimentally supersaturation values with processing con-
ditions to promote c-axis growth.

Then, YBCO growth is studied by means of in situ XRD from synchrotron
radiation together with TEM images. Very high growth rates up to ~100 nm/s
will be demonstrated.

Liquid assisted growth, however, exposes new challenges that need to be
properly overcome. Liquid reactivity with the substrates or buffer due to its
highly corrosive nature, improper substrates wettability with the viscous liquid,
remaining liquid at grain boundaries giving rise to percolative currents, are
some of them. We report an investigation of the cause of this phenomena as
well as possible solutions to minimize their effect.

Finally, resulting epitaxial films microstructure and nanosize defects will be
correlated to processing conditions and superconducting performances. Films
up to 3 MA/em? at 77K, self-field could be achieved with T-route, while in-
field behaviour is enhanced by small ab grains acting as pinning sites in pristine
films.
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5.1 Supersaturation tuning for epitaxial YBa;CuzOr7 ;
nucleation

In Chapter 4 we have stated the basic crystallization rules for TLAG. The
type of YBagCu3zO7_s5 predominant nucleating orientation depends on relative
supersaturation of yttrium in the liquid which is defined as

_ Cs — Ce(T) Cs

Ce(T)  CJT) ! (5-1)

where C¢(T) is the equilibrium concentration at a particular temperature and
Cs is the real concentration of yttrium in the liquid.

Now, both Cs and C¢(T) have to be inferred for the particular conditions
of T-route and correlated to resulting forms of crystallization. The possible
observed orientations are: randomly oriented grains, textured with the ab plane
perpendicular to the substrate (ab-axis nucleation) or biaxially textured with
the c-axis oriented perpendicular to the substrate (c-axis nucleation).

The latter is the desired one because it permits the highest current flow
within the ab plane of the material due to its anisotropy.

5.1.1 Nucleation control with temperature and melt composi-
tion at ultrafast heating rates

With the aim of studying YBCO nucleation in isothermal conditions with
the temperature path, we performed these experiments using very fast heating
rates (60°C/s) with a Rapid Thermal Annealing (RTA) furnace.

Under ultrafast ramps, we expect that all conversion reactions, and so YBCO
nucleation and growth processes, proceed in isothermal conditions at the defined
final temperature while nucleation at lower temperatures during the heating
step is avoided. We can now disclose the temperature dependence of YBCO
nucleation processes.

Several samples were processed with TLAG T-route path to different final
environments. Two solution compositions are compared corresponding to the
YBCO stoichiometric composition (Y:2Ba:3Cu) and the (3Ba:7Cu) eutectic
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liquid (Y:2Ba:4.66Cu), with Cu excess. The resulting crystal structures were
characterized with X-ray diffraction using a 2D GADDS detector.

200 nm pyrolyzed films of the two studied melt compositions were heated to
several T-Pp, conditions and hold for 2 min before fast cooling. Atmosphere
was controlled by N2:Og gas flow at 1 bar of the desired Pg,.

YBasCu3zO7_s5 nucleation

In Figure 5.1a, the fraction of biaxially textured YBCO with c-axis per-
pendicular to the substrate surface is depicted with respect to other possible
orientations (homogeneous nucleation and a/b-oriented grains). These values
are displayed for the different processing temperatures, Pp, and compared for
both liquids.

Epitaxial fractions were inferred from X-ray diffraction analyses, which pro-
cedures are detailed in section 2.2.4.3. The corresponding integrated patterns
are displayed at appendix Figure 7.1.

XRD diffraction patterns show no remains of BaCO3 and CuO precursors or
BaCuO; intermediate, thus indicating that the prior reactions have attained
full completion.

The two liquid compositions show different dependence of YBCO nucleation
processes with temperature. It can be observed in Fig.5.1c that for the same
annealing conditions at 650°C, composition corresponding to the eutectic point
(Y:2Ba:4.66Cu) leads to >95% epitaxial YBCO nucleation and growth, which
is maintained in all the temperature range explored.

With the stoichiometric solution (Y:2Ba:3Cu) homogeneous and a/b-oriented
nucleations are also present. Competition between crystallization orientations
diminishes when raising temperature, achieving only c-axis YBCO at temper-
atures above 750°C for both Pp, explored.

All YBCO orientation relative quantities for 2:3 liquid and 60°C/s heating
rate are disclosed in Figure 5.2. For temperatures below 700°C, a/b oriented
grains represent a ~50% of total YBCO at Pp, = 1072 bar and ~30% at

Pp, = 1073 bar, while random grains fractions are much lower, 12% at 615°C
and 1.7% at 700°C.
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Figure 5.1: (a) YBayCu3zO7_; epitaxial fraction respect to ab grains and poly-
crystalline nucleation for samples grown at 60°C/s. Liquid composition is indi-
cated with different symbols and colours ((3:7)melt bluish Gand 2:3 melt orange
O) while Po, is shown with open symbol at the upper part (1073 bar) or at
the lower part (1072 bar) of the symbols. (b)2D XRD frames corresponding to
samples grown at 650°C and 1073 bar O,

Supersaturation conditions: C. tuning

The differences on the resulting crystal orientation depending on melt and
growth temperature can be assigned to different supersaturation o values. As
an approximation, this is proportional to the Cs/C, ratio.

Homogeneous and a/b-axis orientation require of a larger supersaturation to
nucleate than c-axis orientation due to interfacial energies of the resulting con-
figurations (see Chapter 4.2.4). Hence, completely c-axis epitaxial YBazCu3zO7_;
will only be achieved at small enough o values.

If Cs is assumed similar for both liquids, since C¢(T') increases with Cu
content in the liquid [163], o will indeed be lower for the (3:7) melt [170]. An
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Figure 5.2: Relative quantities of resulting YBCO orientation (c, a/b-axis or

homogeneous nucleation) for 2:3 liquid and 60°C/s heating rate under Pp, of
(a) 1072 bar and (b) 1073 bar

extended theoretical discussion is given in section 4.2.3.

A lower supersaturation for (3:7) melt is confirmed with the experimental

results by the formation of only c-axis epitaxial YBCO in all the temperature
range explored.

Instead, with the stoichiometric (2:3) liquid below 750°C, the lower C. in-

creases o greatly enough to allow higher energetic homogeneous nucleation and
a/b grains formation.

Then, intrinsic C, increase with growth temperature is reflected on the drop
of other orientations above this temperature due to o reduction.

As a consequence, the temperature window for epitaxial growth is larger with
the Cu excess composition, permitting the formation of fully c-axis oriented
film at temperatures as low as 650°C. For the stoichiometric composition, it is
achieved above 750°C.

Secondary phases

However, phases other than YBCO are present at high temperatures when
ultrafast growth rates are used. In Figure 5.3a we display the total intensity of c-
axis YBCO as function of the processing final temperature. Although solution
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(3:7) presents a higher amount of epitaxial YBCO at lower temperatures, it
drops above 700°C. In contrast, composition (2:3) c-axis keeps increasing in
accordance to a higher epitaxial fraction. XRD of films grown at 770°C for
2min (Fig. 5.3b,c) indicate that secondary phases are different for the two
compositions.
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Figure 5.3: Samples grown at 60°C/s. Liquid composition is indicated with
different symbols and colours ((3:7)melt turquoise Gand (2:3)melt orange O)
while Pp, is shown with open symbol at the upper part (1073 bar) or at the
lower part (1072 bar) of the symbols. (a)XRD intensity of (005)YBCO epitaxial
reflection depending on final temperature. (b)2D-XRD frame at 770°C and
1073 bar O,. (c) Corresponding x-integrated diffraction patterns

On the one hand, for Cu excess composition, intense peaks at 26 29.1°and
33.7°correspond to (222) and (400)Y2Os3 orientations, respectively. Then, a
peak at 43°is accounted to phases containing Ba, Cu and some amount of
Ti, as a consequence of reactivity with STO substrate. These phases have been
identified in several occasions by means of EDX in TEM and SEM observations.
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On the other hand, the stoichiometric composition shows some amount of
Y2BaCuOjs (Y211), the so called "green phase", instead of yttria. A phase
that is actually the Y-rich secondary phase coexisting with YBCO or a product
of YBCO decomposition [143, 173].

Kinetic processes are enhanced with rapid heating, giving access to formation
of higher energy metastable phases, as for example the 211 phase.

Precipitation of either Y211 or Y503 preference was shown to be influenced
by lattice matching and supersaturation, that can modify the relative impor-
tance of surface (favouring Y20Oj3) and volume (favouring Y211) energy terms
in nuclei formation [174].

The 211 phase can be observed with SEM images of stoichiometric solution
samples as incoherent inclusions within c-axis YBCO (Fig. 5.4). The length
of grains increases with temperature, from 5 um to 20 pm and 50 pum at 700,
750 and 770°C, respectively. Above 800°C, 211 phase diminishes while other
secondary phases products from reactivity with the substrate rise.

Partial conclusions

As a result, we identify different events occurring depending on solution
composition at ultrafast rates: non reacted YoOs5, reactivity with the substrate
cations and formation of YoBaCuOs metastable phase. The nature of these
processes and the influence on heating speed are elucidated in the next sections.

Still, this fact does not affect previous conclusions where C.(T") is the main
reason for lower supersaturation and preferred c-axis nucleation in the Cu rich
composition, since those phases are not observed at the lowest temperatures.

Overall, this section demonstrates that complete fast liquid mediated growth
of epitaxial YBCO is possible at temperatures as low as 650°C, much below
the BaCuO2-CuO eutectic temperature. This fact brings unique opportunities
to film manufacturing by employing rapid thermal annealing furnaces.

5.1.2 Nucleation control with heating rate

In this section, the effects of heating rate on YBCO crystallization related to
supersaturation will be disclosed for the TLAG temperature path.
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Figure 5.4: Surface SEM images where Y3;BaCuOp elongated grains inclusions
within YBCO matrix can be observed at different annealing temperatures for
(2:3)liquid films reached at 60°C /s under 1073 bar Oq

We have demonstrated that epitaxial growth can be achieved by tuning ther-
modynamic supersaturation with processing temperature and liquid composi-
tion. Now, the use of lower heating speeds seems necessary to restrict the
occurrence of undesired kinetically favoured events described above when an-
nealing at 60°C/s.

Pyrolyzed films were heated up to several temperatures using different heat-
ing rates: slow (0.4-2°C/s, brown), fast (20°C/s, blue) and ultrafast (60°C/s,
pink) rates. Pp, was fixed at 1073 bar. A tubular furnace was used for 0.4°C/s
rates and a Rapid Thermal Annealing (RTA) for faster heating speeds.

All presented samples have attained full precursors conversion and orienta-
tions percentage is not altered if longer dwells at final temperature are carried
out. However, long holding times at high temperature have been shown to
produce film dewetting [175]. Possible secondary phases are not considered in
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this section, a matter that will be discussed separately in the next sections.

The resulting YBCO orientations percentage have been deduced from 2D-
XRD measurements using random fraction and a/b-axis fraction calculations.
This methodology is described in section 2.2.4.3. The results are displayed in
Figure 5.5 for the two studied liquid compositions. Representative integrated
26 spectra are at the Appendix in Figure 7.2.
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Figure 5.5: Relative percentages for obtained YBCO orientations depending on
processing temperature for different heating ramps and the two melt compo-
sitions. 3:7 at left and 2:3 at right columns. Line (a)c-axis epitaxial growth,
(b) a/b-axis oriented grains and (c) polycrystalline grains. Heating ramps are
coloured in pink (60°C/s), blue (20°C/s) and brown (0.4°C/s). Samples were
hold for 2-5min before cooling and Pg, = 1073 bar

For the same final temperatures, films processed at slower heating rates have
higher presence of homogeneous nucleation and ab grains. The occurrence of
both non desired crystallization types decreases when rising the final tempera-
ture, the heating ramp or Cu in the liquid composition.

Random YBCO nucleation is found in small amounts (Fig.5.5¢). A maximum
of 15% random fraction explored so far has been calculated to be formed at
800°C with a rate of 0.4°C/s with the stoichiometric composition. 12% is the
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maximum calculated for the eutectic composition at 770°C.

The a/b-axis grains (Fig. 5.5b) can represent a 50% of total YBCO using
the slowest rates.

Figure 5.6a summarizes the crossover temperatures for the achievement of
fully epitaxial YBCO layers at each heating rate and for both compositions.

Additionally, the degree of epitaxial fraction is indicated in contour maps in
Fig.5.6b.
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Figure 5.6: (a) growth temperature crossover for YBCO crystallization with
>95% of biaxial texture (c-axis) depending on heating rate and for the two
studied melt compositions and Pp,, indicated in the graph. (b) Contour maps
of YBCO epitaxial fraction obtained depending on temperature-heating ramp
conditions for both liquids at 1072 bar O,

For instance, at Py, = 1073 bar with the Cu excess solution, fully epitaxial
layer is achieved at 650°C at 60°C/s, 770°C at 20°C/s and 835°C at 0.4°C/s.
Instead, with stoichiometric composition c-axis is obtained at higher temper-
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atures; at 750°C, 810°C and 835°C , by the above mentioned heating rates
respectively. Even higher temperatures (+20°C) are needed if Py, is increased
to 1072 bar.

Discussion

The previous discussed tendency regarding promotion of epitaxial nucleation
at higher temperatures and with the increase of Cu in the melt composition
is maintained for the other heating rates (Fig. 5.5a). These changes are a
consequence of C, behaviour, inversely proportional to supersaturation.

However, the dependence on nucleation and supersaturation with heating
rate can not be explained by changes in C,. This fact points out the influence
of kinetic factors in this process. Different facts have to be considered from
several steps during TLAG growth:

Liquid formation Transient liquid is formed as soon as precursors react
during the thermal profile, and so YBCO nucleation can occur before
the final processing temperature, specially with slow heating rates (see
section 3.4.2.2).

Solid phases The presence of solid secondary phases in the liquid can con-
tribute to induce an undesired homogeneous growth at these sites [154].

Supersaturation Y dissolution and diffusion kinetics may influence the re-
sulting Cjy, and so supersaturation.

Nucleation rate An induction period of nucleation (tinq) is needed to start
YBCO nucleation after formation of the supersaturated liquid, which is
inversely proportional to o.

The first evidence explains partially the higher degree of random and a/b-
oriented nucleation achieved with the decrease of heating ramp. Both require
highly supersaturated solutions to surpass larger free energy barriers for nu-
cleation (AG*). First, slower conversion reactions are produced with slower
heating rates. In this situation (0.4°C/s), precursor phases and solid BaCuOs
with the 2:3 melt are still present during YBCO formation, which can be a
source for disoriented nucleation.
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Second, slow heating rates produce conversion reactions at lower tempera-
tures, and so YBCO nucleation. Consequently, crystallization is attained before
the final processing temperature, where o values are higher due to C.(T) ten-
dency.

This is unlikely to happen with the faster heating rates (>20°C/s), when
there is not time enough to overcome the induction period of nucleation during
the heating ramp.

Still, C. change within the possible nucleation temperature discrepancies is
not large enough to induce the colossal nucleation differences observed. Hence,
Cs must vary in a larger extent with heating rate, thus altering the Cy/C, ratio
proportional to supersaturation.

Differently from high temperature liquid techniques such as HLPE, in tran-
sient liquid the amount of dissolved Y can not be directly controlled since the
Y203 nanoparticles are already present in the film, and we don’t have any way
to measure these values at present. The Cj values can only be deduced from the
results on crystallization. Lower o, and thus lower Cs, are obtained at faster
heating rates since the YBCO epitaxial fraction increases.

One would expect the opposite, since fast heating rates are known to hinder
coarsening of precursor phases. This fact would result on smaller particles size,
fastened precursors intermediate reactions and enhanced Y dissolution in the
melt from Y203 nanoparticles (see section 4.2.5).

More studies on YBCO growth mechanisms are necessary to provide more
insight on determining which is the rate limiting factor for Y supersaturation
in the liquid. We have been able to perform so far in situ experiments at slow
heating rates, up to 5°C/s, which are discussed in the following section.

Partial conclusions

The epitaxial samples of each composition and heating rate are represented
in the T-Fp, phase diagram in Figure 5.7.

The temperature window for epitaxial growth is very wide, as compared to
classic CSD or vacuum deposition techniques [59]. Obviously, this is because
supersaturation has a particular T-FPp, dependence in each technique.
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Figure 5.7: T-Pp, phase diagram where symbols are epitaxial samples: open
brown symbols (2:3 composition) or closed turquoise symbols (3:7 composition).
Heating rates are 60°C/s (x), 20°C/s (v7) and 0.4°C/s (O)

In TLAG, the growth of epitaxial YBCO thin films can be performed at all
heating rates, but the final temperature depends on the heating ramp. Since
it is a kinetically driven process, when high heating rates are used, the Y ions
dissolution from the Y503 nanoparticles into the melt might be compromised,
and the Y concentration in the liquid, Cj, will decrease. As a consequence,
the relative supersaturation of the liquid ¢ will drop, leading to the enhanced
c-axis nucleation and growth window observed.

Additionally, our results point out that in all cases epitaxial nucleation is

favoured at higher temperatures and using the liquid Cu excess composition,
while lower Pp, is preferred.
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5.2 YBCO growth

In the temperature route, all precursor reactions and YBCO formation from
liquid take place consecutively while heating. In situ XRD analysis with syn-
chroton light and high resolution scanning transmission electron microscopy
(STEM) have enabled us to disentangle YBCO growth mechanisms, growth
rates and their link to processing conditions and precursors transformations.

5.2.1 In situ XRD studies of YBCO growth

Only with fast acquisition #n situ XRD during synthesis, YBCO nucleation
temperatures and growth rates can be directly inferred. Two stays at DiffAbs
beamline in Soleil synchrotron allowed us to follow the transient liquid assisted
growth of YBCO with from acquisition times every 100 ms with good resolution.

Previously pyrolyzed films on STO substrates were annealed inside a chamber
under the chosen gas conditions. A maximum of 5°C/s heating rate could be
used with the provided heater stage. Films thicknesses were around 400 nm
after growth. More details on the methodology and data analysis can be found
in section 2.2.5.

The different forms of YBCO crystallization are distinguished by the X-ray
diffraction intensity of their main reflections: (103) for the homogeneous and
(005) for c-axis heterogeneous nucleation, acquired in the same 20-y frame.
Unfortunately diffraction peaks corresponding to the ab-axis heterogeneous nu-
cleation could not be observed in the same range.

After data treatment, the main reflections intensities are normalized by their
maximum intensity, which we approximate proportional to the phase molar
amount. Then, the normalized intensities plotted with temperature or time
show the phases evolution.

Samples composed by the two studied compositions, (Y:2Ba:3Cu) and
(Y:2Ba:4.66Cu), were heated to high temperatures using different heating ramps
at Pp, = 1073 bar.
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5.2.1.1 Ultrafast growth of epitaxial YBazCusOr7_;

As deduced in the last section, the use of fast heating rates favours epitaxial
nucleation. Figure 5.8 shows time-resolved YBCO growth, together with all
solid phases evolution when heating at a velocity of 5°C/s for (a) stoichiometric
and (b) Cu excess compositions.
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Figure 5.8: Time-resolved solid species evolution at a heating rate of 5°C/s for
(a)2Ba:3Cu and (b)3Ba:7Cu liquid composition under Py, = 1073bar, Py =
1bar. XRD intensities have been normalized to their respective molar amounts,
while random YBCO nucleation has been normalized to the epitaxial YBCO
intensity. Blue circles indicate predicted evolution of the liquid. (c)Evolution
with temperature of (005)YBCO reflection from (b)

One can observe that there is a delay between precursors decomposition and
YBasCuzOr7_s formation, as well as thermal zones with distinct growth rates:
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e [ Precursors are decomposing and metastable liquid is formed in parallel
e II Slow YBCO growth from metastable liquid, below T

e [II Fast YBCO growth from liquid, above T,

No other significant solid phase are observed in zone II. The corresponding
full scans for (2:3) liquid at 5°C/s are represented in Figure 5.9.

103) YBCO

110)

005) YBCO

Figure 5.9: x-integrated X-ray diffraction spectra during heating at 5°C/s the
stoichiometric composition pyrolysis under 1073 bar O,. An intense peak from
the heater at 20 =12°has been eliminated for better visibility of the other phases

Only a small peak at 20 20.3°(X-ray energy=18 keV) can be accounted to
BayCuO3(s) secondary phase evolving and decomposing in parallel to liquid,
but in very small extent. This phase will not be taken into account in this
study due to low quantity that represents.

As a consequence, the absence of other solid phases at the onset of YBCO
crystallization directly demonstrates the existence of the transient liquid phase.

The amount of liquid (blue circles in Fig. 5.8) can be predicted using the
atoms conservation method. The overall solid species relation can be described
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as:
1
2BaCOg3 + (3 + z)CuO + 5 Y203 — YBagCuzOr7_s5 + zCuO (5.2)

where z is 0 for the stoichiometric composition and 1.7 of Cu excess for (3:7)
melt.

Since no other intermediate phases are detected by XRD, Ba atoms must be
shared between BaCOj3, YBCO and the liquid.

Mga (1) = 2 — 2MyBco — MBacos (5.3)

where M; is the molar amount and 2 is accounted to the initial molar content
of Ba atoms.

Peak intensities have been scaled to their molar amount in the film at the
beginning and at the end of the transformation, as represented in Figure 5.9.
After that, the liquid phase evolution has been predicted using equation 5.3.

As a result, we can observe that BaCOg elimination directly leads to liquid,
but subsequent YBasCuzO7_s formation is much delayed in continuous fast
heating experiments. The reason can be found on the induction time needed
for nucleation(t;,q), after reaching supersaturated conditions. This depends on
the nucleation density (dN/dt), proportional to supersaturation (o) and it is
temperature dependent:

tind dN 1
ting = CX Tyt o — 5.4

Hence, specially at conditions of low ¢ when using fast heating rates, ting
may be high enough to avoid nucleation during a certain time while heating.

Once the first nuclei have been formed, we observe two growth rate regimes
depending on temperature. The crossover temperature is similar for both com-
positions under the same processing conditions, despite the fact that precursor
conversion happens earlier in the Cu excess sample. Another interesting event
starting at this crossover is the disappearance of the random YBasCu3zO7_s
grains (brown lines in Fig. 5.9 and subsection 5.2.1.3).
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Fast growth rate region

Very fast growth rates are achieved above 835°C in both melts, in zone III
above T,. YBCO thickness evolution can be approximated from the maxi-
mum intensity of the epitaxial (005)YBCO reflection (Fig.5.8¢c), while total
final thickness of 400 nm has been proven with TEM. YBCO growth rate may
be calculated from the time between 30-80% of the phase intensity, or by the
YBCO derivative, which maximum is reached at 840°C for both compositions.

Growth rates above T, with TLAG T-route are 36nm/s (200nm/5.5s) and
90nm /s (200nm/2.2s) for the (2:3) and (3:7) melts, respectively. The differences
between compositions are uncertain, may be related to interfacial kinetics (e.g.
Y mobility), which is thought to be the rate limiting step.

Maximum growth rates calculated from the slope are 40 nm/s for the (2:3)
and 110 nm/s for the (3:7) melt. The latter is about a factor 100 higher than
the growth rate of conventional CSD using TFA solutions [77] and most of the
non liquid mediated growth techniques [5].

Additionally, physical properties could be measured for the 400 nm (2:3)
film. Critical temperature is 91 K and Jgf = 0.85 MA/em? at 77K, despite
the fact that conditions are not optimized. Calculated ab-grains fraction after
film growth is only 1.3%. As a result, this demonstrates that very fast growth
rates do not compromise texture quality and very good physical performances
can be obtained, in the order of those achieved with HLPE technique at only
10 nm/s for similar thicknesses [170].

Low growth rate region

The lower temperature zone II, ranging from precursors consumption to
835°C, is a T-Pp, zone where liquid is metastable, below the thermodynamic
eutectic point (see Fig. 4.8)

Inferred maximum growth rates in this region are 6 nm/s for the stoichiomet-
ric (2:3) composition and 5 nm/s for the eutectic (3:7) composition, respectively.
In this case, the slightly faster growth rates and higher random fraction with
the (2:3) liquid in comparison to the (3:7), are a directly consequence of the
increased supersaturation in the stoichiometric liquid R ~ ko (Ce/Cyy)
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The growth velocity in this region may be limited by one of the following
processes: (1) poor dissolution of Y particles (Cj) in the metastable liquid,
(2) hindered diffusion to the interface due to metastable liquid viscosity or (3)
interface kinetics (see section 4.2.5). More effort is needed in order to determine
which is the slowest rate step and underpin the nucleation mechanisms in this
zone.

When heating slow enough or in isothermal conditions, all YBCO growth
may be completed at the slow growth rate region II. Figure 5.10 shows YBCO
crystallization and phases evolution at heating rates of 0.4°C/s from the two
studied liquids.

(a)2:3 melt (b)3:7 melt

Temperature / °C Temperature / °C
> 600 625 650 675 700 725 750 650 700 750 800 850
g 204—_ ' 'm Predicted ' ' I
Q Normalized XRD
£ 157 /L(Ba atoms) .
§ 104 (103) YBCO \ \ ]
— o e \ 1
g 0.5 Ba—C_U()Z/ § , Y4 ‘ CO\
= = S Eal ; \ N
§ 0.0 -_."A /. -,:::-- I ). , (\“”_’? K

T T T T T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 0 100 200 300 400 500
Time /s Time/s

Figure 5.10: Time-resolved solid species evolution at a heating rate of 0.4°C/s
for (a)2Ba:3Cu and (b)3Ba:7Cu liquids under Py, = 10~3bar, Py, = lbar.
XRD intensities have been normalized to their respective molar amounts (con-
tinuous lines). Dashed brown line in (b) corresponds to random (103)YBCO
reflection normalized to 1, for better visibility. Symbols indicate predicted evo-
lution for (a) BaCuQOs and (b)liquid. Full spectra corresponding to (a) can be
observed in Figure 3.25

The epitaxial YBCO growth rate calculated for the eutectic composition
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from 5.10b is 2 nm/s from its derivative and 1.5 nm/s from the time between
its 30-80% of XRD intensity. So, with a rate of 0.4°C/s, the growth of YBCO
was almost completed before reaching the higher temperature fast growth rate
region III.

Hence, the use of rapid heating is mandatory for producing epitaxial YBCO
at ultrafast growth rates. This is further confirmed in section 3.4.2.2, where
the fast growth of TLAG is obtained from rapid thermal annealing samples
quenched at 800°C demonstrating that 3 seconds are enough to grow a ~300 nm
YBCO film (i.e. 100 nm/s) with a heating ramp of 80°C/s.

Another alternative to reach region III directly is through the Py, change
approach, which will be described in Chapter 6.

5.2.1.2 Growth of randomly oriented YBa>xCu3zO7_;s

As observed, the amount of random nucleation is only outstanding for the
stoichiometric solution (Fig. 5.10a). The (2:3) melt composition at low temper-
atures is the only combination that may lead to high enough supersaturation.
As a result, the induction period for nucleation (tinq) is short and the driving
force for nucleation, is big enough to nucleate polycrystalline grains. Addi-
tionally to the possible nucleation at the sites of BaCuO; solid intermediate
particles, only formed in this case.

For the other cases, (103)YBCO random main reflection intensity represents
less than 8% of final (005)YBCO epitaxial diffraction (I(103)/L(005)*100), al-
though intensities comparison is cumbersome due to the slightly different w
values used that can modify the epitaxial peak intensity.

The overall solid species relation from Fig. 5.10a can be simplified as:
1
(2-x)BaCO3 + (3-x)CuO + xBaCuOq + 3 Y203 — YBagCuszOr_5  (5.5)

where x depends on temperature.

From the proposed above reaction, we can state that Ba atoms must be shared
between the liquid, BaCuO5, BaCO3 and YBasCuzO7_;5. Peak intensities for
BaCOg3 and YBayCu3zO7_s can be scaled to their molar amount, but BaCuO4
quantity is unknown. For this reason, the calculated remaining Ba atoms will
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be shared between the liquid and this intermediate phase. Then, conservation
leads to:

Mga (1) + MBacuo, =2 — 2MyBco — MBaco, (5.6)

where M; is the molar amount and 2 is accounted to the initial content of Ba
atoms for 2Ba:3Cu composition.

In this case, the calculated Mpa(1) + MBacuo, (square symbols) evolution
with temperature fits completely the one corresponding to solid BaCuOy XRD
peak intensity. Hence, we can conclude that YBCO growth from liquid is faster
than solid species transformation to liquid and so, transient liquid can not be
detected.

Indeed, maximum growth rate for random YBCO, matching precursors decay,
is 4nm/s. The rate calculated from 30 to 80% of its XRD intensity is 2.6 nm/s.
In this case, the rate limiting step for YBCO growth is the BaCOj3 elimination
reaction.

5.2.1.3 Polycrystalline YBCO grains elimination

A surprising result is the reduction of randomly oriented YBCO grains when
the fast growth regime for epitaxial YBCO starts. 2D-XRD acquired in situ
at temperatures before and after the growth rate shifts are represented in Fig.
5.11. Image at 835°C shows diffraction of (103) and (110) reflections homo-
geneously distributed along x in form of a ring, attributed to YBCO grown
randomly oriented. The ring can also be observed at the (005) reflection, but
this has an intense peak in the Bragg conditions with the epitaxial part. It can
be observed that at 870°C, the polycrystalline contributions have completely
disappeared. Peaks evolution with temperature is illustrated in the 3D image
to the right. (103) reflection decay corresponds to the highest slope for the
(005) peak increase.

Thus, misoriented grains are either reoriented or dissolved when liquid changes
its properties in zone IIT (above C.) and recrystallized towards c-axis grains.
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
small, their associated energy will be high, thus enhancing the driving force to-
wards recrystallization or reorientation. Size and distribution of these grains is
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Figure 5.11: Evolution of random and epitaxial YBCO reflections for the stoi-
chiometric composition heated at 5°C/s under 1073 bar O,. (a)Frames acquired
with the 2D detector at 835°C and 870°C (b) x-integrated X-ray diffraction
spectra during heating

illustrated in the next subsection 5.2.2 by means of TEM images from quenched
samples at different stages.

This fact explains how fully epitaxial YBCO films of good quality can be
obtained at relatively low heating rates and opens a very wide window of pro-
cessing conditions. Still, a limit on the amount of random phase that can be
dissolved or reoriented may exist and should be further investigated.

5.2.2 Microstructural evolution

Films microstructure at the different stages is observed by means of trans-
mission electron microscope imaging. Samples have been quenched at a certain
temperature after a very fast heating rate of 20°C/s under oxygen partial pres-
sure of 1072 bar with the 2:3 composition. Corresponding XRD and TEM
images are presented in Figure 5.12.
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Figure 5.12: Quenched films with the stoichiometric composition after pyrolysis
at 500°C, and to zones I (680°C), II (720°C) and III (835°C) after 20°C/s
heating rate under Py, = 1072 bar. (a)y-integrated GADDS XRD patterns
(b)I, II bright-field TEM and III scanning transmission electron microscopy
(STEM) cross section analysis

In stage I, pyrolysis precursors BaCO3 and CuO reaction takes place in par-
allel to the growth of first YBCO nuclei (reaction 5.5). XRD reveals that a
quench at 670°C which is composed by mainly pyrolysis precursors BaCOs,
CuO, Y203 and (103) YBCO reflection.

As temperature increases, precursors disappear and YBCO grows. Conver-
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sion reactions are completed at 720°C but temperature is below thermodynamic
eutectic point. We call this stage II, a zone where liquid is metastable. XRD
at this temperature exhibits polycrystalline YBCO.

If the quench is performed at higher temperatures, above the eutectic temper-
ature in stage I1I, YBCO (005) reflection from epitaxial YBCO prevails instead.
TEM image confirms full c-axis oriented YBCO along all film thickness.

TEM and STEM images at intermediate stages depicts that YBCO nucle-
ates heterogeneously at the substrate interface. As reaction proceeds, epitaxial
YBCO grows in c-direction and non decomposed precursors are kept on the top
of the film. Thicknesses corresponding to the heterogeneous nuclei are 10 nm
at 670°C and 30 nm at 720°C, with a 2.5s difference when heating at a rate
of 20°C/s. This would correspond to a growth rate of 8 nm/s, in the order of
rates determined in zone II by in situ XRD.

At the film in stage II, precursors have attained complete conversion to the
liquid state while the epitaxial layer represents just a 10% of the full thickness.
Amorphous zones are observed together with dispersed misoriented grains on
top of the c-oriented YBCO. Calculated random fraction for the YBCO grains,
as compared to those that are epitaxial, was calculated from 2D-XRD analysis,
and it represents a 12%. Homogeneously nucleated grains are of similar thick-
ness along their c-axis as the epitaxial layer, indicating they have been formed
during similar times.

Occasionally, a/b-YBCO grains are formed on a ¢-YBCO epitaxial layer.

Figure 5.13 illustrates the distribution of unreacted solid precursors at stage
I. STEM-HAADF image (a) shows YBCO nucleation, presenting a brighter
contrast, which can be found continuously along all substrate interface. On top,
a porous film is still preserved with a morphology similar to that generated after
pyrolysis. EDX (b) confirms that Ba and Cu remain separated as BaCO3 and
CuO nanoparticles in a nanocrystalline matrix. CuO and Y203 particles can be
observed with BF-HRTEM High Resolution image (c). Also some homogenous
YBCO grains have nucleated in the bulk. Indicating that liquid has been formed
in punctual areas of the film and led to randomly oriented YBCO grains with
a typical platelet size of 10x20 nm.

Inferred particles sizes are around 20-40 nm for CuO, being larger those closer
to substrate interface, while Y203 remains smaller than 10 nm. Thus, confirm-
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(b)EDX

Figure 5.13: TEM analysis of the quench at 680°C (P, = 1073 bar,
dT/dt=20°C/s). (a)High angular dark field-STEM (b)EDX maps for Ba and
Cu (c) bright field-High resolution TEM

ing that coarsening of the precursors is precluded when heating at a fast rate
of 20°C/s.

The nanocrystalline size of the homogeneously nucleated YBCO grains sup-
ports the previously mentioned result (section 5.2.1.3) that these grains can be
either reoriented or redissolved in the liquid to recrystallize as c-axis oriented
epitaxial film.

5.3 Processes derived from the liquid properties

The formation of a large extent of melt has implications on film morphology
and nucleation processes. The main concerns are liquid wettability leading to
phases segregation when it is too poor and reactivity at the substrate interface
due to the highly corrosive character. These features have already been noticed
in other liquid-assisted processes [170, 64] and special care was necessary to
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overcome them.

Thus, liquid assisted growth exposes new challenges that need to be properly
overcome. The main issues related to these topics are studied in this section.

5.3.1 Liquid diffusion

Figure 5.14 illustrates the effect on final film microstructure of a film fired
at an ultrafast rate of 60°C/s with the Y:2Ba:4.7Cu solution composition (3:7)
liquid.

Figure 5.14: SEM images with backscattered electrons (BSE) detector illustrat-
ing phase segregation in the eutectic composition Y:Ba:Cu 1:2:4.7 films grown
at 60°C/s under Py, = 103 for 2min. Final films thickness of the samples

shown here is 90 nm. Higher magnifications are shown for the sample grown at
770°C
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While the coating grown at 650°C is a continuous YBCO film, above 700°C
rounded grains presenting different composition and size are rather dispersed,
leaving large areas of uncovered STO substrate (darker areas).

X-ray energy dispersive analyses (EDX) and image contrast reveal the pres-
ence of some regions with flat YBCO growth, nanometric size particles contain-
ing mainly Y503 and larger, brighter grains with enhanced Cu and Ba signal
with some amounts of Ti. The stoichiometric composition varies for each indi-
vidual grain.

Such a microstructure giving round dispersed phases resembles solidification
of melts with poor wetting behaviour due to a large surface tension. Liquid
spreading on the solid depends on the contact angle, which is defined by the
balance of three interfacial energies () as follows:

Ysv = ysL + yLv + cos(0) (5.7)
where the subscripts S, L, and V represent solid, liquid, and vapour, respec-
tively.

Figure 5.15 contrasts good and poor wetting based on the contact angle 6.
The wetting angle depends on solubility or solid surface chemistry [176].

T ]
good poor
wetting wetting

Figure 5.15: Wetting behaviour for a liquid. Low contact angle supports wetting
while a high contact angle shows poor wettability. Reproduced from [176]

Actually, very similar images are obtained when films containing only Ba and
Cu, the elements composing the liquid, are grown above the eutectic point (See
Chapter 4.3).

The poor wettability of the Ba-Cu-O liquid was one of the main concerns
in melt textured growth of bulk YBCO [171]. Also, strong mass transport on
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a millimetre scale was demonstrated for fluorine free solutions processing by
Wesolowski et al [177]. An indication of the very high diffusion coefficient (Dy)
of the species forming this melt. According to the Stokes-Einstein equation:

kT

D, =
6mrn

(5.8)

where Dy is temperature dependent and related to liquid viscosity 1 and radius
r of the moving particles [156]. At the same time, 7 follows an exponential
temperature dependence:

n = noexp( (5.9)

RT)
where E is an activation energy.

Hence, diffusivity and consequently phases segregation is enhanced at high
temperatures.

Several authors demonstrated that D; can be decreased by tuning physico-
chemical parameters of the melt, such as viscosity [178], using doping at low
concentrations (<5%) with Pt [179] or CeO2 |180]. However, preliminary stud-
ies on CeOs9 doping in TLAG did not show any improvement towards reducing
liquid movement.

Wetting behaviour also depends on the substrate [171]. Yet, (100)STO is
already one of the reported substrates presenting better wettability for Ba-Cu-
O melt.

2D-XRD image in Fig. 5.16a shows big quantities of remaining yttria parti-
cles. Those are either textured following the (100) plane of the substrate, but
also discontinuous spots in y for (222) diffraction indicate particular favourable
directions instead of polycrystallinity. Then, the small intensity of the only peak
accounted to Ba-Cu-O grains indicates that most of them can be amorphous
as a product from melt solidification. The YBCO and Y203 XRD intensities
are plotted with temperature (Fig. 5.16b). C-axis oriented YBCO quantity
presents its maximum at 700°C. Then, intensity strongly decreases in parallel
to the increase of Y9O3 amount and particle size (Fig. 5.16¢) .

This correlates with phases discontinuity observed in film morphology. Hence,
XRD together with the corresponding SEM images point out that strong spa-
cial segregation of cations occurs at high temperatures as a consequence of
extensive melt formation and dewetting.
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Figure 5.16: (a)2D-XRD frame of a sample grown from the eutectic liquid
composition (3:7) at 770°C and 1073 bar O2. (b) YBayCu3zO7_s and Y503
quantities evolution with temperature. XRD intensities are integrated from
the diffraction poles of (104)YBCO and (222)Y30j3 reflections. (c¢) Y203 out
of plane particles sizes calculated with Debye Scherrer equation from the (100)
reflections from HR-XRD measurements

As a result, we observe, on the one hand, grains formed by the solidified Ba
and Cu phases composing the melt, while Y has contributed to Y503 particle
coarsening. Thus, the YBCO formation has been hindered. The induction
period for YBCO nucleation (tj,q) at conditions of small supersaturation (e.g
high temperatures with (3:7) liquid) is longer, which may contribute on leaving
time for cations diffusion to form the Ba-Cu-O and Y503 phases instead.

Y503 out of plane size has been inferred from HR-XRD using Debye Scherrer
equation from (100) reflections (Fig. 5.16¢). Particles size increases from 50 nm
to 120 nm with the increase of temperature and Fo,.

Particle coarsening in Ba-Cu-O liquids was studied by Izumi et al [179].
In that case 211 grain size in the L was found to be proportional to the
time that particles are in the melt (¢) and liquid properties D;I", where I’
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is the Gibbs-Thompson coefficient. The average 211 radius (R) was defined as:
R=a(D;I't)"/3.

We can conclude that, the Y903 coarsening behaviour, linked to dewetting,
is closely related to diffusivity and YBCO t,g.

Thus, it is crucial to limit the proportion of liquid in order to limit diffusion
of cations. Some strategies which could help are:

e Slower conversion rate
e Liquid composition out of eutectic point

e Increase Yttrium content

We should take into account that these strategies go against favouring heteroge-
neous nucleation since they imply an increase of supersaturation. Therefore, it
is clear that a compromise will be required to mantain epitaxy and fast growth
of YBCO, while also mantaining micro-structural homogeneity in each case.

5.3.1.1 Control by heating rate

As stated before, conversion rate in T-route is controlled by the process-
ing heating ramp. Lower velocities undergo melt formation to start at lower
temperatures, where liquid cations diffusivity is lower; and ting for YBCO nu-
cleation, shorter. These two factors should benefit on preventing cations segre-
gation before YBCO nucleation, as deduced in the previous subsection.

Several samples of eutectic composition (Y:2Ba:4.7Cu) and 90 nm thick were
grown during 2 min at different final temperatures using heating rates from
0.4°C/s to 60°C/s with the RTA oven.

Films presenting cation segregation, and consequently Y203 coarsening (see
XRD in Fig.5.17a), are plotted in blue in Figure 5.17b, in contrast to continuous
films represented in grey. SEM images corresponding to samples grown at
20°C/s (Fig.5.17c) confirm that a continuous YBCO film is formed below this
crossover temperature while uncovered substrate with dispersed grains are seen,
above.

Note that at these crossover temperatures YBCO is already 100% c-axis
oriented. The green line in the plot (Fig.5.17b) marks the limits for c-axis
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YBCO nucleation, which is slightly below the segregation crossover, leaving an
area where c-axis and homogeneous YBCO could be obtained.



168 Chapter 5. TLAG Temperature-route

(@)hog000 (¢)20°C/s

= 10000

)

1000 o

100

10 4

14

Intensity (a.u

0,1

8501 _ _
. seggregation
D, ~ bt _ seggreg
I O 800 e ~.
ind2 * 0 .
3 7501 ® - caxis S~
— * \
& 700 /
£ random & - .
= -b axis R
= 6501 a-ba i
c-axis
600 +———— :
045 10 20
Heating ramp (°C/s)
C;o

Figure 5.17: Cation segregation depending on T-dT/dt conditions for eutectic
composition (a)HR-XRD of films grown at 20°C/s to 835°C and 810°C. The
first presents Y203 coarsening. (b) T-dT/dt plot where blue symbols represent
samples with strong dewetting and remaining Y503, while grey symbols depict
continuous films. Dashed line limits the area where only c-axis epitaxial YBCO
is favoured. The arrows parallel to the x and y axes indicate the trends followed
by several film parameters D; and t;,q are enhanced at high temperature while
Cs and o are enhanced at low heating ramps. (¢) SEM images of samples
grown at 20°C/s. At 835°C, large substrate areas (black) are uncovered. Po, =
10~%bar and films thicknesses 90 nm on STO
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For instance, at 835°C with a rate of 20°C/s (Fig.5.17a, blue), Y203 inten-
sity respect to (005)YBCO is 39.5%. This represents a smaller amount than
the Y903 left at 750°C at a rate of 60°C/s (55.8%) (fig. 5.16b). Therefore,
the temperature in which these phenomena start is lower as heating rate is
increased. Above 700°C at 60°C/s, 820°C at 20°C/s and never observed until
the explored range (<835°C) at 0.4°C/s.

Hence, the experimental results confirm that the spatial segregation of cations
depends on heating speed. This may suggest a correlation with changes in
yttrium concentration (Cj) with the heating ramp, thus modifying supersatu-
ration (o) in the liquid. Therefore, lower Cs achieved with fast heating rates,
induces longer #,q and consequently dewetting.

Clever designs will be needed to maximize superconducting properties. For
instance, standard conditions for epitaxial YBCO growth with the (3:7) melt
lie between 770°C and 810°C heating at 20°C/s.

Within this region, despite the fact that no secondary phases are observed
by HR-XRD, still a certain degree of voids and unreacted regions that hinder
current percolation may be observed with more detailed microscopy analyses.

Image 5.18a corresponds to a TEM cross-section of the sample grown at
810°C, 20°C/s. Still, intergrain areas totally uncovered are observed, leav-
ing the substrate exposed, in agreement with the “holes”observed by SEM in
Fig.5.17.

Other cases show secondary phase particles are left between the two growing
YBCO islands: CuO, Y203 or Ba-Cu-O. In thick enough films with a good
wetting we should expect that these secondary ‘hases should remain at the film
surface.

Distances between non merged grains are around 600 nm and YBCO islands
size in a/b direction are 1-5 um long. It can be deduced that distances between
a first formed YBCO nuclei may be in the order of several microns as a result
of small nucleation density (long t,q)-

5.3.1.2 Film thickness and substrate

Surprisingly, this effect is even enhanced with film thickness increase. Fig.5.18b
images are taken from a 400 nm thick film. Tilted SEM images show larger film
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Figure 5.18: (a) 90 nm (3:7) sample grown at 810°C, where dewetting is ob-
served between YBCO islands. (b) 400 nm (3:7) thick film grown at 770°C.
Cross-section TEM and 45°tilted SEM images evidence the presence of film free
areas. Phase identification has been performed with EDX analyses. Colours
in inset image represents different chemical composition, from BSE detector.
Both are produced on STO substrate, 20°C/s and 1073 bar Oy

free areas of irregular shape are left between the growing islands. Some left re-
maining material can be observed at grains boundaries, while the voids may
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be of several microns of diameter. In many cases, the bigger empty spaces are
close to CuO grains.

Several sources of residual porosity in YBCO films are described in literature:
incomplete healing of pyrolyzed film porosity, formation of voids associated to
a/b-axis oriented grains or secondary phase impurities [181, 182, 183, 184].

Film free larger areas can occur due to film dewetting during long post-
annealing processes, that can be caused as a result of interfacial stress generated
by the lattice mismatch of YBCO with the substrate [175]. This phenomena is
enhanced with long thermal treatments, at high temperatures and for thinner
films.
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Figure 5.19: (a)Film free area (%) inferred from optical microscopy images and
imaging treatment for 400 nm thick films grown at 770°C on STO and LSAT
substrates depending on annealing time (dT/dt=20°C/s, Py, = 1073 bar). (b)
Corresponding SEM images for 2 min dwell and (c)Cross-section TEM for the
LSAT substrate sample where still some holes not reaching the substrate are
observed

In order to identify if this is the case of those films, we have grown 400 nm
thick films with increased dwell times: 2, 10 and 40 min. YBCO uncovered area
was inferred from SEM surface images and imaging treatment (Fig. 5.19a).
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Voids percentage on STO drops from 5% to 3% with the increase of annealing
time. This fact rules out the possibility that it is a spontaneous dewetting
post-growth phenomena. In contrast, longer annealing would favour grains
coalescence, as we observe.

Therefore, the voids in TLAG are distinguished from typical porosity or
dewetting in TFA-CSD films. Instead, it is confirmed that in TLAG-CSD
pores can be accounted to liquid movement (D;) and low nucleation density
(high ti,q) when supersaturation is small.

More differences are observed depending on the substrate used. SEM image
reveal that when YBCO growth is performed on LSAT, the dewetted area is
considerably reduced (Fig.5.19). TEM cross-section of 90 nm YBCO film grown
at 770°C (dT/dt=20°C/s) on LSAT demonstrates that porosity does not reach
the substrate in this case, producing just steps on film thickness. These have
been the more favourable conditions found so far to achieve continuous film
covering of epitaxially grown YBCO from the eutectic liquid composition.

5.3.1.3 Cation composition effects

Strong segregation of phases has not been observed so far when using the
stoichiometric liquid composition (1:2:3). Differences between the two melts
relay on supersaturation and the quantity of liquid formed, being the 2:3 melt
limited by the coexisting solid BaCuO; phase in the region between eutectic
and liquidus temperatures. Images on the melt dewetting for both compositions
are shown in section 4.3.

Apart from that, the molar Y content in relation to atoms forming the liquid
is 17% for 1:2:3 (v) and 13% for the 1:2:4.66 (a) composition that has been
used. Thus, since yttria remains solid until Y dissolution in the liquid, its
amount may also contribute to increasing the solid/liquid ratio.

Preliminary results are presented with the 3:7 melt but with an increased Y
molar content to 17% instead of 13% molar. The total Y:Ba:Cu cations ratio
is now 1.35:2:4.66 (/). A film has been processed to 835°C at 20°C/s and
Po, = 1073 bar, conditions where a strong phase separation was observed with
the 1:2:4.66 (o) ratio. Both structural and morphology characterizations of the
films are compared in Figure 5.20, also with the 1:2:3 () solution.
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Figure 5.20: Dewetting comparison of samples on STO with Y:Ba:Cu ra-
tios (a)1:2:4.66 in turquoise, (5)1.35:2:4.66 in purple and (+)1:2:3 in orange.
Growth temperature 835°C, dT/dt=20°C/s, 2min dwell, Py, 10 3bar. At
(a)HR-XRD, (b) (005) YBCO rocking curve and (c) SEM images with the
BSE detector show strong dewetting only in solution «. Film thicknesses are
90 nm

Paradoxically but in accordance with the hypothesis, films with increased Y
to 17% (3, 7) in both melt compositions show by XRD (Fig. 5.20a) no Y203 re-
maining in the final film, while a 13% of Y in the solution («) leads to a very high
percentage of unreacted Y203 after YBCO growth (39.5%=I(Y203)/I(YBCO)).

As stated before, and observed with SEM images, unreacted and dispersed
phases are formed due to melt dewetting. Thus, solid Y203 remains only when
it is segregated. In contrast, continuous YBCO films can be formed without
remaining Y903, when a larger amount of solid Y203 in the initial solution
limits diffusion of liquid cations before Y dissolution.
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We can also deduce that Y203 excess in the (3:7) melt results in an increase
of Cs as evidenced from the formation of a/b grains. This demonstrates that Y
dissolution and phase segregation are correlated phenomena. Yet, it is still not
clear if the increased Cj is the consequence or the cause of preventing dewetting.

The width of rocking curves of (005)YBCO Bragg peaks also increase with Y
content, and even more with the 2:3 melt. This is a consequence of the higher
supersaturation.

The samples shown here have been grown under the same conditions for com-
parison, but the optimum growth parameters are different in each composition,
and has to still be optimized for composition 8. Films 8 and  present rather
low critical currents of 0.24 and 0.003 M A/em? at 77K and critical tempera-
tures of 86K and 79.5K, respectively. This can be explained by the presence of
ab-grains, some voids still observed between the grain boundaries in sample 3,
or structural inhomogeneities in film «, observed in the SEM images.

To sum up, the increase of Y2O3 content and higher Cs can be a very effective
tool to limit liquid movement. These results open the path to explore also other
possibilities of solid phases such us the introduction of nanoparticles that at
the same time are used for vortex pinning in the resulting nanocomposite.

5.3.1.4 Multilayered structures

Solution processing is a versatile methodology that allows deposition and
pyrolysis of multilayered structures that can be grown together. With this
idea, several strategies can be designed in order to decouple nucleation from
growth conditions with the use of layers with different composition.

For instance, the combination of the two liquid compositions can join the
advantages of (3-7) composition in terms of low supersaturation to promote
c-axis nucleation, while (2-3) melt on top can preclude cations movement.

Preliminary experiments demonstrate that phase segregation is avoided with
a 200 nm (2-3) solution layer on top of a 90 nm (3-7) layer (Fig. 5.21). Ad-
ditionally, very small rocking curve values of the (005) YBCO of 0.11°and
ab-grains percentage of only 4%, point out to a higher texture quality than the
stoichiometric (2-3) solution without seed layer (see Fig. 5.30 for comparison).

On the other hand, SEM and TEM images show a totally pore free contin-
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Figure 5.21: Bilayered film composed of Y:Ba:Cu ratios: 1:2:4.7 («) 90 nm in
the first layer and 1:2:3 (y) 200 nm on top. Film was grown at 810°C, 1073 bar
O3, 20°C/s. (a)Scheme (b)(005)YBCO rocking curve width is small (¢)SEM
and (d)cross-section STEM images

uous layer, except from some spare structural inhomogeneities accounted to
reactivity. Therefore, cations diffusion have been effectively precluded by the
(2-3) layer on top. No noticeable interface between the two layers is observed
and remaining Cu from the first solution is also not trapped in between, but
dissolved by the next layer liquid.

Still, a certain local reactivity and barium cuprate phases exist (see XRD at
the Appendix in Fig.7.3), which limit the percolative critical current density in
this sample (J¢=0.1 M A/cm? at 77 K). However, there is still much room for
optimizing growth conditions and this strategy results are very promising for
future work.

Overall, this is a “proof-of-principle”’experiment showing that understanding
the optimal conditions of nucleation and growth can allow a "design" of optimal
thick films and CCs.
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5.3.2 Interfacial chemical reactivity

One of the major problems of YBCO synthesis from melts was the high
reactivity of the barium cuprate solution. Most substrates react strongly or are
dissolved in the liquid at high growth temperatures (900°C) [171, 154]. One of
the consequences is substrate cations dissolution in the liquid to nucleate new
secondary phases that compete with YBCO.

Many examples of these phases have been found with a different extent de-
pending on substrate and processing conditions. Here we report investiga-
tions on (100)(LaAlOg3)¢.3(SraAlTaOg)¢.7 (LSAT), (100)SrTiO3 STO monocrys-
tals and 50 nm YBCO buffer layer on STO. These substrates have been proven
to be suitable for YBCO c-axis nucleation with TLAG. They were chosen for the
close lattice parameters to YBCO, thermal expansion, polished surface quality,
stability and robustness.

The resulting phases on SrTiOs substrate can be very diverse, making it
very harsh to identify the exact composition by means of X-ray diffraction.
Usually epitaxial peaks at 42-43°in 260 arise when reactivity with the substrate
is observed (See Fig.5.3). EDX and TEM in Figure 5.22a reveal dissolution
and diffusion of mainly titanium to form Ba-Ti-(Cu)-O phases. The competing
new phases are nucleated along all film thickness.

On LSAT substrates, tantalum is dissolved in the melt to form epitaxial
tetragonal BaaYTaOg (BYTO) that grows on the substrate surface and below
YBCO (Fig. 5.22c). Without the presence of Y, no reactivity derived phase
nucleates on LSAT (see Chapter 4.3, Fig.4.17).

Sample ¢ was synthesized on already grown 50 nm YBCO on STO. TEM
shows 1 um long step on STO surface, an indication that liquid has reached
the substrate, completely dissolving the buffer layer as well. This example il-
lustrates the highly corrosive character of the liquid, which should be avoided
either by a blocking unreactive buffer layer or substrate, or by tuning the pro-
cessing conditions.
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50nmYBCO
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Figure 5.22: Examples of TEM and STEM analyses combined with EDX show-
ing transient liquid extensive reactivity and the forming secondary phases on
substrates of (a)STO, (b)LSAT and (¢)50 nm YBCO deposited with PLD on
STO

5.3.2.1 T-FPp, dependence

Quantitative studies on reactivity under different conditions have been car-
ried out for stoichiometric composition Y:Ba:Cu 1:2:3 (y) on LSAT, since
cations segregation is avoided with this composition and the (200)BYTO orien-
tation diffracts at 26 = 45°(Fig.5.23a), which can be easily identified. Although
the extent of competing phases depends on each substrate, similar trends de-
pending on processing conditions were observed.

In Figure 5.23b the relative quantity of BYTO is represented in the T-Fp,
phase diagram of quenched samples after heating at 20°C/s. The XRD peak
area of the (200)BagYTaOg reflection is normalized with the (005)YBagCuszO7_;.
The integrated XRD diffraction patterns are displayed at the Appendix in
Fig.7.4.
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Figure 5.23: Reactivity of samples grown on LSAT substrate during 2 min
at a rate of 20°C/s with stoichiometric composition and are 200-300 nm thick
(b)T-Po, processing conditions. Colours indicate XRD peaks are of the reactiv-
ity product (200)BYTO reflection normalized to the (005)YBCO. (a)2D-XRD
GADDS image and (c)SEM image of a sample grown at 900°C and 10~2 bar
O2

The formation of BagYTaOg is highly enhanced in samples treated at high
temperatures and at low oxygen partial pressures. For instance, XRD inten-
sity for BYTO can be 6 times bigger than YBCO at temperatures higher than
900°C. BYTO phase in form of elongated grains can be observed on the corre-
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sponding SEM image at Fig.5.23c.

The reacted fraction (f) in diffusion controlled reactions is linked to the
reaction time ¢ and diffusion parameter I" as follows [176]:

1—(1-pB)Y3 =12 (5.10)

At higher temperatures, atomic diffusion is enhanced and YBCO t;,4 is longer
due to the smaller supersaturation. This results in longer exposure time of the
melt to the substrate and can explain the higher amount of reactivity derived
phases.

The increase of reactivity when lowering Pp, is less clear, but it could be
related to changes in the liquid properties, such as viscosity and diffusivity.

5.3.2.2 Heating ramp dependence

One could think on reducing the time ¢ that the melt is exposed to the
substrate by fast annealing.

Several samples of stoichiometric composition (Y:2Ba:3Cu) were grown dur-
ing 2-5 min to different final temperatures using heating rates from 0.4°C/s to
60°C/s with the RTA oven.

Films presenting the reactivity derived BasYTaOg phase, identified with
XRD, are plotted in red at the T-dT/dt plot in Figure 5.24. Those films in
which no reactivity has been observed are coloured in grey, and green depicts
the presence of the YoBaCuOjs (Y211) phase, for reference (see section 5.1.1).
Some integrated XRD diffraction patterns are presented in the Appendix figures
7.4 and 7.5.

The results show an unexpected increase of substrate derived secondary
phases as heating becomes faster (Appendix Fig. 7.5). Thus, reactive phases
are observed beginning from lower temperatures. Also, reactivity starts at lower
temperatures under lower Pg, conditions, in accordance to Fig.5.23 results.

Again, diffusivity D; and induction time for YBCO nucleation ti,4 tendencies
(represented in arrows in Fig.5.24), explain this behaviour. On the one hand,
dissolution of substrate elements is enhanced when they are in contact with an
unsaturated liquid (Cjy is lower at higher heating rates). On the other hand,
this results in a longer YBCO tj,q, giving time for other phases to nucleate.
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Figure 5.24: Reactivity on LSAT depending on T-dT/dt conditions for the
stoichiometric composition (200-300nm thick) where samples are coloured in red
if BYTO is detected by XRD, grey if not detected and green if the YoBaCuOj
(Y211) phase appears (see section 5.1.1). Po, are (a)10~3 bar and (b)10~2 bar.
Green dashed line limits the area where only epitaxial YBCO is favoured

The crossover temperature for epitaxial growth, plotted in a dark green
dashed line, lies slightly below the reactivity line for both FPp,. It seems nec-
essary to either reduce growth temperatures or encounter non reactive buffer
layers. More experiments are being performed by group co-workers in both
directions. Other authors using liquid mediated growth techniques for YBCO
have already succeeded on limiting reactivity with the use of buffer layers such
as LaMnO3, SI‘(),5B&(],5T103 or YBCO [170, 64.].

5.3.2.3 Local reactivity

More cases of interfacial reactivity has been observed by means of microscopy
techniques when the phase is not detected with XRD. For instance, films mor-
phology of two samples grown at 835°C under 10~2 bar of oxygen are presented
in Figure 5.25.

In film a, rod-shaped grains of about 15 um long are dispersed in the film.
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Figure 5.25: Microscopy analyses on samples grown with the 2:3 liquid at
835°C, 20°C/s, Po, = 1072 bar and of 200 nm thickness (a) SEM image, DF-
TEM and EELS performed at a FIB cross-section where the film inhomogeneity
is observed by SEM. BYTO growing at the interface distorts YBCO growth on
top (corresponding EELS shown in Fig. 5.22). In case (b), TEM images show
a continuous and epitaxial YBCO layer on top of BYTO

Composition was elucidated with TEM analysis on a particular grain cut by
means of the FIB technique (Fig. 5.25a). The brighter contrast phase at the
interface observed with dark field imaging points out to the presence of Ta,
which is confirmed by EELS analysis. Bap;YTaOg particles are rounded and
50 nm thick, while YBCO grows around following this shape. Consequently, it
results on a structural inhomogeneity that breaks the the YBCO layer conti-
nuity.

Another example is illustrated in film b. BasYTaOg can be found at the inter-
face, oriented along [100] and [110] directions with a thickness of 35 nm. In this
case, YBCO growth remains undisturbed along the c-direction, perpendicular
to the plane, maintaining epitaxy in a continuous film.
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These cases evidence the existence of local and inhomogeneous reactivity,
probably starting at substrate defects. As a consequence, it is a source of
irreproducibility and more robust buffer layers are required.

YBCO superconducting performances depend on the amount of secondary
phase and the effects it produces on YBCO matrix. For all samples grown at
these conditions (20°C/s, 845°C, 1073 bar Os), critical temperature is 90+1 K.
An indication that Ta cations are not introduced in the YBCO crystal cell.
However, self-field critical currents depend on film morphology. Sample a
and similar present self-field J. around 0.2 M A/cm?, while J. in sample b is
1.2 MA/cm?.

5.4 Microstructure and physical characterizations of
epitaxial YBCO films with T-route

A thorough study has been carried out in order to define the optimal process-
ing parameters for synthesizing fully c-oriented YBCO thin films with TLAG.
Different combinations of heating rate, melt composition and T-Pp, conditions
lead to fully epitaxial layers. Now, we correlate the resulting microstructure
with the superconducting performances of those films.

Critical current density (J.) and critical temperature (T) are the main pa-
rameters to be evaluated. J. is an extrinsic property that depends on macro-
scopic defects influencing current percolation (J self-field, no applied magnetic
field) and nanoscale distortions controlling vortex pinning, those increasing J.
in-field.

Hence, aiming at superior superconducting performance, it is necessary to
have high homogeneity at the macroscale but with desirable defect landscape at
the nanoscale. Inhomogeneities larger than coherence length & order parameter
have been found to hinder percolating critical current [40].

Necessary microstructural characteristics for high J. in HTSC materials are
[49]:

e Good texture

e Homogeneity
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e High density, low porosity [185]
e Low-angle grain boundaries [186]
e Pinning sites

e Optimum oxygen content (T.)

Typically, films derived from melt growth techniques are of very low porosity
and high texture quality. However, J. in-field enhancement is limited by the
difficulties to introduce artificial pinning defects in a melt.

On the other hand, solution processing techniques allow the introduction of
secondary phases that act as pinning centres, such as preformed nanoparticles
stabilized in the precursor solution [187, 159]. However, current percolation
can be affected by the higher degree of porosity or defects in YBCO from
CSD methodology [185, 122, 181]. Several types of structural inhomogeneities
were identified for YBCO thin films affecting properties in different degree
[188, 183, 189].

TLAG presents an opportunity to join the advantages of high quality liquid
derived microstructure with the possible introduction of artificial pinning cen-
tres by chemical solution processing techniques. Hence, both J. self-field and
in-field can be maximized.

5.4.1 Growth regimes and texture quality

SQUID and transport measurements have shown good performances of films
processed with T-route (Fig. 5.26). Critical current densities up to 3 M A/cm?
at self-field and 77 K have been achieved. Critical temperatures 90-92K point
out a good oxygenation level and no carbon contamination.

It has been observed that performances and reproducibility strongly depends
on processing conditions. In Figure 5.27a, the amount of epitaxial samples that
could be reproduced at the optimum zone for c-axis oriented heterogeneous
YBCO growth for each composition, depending on the heating ramp.

The uncontrolled nucleation happening during slow heating entails limited re-
producibility on YBCO crystallization. For instance, among all processed sam-
ples at the most optimum conditions for (2:3) liquid at 0.4°C/s ramp (835°C,
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Figure 5.26: (a) Resistivity with temperature from transport measurements.
T.=90.8 K. (b)Self-field J. with temperature for 300 nm YBCO film grown
from the stoichiometric solution at 835°C, 0.4°C/s, 1072 bar Oq
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Figure 5.27: (a)Reproducibility represented by the number of epitaxial samples
obtained after growth at the optimum conditions for each heating ramp and
Ba:Cu ratio: (2:3), in orange and (3:7), in turquoise. (b) Maximum self-field
Je at 77 K achieved in each case

1073 bar O3), a 50% lead to some polycrystalline or a/b-oriented YBCO grains.
Instead, with the increase of heating rate, nucleation conditions are better con-
trolled by the defined final processing temperature.

Differently, liquid (3:7) gives rise to 100% reproducibility on YBasCu3zO7_;
crystallization due its lower supersaturation as compared to the (2:3) melt,
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favouring in all cases epitaxial nucleation.

However, maximum self-field J. values with the TLAG T-route were achieved
with the slowest heating rates and the stoichiometric composition (Fig. 5.26).
In Figure 5.27b, maximum self-field J. obtained so far for each composition and
heating rate explored, are presented.

Yet, superconductivity is vanished when using ultrafast rates. The upper
limit is ascribed to enhanced reactivity, metastable secondary phases or cations
segregation affecting current percolation, described in last section.

Thus, a trade-off between reproducibility and performances is achieved at

intermediate fast rates (~ 20°C/s), for both solutions.

There is a very close relationship between processing conditions, microstruc-
ture and performances. Maximum critical currents achieved in the possible
T-Po, conditions for TLAG growth are also illustrated in Figure 5.28a for

rates of 20°C/s and both melt compositions.
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Figure 5.28: Maximum self-field J, at 77 K (coloured scale) after growth at
20°C/s on T-Pp, different conditions. For liquids (a)(3:7) and (b)2:3
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It can be observed how the processing window for the (2:3) melt is quite
narrow (Fig.5.28b), restricted to high temperatures (>810°C) and low Po,
for epitaxial nucleation; and limited by melt reactivity with the substrate, as
demonstrated in the last section 5.3.2.

In contrast, (3:7) melt allows fully c-axis nucleation at lower temperatures
(770°C) and a wider temperature range (Fig.5.28a). As a consequence, reac-
tivity is hindered in these conditions and both factors benefit achieving higher
reproducibility.

Maximum J. values for rates of 20°C/s are also plotted in Figure 5.29a de-
pending on growth temperature. For 3-7 melt, maximum J. at 77 K is up to
1 MA/em?, and to 2 MA/cm? for the 2-3 melt. Critical temperatures (Fig.
5.29b) are maintained above 90K in all cases and AT, around 1 K, suggesting
optimal doping and no contamination of C or other elements.
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Figure 5.29: (a)Maximum self-field J. at 77 K at 20°C/s depending on growth
temperatures and solution composition, Pp,, indicated in the graph (b) Critical
temperatures measured by the Van der Pauw method [190]

The reason for the limited critical currents at self-field, specially for solution



5.4. Microstructure and physical characterizations of epitaxial
YBCO films with T-route 187

with Cu excess, requires of a deep analysis to correlate microstructure with
superconducting physical properties.

At first, texture quality is evaluated for maximized J. samples. Due to the
anisotropic character of superconductivity in cuprate superconductors, a good
texture is a requirement for the achievement of high J. values. Misoriented
grains will affect current percolation, controlling J. at self-field.
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Figure 5.30: Standard YBCO films grown from (2:3) liquid at 835°C (orange),
and (3:7) liquid at 770°C (turquoise), at 20°C/s. (a)HR-XRD, only epitaxial
YBCO is observed (b) YBCO (103) pole figure and ¢ scans (¢) FWHM values
corresponding to YBCO (005) w scans

Figure 5.30 shows HR-XRD with (001)YBCO diffraction planes, with no pres-
ence of other secondary phases. (103) ¢-scan exemplifies a standard sample
with four-fold symmetry and low misorientation angle (1.2°). Out-of-plane w
rocking curves are documented in Fig(5.30c¢). Extracted FWHM values for both
melt compositions indicate a high degree of out-of-plane texture, specially for
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(3-7) solution (0.124+1°), with nearly single crystal quality.

Hence, the high degree of texture quality has been found to be comparable to
that from liquid mediating growth, specially when using 3-7 melt composition
that allows larger melt extent. Therefore, the limitation on self-field J. can not
be explained by crystal misorientations.

5.4.1.1 Growth of thick films

One of the technology requirements in CCs is the growth of large thickness
layers for enhancing total critical current I. [31]. The results presented above
are for layers around 200 nm thick, deposited with one spin coated deposition.

We have identified that most of the steps are influenced by film thickness.
First, pyrolysis process of large solution volumes is more difficult and there is
still room for improvement in order to achieve completely homogeneous thick
pyrolyzed films with a proper nanocrystalline distribution.
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Figure 5.31: HR-XRD of 90 nm (1M solution) and 400 nm (2depositionx1.5M
solution) thick films grown at the standard conditions for the (3:7) liquid
(770°C, 20°C/s and 1073 bar O on LSAT) Reactivity phase BYTO is only
observed in the thickest film

Then, barium decarbonation is delayed with the film thickness increase, thus
altering conditions for YBCO nucleation and growth during heating. For in-
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stance, HR-XRD in Fig.5.31 demonstrate that dissolution of substrate elements
to produce competing phases (BYTO in this case) is enhanced when annealing
thicker films in the same conditions. This is a consequence of the precluded
barium carbonate reactions, triggering YBCO nucleation to happen at higher
temperatures while heating, when melt becomes more corrosive. As a conse-
quence, we observe an increase of reactivity with the film thickness at the same
processing conditions. Changes on film thickness require new optimization of
processing parameters.
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Figure 5.32: (a)STEM images for YBCO thick films deposited by the multide-
position approach with the two liquid compositions. The 2:3, at left has been
deposited on a 50nm PLD YBCO buffer layer and grown at 820°C/, 20°C/s,
1072 bar Og. The 3:7 liquid, at right, at 770°C and 1073 bar Oy and on LSAT,
instead (b) YBCO (005) w scans (c) T measured by SQUID for the 550 nm
thick film from (2:3)liquid

Still, feasibility of growing epitaxial thicker layers up to 500 nm has been
demonstrated. STEM images displayed in Figure 5.32a show homogeneous,
pore free and epitaxial layers for both studied liquid compositions. The 3-7 lig-
uid composition presents reactivity on LSAT substrate interface, but without
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altering YBCO matrix on top. Higher magnification with atomic resolution
STEM confirms the highly crystalline quality of the epitaxial growth. Addi-
tionally, no boundaries are observed between multi-coated layers or the buffer
layer. For the 2:3 composition, straight twin boundaries crossing the total film
thickness can additionally be identified.

Rocking curves (Fig 5.32b) on the (005)YBCO reflection are extremely low
(0.09°and 0.08°using 2-3 and 3-7 melt, respectively), confirming that a high
degree of epitaxy is maintained along film thickness.

Critical temperatures for 550 nm thick films remains as high as 90.1K, an
indication that no carbon is retained at the grain boundaries also for thick
films. However, a large AT ~ 20K points out a certain degree of macroscale
inhomogeneities or unreacted phases that also limit J, self field to 0.2 M A/cm?.
Thus more effort is needed to maximize properties of thick films with processing
optimization.

5.4.2 Films morphology and granularity

Films homogeneity and density can be analysed by means of Scanning Elec-
tron Microscopy (SEM) of films surfaces.

Low magnification images (Fig. 5.33) reveal homogeneous surfaces with some
precipitates on top attributed to remaining CuO or BaCuQOg2. The amount of
surface grains is higher for the films that have been grown in fast heating rates.
The biggest (> 1m?) and darker grains are CuO, which are present in higher
amount on Cu excess film. Hence, remaining CuO in the latter case is pushed
up to the surface as YBCO grows. A positive fact that indicates exceeding Cu is
not trapped inside YBCO matrix and does not affect final physical properties.

Surface morphology is compared with CSD-TFA route in Figure 5.34, in
which YBCO growth is driven by solid-gas reactions. It leads to porous films
with small grains (Film a). In contrast, CSD-TLAG films surfaces show a very
low degree of porosity and much smoother grains. Such topographic differences
evidence the different growth mechanisms and the existence of an intermediate
liquid phase for the latter.

Within TLAG films, significant morphological differences at the micrometer
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Figure 5.33: Surface SEM images at 4000x with SE detector of standard sam-
ples which annealing rates and Y:Ba:Cu compositions are: b 0.4°C/s, 1:2:3; ¢
20°C/s, 1:2:3; d at 20°C/s, 1:2:4.7.

scale can be observed depending on annealing rate or flux composition. A film
grown at a slow heating velocity (Film b, 0.4°C/s, 1:2:3) presents smaller and
more density of grains. In contrast, fast heating ramps (20°C/s) lead to plate-
like grains of large in-plane grain sizes and meandering grain boundaries. In
this case, some voids of uncovered substrate with irregular shape are present
between grain boundaries.

Films processed with distinct conditions entail nucleation and growth at dif-
ferent supersaturation o levels. As reported in section 5.1, o degree gets smaller
for increased heating rates and Cu excess: b(2-3,0.4)> ¢(2-3,20)> d(3-7,20).

Since nucleation rate and growth modes depend on supersaturation, we can
ascribe a relationship between morphology and grain sizes with ¢ for the distinct
growth conditions in TLAG.

Figure 5.35 illustrates the process of nuclei ripen into larger grains. After
first nuclei has reached a critical size r* to nucleate (tinq), continuous films arise
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Figure 5.34: SEM of films surface at 40.000x of a CSD-TFA, b 0.4°C/s, 1:2:3;
¢ 20°C/s, 1:2:3; d,e 20°C/s, 1:2:4.7.

as a result of individual grain merging.

(a)High nucleation density and o (b)Low nucleation density and ©

Figure 5.35: Schematic representation of nuclei ripen process, when nucleation
density and supersaturation o is (a)large and (b)small

Nucleation rate is exponentially enhanced as supersaturation increases (see
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section 4.1). As a result, large o will produce higher density of nuclei, leading
to smaller final grain sizes, matching SEM observations of sample T(2-3)0.4.

With the supersaturation decrease, nucleation density may become very
small. Then, dispersed nuclei are produced. Due to long intergrain distances
between nuclei, larger grains are produced and coalescence may not be com-
pleted, leaving some film free areas. That would be the case for T(2-3)20 and
T(3-7)20, the latter in a larger extent.

Magnetic granularity

Local current density in grains (J&) can be discerned from percolative Jf
with a non-destructive inductive technique (Palau’s model) [191, 192, 193]. J!
exhibits a clear correlation with film morphology, while J is not modified by
the presence of macro inhomogeneities. A decrease of percolative J, can be
related to magnetic granularity [122, 194].
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Figure 5.36: Magnetic granularity analysis by Palau’s method on a sample
grown at 20°C/s, 810°C 1073 bar Oy with 2:3 liquid. (a)Magnetization at dif-
ferent applied fields (b)Maximum magnetization peak (poHpeqr) versus applied
field at different temperatures (c)Calculated grain J. (black) as compared to
percolative J. (red)
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Figure 5.37: Self-field J. measured with SQUID at bottom and grain J. calcu-
lated with Palau’s method, at top; for different samples

Studies on granularity have been performed by group co-worker J. Banchewski.
Palau’s method is exemplified in Figure 5.36 for a film grown on STO at 810°C
with stoichiometric composition. As a result, inferred magnetic grain sizes are
1.5-3 wm and J. grain highly increased respect to percolating current density
up to 7 MA/em? at 77K and 49 + 15 M A/em? at 5K.

A similar increase is observed for the rest of samples grown to different final
growth temperature, leading to JCG at 5K around 45 M A/em?, also indepen-
dently from solution composition, annealing conditions or percolative J.. The
thickest sample presents the highest JCG =58 M A/em? at 5 K, while its self-field
critical current density is the lowest (3.6 M A/em?).

Thus, YBCO has been demonstrated to give excellent superconducting prop-
erties. These experiments point out that the main difficulty triggering J. self-
field is magnetic granularity, most probably caused by low supersaturation
levels that hinders nucleation density. This situation results on poor grains
coalescence and residual voids left within grain boundaries that block current

percolation.
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5.4.3 Nanoscale defects landscape in T-route

Several nanometric size defects of different dimensionality have been identi-
fied to act as pinning centres in YBCO films. For example, twin boundaries,
intergrowhts, anti-phase boundaries, point defects, edge dislocations or sec-
ondary phases. Those serve as pinning sites that enhance J. performances at
different regions of the H-T phase diagram, necessary for the use in a broad
number of power applications [183, 195].

(a) 0.4° C/s (b) 20° C/s

Figure 5.38: TEM images of YBCO films grown with the 2:3 liquid at heating
rates of (a)0.4°C/s and (b)20°C/s to 835°C

In TLAG, each route may lead to distinguished microstructural characteris-
tics in the final products. TEM images in Figure 5.38 illustrate the microstruc-
ture for films grown with the stoichiometric composition at different rates.
Using a processing slow heating rate (Fig.5.38a), most of the film grows during
heating at the YBCO slow growth rate region, around 2-5nm/s (see section
5.2.1). A defect-free microstructure is observed in agreement.

At a heating rate of 20°C/s to 835°C (Fig.5.38b), we have shown that YBCO
grows at the fast growth rate region, at 40-100 nm/s. Therefore, the fast growth
induce a highly defective YBCO matrix. The main defects appearing are the
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Y2BasCugOx (Y248) intergrowths (double CuO chains or stacking faults), sim-
ilarly to the TFA-CSD process [196]. It is known that the Y248 intergrowth
is one of the lowest energy defects able to accommodate large distortions in
YBCO. This is in agreement with the ultrafast growth in TLAG-CSD process.

(b) Lig(2:3)

Figure 5.39: TEM images of YBCO films grown at 20°C/s with the (a) 3:7
liquid to 770°C and (b)2:3 liquid to 835°C

Now we compare the most characteristic defects in both studied liquid com-
positions at fast growth rates. Stacking faults (SFs) in solution (3:7) are larger
than in the solution (2:3), for the same heating rate. Additionally, the film is
free from ab-grains, in agreement to lower supersaturation for growth.

In contrast, nanoscale ab-grains in the range of 5-10 nm contribute on causing
short lattice distortions in the (2:3)melt (Fig. 5.39b).

Figure 5.40 illustrates the magnetic field dependence of the critical current
density, J.. Both applied magnetic field in parallel to ab plane (H*|ab) or
c-axis (H*||c) are shown, affected in different degree by the distinct defects.
TLAG sample processed from stoichiometric (2:3) melt is compared to pristine
TFA-CSD film and BZO TFA-CSD nanocomposite.

Pristine TLAG samples display a much smoother in-field J. dependence and
a large single vortex pinning plateau (identified by the H* parameter) in both
applied magnetic field directions respect to pristine TFA films. H* can even
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Figure 5.40: Normalized critical current density, J., dependence on the mag-
netic field at 50 K (open symbols) and 77 K (solid symbols) for a pristine TLAG
YBCO with (2:3) solution (red), pristine TFA-CSD (grey) and BZO TFA-CSD
nanocomposite (blue). At applied magnetic field in parallel to (a) ab plane
(H*||ab) and (b) c-axis (H*||c). Films thickness is 200-300 nm

reach values 10 times higher than TFA pristine samples and 4 times BZO-
TFA nanocomposites with pristine TLAG (2-3) solution, containing short SFs
and nanosize ab grains, at 77K and H*||ab. At lower temperatures and H*||c,
pristine TLAG magnetic field dependence performs like nanocomposite-TFA.

To conclude, we demostrate that TLAG technique nanostructure can be mod-
ulated by the growth process and solution composition. We have observed a
very rich defect landscape in fast growth processed TLAG films leading to an
increase of J. in field. More extensive studies regarding physical properties are
currently being performed by group co-workers, as well as the introduction of
artificial pinning centres in TLAG. The influence of ab grains is more deeply
studied in chapter 6.
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5.5 Conclusions

The conditions for YBayCusO7_s epitaxial nucleation and growth with a
transient liquid were explored using the Temperature-route path; direct heating
to the liquid and YBCO growth zone at a constant Pp,.

Several strategies to reduce supersaturation (o o % — 1) of Y in the

liquid and induce biaxially textured YBasCusOr7_s films were explored. On
the one hand, ¢ can be tuned controlling the equilibrium concentration C,
with processing temperature and liquid composition. It was demonstrated that
a melt with Cu excess favours epitaxial nucleation at lower temperatures, down
to 650°C at a rate of 60°C/s.

On the other hand, heating rate is a crucial parameter in T-route, since we
found that the amount of Y dissolved in the melt Cj is compromised when fast
heating rates are used. As a result, epitaxial films can be produced at all rates,
but final temperature can be decreased if fast heating rates are used. Overall,
there are many combinations and a wide processing conditions window that
lead to epitaxial YBCO nucleation.

In situ XRD with synchrotron radiation of the transient liquid mediated
growth process revealed two distinct T-Pg, processing zones that could be ac-
counted to distinct properties of the liquid. High temperatures induce very high
growth rates of the epitaxial phase, up to 100 nm/s. At lower temperatures,
YBCO growth velocity is in the order of 2-5nm/s and polycrystalline grains
are also formed. A surprising result is the disappearance of those misoriented
grains in favour of c-axis heterogeneous growth when the crossover between the
two zones is passed.

TEM analyses of quenched samples showed that the first heterogeneous nuclei
of YBCO grow at the substrate interface whereas BaCOj3 grains (size around
40-50 nm) remain in the bulk of the film. This confirms that the slowest re-
action is the BaCOg elimination. At the low temperature zone, ab-oriented
YBayCuzO7_5 grains nucleate on the epitaxial layer, and small random grains
within the material bulk. At the final stage, at high temperature, a full YBCO
epitaxial layer is observed and BaCOg3 has completely disappeared.

Some challenges had to be addressed to overcome the liquid reactivity with
the substrates, due to its highly corrosive nature and improper substrates wet-
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tability with the viscous liquid. High diffusivity and long induction time for
YBCO nucleation (tinq o< ﬁ) are the crucial parameters inducing liquid move-
ment, resulting on phase segregation or formation of voids with the Cu excess
composition; and interfacial reactivity with the substrate elements, in both
solutions. Both are enhanced at high temperatures and fast heating rates,
unfortunately the same conditions that favour epitaxial growth.

Several solutions are proposed for limiting liquid movement based on increas-
ing the fraction of solid respect to the liquid. (i) A higher amount of Y903
has a huge effect on preventing liquid dewetting. Other solid phases could be
tried, such as additives, nanoparticles or other RE elements with higher C, to
limit supersaturation. (ii) Clever designs using multilayered structures have a
lot of potential to control liquid properties by the use of different combined
compositions. The chemistry of the substrate is also important on liquid wet-
tability. Reduced movement was found on LSAT substrates as compared to
STO monocrystals.

The most straightforward strategy to avoid reactivity with the substrate
would be the finding of an adequate buffer layer or the reduction of growth
temperature with the already described strategies.

The understanding of the processing-structure-properties relationship is cru-
cial to obtain good superconducting performances. The lower Y supersatu-
ration in the eutectic liquid composition (3:7) gives rise to a very good repro-
ducibility, excellent texture quality and a larger processing window for epitaxial
growth without secondary phases. However, self-field critical currents (J.) are
limited by the presence of magnetic granularity. This is related to the resulting
grain sizes, which depend on nucleation density, proportional to o. High den-
sity and small grains seems to favour currents percolation and avoid film free
areas.

In contrast, nanoscale defects are beneficial for J. in field behaviour. Fast
YBCO growth or small ab-grains induce a high density of defects, mainly
in form of YoBasCugOx intergrowths. Overall, different microstructures are
reached depending on the process route and parameters, making TLAG-CSD
a very tunable process also for vortex pinning.






CHAPTER 6

TLAG-Fp, route

This Chapter is devoted to TLAG films processing with the Py, approach.
In this case, transient liquid assisted growth is achieved towards a switch on
Po, conditions from below YBCO stability line at high temperatures.

Reaction paths during all steps, as well as YBCO growth rate, are studied
by means of in situ XRD with synchrotron radiation. Then, supersaturation
conditions are elucidated under this route characteristics. From these results,
processing conditions for obtaining the epitaxial phase are optimized.

Finally, structural characterizations reveal texture quality, films morphology,
the presence of reactivity derived secondary phases or a/b grains. All these
factors influence final superconducting properties.

Overall, it will be demonstrated which are the growth requirements for achiev-
ing very high J. values, up to 5.3 M A/em? at T7K, self-field.

6.1 Reaction mechanisms in FPp, route

In Py, route, transient liquid zone and YBCO growth are achieved from the
region below YBCO stability upon a Pp, change at constant temperature.

To do so, two processing steps are differentiated. During a first stage, the
film is led to T-Pg, conditions below YBCO stability (7" < Tjns, Po, ~ 107° —
10~* bar. Under this environment, BaCOj3 elimination to form the binary oxide
is expected without subsequent YBCO crystallization (see Fig.3.28 in Chapter
3).

Depending on the base oxygen partial pressure, precursor phases and con-
version reactions may be different. This study is devoted to a low Pg, range
between 1075 < Pp, < 10~% bar.
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A second step is used to generate the transient liquid and crystallize YBCO
by placing the sample to YBCO stability zone in the phase diagram. This
process is carried out by increasing atmospheric Po, to 2-107% — 1072 bar at
a constant temperature (T > Tp).

Thermodynamic species below YBCO stability line and 850°C reported by
Driscoll et al are YoBaCuOjs (Y211), YBagCusOg 5 (Y132) and BaCuzO2. The
latter becomes liquid at higher temperatures [148]. On the other hand, Seok
et al identified liquid already below 850°C and Y503 instead of Y211, coming
from amorphous precursors [197].

Our synthesis takes place in short times and thermodynamic equilibrium con-
ditions are not achieved. For this reason, it is necessary to elucidate reaction
mechanisms with in situ techniques. To do so, we performed X-ray diffrac-
tion with a two dimensional detector during the synthesis process at very fast
acquisition times using synchrotron radiation.

As precursors, we used pyrolyzed thin films composed by BaCO3, CuO and
Y203 nanocrystals.

For this study, a 800 nm pyrolyzed film of Y:2Ba:4.66Cu cations molar ratio
(3-7 melt), was annealed under Pp, = P,y = 107 bar at a rate of 5°C/s to
850°C and hold until BaCOj3 total decomposition reaction was attained (200 s).

Then, without modifying sample temperature, a fast change on FPp, to 2 -
10~2 bar was achieved by switching gas inlet to a line provided by a rotary
pump and air flow under 0.1 bar.

In such experimental configuration, the entrance of cold gas diminished even-
tually sample temperature from 850°C to 770°C. In an optimized experiment,
the gas should be preheated to avoid a temperature decrease.

Meanwhile, XRD data acquisition with a two dimensional detector was per-
formed every 500ms and 100ms for steps 1 and 2, respectively (see section for
more experimental details 2.2.5).

The corresponding XRD diffractograms are displayed in Appendix 7.6. Af-
ter data treatment, the main reflections intensities evolution from all identified
phases were normalized by their maximum intensity. As a result, species evo-
lution along the two processing steps are depicted in Figure 6.1.

The reactions observed to synthesize YBCO are summarized hereunder:
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(a) 1. Heating step (P[0,]=10"bar) (b) 2. P[O,] change (P[O,]=2-10"bar)
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Figure 6.1: Phases evolution inferred from peak intensities in situ XRD by
synchroton radiation (a) Step 1 temperature increase to 850°C at P[O2]; =
107° bar; (b) Step 2 accounts to Po, switch to P[Os]; = 2- 1072 bar. Tem-
perature was unstable between 850-780°C. Pl[tot]; = 107° bar and Pltot]; =
10~ bar.

e Step 1: Heating at low Po,
4 CuO — 2Cu0 (6.1)
2BaCO03(s) + 2 CuaO(s) «— 2BaCuz02(s) + 2 CO2(g) (6.2)
e Step 2: Pp, change
2BaCus09 + O3 — 2BaCu03 + 2 CuO (6.3)

2BaCuO3 + 2 CuO + %Y203 — 2 [BaCuOgz + CuO] (1)

+ %YzOg(S) — YBasCugO7_s + CuO (6.4)

Step 1: Temperature rise at low FPp,

Along a temperature rise at 107> bar, CuO is first reduced to CusO after
surpassing the corresponding thermodynamic line [198].
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Then, BaCOj reaction with CusO leads to BaCusOs between 800-850°C,
the stable mixed oxide at these conditions. No other of the thermodynamic
predicted species or melting were observed after 5 min dwell at 850°C (see
XRD A7.6).

Hence, differently from T-route, in this case BaCOg elimination may be dis-
entangled from the YBCO growth if it is completed at low Pp, regime, below
YBCO stability region.

Kinetic considerations regarding this reaction, focused on BaCOj3 elimination
are presented in Chapter 3.4. BaCQOjs reaction with CusO to form BaCusOq
at Pp, < 1074 bar is slower than the one with CuO to form BaCuOy at higher
oxygen pressures. Additionally, the absence of a liquid in this step, which
benefit very fast decarbonataion rates in the Temperature-route, is here not
present.

Still, applicable to this route, BaCOj elimination can be enhanced by pro-
moting COs outdiffusion. As we demonstrated, the lower Pi,,; or higher flux
rate, the faster the decomposition of BaCOs.

Notice that in this process only oxygen partial pressure is the crucial param-
eter and not total pressure.

Yet, total carbon elimination of 400 nm film has been just proven possible
under low total pressure (107° bar) in the synchrotron experiments.

Currently, a new tubular furnace has been installed in our laboratories and
allows a high No flux of 3L/min with Pp, = 107° bar. Recent experiments
show complete BaCOs elimination in 400 nm thick films during step 1 at 1 bar
of total pressure. Therefore, the possibility to work at atmospheric pressures
makes this route even more cost effective.

Step 2: Py, change

Then, during step 2, a Po, jump from 107° to 2 - 1072 bar brings first the
barium copper oxide to its oxidized solid form BaCuO3. Yet, the X-ray intensity
of the latter diminishes immediately. This fact implies therefore the formation
of the liquid [BaCuO2-xCuO]| that can not be detected with XRD.

Finally, YBCO crystallization can be followed by a gradual intensity increase
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that continues after any other signal for solid phases is present. Hence, we can
deduce that YBasCu3zOr_s is formed by subsequent Y dissolution from YoOs3
nanoparticles into the melt, diffusion and reaction at the substrate interface.

In the light of these findings, we confirm the occurrence of a transient lig-
uid at the same final crystal stability zone in the phase diagram. For this
reason, TLAG-Po, route can be distinguished from other methods such us co-
evaporation and direct reaction (RCE-CDR) [64] or high-rate molecular beam
epitaxy (MBE) [59]. Both techniques are based on thermodynamically stable
liquids at other regions in the phase diagram.

As a consequence, TLAG could allow a wide room for conditions processing
at lower temperatures and higher total pressures, thus requiring less complex
processing systems and without the need of high vacuum.

6.2 YBCO crystallization decoupled from BaCOj; elim-
ination

We have proven that in Pp, route YBCO nucleation and growth takes place
in isothermal conditions and it is decoupled from BaCOj3 rate limiting reaction.
Hence, crystallization temperature can now be directly defined before the FPp,
jump.

Consequently, nucleation temperature is in this case independent from pre-
cursors reaction kinetics, in contrast to T-route, in which all reactions take

place consecutively. This fact represents a huge advantage for controlling su-
persaturation conditions for epitaxial nucleation and growth rate.

6.2.1 In situ YBCO growth rate

In this section YBayCusO7_s5 growth rate is estimated from in situ XRD
experiments. Two different final Pp, are compared.

Additional to the in situ XRD experiment described in the last section (i)
(P[O2] finat = 2 - 1072 bar), another experiment was carried out with the same
step 1 conditions but to lower final oxygen pressure (ii) P[O2]fina = 2.5 -
10~* bar). In this case, atmospheric conditions were achieved by switching gas
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inlet to Ng flow at 1 bar. The real Pp, was measured with a P, -meter. Total
pressure jump was therefore one order of magnitude higher than in the other
experiment (P ; = 0.1 bar and Py 5 = 1 bar ).

Temperatures before Py, switch were 850 and 830°C respectively although
unfortunately after pressure jump those were fluctuating down to 780°C and
750°C as the cold gas was introduced. Hence, the gas should be previously
heated for future more precise experiments. For this reason, with our present
results, we can disentangle growth rate dependence on Pp, but not on temper-
ature.

Other parameters are films thicknesses, being 400 nm and 200 nm after growth,
respectively.

The corresponding time resolved XRD patterns during Po, increase for YBCO
synthesis can be observed in Figure 6.2a.

In Figure 6.2b, the precursors evolution and YBCO main reflections inten-
sities are plotted along the Py, change. The first observation is related to
the growth rate. Significant differences on YBCO formation speed exist when
comparing both samples.

First, c-axis YBayCuzO7_s growth rate is analysed for sample (ii) (P[O2] finat =
2-10~*bar) in Fig.6.2, which processing conditions result on the formation of
a fully epitaxial layer.

(005) YBCO intensity reflection is assumed proportional to the YBCO c-axis
oriented film thickness. Conversion of this film up to 70% based on the XRD
intensity, is attained with only 2s, which gives a growth rate of ~100 nm/s.
Maximum speed inferred from the maximum slope implies 130nm/s.

In contrast, sample (i) (P[O2] fina = 21072 bar) attains much slower growth
rate. After all solid phases have reacted, ~ 160 s are needed to reach 70% of
total (005)YBCO reflection intensity. This results on a growth rate of 2.5 nm/s.

The reasons for growth rate differences between these in situ experiments are
still unclear since several parameters were not fully optimized and they differ in
more than one parameter (films thickness, final Py, Po, jump speed). Still, the
BaCuy039 oxidation to BaCuOsz observed in sample (i) in Fig.6.2 demonstrates
that the final Py, has been reached and the transient liquid is formed when the
slow YBCO growth rate is observed.
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Figure 6.2: In situ XRD patterns for YBCO synthesis along Pp, switch rep-
resented in (a) three dimensional plot and (b) normalized main peak inten-
sities evolution. Atmospheric conditions are (i)P[Os] fina = 2 - 1072 bar and
(i) P[O2] finar = 2.5 - 107* bar, while P[O3]; = 1075 bar in both cases. Initial
temperatures are 850°C and 830°C with 70 and 80°C drop

The main parameter determining growth rate may be related to the growth
T-Po, conditions. A TLAG schematic phase diagram is represented in Figure
6.3a, where the two in situ experiments conditions are indicated among ez situ
samples that will be discussed in the next section 6.2.2.

For instance, the eutectic temperature diminishes with the decrease of Pop,.
For sample (i) processed at 2 - 1072 bar O, growth conditions lay at T < T,
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Figure 6.3: (a) YBCO orientation depending on T-Pp, processing conditions
from P-route path. Green denotes c-axis growth, pink c-axis with > 10% ab
grains and red the presence of polycrystalline grains. The symbols along a
wide temperature range represent the in situ experiments (b) Examples of 2D
GADDS-XRD for each case.

in zone II at the phase diagram (see Fig. 6.3). In contrast, sample (ii) at
2.5-107* bar Oy is grown in zone III where T > T..

TLAG Temperature-route experiments showed a similar difference on growth
rate for the two zones in the phase diagram. YBCO growth rates are about
100 nm/s at high temperatures (zone III) and ~5nm/s at lower temperatures
(zone IT). The differences were mainly accounted to changes in liquid properties
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that may affect Yttrium dissolution or diffusion.

Additionally, the (103)YBCO reflection observed in film (i) corresponds to
homogeneous nucleation that occurs during the first 35s seconds of YBCO
growth. It represents a 10% in peak intensity respect to the epitaxial phase.
Homogeneous nucleation is also observed in T-route at zone II.

Instead, the film (ii) processed in zone I11, attains completely epitaxial growth,
also in accordance with T-route results.

In the next section, ex situ experiments are presented in order to discuss in
more detail nucleation mechanisms in different T-FPp, conditions.

To sum up, very fast YBCO formation velocity (100 nm/s) and completely
epitaxial growth can also be achieved with the Pp, approach. Growth rates
are comparable to those obtained through directly heating to the same final
processing zones.

In this perspective, TLAG becomes a very versatile technique, since very fast
epitaxial growth takes place independently from the reaction path.

6.2.2 Nucleation control with the processing conditions

Several samples have been processed with the Pg,-route path to different
final environments with the RTA furnace. The resulting crystal structures have
been characterized ez situ with X-ray diffraction and a 2D GADDS detector.

The symbols in the TLAG schematic phase diagram in Figure 6.3 indicate
crystallization type achieved after processing at each condition.

Green squares represent epitaxial c-axis orientation, pink triangles depict
c-axis with > 10% ab grains and red hexagon the presence of polycrystalline
grains. Examples of the corresponding characteristic 2D-XRD images are shown
hereunder for each mixture.

The results on YBCO nucleation type are similar to the iz situ films in spite
of the experimental processing differences.

The ex situ experiments have been performed in a Rapid Thermal Anneal-
ing (RTA) oven allowing very fast Pp, change (2ms). All samples have been
processed using eutectic melt composition 3-7 (Y:2Ba:4.66Cu). Final films
thicknesses are 90 nm.
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Step 1 conditions are 0.4°C/s to 830°C and 5 min of holding time at Pp, =
10~%bar, Py = 3 - 1073 bar. The use of longer dwells produces BaCuOs
coarsening, leaving afterwards unreacted Ba-Cu-O phases within the grown
film. 5 min is enough to decarbonate thin films, but BaCOg3 elimination is
not completed for thicker films than 200 nm due to the poor flow conditions
performance of this furnace. These results are shown in Chapter 3.4.

The step 2 switch to YBCO stability zone is carried out by introducing
gas while the rotatory pump is still working. The resulting final pressure is
P,ot = 2 - 1072 bar while Po, is modified with Ny : Oy gas ratio. Temperature
is fixed from the low Pp, conditions and 2 min temperature dwell is kept after
the step. (more experimental details are given in section 2.1.4.1).

Supersaturation for YBasCu3zO7_5 nucleation depends on final T-Pg, pro-
cessing conditions.

With the Py, change approach and differently from the heating route, nu-
cleation can be directly performed at zone III (T" > T), avoiding nucleation
at zone II area (1" < T.) where growth rate is limited and supersaturation is
higher.

A small amount of homogeneous nucleation is only observed at the highest
Po, conditions explored so far and in zone II of the phase diagram. The results
are in accordance with the in situ experiment (i) described in section 6.2.1.

At Pp, < 1073 bar in zone III, all films are epitaxial with variable amount
of a/b grains, particularly higher at the lowest temperatures.

The best zone for epitaxial growth found so far with the Pp, approach is
marked with a circle in Figure 6.3. This is above 810°C and Py, between
2.5-10"% bar to 1073 bar, the region that lies just above the low stability line
(Tins). Samples with excellent superconducting properties, up to 5 M A/cm?,
could be obtained.

Supersaturation conditions for nucleation

The obtained nucleation orientations and texture quality can be correlated
to supersaturation levels for nucleation. a/b-orientation requires of a larger
supersaturation to nucleate than c-axis-orientation (see Chapter 4.2.4).
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The relative supersaturation can be expressed as 0 = (Cs —C.(T))/Ce(T) =
(C5/Ce) — 1, which equilibrium concentration C, is temperature dependent
(increasing with T) and particular for each liquid composition.

Then, the actual Y concentration C5 may depend on the growth technique.

In TLAG, the different paths to reach the transient liquid zone may lead to
distinct Cs.
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Figure 6.4: Estimations of the tendencies for (a)Supersaturation Ap and (b)
relative supersaturation o with temperature at different Cs values and C,(T)
corresponding to 3-7 melt extrapolated from [165].

For a better comprehension, we display supersaturation evolution with tem-
perature at different Cs values in Figure 6.4. We have estimated C.(T) for the
3-7 melt composition from reference [165].

Now, a/b grains fraction respect to the c-axis phase are extracted experimen-
tally from XRD measurements as a function of temperature (Fig. 6.5a) and for
two different Po, .

Films processed with TLAG Pg,-route are indicated in green symbols and
are compared with the results from the Temperature-route path with a heating
rate of 20°C/s. All samples are processed from the (3-7) melt composition.

One can realize that the fraction of a/b nuclei diminish in all cases with the
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Figure 6.5: (a)a/b-grains fraction for (Y:2Ba:3.7Cu) films processed to different
temperatures and Pp, of 1073 bar (V) and 5-10~% bar (x). (b) Rocking curve for
(005)YBCO reflection. Green solid symbols indicate P-route processed samples,
while open red circles are T-route films heated at 20°C/s and 1073 bar Os.

increase of temperature. Accordingly, as observed in Fig. 6.4, supersaturation
tends to lower values due to C, increase at high temperatures. At low Ay, free

energy barrier for a/b-orientation is too high to allow nucleation of a/b-grains
with higher interfacial energies.

Yet, samples processed with P-route present higher a/b grains percentage
than with T-route. Aiming to the theoretical estimations, we can deduce that
enhanced supersaturation has been attained and so Cjy is significantly larger in
the P-route as compared to the T-route most standard heating rate (20°C/s).

Note that in T-route, Cs decreases with heating rate increase (Chapter 5.1).
Thus, supersaturation conditions and optimal epitaxial zone in the Pg,-route
samples are more comparable to those for T-route slowest heating rates, which

also attain completely epitaxial growth above 810°C at 0.4°C/s (see Fig.5.5 in
section 5.1.2).

The influence on Po, is less certain. Nakamura et al showed C, increases at
higher Pp, [164]. However, we do not have enough evidences to state real differ-
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ences between 1073 bar and 4-10~* bar. Additionally, Po, in TLAG determines
the liquid formation temperature that modify other parameters influencing su-
persaturation and crystallization.

Overall, optimum processing temperatures for c-axis nucleation lay above
810°C for the Pg,-route, and above 770°C for the Temperature approach. Still,
a dispersion up to 10% of ab nucleation exists in all P-route range, while T-route
samples with 3-7 solutions are a/b grains free.

Rocking curves on (005)YBCO reflection are a measurement of texture qual-
ity (Fig.6.5b). FWHM values (<0.3°) become lower as temperature increases,
above 810°C in P-route. Again and according to previous results, texture qual-
ity is better for T-route samples at the same temperatures. The lower super-
saturation is, lower FWHM values are obtained, which is probably related to
the growth rate, also proportional to supersaturation.

In conclusion, it seems that the Py, route proceeds, as a general trend, under
a higher supersaturation, similar to the slow heating process (0.4°C/s) in the
T-route.

Supersaturation levels in the P, route could be lowered by modifying the
solution towards an increase of C, (o0 o 1/C¢). For instance, it can be done
with more relative amount of Cu [163], or by adding other RE elements with
higher C, such as Y-Nd, Y-Sm mixtures [165].

6.3 Reactivity in FPp, route: BaTiOj

High Resolution-XRD patterns and GADDS 2D-XRD images of some sam-
ples (Fig 6.6) show a significant presence of an epitaxial secondary phase
diffracting at 20 31.6°and 66 °. These peaks can be attributed to (002) and
(004) reflections of pseudocubic BaTiO3 perovskite.

Phase structure and morphology was observed by means of TEM. BaTiOg
can be encountered close to substrate interface (Fig. 6.7a) in the form of
nanoparticles. EDX analyses confirmed the phase composition, containing only
Ba and Ti atoms (Fig. 6.7b).

The presence of such particles does not seem to disturb the YBCO matrix
around in this example. BaTiOs pseudocubic lattice parameters are close to
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Figure 6.6: (a) High Resolutioin X-ray diffraction and (b) 2D-XRD with
GADDS detector corresponding to a 90 nm film annealed to 830°C at 5-10~* bar
O2 with the P-route path

those of YBCO and STO. Lattice mismatch is 4.1% and 4.8% with YBCO and
STO, respectively (Fig. 6.7c).

This can only be a reactivity product of Ti atoms from STO substrate dis-
solution in the melt. It is noticeable that with the Pp, route the resulting
reactivity phase on STO is always the same epitaxial BaTiOs. Instead, with
the temperature approach, many different derived phases containing Ti can
nucleate, or even Ti substitution in the YBasCu3O7_5 matrix occurs with the
highest heating ramps.

Hence, reactivity derived phases on STO are different depending on the pro-
cessing approach, even at the same final conditions. Additionally, straight
comparisons within the two reaction paths are cumbersome since in T-route
the degree and type of reactivity strongly depends on heating ramp.

BaTiOg3 appears in different extent depending on chosen final T-FPg, . In
Figure 6.8a, HR-XRD peaks corresponding to the phase main reflection and
(004)YBCO are plotted together for different processing conditions. YBCO
reflection slightly decreases at expenses of BaTiO3 phase formation.
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Figure 6.7: TEM image of a BaTiO3 particle spontaneously formed from reac-
tion with Ti substrate atoms during YBCO growth with P-route

Additionally, grains thickness perpendicular to the substrate have been in-
ferred applying the Debye-Scherrer equation [199] with the two visible XRD
diffraction peaks (Fig. 6.8b). Particles sizes are between 30 and 60 nm for the
films processed at 5-107% bar. 25 nm has been calculated for the film at 840°C
at 1073 bar.

Hence, reactivity increases with annealing temperature. Yet, Pp, also has a
strong influence. Big amounts of BaTiO3 are formed with a small decrease of
the final Po,, from 1073 bar to 5-10~4 bar.

This trend is similar for the BasYTaOg formation on LSAT with the T-route
(Fig.5.23 in section 5.3.2). We deduced that reactivity is closely related to the

atoms diffusion and the time the liquid is exposed to the substrate without
nucleating YBCO (tinq)-

Therefore, diffusion is enhanced at higher temperatures and tj,q is longer
due to a decrease of supersaturation. The effect of Pg, is not straightforward.
From the conclusions on supersaturation from the last section, tiyq should be
shorter at lower Pp,. Therefore, we can only account the higher reactivity at
low P, to changes on the liquid properties. For instance, diffusion depends on
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liquid viscosity (n) as D; =

From these results it can also be deduced that transient liquid formation only
occurs at the high Pg, regime, since reactivity is only dependent on the final
conditions in step 2.

If any other melt phase would dissolve substrate atoms at 107° bar during
step 1, all samples would have shown some reactivity deriving in secondary
phases or incorporating Ti in the YBasCu3O7_s matrix, independently from
the final T-Pgy, conditions.

Consequently, reactivity can be minimized performing the Pg, jump for
growth to higher oxygen pressures.

For samples containing epitaxial BaTiO3 (Pp, = 5 - 107* bar), no decrease
of YBCO texture has been observed, as well as no apparent detriment on J.
self-field values as compared to those without reactivity (Pp, = 1073 bar) (see
fig.6.13 in section 6.5).

Hence, the presence of these BaTiOg particles does not seem to diminish the
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YBCO films properties. This is also different from BYTO secondary phases,
which in some cases appeared very long grains disturbing YBCO homogeneity
and being detrimental to the film properties.

6.4 Structural characterizations

6.4.1 Grains morphology

The resulting microstructure is closely related to supersaturation (Au) from
which YBCO has crystallized. Ay determines grain orientations, nucleation
rate and growth rate.

Figure 6.9: SEM images of YBCO films showing the surface produced at dif-
ferent temperatures (a)840°C, (b)830°C, (¢)800°C and (d)770°C under Po,
107 bar.

We first analyse the superficial microstructure of films heated up to different
processing temperatures at a fixed Po, at 1072 bar (Figure 6.9). No meaningful
differences have been observed with the surface of films annealed at 5-10~* bar
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for T' > 820°C (see Fig.6.5).

Overall, all films treated above 820°C present a typical morphology of epi-
taxial YBCO, while CuO excess remains at the film surface.

At high processing temperatures, such as film (a) at 840°C, the formation of
pores is observed from the corresponding SEM image.

At 830°C the film is rather dense and porous-free. Flat small gains with
meandering grain steps can be discerned.

At 800°C, YBCO is epitaxial but with high rocking curve values (>0.35°).
Grains misorientation is evidenced from SEM image (c).

The a/b grains formed at lower temperatures (770°C) can be observed in
SEM image (d) in form of ~ 500nm long rods in two directions. Those grow
within the epitaxial matrix, leaving big voids around.

Grain sizes with P-route are smaller than in those samples processed at fast
heating rates (20°C/s) and more similar to those produced at a slow heating
rate (0.4°C/s) with the T-route.

These results are in accordance with nucleation studies from which we de-
duced higher Ay in P-route than in T-route 20°C/s, for the same temperature
and melt composition. The larger Ay is, the higher YBCO nucleation rate and
smaller grains are produced. An increased nucleation density is very benefi-
cial from the structural point of view to avoid film free areas between grain
boundaries.

6.4.2 Nanoscale defects

Typical cross section TEM images are exemplified in Figure 6.10 for YBCO
films produced with the P-route at final conditions of Py, = 5-10~% and 830°C.
Both films shown here are ab grains free.

Film (a) shows a completely defect-free microstructure of pure YBCO phase
and very good c-axis texture. It resembles the microstructure obtained with
the slowest heating rates (0.4°C/s) with TLAG T-route for the low density
of defects. This particular film presents a self-field critical current density of
3.8 MA/em? at TTK.

Although processed at the same conditions, film (b) presents higher amount
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of defects. Mainly Y3BasCugO, (Y248) intergrowths (double CuO chains or
stacking faults) are present, specially at the top of the film, similarly to TLAG
T-route fast heating rates and TFA-CSD process [200].

There is therefore a certain variability on the amount of stacking faults in
seemingly equal films, or even in different regions within the same sample.

(b)

Figure 6.10: TEM cross-sections for a samples grown at Po, = 5-107* and
830°C and not having a/b oriented grains

The most typical macroscopic defects in P-route films, apart from BaTiO3
phase derived from reactivity, are YBagyCu3zO7_s a/b-oriented grains. Those
are also present until a certain extent in films grown at the most optimum
conditions for c-axis orientation, as observed in the last section.

TEM images corresponding to (a) large and (b) small a/b grains can be
observed in Figure 6.11.

On the one hand, we can find typical large ab grains, growing along the
full layer thickness in the fastest a/b direction from their nucleation. They
are interposed within the c-axis epitaxial phase, leaving material free areas at
the grain boundaries that can be observed from SEM images (Fig.6.9 770°C).
Those pores were proved to reduce percolative superconducting currents [201].

On the other hand, nanosized grains are encapsulated within YBCO c-axis
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Figure 6.11: TEM showing YBCO a/b oriented grains grown in the c-axis
matrix. (a) large grains and (b) small grains in a film with 8% a/b percentage
grown at 830°C at 1073 bar O

matrix. This can only be produced due to small composition fluctuations, while
the c-axis YBCO continues growing around without leaving any void. Lat-
tice distortions in form of stacking faults are produced in the epitaxial matrix
around them.

Such small encapsulated grains of a/b grains have also been observed in T-
route, but are for the first time reported in YBCO films.

Lattice distortions in the YBCO c-axis epitaxial film can be quantified by
XRD Williamson-Hall analysis in terms of nanostrain.

Figure 6.12 displays strain values for P-route samples as a function of critical
current density J.. a/b grains percentage is indicated next to symbols and
samples processed to either 1073 bar or 5 - 10~* bar at 830°C are painted in
dark pink or yellow, respectively.

The most noticeable increase of strain is for all those films annealed at Po, =
5-10~* bar respect to those grown at Pp, = 1073 bar. We should notice that,
J¢ self-field values are maintained high in both cases. Hence, some structural
differences exist between the two processing conditions that do not affect critical
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Figure 6.12: Strain values inferred from XRD Williamson-Hall analysis as func-
tion of critical current density (J.) of films grown with the P-route at 830°C.
a/b grains percentage is indicated next to symbols and films processing final
Po,: 1073 bar or 5-10~% bar are dark pink or yellow, respectively

current percolation.

One possible cause that needs to be further studied is the effect that reactivity
derived BaTiOj3 particles may have on the YBCO lattice. BTO is only produced
in films grown at the lowest Po, in form of epitaxial particles on the substrate
interface. Such inclusions and so their effects could be similar to previously
studied self-assembled interfacial nanodots [202, 203, 204].

Then, c-YBagCu3zO7_s strain also increases gradually with a/b-oriented grains
content. However, the presence of a/b nucleation has a detrimental effect on
percolating J. that will be later discussed.

6.5 Physical characterizations

For the YBCO films processed with the Pg, route, phase segregation seem
not to be an issue, as well as reproducibility in terms of epitaxial growth, in
contrast to the temperature approach.
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Now we can underpin straighter correlations between growth conditions and
physical properties in order to maximize superconducting performances.

Figure 6.13a shows the relationship between T-Pp, YBCO growth conditions
and J. self field values at 77.3K.
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Figure 6.13: (a) Critical current density (J.) self-field at 77.3 K of resulting
YBayCu3O7-s 90 nm films grown with P-route at different T-Pp, conditions
of step 2. (b) the corresponding critical temperatures T, measured by Van der
Pauw method [190]

All samples processed so far between 800°-830°C and Po, 5-10~% to 1073 bar
present J. values higher than 1 MA/em?. 5.3 MA/em? was the maximum
achieved, at 835°C and 5 - 10~% bar, while at 1073 bar the maximum was
4.5 MA/em?.

These conditions correspond to the optimal window for epitaxial growth de-
duced in section 6.2.2 (Fig.6.3).

At higher temperatures (7" > 840°C), the presence of pores may be the reason
to a detriment on current percolation, although further nanostructural studies
are necessary to clarify this issue.

At lower temperatures (7' < 800°C), the high supersaturation levels enhance
the nucleation of a/b-oriented YBagCu3O7_; grains and might produce grains
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misalignment. Both factors may contribute on decreasing significantly J..

Critical temperatures (7), evaluated by means of Van der Pauw method,
[190] are plotted in Figure 6.13b. Standard P-route samples present excellent
critical temperatures, above 92-93.5 K and sharp transitions. An indication
that samples are well oxygenated and no contaminated.

Consequently, Pp, route presents a wide processing window, giving higher J.
values than the Temperature approach, which the maximum J. was 3 M A/cm?.

The reason for J. values dispersion (1 to 5 M A/em?) within optimum con-
ditions will require a very fine understanding of all structural details related
to superconducting properties. For instance, the variability of secondary a/b
grains quantity, which effects will be investigated in the next section.

Transport measurements of a pristine sample processed with P-route with-
out BaTiO3 and a/b grains are presented in Figure 6.14. Absolute J. values
are measured under a magnetic field applied parallel to ¢ direction and for dif-
ferent temperatures. A pristine sample synthesized with the BaFy TFA-CSD
technique is also represented at 77 and 5K for comparison.

As a result, very high critical current densities of 5.3 M A/cm? at 77K and
35 MA/em? at 5K are demonstrated for TLAG films. Those values are even
higher than TFA-CSD pristine samples and also present a slightly improved
in-field performance .

Therefore, TLAG-Pp, route is able to produce very high critical current
densities at 100 nm /s rates, hence equalizing performances for pristine samples
processed with much longer thermal treatments (> 100 times) with the TFA-
CSD technique [40].

6.5.1 a/b-oriented grains effects

The presence of YBCO crystals oriented in a/b direction within the c-axis
epitaxial YBCO is the most common defect in films grown with the Po, ap-
proach. As we have discussed before, it is very likely that this phenomenon
is associated to the high supersaturated conditions used in the nucleation and
growth steps. In this section we study the influence that these inclusions have
on the physical properties.
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Figure 6.14: Critical current density (J.) dependence on the magnetic field at
5K, 65K, 40 K and 5 K for 90 nm YBCO film processed with P-route at 830°C
and 5-10~* bar (coloured star symbol), as compared with a 200 nm standard
TFA-CSD film (grey circles)

Percolative current

The a/b percentage respect to the c-axis phase has been inferred for many
samples processed with the Pg,-route with a quantification method from 2D-
XRD measurements, detailed in section 2.2.4.3.

In Figure 6.15, the maximum critical current (J, at self-field and 77 K) ever
obtained is displayed depending on a/b-oriented grains percentage.

Maximum performances at 77 K and self-field (> 4 M A/cm?) are achieved
when a/b grains percentage is close to 0. Then, maximum J. values decrease
as a/b fraction increases. Amounts below 4% give J. until 3 M A/em?, below
15% gives 1 M A/em? and more than 20% J. is less than 0.1 M A/cm?.

It is clear then the strong relevance on minimizing a/b grains nucleation in
order to achieve the maximum superconducting performances. It is, therefore,
important to achieve some control on the supersaturation degree in the Pp,
route to TLAG.
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Figure 6.15: Maximum self-field J. at 77 K vs a/b-grains percentage in c-axis
YBCO films processed with P-route

As mention before, the presence of ab grains was proved to induce magnetic
granularity that reduces percolative superconducting currents [201]. Granular-
ity correlates with the shift in the hysteresis loop of the maximum magnetization
to positive applied magnetic fields due to the existence of a reverse return field
at the grain boundaries [191, 122].

The peak shift to higher field values (Fig.6.16a) with the increase of ab grains
indicates increased magnetic granularity. In Figure 6.16b, the Hgq; increase
with ab grains percentage can be observed with a larger number of samples
with the same thickness and processed with P-route.

Hence, these results confirm that the presence of ab grains correlates with
an increase of magnetic granularity that diminishes J. percolation.

We can conclude that, while in the T-route magnetic granularity is related to
grain size and nucleation density, depending on processing conditions, in Pgp,
route these two factors are optimum for achieving good current percolation.
Instead, a/b grains are the main source for percolative current detriment in
Po, route, but in a lower extent.
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Figure 6.16: (a) Magnetic field with the magnetization peak (Hpeqr) at 5K
(b) Magnetization peak (Hgq;) versus a/b grains fraction for standard P-route
samples

Magnetic field behaviour

Now we would like to correlate magnetic field dependence of J. with the ab
grains content (Fig 6.17a). A smoother in-field J. dependence can be observed
with the increase of ab grains concentration for normalized maximum J.. Most
probably the reason lies on a highly distorted matrix evidenced from TEM
and nanostrain observations. Local nanoscale lattice distortions is suggested to
determine the vortex pinning efficiency [82, 83].

However, J. absolute values (Fig 6.17b) are lower, due to the granularity
effect mentioned in the previous discussion.

These results suggest that ab grains can indeed produce some sort of vortex
pinning, most likely when size is kept small, in the range of the coherence length
(~ few nm). A more detailed study would be necessary in order to control the
generated a/b grains size that could be used to produce vortex pinning without
creating at the same time magnetic granularity.

Still, with CSD methodology, preformed nanoparticles introduction in the
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Figure 6.17: J.(H) curves at 5K measured by SQUID for films with different
ab contents (0, 5 and 10%). In (a) values are normalized to maximum J. and
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solution is the most effective strategy to pin vortices at high magnetic fields
[159, 187]. The latter approach has already been proved to further boost su-
perconducting performance also in TLAG grown films [205].

6.6 Conclusions

In situ XRD synchrotron experiments elucidate the reaction mechanisms
towards YBCO formation by two processing steps. During a heating step at
low Po,, pyrolysis phases are transformed to solid BaCuzO2 and Y203. Either
low total pressure or high gas flow can be used to promote COs outdiffusion
and attain full reaction complementation for thick films. BaCQs elimination
up to 400 nm final film thickness was proved.

In a second step, a Pp, raise to the YBasCuzO7_s stability zone promotes lig-
uid assisted growth. Very fast c-axis YBagCuzO7_s growth rate, up to 100 nm/s
is demonstrated with this approach. Hence, transient liquid assisted growth is
revealed to be feasible independently from the path used.



228 Chapter 6. TLAG-PFPg, route

C-axis YBCO epitaxial nucleation is possible along a wide range of final
T — Pp, processing conditions with very good reproducibility, specially at the
region that lies just above the instability line.

Supersaturation conditions (o ~ Cs5/C,, if ¢ >> 1) for nucleation are de-
duced to be higher (increased Cs) than those obtained with TLAG by direct
ultrafast heating at a constant pressure. Instead, Cj levels are closer to those
achieved at slow heating rates (0.4°C/s).

As a consequence, a/b-oriented YBCO nuclei are characteristic defects in
P-route films that should be limited. Furthermore, epitaxial BaTiOg particles
nucleate from reaction with the substrate when final Pp, is low (~ 1074 bar).

At present, ab grains inclusions are the main source of percolative current
decrease, but their influence can be minimized by further reducing supersatura-
tion. Since Cjs is high (the Y is well dissolved), strategies to change supersatu-
ration are restricted to tune C,. Some ideas that could work are to increase the
relative amount of Cu, or to add other RE elements (Y-Nd, Y-Sm mixtures).

The opportunities that a decoupled reaction path offers on choosing the pro-
cessing conditions for crystallization has enormous benefits. Overall, nucle-
ation and growth conditions lead to highly homogeneous, low granular mor-
phology that presents excellent superconducting current percolation. J. up to
5.3 MA/em? at 77K and T, higher than 90 K has been reported.

For this reason, TLAG Py, route is revealed as a very promising approach
to obtain high quality and reproducible YBayCu3zO7_; films with the low cost,
fast throughput TLAG method.

Furthermore, in contrast to other liquid-based techniques restricted to regions
in the phase diagram where the liquid is a stable phase [64, 59], TLAG-CSD
requires less complex processing systems and no high vacuum is needed.
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(zeneral conclusions

In this thesis we have reported the development and first elucidations of
the novel Transient Liquid-Assisted Growth (TLAG) technique derived from
carboxylate solutions.

It is for the first time reported, a method that takes advantage of the kinetic
hindrances on crystallization to reach the equilibrium phases in the phase di-
agram, as a vehicle to induce ultrafast growth. Overall, a fine combination of
kinetic and thermodynamic features.

The “proof-of-principle”of this new approximation viability has been achieved
with the use of rapid thermal annealing furnaces, allowing heating rates up to
80°C/s.

We have demonstrated through these pages that this methodology is valid
to obtain epitaxial YBasCu3zO7_s films up to 500 nm at very fast growth rates
(100 nm/s). Additionally, it has been proved that the films can present excel-
lent superconducting properties (up to J.=5 M A/cm? at 77 K, self-field and
T.=90-92 K). Overall, the material growth rates overpass the present through-
put of conventional Chemical Solution Deposition (CSD) by a factor 100, while
performances equalise the maximum of the present “state of the art”concerning
YBCO pristine films on single crystalline substrates.

Along the 4 results chapters, we have reported a broad spectrum of exper-
imental results and we have provided insight into all the processes involved
in TLAG-CSD, with the help of in situ techniques and microscopy analyses,
among others. The main transformations are listed below:

e Solution deposition. TLAG is compatible with multideposition of py-
rolyzed layers and scalable Ink Jet printing patterning techniques. Up
to 1 um thick films have been demonstrated to be homogeneous along
thickness.
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e Solution decomposition. Y,Ba,Cu-propionates pyrolysis results in an
homogeneous nanoporous layer of YoO3, BaCO3 and CuO nanocrystalline
phases, through hydrolysis and oxidation processes

e BaCOj3 elimination. BaCOg reacts with Cu-phases to form BaCu,O9
+ Cu, O at much lower temperatures than its decomposition, where z and
reaction rate depends on FPo,.

e Ultrafast growth of YBasCusO7_s. The formation of the [BaCuOq
+ CuO] transient liquid from the respective solid phases eutectic reac-
tion is kinetically driven at the T-Pp, conditions where YBCO(s) is the
stable phase. The oxide nucleation and growth occurs upon the liquid
supersaturation with Y from the solid Y203 nanoparticles.

e Film characteristics the resulting phase structure, film morphology,
nanostructure and superconducting properties are closely linked to the
supersaturation conditions for crystallization.

A key point on the design of TLAG derived from chemical solutions is the
prevention of BaCOj3 retention. Two different conversion paths give rise to
TLAG of epitaxial films:

e Temperature-route precursors reactions and TLAG take place consec-
utively while heating at Po, > 2.5- 10~ bar. The use of a rapid thermal
annealing furnace brings unique opportunities for film processing at ul-
trafast heating rates.

e Oxygen partial pressure-route BaCO3 elimination is completed at
Po, = 1075 bar upon the formation of solid BaCuyOs, while TLAG occurs
after a jump to higher Po,.

COg9 out-diffusion is the kinetic effect that limits the conversion in the thickest
films. Therefore, the use of high gas flow or reduced total pressures seems to
have promising effects on the reaction yield. We additionally found that BaCO3
decomposition reaction is enhanced by the formation of the liquid phase with
the T-route. Thus, conversion rates for the total decarbonation as high as
~100 nm/s were achieved by increasing the heating ramp.
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Epitaxial film growth is ensured at low supersaturation conditions of the
liquid by the dissolved Y. However, at very low levels, the deficient nuclei
density produces a film with voids. If, additionally, diffusivity is high, then the
main limitations rely on the liquid dewetting or corrosive character with the
substrate.

Therefore, intermediate supersaturation values seem to be the optimum. The
cations composition and processing conditions (temperature, heating ramp oxy-
gen partial pressure, reactions path) have to be optimized for this purpose. The
best J. at self-field were obtained with the Pg,-route and the Y:Ba:Cu compo-
sition 1:2:4.7. Furthermore, this approach entails better control of the reaction
temperatures and therefore, good reproducibility.

Since TLAG is not restricted to the use of an equilibrium liquid phase, there
is a very wide window of possibilities. Epitaxial growth can even be performed
at very low temperatures, such as 650°C.

To sum up, TLAG-CSD of been proved to be a successful and versatile tech-
nique for the growth of YBCO films at very high growth rates.
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Future work and outlook

The results suggest that the approach based on a Pp, change gives rise to bet-
ter performances and robustness. Still, further concepts related to the growth
mechanisms in this route should be further investigated to make a clear state-
ment.

The Temperature-route is still very attractive for its versatility and faster de-
carbonation. Yet, since all reactions are linked, its study and control involves a
higher complexity. Therefore, it is still not clear which of the two methodologies
would be easier to implement in continuous reel-to-reel production.

Further strategies are required to ensure epitaxial growth while preventing
the above mentioned difficulties, in a reproducible way.

Some directions that may give light to this matter would be:

e The finding of non-reactive buffer layers.

e Increase the solid/liquid ratio while maintaining low supersaturation can
be made using out of stoichiometry compositions (more Y and Cu) or
other RE elements with improved equilibrium solubility.

e Use of optimized multi-layered structures

We have observed very different microstructures depending on the process
route and parameters. This fact provides unique opportunities to tune the
material defects landscape for vortex pinning or other requirements. This is an
interesting field to be more deeply studied.

Additionally, deposition from chemical solutions allows the controlled intro-
duction of secondary phases or preformed nanoparticles for the synthesis of
nanocomposites. This fact overcomes one of the main limitations of the liquid-
assisted techniques based on vacuum deposition.

Consequently, we believe that the features of the new TLAG growth approach
makes this technique very promising in view of a scaling process for industrial
manufacturing. Besides the interest in enhancing the throughput of manufac-
turing due to a higher growth rate, we anticipate that the instrumentation
required for a reel-to-reel continuous production of TLAG coated conductors
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could be greatly simplified, as compared to the present existing manufacturing
systems.

Overall, therefore, we are convinced that TLAG has the potential of becom-
ing a very competitive approach to CC production. For this purpose, some
requirements to be demonstrated are the TLAG compatibility with buffer lay-
ers and the growth of thicker layers (~3 pm) at also high throughputs.

For single pyrolysis of thick films, much efforts are needed in order to pre-
vent the formation of cracks and inhomogeneities while reducing the thermal
treatment time to avoid CuO coarsening.

Then, decarbonation is also more critical for large thicknesses, and specially
for the Po,-route. Currently, decomposition of thick films is being tested at
much increased flow rates, with very promising results.

If not possible, owing to the ultrafast growth rates of TLAG, a process in-
cluding several deposition-growth steps of multi-layers could still be a feasible
solution.

Last but not least, TLAG-CSD opens the horizon towards preparation of
other complex oxide epitaxial films. On the one hand, to fulfil manufacturing
requirements. On the other hand, since material microstructure and defects
landscape depend on the growth technique, materials with new characteristics
could be prepared with TLAG-CSD, leading to distinct functional properties.
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Glossary

List of acronyms

TLAG Transient Liquid Assisted Growth
MOD Metal Organic Deposition
TFA Trifluoroacetate
LF Low Fluorine
p Ink Jet printing
SC Spin Coating
MD Matching Distance
PLD Pulsed Laser Deposition
CSD Chemical Solution Deposition
TGA Thermogravimetric analysis
DTA Differential thermal analysis
EGA Evolved Gas Analysis
MS Mass Spectroscopy
SEM Scanning Electron Microscopy
HR High Resolution
TEM Transmission Electron Microscopy
HAADF High-angle Annular Dark-field
STEM Scanning Transmission Electron Microscope
EDX Energy-dispersive X-ray spectroscopy
AFM Atomic Force Microscopy
XRD X-Ray Diffraction
GI Grazing Incidence
GADDS General Area Detector Diffraction System
FWHM Full Width at Half Maximum
FIB Focused Ion Beam
FTIR Fourier Transform Infrared Spectroscopy
SQUID  superconducting quantum interference device
RTA Rapid Thermal Annealing
T-route Temperature route

P-route Oxygen partial pressure route



236

Chapter 7. General conclusions

List of abbreviations

YBCO YB&QCH307,5
EtCO9 CH3CH,COO™
TEA Triethanolamine
DEA Diethanolamine
Y211 Y2B&CHO5
Y225 Y2CusO5
LAO LaAlO3
STO SrTi0s3
LSAT (LGAZO?,)OB(STQAZTCLOﬁ)O]
BYTO BasYTaOg
BTO BaTiOg

List of symbols

Solute

Decomposition temperature
Oxigen partial pressure
Yttrium concentration
Equilibrium concentration
concentration in the forming crystal
Relative supersaturation

Thermodynamic supersaturation

Induction period of nucleation
Eutectic temperature
Interfacial energy
volume fraction
Boltzmann’s constant
Kinetic coefficient
Diffusion coefficient
Diffusion distance
Growth rate
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Figure 7.1: 20 diffraction patterns after y integration of 2D GADDS XRD
frames. They correspond to T-route processed samples at different tempera-

tures at 60°C/s and 1072 bar of O. Liquid compositions (2-3) and (3-7) are
indicated in brown and blue, respectively
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