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MOTIVATION

Any manufacturing method for coated conductors relies on the epitaxial
deposition of a high T, superconductor film onto a textured template of one or more
oxide buffer layers and a normal metal substrate. Of all the high T, superconductors,
YBa,Cuz07 (YBCO) seems to be the most promising material due to the fact that it has
an extremely high irreversibility field as well as the ability to carry high current
densities in zero field if high angle grain boundaries can be eliminated. To do so, a
substrate tape must be coated with an YBCO layer in such a way as to obtain both in-
plane and out-of plane texturing of the grains (biaxial alignment). In addition, it is
desirable to devise a method of depositing the buffer layers and the superconductor
which is cheap and can be scaled up. In the recent years chemical solution deposition
(CSD) methodologies have shown to be very promising to achieve cost-effective
fabrication of second generation conductors. In particular, in 2001 the
Superconductivity group at ICMAB took the challenge to produce all CSD YBCO
coated conductors with a high critical current density in the scope of a European Project
called SOLSULET. One natural extension of this research leads to the topic of this
Thesis: TEM investigation of growth mechanisms and microstructure of model YBCO

coated conductor architectures deposited by metalorganic decomposition.

Material defects control the overall critical current density of present conductors
and these defects are intimately tied to their particular fabrication processes. The
specifics of such particular fabrication process (CSD) are the scope of this thesis. Most
of the experimental research has been focused on thin films deposited on single crystal
dielectric substrates as model systems, studying the nucleation and growth process, the
resulting microstructure and fundamental properties of both CeO, as a buffer layer and

YBCO.



My task in the superconductivity group is X-ray diffraction (XRD) and
transmission electron microscopy (TEM) analysis, which are particularly suited for
studying the orientation of the film on the substrate, as well as secondary phases
appeared during the growth process, and the local structure and structural imperfections
of materials. Although during the first year of my stay in ICMAB I mainly worked on
the X-ray diffraction characterization of samples, since the beginning and in
collaboration with Jordi Arbiol I was also involved in the TEM sample’s preparation.
My visits at CEMES in Toulouse in April 2003 turned out to be decisive to consolidate
my technique. Actually, during my PhD I have had the chance to collaborate with
different European groups. The results presented in this Thesis arise from the fruitful
collaboration with them.

This thesis is divided in six chapters. In the first one, we expose an amenable
brief introduction to the YBCO compound, as well as to the CSD method. Then, in the
second chapter we describe briefly the experimental techniques used for the physical
characterization of the CSD thin films presented in this work. The results, chapters 3, 4 ,
5 and 6, are presented in two parts: Part I reports many aspects governing the growth
mechanisms of CSD films, in particular the identification of those factors controlling
the evolution of microstructures, which remain poorly established in comparison with
vacuum deposited films. We give first an account of the evolution from a partially
oriented granular microstructure to a dense epitaxial one in CeO, films deposited from
chemical solutions (chapter 3), and second the microstructural evolution of YBCO from
trifluoroacetate precursors, which follow a complex compositional trajectory (chapter
4). In part II the microstructure of TFA-YBCO thin films with high critical current
densities is analysed. We depict intrinsic structural defects occurring within YBCO
films, focusing in extended defects which can lead to strong flux-pinning and high
critical current density (chapter 5). The microstructure of TFA-YBCO films with
artificial defects has been also studied (chapter 6). The inclusion of BaZrO; results in
strong increase of the critical current density, demonstrating that chemical solution
growth is a very flexible methodology to nanostructure YBCO films and coated
conductors.

Finally, we present the general conclusions of this study.
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Introduction

CHAPTER 1
INTRODUCTION

1.1 The structure of High-T, superconductors

The ideal perovskite-type structure (space group Pm3m) is described by the
general formula ABX3 and consists of corner-linked octahedra of X-anions (mostly O or
F) with B cations at their centres and A cations at the sites in-between the octahedra.
The structural modulations involve tilting if the octahedra or cation displacements.
Partial substitution of cations can result in ordering giving rise to superstructure
formation.

The spectrum of physical properties exhibited by pereovskites is broad, specially
the electrical properties: ranging from insulator over semiconductor, conductor and even
high-T. superconductor (HTS). The perovskite related superconductors are layered
copper oxides. The most investigated of these materials is YBa,Cu;O75 (YBCO), a
tripled perovskite with a cation ordering. We can describe the cuprates as identical
copper oxide layers with invariable oxygen content, responsible for the
superconductivity and different layers of other materials such as Cu, Pd, Bi, Tl etc.
acting as a ‘charge reservoirs’. Changes in the oxidation state of the charge reservoir
can be transferred to the superconducting copper oxide layers, usually through the
bridging oxygen. The two important factors governing the superconducting properties
are the mixed valence of copper and the two-dimensionality of the structure. Structural

modifications of these factors are the keys to synthesise superconducting materials [1].
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1.1.1 The YBa;Cu307.5 compound

The structure of YBCO consists of three perovskite blocks with a cation
ordering Ba-Y-Ba. The Cu-O substructure consist of Cu(2) pyramidaly surrounded by O
and Cu(1) atoms in a square planar configuration. The Y layer is free from oxygen and
the Y-perovskite block is therefore contracted as compared to the Ba-containing

perovskite blocks. A schematic representation is shown in Figure 1-1.
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Figure 1-1. YBCO orthorhombic unit cell. YBCO is a complex, layered
perovskite centered on a yttrium layer, around which are stacked the CuO,
planes, and a double layer of BaO and CuO.

The oxygen content can vary between 6 and 7; i.e. non-superconducting,
superconducting with reduced T, of 60 K and superconducting with optimized T, of 92
K. The structure of YBa,Cu307 is orthorhombic P(mmm) with lattice parameters a =

0.3856,b=0.3870 and c = 1.1666 nm [2].
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1.1.2 Irreversibility line

An important property of YBCO relates to the ability of this material to carry
significant currents at high external magnetic induction field and as any type II
superconductor, the magnetic induction field penetrates the HTS cuprates in the form of
vortices in the mixed state [1]. The vortices have a normal core of radius &. The core is
surrounded by a region of larger radius, A, within which superconducting currents are
flowing. These currents generate a flux quantum in each vortex.

At a given temperature, each HTS material has a maximum magnetic field, By,
above which loss-free d. current flow is not possible, dissipation starts due to motion of
vortices at any small applied current. This line, called irreversibility line, is very
important for application purposes since it sets the position from where the material is
not anymore useful although it is still in the superconducting state [3].

Figure 1-2 shows the irreversibility line for typical superconductors and
temperatures of cryogenic liquids. As it is shown, YBCO is the best candidate for high-

power applications at 77 K at high external magnetic fields.
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Figure 1-2. Upper critical fields (discontinued lines) and irreversibility lines
(continued lines) for some HTS superconducting materials [3]. Superconductivity does
persist up to the upper critical field B, [1].
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1.1.3 YBCO thin films

A deposited layer onto a substrate can grow with randomly oriented crystallites,
giving a polycrystalline film. The grains of the film can be identically oriented along the
substrate normal but lacking orientation in the substrate plane. This is a film textured by
growth, having uniaxial texture. When the grains of the film are oriented identically
along the substrate normal and crystallographic directions in the substrate surface plane
the films grows ‘epitaxially’ on the substrate. The term “YBCO thin film’ will be used
for an epitaxial overgrowth of a high-T. YBCO superconductor on a single crystal
substrate. Typically the thickness of such films is around 300 nm. The limit on the
thickness for a deposited layer to be called ‘thin film’ is associated with the loss of its
epitaxy upon further growth. Furthermore, in the case of YBCO thin films, grain
boundaries have a detrimental effect on the critical transport currents. Highly oriented
thin films are a way to come around this problem. YBCO thin films are known to have
the highest critical currents densities.

There are various deposition techniques to yield YBCO thin films of high
quality. In all cases three atomic species have to be intimately mixed in the correct
proportions to form the proper structure of the high-T, materials. Moreover the
temperatures to obtain epitaxial growth are rather high and close to the melting
temperature ( >700 °C), and the oxygenation should be sufficient to obtain
superconducting films. Typical ones are pulsed laser deposition (PLD) (see for example
[4]), thermal evaporation [5,6], metalorganic chemical vapour deposition [7], liquid
phase epitaxy [8], ex situ electron beam processing [9,10], metalorganic decomposition

(MOD) [11,12,13,14] and the sol-gel process [15].

Characterization is an important part of YBCO thin film research. Due to the
complexity of the deposition resulting in impurities or inhomogeneities the properties of
thin films can differ from those exhibited by bulk samples. The superconducting
properties strongly depend on the microstructure of thin films. Deviations from the
perfect structure can be beneficial or detrimental depending on their nature, size and
distribution. Important measurements include: the transition temperature T., the
resistivity, the critical current density J., the stoichiometry, the crystalline perfection...

As it will be discussed below, TEM characterization of YBCO thin films requires an
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elaborate specimen preparation which is moreover destructive. Therefore it is combined
with non-destructive techniques such as XRD, RHEED and AFM as will be illustrated

in this work.

1.2 Second generation coated conductors

Since the advent of high temperature superconductivity a very wide extended
effort has been carried out to develop high critical current conductors which may allow
developing advanced power systems and high field magnets and hence fully exploiting
the technological potentiality of these advanced materials. Due to the low current-
carrying capability of “first generation” wires and tapes, particularly in modest magnetic
fields, effort is now concentrated on development of a “second generation” (2G) of
wires and tapes with higher critical current density which can be maintained in high
magnetic fields [3,16].

YBCO coated conductors can support critical current densities, J., exceeding 2.1
A/m” (77 K, self field) on biaxially aligned substrates with an appropriate lattice match.
Unlike typical conductors, oxide based superconductor materials are brittle and easily
damaged and thus they are difficult to process and handle, especially in the form of
large and flexible wires. Several approaches have been addressed for the preparation of
these 2G conductors based mainly in vacuum deposition methodologies of epitaxial
layers on top of metallic substrates. There are two methods to provide such templates
for the epitaxial growth of the superconductor. The first method uses an untextured
metal substrate along with a technique to induce texture in a buffer layer, yttria-
stabilized zirconia (YSZ), such as ion-beam assisted (IBAD) [3]. The second method
begins with a textured metal substrate, Ni, which is buffered with an epitaxial film for
diffusion resistance and chemical compatibility with the superconductor. The rolling
method to achieve a biaxially textured substrate is called RABITS [16]. These tapes, as
substrates, present several difficulties at growth temperatures. The simple and direct
deposition of YBCO in their top will lead to an unwanted interdiffusion, and they do not
present good lattice match to YBCO.

These deleterious effects can at least be partly overcome by using a buffer layer
between substrate and film. A number of properties are related to good quality buffers

for the deposition of textured layers: they must provide a suitably textured surface to
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promote the required ordered growth of the YBCO crystals so that only low angle grain
boundaries result. This implies that the substrate lattice parameters are compatible with
the deposited thin film. Furthermore the mechanical properties of the buffer should be
adequate, i.e. it should have an expansion coefficient similar to that of the deposited
YBCO thin film.

In this work we use CeO, on (001) oriented Y-stabilised ZrO, (YSZ) single
crystal as a model system in view of the development of coated conductor architectures
based on YSZ®P/SS and on LayZr,Op/NitABT by CSD. CeO; is the most attractive
choice because of its good lattice match with YBCO. Considering [100]CeO, || [100]
YSZ, a 45° in-plane rotation of the orthorhombic YBCO with respect to the cubic CeO,
results in a 1.8 % lattice mismatch in the (010) direction and a 0.2 % lattice mismatch in
the (100) direction.

Chemical solution deposition (CSD) has only recently appeared as a low cost
alternative for the fabrication of 2G coated conductors. The main advantage of this
methodology is that low capital investment and supply costs are envisaged, thus
becoming a competitive alternative to vapour deposition techniques requiring the use of
vacuum systems. Sol-gel science is now a well established discipline which has reached
a wide use for the production of materials with high performance such as nanoparticles,
bulk ceramics, hybrid materials, mesoporous solids, coatings, etc [17,18]. In addition,
another advantage of this technique for the preparation of advanced ceramics is that
molecular scale homogeneity can be preserved during the gelification process and hence
it allows to reach controlled nanostructures and to reduce the final firing temperature to
prepare a compound. The achievement of oxide epitaxial films using CSD was
demonstrated more recently and it was shown that the growth of epitaxial layers has as a
driving force the elimination of grain boundaries in the random nanocrystalline film

resulting after the pyrolysis [19].
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1.3 Introduction to Chemical Solution Deposition

The film growth by chemical solution deposition (CSD) method is reviewed and
summarized with emphasis on the growth of YBCO thin films and buffer layers.

The deposition method based on chemical solution has several advantages over
the vacuum methods to deposit and grow thin films, as for instance excellent
homogeneity and short processing times at low temperature. Furthermore, since it does
not need high vacuum it is cost effective.

Two routes of CSD will be considered, sol-gel and metal-organic decomposition
(MOD). There are some differences in the procedure: Sol-gel processes use alkoxide
precursors that undergo primarily hydrolysis and condensation, which convert a liquid
in a gel, and followed by a low temperature heat treatment. MOD route is simply based
on the thermal decomposition of a metal-organic precursor. The most used route for the
growth of YBCO films is the metal-organic decomposition of trifluoroacetates (MOD-
TFA).

1.3.1 Sol-gel method

In the sol-gel processes, the precursors consist of a metal surrounded by ligands
[18]. The ligands are organic molecules; the most widely used in sol-gel synthesis are
alkoxides. The solution converts to a colloidal suspension of particles (with size
between 1 nm and 1 um) in a liquid named sol. Successive hydrolysis and condensation
reactions form oligomer and finally inorganic polymers during the sol to gel conversion.
The gel contains a solid polymer skeleton enclosing a continuous liquid phase.

In sol-gel route, the precursor is applied to the substrate surface by dip or spin
coating. Then the evaporation of solvent takes place during a low temperature heat

treatment, called pyrolysis. The densification approaches the reactive species.
1.3.2 Metal-organic decomposition
MOD routes use carboxylate precursors that do not undergo significant

condensation reactions during either solution preparation or film deposition. Since the

starting compounds are water-insensitive, they do not display the oligomerization
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behaviour discussed above, and the precursor species that exist in the solution retain a
strong resemblance to the starting molecules.

The MOD method consists on combining precursors of the desired metals in the
corresponding ratio, which are deposited on substrates, and this precursor film is
transformed in the final material by high temperature thermal decompositions.

This method possesses some limitations that must be overwhelmed. The large
organic ligands may cause cracking during thin film processing due to excessive weight
loss and shrinkage. To circumvent this, short chain carboxylate (e.g. acetate in the case
of YBCO) and strongly chelating B-diketone (e.g. acetilacetonate in the case of CeO,)
compounds are used. Furthermore, for YBCO compounds, some difficulties arise due to
the formation of barium carbonates (BaCOs) instead of oxides during the firing process.
Metal-organic decomposition using trifluoroacetates (MOD-TFA), first developed by
Gupta et al [20], appears as a good alternative to grow YBCO films.

The MOD-TFA method to fabricate YBCO-based coated conductors involves
several steps: solution preparation and deposition, pyrolysis of the metal-organic
precursor leading to nanometric phases, and the growth process of the epitaxial

crystalline phase.

1.4 Crystallization and microstructure development of films grown by

CSD route

In the CSD route to epitaxial films, the solution is simply a vehicle to deposit the
desired elements onto a substrate. During the heating, the solution decomposes to a
polycrystalline inorganic film, which in turn, will be converted to a single-crystal film at
higher temperatures. Since pyrolyzed films are typically amorphous or quasi-
amorphous, film crystallization in solution-derived thin films occurs by a nucleation-
and-growth process. The theoretical description for nucleation and growth processes in
solution derived films is similar to those concerning the transformation of a gel into a

glass, where an amorphous solid is transformed into a crystal material [21].
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1.4.1 Nucleation and growth

The characteristics of nucleation and growth will define the microstructure of the
films. In those where the nucleation takes place in the interface will display a columnar
nature, whereas those in which the nucleation occurs throughout the film are
polycrystalline with equiaxed grains. From a thermodynamic point of view, the driving
forces that govern the transformation from a quasi-amorphous (pyrolized) film to a
crystalline ceramic play a significant role in determining the nucleation events, and
consequently, the microstructure. Figure 1-3 presents a schematic diagram of the free
energies of solution-derived quasia-morphous film and the crystalline ceramic phase

[21,22].
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Figure 1-3. Schematic diagram of the free energies of a
solution derived amorphous film, the ideal supercooled
liqud, and the crystalline phase. AG, is the thermodynamic
driving force for crystallization [21,22].

AG, is the driving force of the crystallization, i.e. the difference in free energy
between the amorphous and crystalline states. It is important since it influences the
barriers for nucleation of the crystalline phase at different locations within the film:
substrate interface, surface, bulk. The energy available (via heat treatment during the
crystallization anneal) to surmount these different nucleation barriers define which of
the nucleation events take place and thus the resulting microstructure.

The crystallization driving force is determined by the free energy of the two
material states and the temperature at which crystallization occurs. The free energy of

the crystalline phase is lower than the amorphous one due the thermodynamic stability
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(lattice energy). The energy barriers for homogeneous and heterogeneous nucleation

(see e.g. [22]), and their dependence on driving force, are:

\ 167y’
AG omo = —, 5

h 3(AGV)2 Eq. 1-1
and

. 167y’
AG hetero — ~, <5 H

het 3(AGV)2 f( ) Eq. 1-2

where y is the interfacial energy, AG, is the driving force for crystallization, i.e. the free
energy difference per unit volume associated with the amorphous film-crystalline film
transformation, and f{(6) is a function related to the contact angle, 6, according to

equation (for a hemispherical nucleus):

2-3cosf+cos’ O
f(6)= J Eq. 1-3

The difference in barrier heights for interface, surface and bulk nucleation is
therefore defined by the surface energy term, the driving force for crystallization, and
the contact angle with substrate.

A few concepts need to be kept in mind to use the diagram in Figure 1-3 to
interpret film crystallization behaviour:

The transformation pathway (from the amorphous film to the final crystalline
ceramic) has a major effect on nucleation and growth behaviour. 4s the crystallization
driving force is increased, bulk nucleation becomes as probable as interface nucleation.
Although the {(6) term still results in a lower energy barrier for interface nucleation,
when AG, is high, there is more than sufficient energy to surmount the energy barriers
for all (including less energetically favourable) nucleation events. Unless rapid thermal
processing techniques are used, film crystallization usually begins during heating to the
growth temperature. Therefore, as the temperature increases, more energy becomes
available to surmount the barriers for nucleation events in addition to the energetically
most favourable nucleation event. Crystallization at higher temperatures results in
lower AG,, and due to the {(6) term, lower energy heterogeneous nucleation events

become more important.

10
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1.4.2 Epitaxial grain growth

Keeping in mind that highly oriented CeO, and YBCO are required for the
fabrication of coated conductors, the control of nucleation at the interface is needed. In
the case of YBCO that is processed at high temperatures, lattice matching with the
substrate is a key factor in the preparation of epitaxial films. Considering the diagram of
Figure 1-3, nucleation at higher temperatures implies that the crystallization process
occurs with a lower driving force, which causes heterogeneous nucleation at the
substrate to become more important in defining microstructure.

When the film and the substrate have similar structures, despite different
chemistry, and their lattice mismatch is small, f{6) is expected to be < 1, the
development of epitaxial films involves the growth of small, nonometer sized grains at
the substrate/film interface. The grains eventually grow along the interface and then
through the film to consume randomly oriented grains. YBCO epitaxial growth
becomes more complicated; crystallization can be delayed to higher temperatures,
which means that during heating metastable phases, extended solid-solutions and
nonequilibrium structures can crystallize, as in fact they do.

When a strong chemical interaction exists between a film and a substrate, and
the lattice mismatch is less than 4 %, films can grow epitaxially layer by layer, via the
named Frank-van Der Merwe mechanism. However, when the chemical interactions and
lattice mismatch are not so good the film grows by three-dimensional nucleation of
islands, which grow until they impinge to each other and coalescence to form a film.
This growth mechanism is referred as Volmer-Weber mechanism. And there is another
mechanism, close to the latter, in which a polycrystalline, continuous film, undergoes
grain growth after a post-nucleation process: grain growth is driven by the reduction in
boundary energy as the total grain boundary area is decreased. When the size of the
grain is comparable to the film thickness, the energy of a grain in a thin film includes
not only the energy associated with the grain boundary, but also the energy of the top
and bottom of the film. This energy is usually dependent on the crystallographic
orientation of the grain, so those grains having favoured epitaxial orientation grow at
the expenses of grains having a less-favoured one, leading to abnormal or secondary

grain growth [23].

11
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1.4.3 Motion of grain boundaries

The diffusion of atoms is generally necessary for changes in microstructure to
take place in processes such as the densification of films, grain growth and the
formation of solid-state reaction products. Diffusive mass transport takes place when
there is a gradient in the chemical potential and when the species in question have
sufficient mobility.

Mobility is defined as the velocity of an entity per unit driving force (M = v /F).
Depending on the process under consideration, this driving force may be a chemical
potential gradient, an electrical potential gradient (electric field), an interfacial energy
gradient, elastic strain energy gradient, and so forth. So, it is possible to define mobility
for atoms, electrons, dislocations, grain boundaries or other entities. For atomic
transport, the diffusion coefficient, D (of the Fick’s first law J = -D (d(C/dX)), is directly
proportional to the atomic mobility [24]:

D =kTM Eq. 1-4
where k is Boltzmann’s constant, 7' the temperature and M the mobility due to the
gradient in the driving force.

We limit our discussion to grain boundary and lattice diffusion and the role of
defects. Grain boundary motion can be seen as atoms crossing the plane of the
boundary. This process is always necessary, but it is not always the slowest or rate-
limiting step. When it is, the mobility is termed intrinsic, and is given by the mobility of
atoms moving across the boundary (Dy/kT), divided by the number of atoms involved
per unit area of grain boundary (6/02):

_D,Q
" &kT

Eq. 1-5

where Q is the atomic volume and ¢ is the boundary thickness. For a ceramic solid in
which both cations and anions must diffuse, the limiting diffusivity D, is the slower of
the two.

We need also to keep in mind that pores, inclusions and secondary phases could
also exert a drag force on the boundary. Furthermore, if the solute concentration is high
enough it would become a grain growth inhibitor. Solute drag occurs when a strong
interaction between segregated impurities and the grain boundary requires the solute

distribution to be carried along the moving boundary. Solute diffusion in the near
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boundary region is usually slower than the intrinsic diffusion of host atoms across the
boundary plane, and becomes rate-limiting. From a solute drag theory, in the limit
where the intrinsic drag is negligible compared to the solute drag, the mobility is given

by [24]:
D.Q
M, (solute drag) = s Eq. 1-6
b ( g) 267{T(CseU/RT ’ q

where D; is the solute diffusivity, Q is the atomic volume and ¢J is the boundary
thickness, & is Boltzmann’s constant, 7 the temperature, C; the bulk concentration, U the
interaction energy between the solute and the boundary plane and R the gas constant.
We see that the grain boundary mobility is directly proportional to the rate-limiting
diffusivity and inversely proportional to the segregated concentration of solute.

The grain boundary mobility is a velocity per unit driving force (M = v /F). The
change in chemical potential of atoms across a curved grain boundary is the driving
force that makes the boundary move towards its centre of curvature. Over some range of
driving force (e.g. grain size) the solute drag mobility is a constant —the velocity
increases in direct proportion to the driving force. However, the amount of segregation
carried by the boundary is not constant with velocity. The theoretical relationship

between velocity and driving force is shown in Figure 1-4.

Figure 1-4. The grain boundary velocity—driving-force relation
in the absence of impurities (dashed line) and in the presence of
solute drag (continue line) [25].
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For a sufficiently high driving force, it is able to break away from the solute drag
cloud altogether and migrate at the intrinsic velocity. The region where the slope is
negative is unphysical. At a driving force where such a solution exists, the steady-state
velocity will be that given by one of the two parts of the curve where the slope is
positive [25]. In both cases there are two regimes of the boundary motion: small
velocity regime, where the boundary mobility differs from that in the pure system by
several orders of magnitude, and a high velocity regime, where the impurity drag effect
is relatively small. In the small velocity regime the boundary mobility is solute-drag
limited, and a high velocity regime, where the impurity drag effect is relatively small

and there is a sudden transition (“breakaway”) to the intrinsic mobility.
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CHAPTER 2
SAMPLE CHARACTERIZATION

2.1 Experimental techniques

The techniques that we have directly used in this Thesis to characterize
YBCO/CeO,/YSZ multilayers and YBCO thin films are presented in this section.

As a member of a multidisciplinary group I am in charge of TEM and X-rays
characterization of thin films. It is worth noting that during my PhD I have had the
chance to collaborate with different European groups, and to work with different
microscopes: a Philips CM30 operated at 300 kV and a Jeol 2010 FEG operated at 200
kV and equipped with a Gatan Image Filter 200 EELS spectrometer with an energy
resolution of 0.8 eV, located in the Serveis Cientifico Técnics de Barcelona in
Barcelona. A Philips CM30 operated at 300 kV and a Philips CM20 operated at 200 kV
and equipped with a Gatan Image Filter 200 EELS spectrometer with an energy
resolution of 0.8 eV, located in the Centre d'Elaboration des Matériaux et d'Etudes
Structurales (CEMES-CNRS) in Toulouse, thanks to the collaboration with Dr. Marie-
jo Casanove. A Philips Technai STEM microscope equipped with EDX, operated at 200
kV, located in Universidad Carlos III de Madrid in Leganés (Madrid), thanks to the
collaboration with Dr. Carmen Ballesteros. Finally a Jeol 200 CX operated at 200 kV,
located in the Laboratoire de Métallurgie Physique in Poitiers, thanks to collaboration
with Anne Joulien.

X-rays texture analysis has been performed at the Serveis Cientifico Tecnics de
Barcelona in Barcelona and in the ICMAB, using a Philips MRD and a Brucker
GAADS system.

The Reflection High Energy Electron Diffraction measures presented in this
work have been performed at the Gotinghen University and in the Leibniz Institut fiir
Festkorper und Werkstoffforscung (IFW) of Dresden.

The Atomic Force Microscopy images shown in the present work were
measured in a Microscopy PicoSPM (Molecular Imaging) system, located at the

ICMAB, performed by A. Pérez, A. Caballaro and M. Coll.
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Critical current densities measurements have been performed at the “Institut de
Ciencia de Materials de Barcelona (ICMAB)” carried out by Dr. A. Pomar, J.M. Pérez

and J. Gutiérrez.

2.1.1 Structural aspects: TEM

The electron microscope is a powerful and versatile tool for materials science
investigations. It offers a variety of information obtained from different operation
modes such as bright field (BF) and dark field (DF) imaging, selected area electron
diffraction (SAD) and high resolution lattice imaging (HREM). The functioning and the
underlying principles of the electron microscope will not be detailed here. Excellent
textbooks exist giving a complete introduction to electron diffraction and imaging
[26,27,28].

BF and DF imaging are used to characterise defects and domain structures. SAD
combined to tilting of the crystal in the microscope allows reconstructing the reciprocal
space and in that way obtain information of the crystal structure, and identifying
different phases. HREM allows, under certain conditions, to visualise directly the

projected crystal potential.

2.1.1.1 Specimen preparation

Cross sections

Understanding the epitaxial growth of our oxide films on substrates and buffer
layers is necessary and requires transmission electron microscopy analysis in cross-
section. The preparation of such TEM cross-sectional (XTEM) samples is difficult for
different reasons. The substrates LaAlOs; (LAO), SrTiO; (STO) and YSZ single crystals
are insulating and extremely hard in comparison with YBCO and CeO, films. The
mechanical polishing of such samples requires extreme care due to the fragility of such
substrates. Furthermore, the ion milling rates of LAO or YSZ and oxide films are
significantly different, oxide films are thinned faster than substrates. There is another
difficulty to be overcame, namely that these substrates become charged during the ion

milling and deflect the ion beam, slowing down the milling rate.
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Instead of these difficulties the TEM cross-section samples are possible if one

proceeds carefully. Figure 2-1 presents the method used and its steps.
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Figure 2-1. Sketch of the preparation process: the sample is cut in two halves and glued face to face, then
mechanically polished down to 20-30 pum. Finally, glued on a grid and ion etched from both sides until a
hole appears in the interface.

The typical dimension of substrate wafers is Smm x Smm and 0.5mm thick. The
sample is cut in two pieces with a low speed diamond saw (with a damage of about
100um thick) and glued face to face with epoxy glue. It is needed to press carefully so
the glue spacing between the halves is as low as possible. After that, the sandwich is
heated at 80°C for 8 hours so that the glue hardens by polymerization. The next step is
cutting the sample in slices with the diamond saw in the direction perpendicular to the
YBCO-substrate interface. Such a pieces (~ 400-500 pm thick perpendicularly to the
interface) are ground on both faces with SiC 600 paper down to 200 pm, then both faces
are mirror-polished with diamond-coated abrasive foils of 15, 6, 3 and 1 um grains
down to 20-30 um thickness. During the whole polishing procedure, which is done with
a tripod, the sample was continually kept under an ethanol jet. Finally, the 20-30 pm
thick sample is glued with M-Bond 610 on a grid (a 3 mm diameter cupper ring) and ion
etched from both sides, first in a Fishione’s 1010 LAMP Ion Mill machine, using a
liquid nitrogen cooled stage, operated at 3.5 kV, SmA and 10° during ~ 5 hours, and
second in a PIPS (Gatan’s precision ion polishing system) machine operated at 5 kV, 0.5
mA with a 8° angle for ~ 1 hour, 6° for 1-2 hours until a hole of ~ 0.5 mm diameter
appears in the middle of the sample (see Figure 2-2). In the last step the sample is ion
milled for a 15 minutes at 3 kV under an angle of 4°. The corners of the hole are thin

enough for electrons going through, i.e. to be transparent to electrons.
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Interface
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Figure 2-2. Picture of a cross sectional TEM sample glued on a cupper ring (russet color)
and the magnification of the little hole (framed in red) done by PIPS. The corners of the
hole are thin enough to ensure the electron transparency.

The key steps of the preparation are:

1. After cutting the sample in two halves, pressing the two pieces in order
to get the thickness of the glue as thin as possible. It will ensure an
optimal ion milling rate, i.e. if the glue quantity is too high the ion mill
will remove it quicker than the sample, resulting a hole with a sharp
edge, opaque to electrons.

2. The single crystal substrates are very hard but fragile, so a carefully
sample polishing is required. With thicknesses < 20 um cracks appear
through the sample, and then it can not be handled any more.

3. We are dealing with single crystals and layers having different
structures, thus the thinning rate will depend on specimen crystal
structure. The angle of incidence of the ion beam is quite important,
high angles mean rapid thinning but it could lead to undesired surface
roughness and differential thinning, i.e. soft material will be removed
faster than harder one. High energies could lead to ion implantation,
amorphous layers, point defects, phase changes ...

4. The ion radiation charge insulating substrates and deflect the ion
beam, being a critical issue to deal with: the deflection of the ion beam
produce the disappearance of the cupper ring where the sample is
glued. This leads to an extremely fragile TEM specimen. It has been

observed that cooling the sample during ion milling reduces this effect.
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Planar Views

A planar view specimen allows us to study the microstructure in the plane
parallel to the substrate surface. A piece of 2.5 by 2.5 mm is sawn from the film wafer
by using a diamond saw. This piece is mounted with the film side glued in the tripod
holder by means of wax and then polished on various diamond-coated abrasive foils of
15, 6, 3 and 1 pm grains, down to 20-30 pm thickness. The polishing is performed on
the substrate surface. As in the previous case, the specimen is mounted on a cupper grid
with a centred hole. Finally, ion-beam etching from the substrate side under different

angles (from 8° to 4°) is performed in a PIPS machine operated at 5 kV and 0.5 mA.

2.1.2 Compositional analyses: EDX and EELS

In addition to structural information, chemical information can also be obtained
within the electron microscope. The inelastically scattered electrons transfer part of their
energy to the specimen. The energy transferred to the specimen is then released in
different ways and, if detectable, the different signals may be collected.

X-ray energy dispersive spectroscopy (EDX): An electron entering the
material will interact with the electron cloud around each nucleus, and transfer part of
its energy to the electrons of the material. As one of the results, electrons in the atomic
shells will gain sufficient energy to escape from the bounding of the nuclei. Thus, the
atom is ionised. When this happens, the atom is left with an electron vacancy in one of
its shells, and a way to fill its vacancy is catching one of the electrons from another
shell. This electron with higher energy jumps into an inner shell and the difference in
energy is released as emission of an X-ray quantum. Since the electron energy levels of
the atomic shells are distinctive and since the allowed jumps from one shell to another
are subjected to quantum mechanical rules, the energy of the emitted X-ray quantum is
characteristic [26].

When an electron probe is scanning across a specimen linearly or rectangularly
in STEM mode, the X-ray signal at each pixel may be collected simultaneously. The

amount of characteristic X-ray of certain chemical elements may be displayed as plotted
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curves or as pixel brightness in a two-dimensional presentation. It is called X-ray

mapping.

When an electron beam hits an atom in the specimen it can eject an electron
from its orbit around the nucleus losing an amount of energy. These inelastic scattered
electrons carry some information, which may be also used to characterize the sample:
by acquiring the electron energy loss spectrum (EELS) [26,29].

Plasmons are collective electron excitations in the solid state and it can give
some information about dielectric constants or optical properties. The inner shell
excitation provides valuable information about the chemical composition of the sample.
Furthermore the shapes and positions of these peaks (called edges) have information
about the valence, bounding and coordination of the corresponding atoms. Moreover,
this information may be obtained in a TEM with a lateral resolution down to atomic
level.

For EELS the microscope is equipped with an Imaging Filter, which is mounted
underneath the projection chamber. The Filter accepts electrons passing through an
entrance aperture at the centre of projection chamber. The electron beam passes through
a magnet prism that separates the electrons according to their energy. Thus an EELS
spectrum is obtained in the energy dispersive plane. In the imaging mode the lenses
restore the image at the entrance aperture so it can be viewed on a TV or recorded on a
slow-scan camera. By filtering and selecting a range of energy it is also possible to
record a map. In spectrum mode the energy dispersive plane is projected in different
magnifications on the slow-camera to acquire the EELS spectrum of the illuminated

area of the sample.

2.1.3 Surface studies: RHEED and AFM

Reflection high energy electron diffraction (RHEED): The main traditional
application of RHEED is the examination of surface reconstructions and surface
roughness. It gives a statistical view of disorder rather than a local picture. The RHEED
geometry is quite simple; an electron beam, of energy 5 to 30 keV, is directed at a
glacing angle of ~ 1° at a single crystal held in the centre of an ultra-high vacuum

chamber. Diffracted electrons fall on a phosphor screen on the other side of the chamber
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giving a streaked pattern, which depends on the structure and morphology of the proved
surface. Diffraction results when the Laue condition is satisfied: ki-k, = G. Where k; and
k, are the wave vectors for the diffracted and incident beams, respectively, and G is the
reciprocal-lattice vector. So the reflection diffraction pattern consists on spots aligned
on Laue circles. For a surface with domains, e.g., terraces, grains, etc., the spots on the
arcs are elongated into streaks perpendicular to the shadow edge. This is explained in
terms of broadening of the reciprocal rods, i.e., the cross-sections between the reciprocal
rods and the Ewald sphere become longer. In case of a rough surface, the e-beam can
penetrate through surface islands. In this case, the electrons produce 3D Bragg
diffraction and a spotty RHEED pattern that looks like an image from a transmission
electron microscope. The variation of the RHEED intensity along the streaks is related

to the step density of the surface and can be used to study basic growth processes [30].

Atomic force microscopy (AFM) enables to obtain surface images with an
excellent resolution. The analysis can be done in air and is non destructive for the
sample. An atomically sharp tip is mounted on a flexible cantilever and the sample is
attached to a XYZ piezo-element. The van der Waals forces between the tip and the
atoms of the sample surface are sufficient to deflect the cantilever. This is detected by
analysing the reflection of a laserbeam on the cantilever with light sensitive diodes

[31,32,30].

2.1.4 Average analysis of epitaxy: X-ray diffraction

In general, diffraction is possible when the length of the wave is of the same
order of magnitude as the distance between the regularly spaced scattering objects. That
is why X-rays analysis becomes important in materials science. In our case X-ray
diffraction gives us information about the phases present in our thin films, their
structure, orientation and quality.

A diffracted beam may be defined as a beam composed of a large number of
scattered rays mutually reinforcing one another. To do so they need to be in phase. Two
scattered rays are in phase if their path difference is equal to a whole number n of
wavelengths. Scattered rays emerging from a plane surface as a result of a beam

incident to that surface have a path difference equal to a whole number of wavelengths

21



Sample characterization

if nA = 2dyy sin 0, where dj is the distance between diffracting planes in the crystal
and @ is the angle between the incident beam and the surface. n is called the number of
reflection and is an integer [33,34].

To use the Bragg law, two things are worth to remember: the normal to the
reflecting plane and the incident and diffracted beams are always coplanar. The angle
between the transmitted beam and the diffracted one is 26. The shape and the size of the
unit cell solely determine diffraction directions. All we can infer by looking at the
directions of the diffracted beams are the dimensions of the unit cell.

The position of the atoms in the unit cell will affect the intensities, but not the
positions of the diffracted beams. Because of the periodic arrangement of the atoms, the
interference of waves scattered from different atoms may be either constructive or
destructive, leading to either systematic absences of reflections, or differences in
intensity from one (4k/) reflection to another. In the particular case of films grown
epitaxialy, the diffraction pattern will exhibit only one family of planes.

X-ray diffraction measurements were performed in a four-circle MRD Philips
diffractometer. In this system, the adjustment of four angles allows to define the

geometry of the experiment (see Figure 2-3).

Figure 2-3. Schematic view of the goniometer of the X-ray diffractometer and
the four angles: 6, ¢, y and w.

Rotations of these four angles (¢, y, @ and @) allow setting individual crystals of

polycrystalline film at diffraction condition.
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Conventional X-ray techniques are described:

- w-20 scans. The motion of the detector (26) and the rotation of the goniometer
are coupled. For symmetric reflections, we have w = 6. These scans allow studying the
film orientation and the out-of plane lattice parameters.

- Rocking curves (w-scans). The position of the detector is fixed, whereas the @
angle 1s swept within a given range. The full width at half height characterizes the off-
plane misorientation spread of the sample. Samples with larger mosaic spreads show
broader rocking curves.

- ¢-scans. These scans are performed for asymmetric reflections. It allows to
determine the film epitaxial relationship and the in-plane misorientation spread of the
film.

- Pole figure. It is used to study the distribution of crystallographic orientations
of the sample, or texture. Typically, a crystallographic plane is selected by fixing the 26
value, and its spatial distribution is analysed by rotating the sample about the y and ¢

angles.

The conventional X-ray diffraction measurements, w-20 scans and rocking
curves were performed on a Rigaku Rotaflex RU-200BV located at the ICMAB and ¢-
scans and pole figures on a Philips PW 3710 mrd located at the Serveis Cientifico-

Teécnics of the Universitat de Barcelona.

2.1.5 Critical Current Density Measurements

The critical current densities of YBCO films were determined by using a
superconducting quantum interference device (SQUID) magnetometer of the Quantum
Design Company, with a superconducting coil able to generate up to 7 T, located in
ICMAB.

The four-probe method has been applied to determine the critical current density
of YBCO films in the presence of and applied magnetic field (uH) as a function of the
angle 0 between the H and the ¢ axis [35].
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CHAPTER 33

CHEMICAL SOLUTION GROWTH OF CeO;,
CAP LAYER FOR YBCO COATED
CONDUCTORS

Chapter preview

The CSD (chemical solution deposition) technique is a promising method for the
deposition of thin films. CSD growth of CeO, buffers on metal tapes has received
considerable attention. The close lattice match between CeO, and YBCO raises the
possibility of its application to coated-conductors. We report in this chapter the essential
issues of the growth mechanism of CeO, films deposited onto YSZ substrates by CSD.
A grain growth inhibition mechanism for CeO, films grown by CSD under reducing
atmospheric conditions has been identified, which results in nanocrystalline and porous
films. Unblocking grain growth via post processing under oxidising conditions or via
doping ceria with gadolinium results in a dramatic evolution of the granular structure
towards a highly epitaxial film terminated with polar (001) surfaces.

MOD-YBCO films with a high critical current density, J. > 1x106Acm™, have
been achieved in the MOD buffers of CeO,.
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3.1 Introduction

Deposition and growth mechanism of CeO, onto (001)-oriented YSZ single
substrates, as a model system, have been studied in view of the development of coated
conductor architectures based on YSZ™*P/SS and on La,Zr,07/Ni**®" by CSD.
Specific issues associated with the performance of CeO, as buffer layer are mainly: (1)
small mismatch in order to guarantee good transmission of texture through the
multilayer (mismatch strain with YSZ is ~ - 5% ); (2) low surface roughness, which
appears intimately related to film granularity; (3) high performance against
cation/oxygen diffusion; and (4) keep chemical reactivity with YBa,CuzO; leading to
BaCeO; [36] to a minimum. In this context, the granular character of the microstructure
is important as it may affect, either directly or indirectly, issues (2) to (4). On the other
hand, granularity is especially relevant to CSD films owing to specific kinetic and
thermodynamic effects [22]. As proposed 36 years ago by Roy [21], the free energy
difference between a sol-gel derived amorphous film and the crystalline ceramic phase
(that is, the thermodynamic driving force for crystallisation AGy,), is significantly larger
than the corresponding difference between the supercooled liquid and the crystalline
phase. Under such large driving forces there is energy in excess to surmount the energy
barriers for all nucleation events, and therefore heterogeneous and homogeneous
nucleation may occur with similar probability. This particular circumstance results in a
strong tendency towards homogeneous nucleation inherent to CSD films. Moreover,
since AGy, increases as the temperature is decreased below the melting point,
crystallisation throughout the whole volume of the film starts during heating to the
processing temperature. The fact is that, this behaviour, together with reducing
atmospheric conditions, will influence the future microstructure of the CSD-derived

CeO, films, as we will see below.

This chapter is divided in two parts. The first one is devoted to the
microstructural and morphological transformations occurring during epitaxial sintering
of CeO, films. Controlling sintering of the nanocrystalline precursor material may be
interesting to tune specific film microstructures. For that purpose we have studied the
microstructure evolution of ceria films grown under different atmospheric conditions
(sections 3.3 and 3.5) and from different solution precursors (section 3.6). Finally it was

studied the effect of trivalent Gadolinium dopant on ceria films (section 3.7).

26



Chemical solution growth of CeO, cap layer for YBCO coated conductors

The second part of the present chapter is devoted to the microstructure study of a
CSD-derived YBCO film deposited on a Gd-CeO; buffered YSZ substrate. The main
features concerning the YBCO nucleation and growth will be considered in the next

chapter.

3.2 Experimental procedure

In this section, the sample preparation procedure of ceria and YBCO layers

grown by our group will be described. All samples were made in ICMAB [37,38].

3.2.1 Synthesis of ceria films

The first ceria film characterized, referred to as as-grown ceria film, is
fabricated from Cerium(IIl) Acetilacetonate precursors dissolved in acetic acid. This
sample was subsequently deposited on (001)-YSZ single crystal substrates by spin
coating at 6000 rpm and an acceleration of 3000 rpm/s. The solution’s life time was of
several hours after which white cerium acetate precipitates were found to nucleate, as
determined by NMR analysis. The growth of the films was performed under Ar/5%H,;
at 750 °C for 4 hr [37].

Films having a thickness comprised in the range of 7-87 nm were produced by
controlling the precursor solution concentration (0.0025M-0.9M) in order to determine
the residual stress of such films. The thickness of the films varies linearly with
concentration within the explored concentration range, thus allowing fine tuning.
Furthermore, complete substrate coverage was observed for concentrations > 0.08M
[39].

Spankova et al. studied CeO,/Al,O5 films grown by off-axis (rf) sputtering and
reported a significant improvement of the crystalline quality of CeO, films after a 3
hours anneal at 1000 °C in air [40]. Prompted by this previous report, standard films
were submitted to post annealing at 1000 °C in either air or oxygen, for 4 hours [39].
Since no significant differences between films post-processed under air and oxygen

were found, in what follows no distinction between them is made. The effect of such
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high temperature post-processing in oxidizing atmospheres on the microstructure was
investagated.

Finally, it was investigated the microstructure of solution-deposition Gd-doped
ceria films. Its preparation consisted of the dissolution of a stoichiometric amount of
gadolinium pentadionate (Gd(acac)s, 99.9% from Aldrich) in 1 mL of propionic acid
and 1 mL of isopropanol (instead of glacial acetic acid, as in the as-grown ceria films).
The purpose was to increase the solution’s lifetime and improve metal-organic
precursor decomposition leading to less carbon poisoning of grain boundaries [38]).
The solution was stirred and heated (40 °C) for 20 minutes, followed by the addition of
cerium pentadionate (Ce(acac)s, 99.9% from Alfa) and stirred for another 20 minutes at
60 °C. The total metal concentration of the solution was controlled to be 0.25 M. 15 ul
of the Gd-doped CeO, precursor solution were deposited on a (100) YSZ single crystal
substrate by spin-coating, following the deposition and growth conditions described by

modified CeO,, 8 hr at 900 °C under Ar/5% H, [38].

3.2.2 Synthesis of YBCO

TFA solutions were prepared following a modified procedure [14]. YBCO
commercial powder was dissolved in a stoichiometric quantity of trifluoroacetic
anhydride and a small quantity of trifluoroacetic acid (used as catalyst) in acetone. The
resulting solution was refined by evaporation under vacuum to yield a glassy green
residue. This residue was then dissolved in sufficient methanol to give a final anhydrous
solution with an ion metal concentration of 1.5 mol/l. The gel films were deposited onto
a Gd-CeO,/YSZ (single crystal) by spin coating.

The high temperature heating profile for high quality YBCO growth on Gd-
CeO; has been optimized for Gd-CeO, cap layer. The growth process consists of three
stages of heat treatment which are: first a low temperature calcination, a pyrolysis step,
which is carried out under a wet oxygen atmosphere, in order to avoid any sublimation
of Cu(TFA),. This stage favours the burning of the organic content of the precursor.
Secondly, a high temperature (770 °C) firing step for film sintering (50 min wet dwell +
30 min dry dwell). In accordance with the optimized values found elsewhere the

following growth parameters were settled: P(O,) = 0.02 kPa, P(H,O) = 2,2 kPa, gas
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flow rate = 2.03x10” m/s [38]. Finally, films are oxygenated at 450 °C under a flow of
O, for 3.5h to reach the superconducting phase.
A sample was removed from the furnace at 770 °C in order to investigate the

BaCeOs; formation. All the other growth parameters remained constant.

A. Microstructural and morphological transformations
occurring during epitaxial sintering of CeQ, films

3.3 Microstructure of ceria films grown at 750 °C in Ar/5% H,

The surface morphology of the as-grown films was studied by AFM analysis.
The surface of as-grown films exhibits a granular morphology with rounded grains. An
example is shown in Figure 3-1 for a 20 nm thick film grown at 750°C (rms roughness
3-3.5 nm). No apparent grain size and shape variations were detected by comparison of

films with different thickness.
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Figure 3-1. Typical AFM image of an as-grown
Ce0; film (750 °C) exhibiting a granular
morphology with rounded grains [37].

Typical XRD 628 patterns of as-grown and post-processed CeO,/YSZ films are
shown in Figure 3-2. Only (00/) peaks are observed and no secondary phases are
detected. @-scans of films having different thickness yielded FWHM values within

0.2°-0.1° (Aw=0.1° is the value measured for the YSZ single crystal substrate, indicating
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that the misorientation spreads of best films are below the resolution of the

diffractometer).
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Figure 3-2. 26 XRD patterns of an as-grown film and a film post-processed in
oxidizing conditions. (Broad features below 26=30°, at 20~40°, and 28~ 50°,
are instrumental artifacts).

¢-scans of the (111) reflection show four peaks 90° apart, thus signaling a
unique in-plane orientation (Figure 3-3). It was verified that peak positions coincide
with those corresponding to the (111) substrate reflection, indicating that CeO, grows
on (001)-YSZ with a cube on cube type epitaxial relationship. Off-normal €/28 scans
recorded through the CeO; and YSZ (111) reflections at a sample inclination of y=54.7°

clearly indicated that ¢-scans are free from any substrate contribution.
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Figure 3-3. ¢-Scan taken through the (111) reflection corresponding
to an as-grown CeO, film.

Measuring the FWHM of the peaks we realized that they exhibit an anomalous
shape. If usually one can fit the peaks with a Gaussian or Lorentzian curves to get the
FWHM, peaks of Figure 3-3 can be fitted with two Gaussian curves. Figure 3-4 (a)
shows an enlargement of a ¢-scan’s peak. Careful inspection revealed that the peaks
consist of two contributions, one broad peak and a superposed narrow one.
Interestingly, it was found that their relative weight is thickness dependent, as illustrated
in Figure 3-4 (b). It can be observed that while A¢ values of the narrow and intense peak
is kept constant up to a thickness of 41 nm, the corresponding values for the broad peak
decrease with increasing thickness. At a thickness of 80 nm, the two contributions
merge into one single peak which follows the thickness dependence of the broader

peaks of thinner films.
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Figure 3-4. (a) Fit of a (111) ¢-scan peak to two Gaussian contributions depicted as doted lines. Circles
correspond to the experimental curve, and the solid curve represents the sum of both contributions. (b)
Thickness variation of the narrow and broad components (full and open circles, respectively) of the in-plane
misorientation spread determined from least-squares fits to the (111) ¢-scans.

XTEM observations provided insights into the origin of the bimodal line shapes
of ¢-scans. Figure 3-5 (a) is a high resolution image of the interface. Clearly, the films
exhibit a nanometric granular microstructure which contrasts with the columnar one
usually reported for films deposited by vacuum techniques [41]. Typically, grains are
rounded with sizes comprised between 5 and 20 nm, and no significant through-
thickness variations are observed. Careful inspection of Figure 3-5 (a) reveals that only
those grains nucleated on the substrate display a strict cube-on-cube orientation, as
demonstrated by the Fast Fourier Transform (FFT) pattern taken across the interface,
shown as inset. Arrowheads mark the position of heterogeneously nucleated epitaxial
grains. However, the texture of the grains nucleated on top of the latter ones will be
worsened mostly due to the irregularities found on the surface of the first layer of
epitaxial grains, rather than to their misorientation. (See the grain indicated by an arrow,
which exhibits (002) lattice fringes inclined to the interface.) Above this layer, grains
will find both, a “substrate” exhibiting a finite misorientation spread and an irregular
topography. Then, the texture is likely to be rapidly lost from this level to the surface.
Figure 3-5 (b) is a high resolution image of the grain structure at the top-most part of the
film. Simple inspection of their lattice images reveals that the grains are highly
misoriented one to each other.

In order to obtain an average measure of surface disorder RHEED images have

been recorded: Figure 3-6 clearly reveals a ring pattern consistent with a randomly
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oriented surface, in agreement with high resolution XTEM images (Figure 3-5 (b)). It
appears that the films exhibit a pronounced texture gradient, such that the epitaxial
orientation of crystallites nucleated on the substrate is gradually lost towards the top of

the films, resulting in a randomly oriented surface.

200 CeO,,
* 200 ¥YSZ

Figure 3-5. (a) High-resolution XTEM image of an as-grown CeO,/YSZ film
viewed along the <100> direction, showing a nanometric granular and porous
microstructure. The interface is indicated by a horizontal arrow. Inset shows the
FFT spectrum taken across the interface, including CeO, crystallites nucleated on
the substrate (indicated by arrowheads). (b) High-resolution XTEM image showing
a detail of the grain structure at the topmost region of the film.

Hence, the microstructure revealed by XTEM imaging nicely reconciles with ¢-
scan line shapes. The observed bimodal ¢-scan line shapes can be attributed to the

contribution of a well aligned slab of material in contact with the substrate, and a
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superposed intensity scattered by the less textured crystallites nucleated on top of it,
responsible for the narrow and wide contributions, respectively.

The intensity scattered by the topmost layer of grains is randomly distributed
throughout a half-sphere, and will cause a negligible enhancement of the background.
Such a microstructure bares witness of a crystallization event occurring under a high
undercooling, as expected for CSD [22], in which heterogeneous and homogeneous
nucleation have occurred simultaneously. Classical grain growth models of
polycrystalline films [19,23], state that those grains having a favored epitaxial
orientation grow at the expenses of grains having a less favored one, leading to
abnormal or secondary grain growth. Such a behavior has been indeed reported for other
CSD systems, where the randomly oriented film is consumed by the advancing growth
front of the first epitaxial layer [19]. However, after the 4 h anneal, our microstructure
still resembles a snapshot of the nucleated film prior to the growth stage, indicating that
some mechanism has inhibited the propagation of the epitaxial growth front through the

adjacent nanocrystalline matrix.

Figure 3-6. RHEED image showing a ring
pattern indicating a disordered surface [37].

An electron energy-loss spectroscopy (EELS) map of C distribution in an as-
grown sample has been performed. There are two reasons to do that: (a) C represents a
major component of precursor solutions and (b) because reducing conditions, otherwise
required to protect metallic substrates, is not effective for the elimination of the organic
fraction of the precursor solution. Figure 3-7 (a) is an EELS map of C distribution in the

as-grown sample, superposed on an image of the microstructure of the mapped area.
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The C concentration is proportional to the density of black dots. The image clearly

shows that C impurities decorate grain boundaries and porosity.

Figure 3-7. (a) EELS mapping of the C distribution trough the cross-sectional area of an as-grown
CeO,/YSZ film, superposed onto an image of the microstructure of the mapped area. (b) Comparison of
EELS spectra obtained from as-grown film and post-processed one.

Figure 3-7(b) compares the EELS spectra obtained from an as-grown film and a
post-processed one. As expected the carbon K (C-K) peak disappears after annealing

under oxidizing atmospheric conditions (this point will be discussed below).

3.4 Residual stress

Diffraction averaged residual stresses were determined using the sin’y method
[33]. According to this model, the slope of a & versus sin’y plot is (1+V)o/E, &, vand E
being the strain, the Poisson’s ratio and the Young’s modulus, respectively, and y is the
inclination of the crystallographic planes from which the lattice parameter is calculated,
to the film normal. Values for v and E are 0.311 and 181 GPa, respectively [42], from
which the residual stress, o, can be extracted. It is important to note that measurements
were planed such that only the textured fraction of the films was scanned. The lattice
parameter as a function of the inclination to the film normal, a(y), was calculated from

different reflections according to the cubic symmetry of CeO,. Between 5 and 10
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reflections were used depending on the film thickness (thereof on diffracted intensity).
A plot of the residual stress of the films as a function of film thickness, o(d), is
presented in Figure 3-8 (a). The o value corresponding to the thinnest film is affected by
a large error as a result of the weak intensities of the reflections used in the calculation.
However, the plot shows a clear trend towards decreasing the residual stress as the
thickness is increased. The residual stress corresponding to a film submitted to post-
processing at 1000°C in air is also included as an empty square.

Figure 3-8 (b) is an example of strain versus sin’y corresponding to a 50 nm-
thick as-grown film. Having in mind that only the epitaxial fraction of crystallites has
been sampled, the significance of the observed decrease of o with increasing thickness
is not straightforward. Theoretical analyses of relaxation in nanocrystalline films show
that residual stresses can be effectively relieved by the formation of dislocation walls
between nanocrystallites, and suggest a thickness dependence of its relaxation
efficiency [43,44]. Tentatively, we can attribute the observed o(d) dependence to an
increase of the thickness of epitaxial material with increasing total thickness. In
addition, a statistical contribution from the less textured and random fraction of material
to the intensity scattered by epitaxial grains must be taken into account. However, this
idea is in agreement with the A¢ dependence on film thickness, reported above (Figure
3-4 (b)). The decrease of A¢ with thickness indeed reflects an increase of the oriented or
slightly misoriented fraction of grains above the first epitaxial layer, and for 80 nm
films, the intensity scattered by this fraction of grains would dominate, thus masking the

narrow peak associated to the first layer of strictly epitaxial grains (see Figure 3-4 (a)).
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Figure 3-8. (a) Thickness dependence of the residual stress, o, of an as-grown film. The o value
corresponding to a film submitted to post-processing at 1000 °C in air is included as an empty square.
(b) Strain versus sin’ v plot corresponding to a 50 nm-thick as-grown film.

3.5 Effect of high temperature post-processing in oxidizing atmosphere
on ceria films

Comparison of XRD &2 86 patterns (Figure 3-2) obtained before and after post-
processing reveals as unique but significant difference a clear increase of the intensity
of the (00/) peaks after annealing at 1000 °C under oxidizing atmospheric conditions.
Accompanying this evidence of increased film crystallinity, XTEM images of post
processed films reveal a dramatic microstructural modification. Figure 3-9 (a) and
Figure 3-9 (b) are low magnification XTEM images of a film post-processed at 1000°C.
Clearly, the granular microstructure has been evolved to a highly epitaxial crystalline
film. It is worth noting that EELS spectra taken on post-processed films did not indicate
any evidence of C impurities (see Figure 3-7 (b)). Therefore the microstructural
transformation occurs simultaneously with the disappearance of C impurities from the
bulk of the films. Figure 3-9 (c) is a characteristic <100> SAD pattern that includes
YSZ, demonstrating the cube on cube epitaxial relationship between the whole film and

the substrate.

37



Chemical solution growth of CeO, cap layer for YBCO coated conductors

50 nm

Figure 3-9. (a) and (b) low magnification XTEM images of a CeO,/YSZ film post-processed at 1000 °C
under oxidizing conditions, viewed along the <100> direction. (c) Corresponding SAD pattern. (d) AFM
image exhibiting a terraced surface in agreement with XTEM images.

Furthermore, the images show that at variance with as-grown films, here the
surface has developed a terraced topography terminated by polar (001) planes. It has
been reported that polar surfaces can be stabilized via substantial reconstruction [45]. In
particular, it has been experimentally shown for CeO, on SrTiOs, that the (001) planes
can be stabilized with 2 monolayer of oxygen terminating the surface [46], i.e., surface
polarity can be avoided by surface reconstruction with oxygen. Therefore, in the light of
these findings it is not surprising that post processing in oxidizing conditions results in
the stabilization of (001) planes of CeO,. Ledges making an angle of 45° to the film
normal are also observed in the XTEM image, which according to the <100> viewing
direction may correspond either to the {111} or {011} planes. According to computer
simulations {111} and {011} correspond to the first and second most probable
crystallographic planes of CeO, [47]. Similar faceting has been reported for other CeO,
films deposited by rf magnetron sputtering [48]. An important result, in view of the
application of such films as buffer layers, is that the surface disorder of the films is
suppressed by post-processing, as indicated by the ordered array of spots appearing in

the RHEED pattern (Figure 3-10). Figure 3-9 (d) is an AFM image exhibiting a terraced
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surface in accordance with the XTEM image shown in Figure 3-9 (a) and (b). Despite
the surface morphology evolution evidenced in Figure 3-9 (a), (b) and (d), the rms
roughness is 3.2 nm, similar to that corresponding to as-grown films. In fact, the AFM
image of Figure 3-9(d) evidences a strong tendency towards the formation of facetted
hillocks. Such hillocks result from a sintering process involving an intense reorientation

and faceting of top most grains in as-grown films.

Figure 3-10. RHEED image exhibiting a spot-
like pattern indicating an ordered surface [37].

3.5.1 Summing-up

In the introduction we said that the main goal is to grow by CSD a cap layer for
YBCO. In this first part we investigated the microstructure of CSD-CeO, films
deposited from an acetic acid solvent on (001)-oriented YSZ substrates, grown under
reducing atmospheric conditions. Then the grain growth behavior was analyzed and
correlated with the observed microstructure and surface roughness. Finally, the effects
of an oxidizing atmosphere on the microstructure and surface development were
addressed.

Crystallization of CeO; under the reducing atmospheric conditions of Ar/5%H;
results in a nanometric granular microstructure with a high concentration of C
impurities decorating grain boundaries and interstitial cavities, which unexpectedly

prevails after high temperature annealing. Post processing in oxidizing conditions
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removes C impurities and promotes grain growth resulting in a fully epitaxial film, as
well as stabilizes the otherwise energetically prohibitive polar (001) planes.
Keeping in mind the need to avoid substrate oxidation another way to grow a

CeO; epitaxial film is required.

3.6 Effect of Gd*" in CeO; films grown in Ar/5% H,

The elimination of grain boundaries in the initial polycrystalline film is the
apparent driving force for the epitaxial grain growth. Grain boundaries move as a
consequence of many individual atomic jumps across the boundary. Thus, accepting
that the impurities in grain boundaries, resulting mainly from precursor chemicals,
block the movement of oxygen ions and cations through the grain boundary, it becomes
clear that we need to increase the cation and anion diffusion. Chen and coworkers have
investigated the effects of dopants on the grain boundary mobility of polycrystalline
CeO, [49,50]. They asserted that the Gd dopant provides free oxygen vacancies to the

host cations thus enhancing the grain boundary mobility.

3.6.1 Types of defects and effect of dopants

When CeO, is reduced to CeO,., defects are formed in the form of Ce3+, which

in the Krdger-Vink notation is written as Ce,, as the Ce’” has one negative charge
compared to the normal lattice. These substitutional negative defects are balanced either

by some Ce’* going on interstitial sites as Ce, or by oxygen vacancies, V, :

Shottky defect null —2% v + 217 Eq. 3-1
Frenkel defect null =295 5y 4+ Ce)” Eq. 3-2
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Kroger-Vink notation

A standard notation used for the description of defects in ceramics materials is the
Kroger-Vink notation, in which a defect is described in three parts. The main body of
the notation identifies whether the defect is a vacancy “V”, or an ion such as “Ce”. The
subscript denotes the site that the defect occupies, either the normal atom sites of the

(1344
1

host lattice or an interstitial site “i”. The superscript identifies the effective charge (or
relative charge) of the defect relative to the perfect crystal lattice. For this part of the
notation, dots () represent positive effective charges, dashes (") represent negative

charge, and x’s are sometimes used to show neutrality.

Self-diffusion studies in non-stoichiometric CeO, shows that the behavior is
consistent with the oxygen vacancies model [51,52]. So, it is generally agreed that the
main compensating defects in CeO,., are oxygen vacancies.

Thus, the process of ceria reduction may be written as

0, +2Cep, — %02 (gas)+V +2Cep, Eq.3-3

Within the limits of stability of the oxide (i.e., before decomposition or a
transition to a different phase occurs [53]), a large population of charge-compensating
V, (oxygen vacancies) may already exist in undoped CeO,. This property is the basis of
several technological applications of CeO,, such as catalytic supports (for automotive
exhaust) [54,55] and high temperature electrodes [56,57].

Oxide vacancies may also be introduced by doping with oxides of metals with

lower valences, e.g. by dissolution of CaO or Gd,0Os:

CaO = Ca,, +V; +0, Eq. 3-4

Gd,0y =2Gd, +V}, +30, Eq. 3-5

Eq. 3-1 may also take place in doped ceria, and doping will naturally affect the
equilibrium of reaction Eq. 3-1 by changing the concentration oxide vacancies and by

decreasing the concentration of Cece.
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Assuming no interaction between the various defects (which is valid in low

concentrations) the law of mass action 1s valid. Applied on Eq.3-3 this gives:
[Vé ][Celcg ]2 PO, =constant Eq. 3-6

as the concentrations of Og and Cec. are about constant. In the case of undoped ceria

[VO" ] =x and [Ce'Ce]: 2x . Insertion in Eq. 3-5 and rearrangement gives:

x = constant PO, Eq. 3-7

Chen and co-workers proved that the grain boundary mobility in undoped ceria
was higher in less oxidizing atmospheres (e.g., 2% O,) than in more oxidizing ones
(e.g., 100% O,). This implies that an increase in reduced cerium concentration, [Ce’'],
or better, in oxygen vacancies concentration, [V,], also increases grain boundary
mobility.

They also studied theoretically the grain boundary mobility of CeO, in the
intrinsic regime. Considering that cation diffusion is rate-limiting and that it occurs by
an interstitial mechanism, they found that the mobility depended on oxygen vacancies

concentration [49]:

M

int rinsic

oc Dé’i [V0~- ]2 iF exp{_ AGFK—TAGS} " [V(‘)' ]z Eq. 3-8
S

where Dé’f‘_ is the self-diffusivity of Ce; along a grain boundary. For pure CeO,, [V, ] is

determined by redox reaction (Eq. 3-3). Chen et al reported that, among several trivalent
cations, the minimum activation energy and highest grain boundary mobility
corresponded to Gd-doped CeO, [50]. Gd®" is a trivalent cation that increases the
oxygen vacancies (Eq. 3-5) and at the same time its ionic radius (1,05 A) is similar to
that of Ce*" (1,07 A). As it will be shown below, the effect of Gadolinium on grain

boundary mobility of CeO, depends on dopant concentration and growth conditions.
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3.6.2 Structural characterization of CeQO; films doped with Gadolinium

A wide range of Gd concentration and temperatures have been investigated and
the optimal results were obtained with ~10% Gd concentration grown at 900 °C [38].

Figure 3-11 shows selected surface morphologies to demonstrate their
dependence with Gd content and temperature. At low (1%) and at high (20%) Gd
concentration AFM images show granular surfaces, Figure 3-11 (a) and (c) respectively,
while at 10% Gd AFM image, Figure 3-11 (b), exhibits a terraced surface, similar to the
surface morphology exhibited by the sample post processed under oxidizing conditions
(see Figure 3-9 (d)). These results appear to follow the trend of Chen and co-workers
data, in the sense that at the lowest percentage of Gd concentration (1%) there are not
enough oxygen vacancies to enhance cation diffusion and boost the grain growth, while
at the highest dopant concentration (20%) the solute drag mechanism suppresses grain
boundary mobility, leading to a microstructure characterized by small and misoriented
grains in both cases. As in the case of undoped ceria, AFM images of 1% and 20% of
Gd-doped ceria support the view of a texture gradient, i.e. a well aligned slab of
material in contact with the substrate, and a superposed less textured crystallites
nucleated on top of it (see Figure 3-2 and Figure 3-5).

According to the temperature dependence, careful inspection of the AFM image
of the sample with 10% Gd grown at 750 °C, Figure 3-11 (d), shows a granular
morphology with differences in grain size. The presence of large grains (up to 200 nm
of diameter) suggests that the grain boundary mobility has been enhanced, compared
with standard undoped ceria films, but it is still far from the terraced surface seen in
Figure 3-11 (b). Wang et al [58] studied the reduction of 10 and 20 % Gd,O3; doped
CeO, over a temperature range from 700 to 1100°C and they stated that at equal oxygen
partial pressure the number of oxygen vacancies increase with temperature.
Furthermore, in any material defects increase with temperature, so in undoped CeO, at
lower temperature it should be a lower concentration of oxygen vacancies [24,59]. The

result in all cases is a decrease in grain boundary mobility.
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Figure 3-11. AFM images of Gd-doped CeO, films grown in Ar/5%H,: (a)
1% Gd at 900°C, (b) 10% Gd at 900°C, (c) 20% Gd at 900°C and (d) 10%
Gd at 750 °C [38].

It is worth noting that the lowest rms roughness among them belongs to the
sample with 10% Gd grown at 900 °C, Figure 3-11 (b), which exhibits terraced surface
and a roughness value of 4.7 nm, while samples with rounded granular surfaces have
similar roughness, ~7 nm, Figure 3-11 (a), (c) and (d). As far as the application of CeO,
films as buffer layers in coated conductor architectures is concerned, the control of their
granularity and surface topography becomes essential. Surface roughness affects the
quality of the YBCO films. It is well known that the CeO,-YBCO interphase is prone to
react leading to the undesired formation BaCeOs [36]. Therefore, a higher surface
roughness is likely to enhance the interphase reactivity due to the resulting increased
interphase area. As it will be seen below, the impossibility of getting lower roughness
values leads ceria to react with YBCO.

Comparison of XRD 6286 patterns obtained from ceria films with 10% of Gd

content grown at 750 and 900°C under reducing atmospheres, shown in Figure 3-12,
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exhibits a clear increase of the intensity of the (00/) peaks with temperature, thus

indicating an increase of the epitaxial fraction of material.
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Figure 3-12. 826 XRD patterns of 10% Gd-doped ceria films grown at 750
°C, in red, and at 900°C, in blue, under reducing atmosphere [38]. (Broad
features below 260 = 30°, at 260 ~40° and 26 =~ 50° are instrumental
artifacts.)

XTEM images of a Gd-doped ceria film grown at 900 °C confirm such
microstructural and morphological modification. Figure 3-13 (a) and (b) is a low
magnification XTEM image of a Gd-doped ceria film grown at 900 °C, viewed along
<100>. Figure 3-13 (c) is a characteristic <100> SAD pattern that includes YSZ,
demonstrating the cube on cube epitaxial relationship between the whole film and the
substrate. XTEM images exhibiting a flat surface are in accordance with the AFM
image shown in Figure 3-11 (b). As in the case of post-processed ceria under oxidizing
conditions it presents ledges making an angle of 45° to the film normal that may
correspond either to the {111} or {011} planes. At the same time the surface has
developed a terraced topography terminated by the polar (001) planes, although it does

not reach the perfection of the former, being present remnant granularity.

45



Chemical solution growth of CeO, cap layer for YBCO coated conductors

100 nm

(b)

Figure 3-13. (a) and (b) low magnification XTEM images of a Gd-doped CeO,/YSZ grown at
900 °C under reducing conditions, viewed along the <100> direction. (c) Corresponding SAD
pattern.

The ordered array of spots appearing in the RHEED pattern, Figure 3-14,

demonstrates the surface reconstruction, consistent with the TEM images shown above.

That is an important result, in view of the application of such films as buffer layers, i.e.,

the surface disorder of the films is suppressed by the Gd doping.

Figure 3-14. RHEED image of a Gd-doped
Ce0,/YSZ grown at 900 °C under reducing
conditions exhibiting a spot-like pattern
indicating an ordered surface [38].
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A closer approximation to the Gd-doped ceria film shows that the film is still
partly granular. Figure 3-15, a HRTEM image of the film, shows a misoriented grain
embedded into the Gd-CeO, film. More misoriented grains were found, with sizes

comprised between 10 and 20 nm. Neither of those grains nucleated on the substrate.

Figure 3-15. High-resolution XTEM image of Gd-doped CeO,/YSZ
film viewed along the <100> direction.

Figure 3-16 (a) shows an impingement of two (00/)-oriented grains. This result
led us to carry out an EELS analysis of the film, confirming the existence of C at the
grain boundary and at the same time its absence in the bulk of the film. Figure 3-16 (b)
compares the EELS spectra obtained at different zones, at the grain boundary and at the

bulk, exhibiting a prominent C-K peak only in the first zone.
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Figure 3-16. (a) High-resolution XTEM image of Gd-doped CeO,/YSZ film viewed along the <100>
direction showing a grain boundary. (b) Comparison of EELS spectra obtained from Gd-doped CeO,/YSZ
film at the grain boundary and in the bulk.

This result shows that the Gd-doped ceria layer growth under reducing
atmosphere still contains some C impurities that remain attached to grain boundaries
and tend to become concentrated at boundary intersections as grain growth proceeds, as

has already been reported by other authors [60,61].

3.7 Conclusions

CSD derived films grow under a large undercooling (recall that CeO, melting
point is 1600°C) promoting homogeneous and heterogeneous nucleation
simultaneously. Heterogeneously nucleated grains exhibit a cube on cube epitaxial
relationship with the substrate, while texture is rapidly lost towards the surface of the
films. Such a texture gradient manifests in ¢-scans by a composite line shape consisting
of the superposition of a narrow peak and a wider one associated with the epitaxial
grains and the average texture of less-aligned grains lying above the formers,
respectively. The residual stress of the textured fraction of nanocrystallites nucleated at
the interface is rapidly decreased with increasing total film thickness, suggesting an

increase of the thickness of epitaxial material. We showed that films grown in a
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reducing Ar/5%H, atmosphere are inherently granular as a result of a grain growth
inhibition mechanisms induced by grain boundary poisoning with C impurities.
Supporting this mechanism, the activation energy for grain boundary motion, Q,
determined for these films is significantly higher than that calculated for the growth of
CeO; nanocrystalline bulk ceramics in a clean environment [39]. In this way, secondary
or abnormal growth of epitaxial grains through the porous non-textured nanocrystalline
matrix, which would lead to a dense epitaxial film, is impeded. In this granular regime,
surface nanocrystallites are randomly oriented, and surface roughness is entirely
governed by grain size effects.

The granular regime is suppressed by thermal post-processing at 1000°C under
oxidizing atmospheric conditions. The transformation of the granular microstructure to
a dense epitaxial one is accompanied by the elimination of C impurities from the grain
boundaries and remnant porosity via oxidation. Upon this volume transformation, the
granular surface morphology evolves to a terraced one terminated by (001) planes. In
this regime, the surface roughness is governed by the formation of facetted hillocks
bounded by {111} and (001) planes. After a 4 h anneal at 1000°C in static air, rms
values are ~ 3 nm.

We have shown that there is another route to generate highly oriented CeO;
thin films with uniform microstructure, i.e. by doping ceria with Gd. The Gd dopant
provides free oxygen vacancies to the host cations thus enhancing the grain boundary
mobility. The effect of Gd on grain boundary mobility of CeO, depends on the
concentration and growth conditions. The optimal result was obtained by ~10% Gd
concentration grown at 900 °C under Ar/5%H; atmosphere, it is worthwhile to note that
it meets our particular experimental constrain, i.e. to process ceria under reducing
atmospheric conditions to avoid undesirable substrate oxidation.

In a pure system, grain boundary migration requires matter transport only over
a distance comparable to the interatomic spacing (atomic jumps across the plane of the
boundary). However, when impurities that interact with the boundary are present,
boundary migration requires either boundary breakaway from impurities or impurities
moving along with the migrating boundary. Impurity drag requires matter transport over
the same distance as the boundary translation. It is this drag effect that commonly leads
to lower boundary mobilities in systems with impurities as compared with the impurity

free case.
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In particular, in undoped CeO, the boundary blocking mechanism is related to
the carbon present in the precursor and settling the grain boundaries. The same
mechanism acts in doped ceria at high concentration of Gd (20 % in our case), in this
case the solute drag also suppresses grain boundary mobility, whereas an optimal
content of Gadolinium (10 %) provides charge-compensating oxygen vacancies that
enhance grain boundary mobility. So, to induce the desired variations in microstructure
one could attack the removal of carbon processing the sample under an oxidizing
atmosphere or doping ceria with an optimal content of Gadolinium. But, even when a
complete microstructure reconstruction is accomplished, different results, linked to
different mass transport diffusivity, also appear. Actually, once the carbon impurities
are removed in undoped ceria through a post-processing under an oxidizing atmosphere,
the boundary mobility is limited by atom transfer across the boundaries, i.e. intrinsic
mobility regime, while in the optimal doped ceria film the rate of boundary migration is
determined to a large extent by the diffusivity of the carbon impurities, which is usually
slower than intrinsic mobility [24]. This might lead to an accumulation of C in the
structural core and/or the vicinity of grain boundaries. Indeed the 10% Gd-doped ceria
film is still partly granular, and it still contents C in the grain boundaries. So, our results
suggest that to generate (00I)-oriented ceria, the elimination of carbon through a post-

processing under an oxidizing atmosphere is more effective than to dope ceria with Gd.

B. Microstructural study of a CSD-derived YBCO film
deposited on a Gd-CeO; buffered YSZ substrate

3.8 YBCO deposition on Gd-CeO,

As said before, the raison d'étre of CeO; thin film is the fabrication of YBCO-
coated conductors. A thirty-nanometer textured Gd-CeO, cap layer has been
successfully grown on an YSZ substrate [37,38]. This section focuses on YBCO layer
grown on Gd-CeO,-buffered YSZ substrates as a model system.
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The sample studied had a J. > 10° A/ecm? at 77 K. Characterization of the film
and its texture was performed using X-ray diffraction. Cross-sectional structure and

interface were examined by transmission electron microscopy.

3.8.1 Sample Characterization

The XRD 6/20 scan of the YBCO film grown on Gd-CeO,/YSZ is shown in
Figure 3-17. Only the (00/) YBCO reflections were observed. Peaks from the substrate,
buffer layer, and reaction product, such as peaks (002) and (004) YSZ and (002) and
(004) CeO,, and peaks of (110) and (002) reflections associated with the reaction
product BaCeOs were also observed. Indeed, the peaks of BaCeOs are slightly shifted to
lower 26 values, which suggest a solid solution containing Gd. In any case, this phase
will be referred to as BCO. No other reflections for YBCO were detected. The reaction
between YBCO and CeO, yields some excess of Y and Cu, forming secondary phases.
Impurity phase reflections (indicated by *) can also be seen, which could be indexed as
CuO or Y,Cu;0s, being their most intense peaks hidden by BCO and substrate ones.
Nevertheless, there is a good nucleation and epigrowth of the YBCO film on Gd-CeO,
buffered YSZ-single crystal substrate. The out-of-plane and in plane textures of YBCO
films were further investigated by w-scan and ¢-scan. The FWHM of the (005) @w-scan
and (103) ¢-scan are 0.85° and 1.5°, respectively.
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Figure 3-17. X-ray 6/26 reflections of YBCO film on Gd-CeO,-buffered YSZ substrate.

Despite reaction between YBCO and Gd-CeO,, it reveals a proper c-oriented YBCO
layer.

Figure 3-18 is a low magnification XTEM image viewed along the <100>
direction showing the interfaces of YBCO/Gd-CeO,/YSZ. There is clear evidence that
the Gd-CeO; buffer layer has been replaced by BCO. Despite the presence of BCO at
the interface, the XTEM image shows a well-textured YBCO film. BCO resembles a
near single crystal exhibiting clean boundaries with the YBCO film and YSZ substrate,
with a thickness of ~ 30 nm, just the same thickness that the Gd-CeO, film had.
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Figure 3-18. Low magnification XTEM image viewed along
the <100> direction showing the interfaces of YBCO/GD-
CeOy/YSZ.

Figure 3-19 (a) and (b) shows a SAD pattern along the <110> YBCO direction
taken in the vicinity of the interface of YBCO/BCO and a cross-sectional HRTEM
image viewed along the <110> YBCO direction, respectively. The epitaxial relation
between YBCO and BCO is (1-10) BCO//(001) YBCO and [110] BCO// [110] YBCO.
The SAD pattern, Figure 3-19 (a), shows the substantial mismatch (12%) between both
layers. Nevertheless, YBCO film presents no distortion due to the presence of BCO,
indeed, it is noticeable the ability of YBCO to adapt itself to BCO, having such large
mismatch, which suggest that reaction between YBCO and BCO takes place after the
nucleation and growth of YBCO. An HRTEM image, Figure 3-19 (b), make evident the
development of a stacking faults array, indicated by arrows, which might be the YBCO

mechanism to overcome BCO steps.
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Figure 3-19. (a) SAD pattern showing the discrepancy of lattice parameters between YBCO and
BCO. (b) HRTEM image viewed along the <110> direction showing YBCO-BCO interface.

3.8.2 Study of a sample quenched from 770 °C

Although there are evidences that BCO appears after the YBCO nucleation and
growth, a sample quenched from 770 °C was prepared in order to clarify it. Figure 3-20
is a low magnification XTEM image viewed along the <110> direction of such sample.
The image shows a 100 nm-thick YBCO and an almost completely transformed Gd-
CeO; into BCO. FFT of high resolution images (not shown) revealed that the difference
in contrast of the BCO layer is due to (1-10) and (200) orientations (seen before in the
0/26 scan, Figure 3-17).
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(002)BCO
50 nm

Figure 3-20. Low magnification XTEM image viewed along the <110>
direction showing the interfaces of YBCO/BCO/YSZ. YBCO is perfectly
c-oriented while BCO exhibits two different orientations.

High resolution images of the interfaces of YBCO/BCO/YSZ reveal that still
remain some Gd-CeO, grains on the substrate. Figure 3-21 is an example of such
HRTEM images where an epitaxial grain of Gd-CeO, is embedded into the BCO

matrix, having a thickness of ~10 nm.

(002) BCO

Gd-Ce0),

10 nm

Figure 3-21. HRTEM image viewed along the <110> direction
showing the interfaces of YBCO/BCO/YSZ. A Gd-CeO, grain on
YSZ substrate still remains embedded within the BCO matrix.
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3.9 Conclusions

It was observed that MOD-derived CeO; under reducing atmospheres promoted
the trapping of carbon impurities at the ceria grain boundaries (see Figure 3-7 (a)).
These impurities inhibit the ceria (001) epitaxial development, resulting in randomly
oriented grains at the surface (seen in Figure 3-5 (b)), preventing any further YBCO
epitaxial growth. By doping ceria with 10% Gd ,an almost fully epitaxial layer can be
achieved, with the terraced surfaces seen above, Figure 3-13 (a). In spite of the overall
roughness of the Gd-doped ceria (~4.7 nm), governed by the formation of facetted
hillocks, its terraced surface with atomically flat areas corresponding to (001) planes,
provided suitable sites for YBCO nucleation and growth.

Massive transformation of the Gd-ceria buffer to (Gd)BaCeO; is observed all
along the interface without any evidence of YBCO deterioration, which in turn, results
not from the reaction between the precursor and Gd-CeO, but between YBCO and Gd-
CeO; during the heating.

A superconducting TFA-derived YBCO film with a J. (77 K) up to 10° A/cm®
was achieved on top of the MOD-derived Gd-CeO, buffer layer.
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CHAPTER 4
GROWTH MECHANISM OF TFA-YBCO

Chapter preview

The heteroepitaxial growth of YBa,Cu3;O;x (YBCO) films prepared by the
trifluoracetate route (MOD-TFA) has been characterized by TEM/EELS and X-Ray
diffraction of specimens quenched from various temperatures. We find that the
precursor, a nanostructured film, undergoes strong phase segregation during the heating.
Our results make evident that the nucleation of YBCO takes place exclusively at the
interface with the substrate and is assisted by long range diffusion within a Ba-
oxyfluoride matrix rather than interphase reaction among the different phases, resulting

in different scenarios for the conversion of the precursor to YBCO.
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4.1 Introduction

Growth of YBCO films by metal-organic decomposition (MOD) using
trifluoroacetate (TFA) precursors solutions is attracting much interest owing to its great
potential for cost-effective production of high performance superconductor tapes.
However, although several groups already have reported high critical currents in TFA
derived YBCO [62,63], the growth mechanism is not yet understood in detail.
Therefore, a fundamental basis for the control and further optimization of the materials
properties is still lacking. Growth of films is carried in two steps: The organic precursor
is decomposed in a pyrolysis step, yielding a partly amorphous and nanocrystalline
mixture which is reacted in a subsequent firing step. Understanding the conversion
mechanism to fully reacted YBCO requires detailed knowledge on the reaction path.

In an early work, Gupta et al [20] only recognized broad BaF, peaks in 6/20
scans of a pyrolyzed film. This result is in agreement with TEM observations which
revealed that at this stage films consist of BaF, nanoparticles (10-20 nm) embedded in
an amorphous matrix consisting of Cu and Y oxides [64]. More insights into the
detailed composition of these films were gathered by ICP analysis and using a fluorine
selective electrode [65]. Unexpectedly, this study revealed that the F/Ba ratio follows a
wide trajectory, starting at F/Ba = 2.7 in the as-pyrolyzed material, and ending at a
value of 1.5 at 700 °C. This suggest that Y is also present as a fluoride forming solid
solution with Ba [65]. Those authors also observed that the concentration of F varies
with temperature, which is consistent with phase diagram studies that show that the
equilibrium Y content of BYF decreases with temperature [66]. Since the time required
for the complete decomposition of the TFA precursor does not depend on the thickness,
it was suggested that TFA decomposition takes place throughout the volume of the film
and at the interface with equal probability.

Such observations suggest that the reaction path to YBCO may be more complex

than the basic approximate reaction [67]:

2BaF;(s) + 2CuO(s) + 1/2Y,Cu,0s(s) + 2H,0(g) = YBa,CuszOg s(s) + 4HF(g) Eq. 4-1

in particular regarding the form of Y species. This reaction, Eq. 4-1, involves
intermediate steps, such as the reaction BaF, + H,O = BaO + 2HF, or the formation of

Y,Cuy0s, that can be influenced by the topological details of the precursor phase
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association. Actually, various forms of the overall reaction have been proposed in the
literature, but there is evidence that the reaction path to the final epitaxial YBCO film is,
however, complex. The growth rate of YBCO is governed by the synthesis temperature,
PH,O and total pressure [68,69,70], and it has been demonstrated that the careful
adjustment of the process parameters is essential to control the microstructure and
therefore the critical current of the films [71].

Various studies of quenched samples showed the complex reaction path. Early
investigations showed that YBCO nucleates exclusively on the LAO substrate at
temperatures comprised between 720 and 770 °C under 250 ppm O,. X-ray diffraction
0/20 scans of samples quenched at 720 °C revealed BaF,, BaCuO, and CuO, while at
770°C, showed the same phase association, with reduced intensity, plus c-oriented
YBCO covering the whole substrate interface as indicated by TEM observations [67].
Those authors also identified one phase as inclusion, Y,Cu,0Os. Samples quenched at
795 °C did not exhibit significant differences regarding microstructure and phase
association, compared with that quenched from 770°C. The high perfection of the
YBCO layer, almost free of grain boundaries, led those authors to suggest the existence
of a liquid phase assisting the growth mechanism. Latter, a detailed TEM study of
quenched YBCO samples prepared by the co-evaporation technique [72] on STO
substrates, showed that a heteroepitaxial (111) oriented fluorite-type (as BaF,) oxy-
fluoride containing Y, Ba, F and O, constitute the preferential nucleation sites, in a way
that the fluorite structure is converted to YBCO such that its (111) planes become the
(001) ones of the YBCO film. Those authors also observed a ~7 nm thick amorphous
layer with a composition similar to that of the YBCO phase, that considered to
correspond to a liquid phase at 735 °C. The occurrence of a liquid phase in the co-
evaporation process has been suggested by other authors [73] to occur below 800 °C,
and that its formation is favored by increasing [F]. The occurrence of a liquid phase
suggested by the above authors is supported by phase equilibrium studies in the system
Ba,Y,Cu,O,F [74] which demonstrated melting at ~600 °C for F rich compositions at
low POs,.

Further insights into the phase evolution prior to the growth of YBCO were
provided by Yoshizumi et al [65], signaling that at 400°C the [F]/[Ba] ratio is 2.7 and
decreases with temperature. This result, along with the observation that the lattice
parameter of the fluoride phase, nominally BaF,, varies with temperature between 5.92

A at 400 °C and 6.2 A at 550 °C (6.2 A is the lattice parameter of the BaF, fluorite), led
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those authors to conclude that at low temperature the fluoride phase consists of a solid
solution (Y,Ba)Fy, that becomes enriched in Ba as the temperature is increased until the
pure BaF; phase is achieved at ~550 °C. The observed behavior is in agreement with
phase equilibrium studies in the BaF, — YF; system [66]. Therefore, in a first stage the
(Ba,Y)Fx solid solution would decompose into BaF,, Y,O3; and Y(OH), before the
formation of BaO.

Turning back to the growth rate of the YBCO film, it has been reported that the
growth rate does not depend on the thickness of the film [69]. Therefore the elimination
of HF gas through the surface of the film is the rate limiting factor, rather than the
diffusion of H,O and HF through the growing film. Such behavior is supported by the
observation that the growth rate is proportional to PH,0"?, which under local
equilibrium, according to reaction (1), varies with PHF. Alternatively, it has been
proposed that the growth rate is limited by the mass transfer through a stagnant gaseous
layer located on top of the precursor surface [75]. As a microstructural consequence of
this thermodynamic behaviour, it appears that partially reacted films may exhibit
marked variations of the extent of the conversion process with the position on the
substrate. Furthermore, given the complexity of the precursor evolution, presumably
there is not a unique microstructural scenario for the nucleation and growth of YBCO,
in contrast with views provided by previous reports on transmission electron
microscopy studies of partially reacted samples. With the aim to provide an overall
appreciation of the conversion process, the present chapter addresses both the pahse
evolution within the precursor, prior the YBCO nucleation, and the nucleation

mechanism of YBCO.

4.2 Experimental procedure

TFA solutions were prepared following the procedure presented in the chapter 3.
YBCO commercial powder was dissolved in a stoichiometric quantity of trifluoroacetic
anhydride and a small quantity of trifluoroacetic acid (used as catalyst) in acetone. The
resulting solution was refined by evaporation under vacuum to yield a glassy green
residue. This residue was then dissolved in sufficient methanol to give a final anhydrous
solution with an ion metal concentration of 1.5 mol/l. The gel films were deposited onto

5x5 mm (00l)-oriented LaAlO; (LAO) single-crystal substrates by spin coating.
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Substrates were cleaned in successive ultrasonic baths in acetone and methyl alcohol,
followed by a final drying step in pure N, gas. Spin coating was performed at
approximately 6000 rpm for 2 min using an acceleration time of 1 second. The coating
was performed at ambient temperature in the range of 20-22 °C and relative humidity in
the range of 19-24 %. The atmosphere was controlled in order to minimize as much as
possible water contamination.

The standard growth process consists in three stages of heat treatment which are:
first a low temperature calcinations, a pyrolysis step, which is carried out under a wet
oxygen atmosphere, in order to avoid any sublimation of Cu(TFA),. This stage favours
the burning of the organic content of the precursor. Secondly, a high temperature (795
°C) firing step in an atmospheric mixture of N,, O, (0.02 kPa) and H,O (P20 = 0.6 kPa)
under a gas flow of 2.03-102 m/s to form the YBa,Cu307 phase. Finally, films are
oxygenated at 450 °C under a flow of O, for 3.5h to reach the superconducting phase,
Figure 4-1.
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Figure 4-1. Scheme of the ramp of firing step of the growth process.

Pyrolyzed films were placed in a furnace and quenched immediately after
reaching the target temperatures. XRD analysis was performed on precursor and
quenched samples to obtain information on the phase content of the films and to

characterize their texture of the films.
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4.3 Phase evolution in the precursor film

Figure 4-2 shows a series of 6-26 scans of precursor films quenched from
different temperatures. After the pyrolysis, the patterns exhibit only broad features,
consistent with the nanocrystalline nature of the films, which were identified as Ba;.
xYxF21x (BYF) [66] and CuO. The present data does not allow to univocally ruling out
the presence of Y,0;. The most intense reflection of Y,Os, the (222) one, appears
around 26~29°, and therefore would be masked by the (002) BYF reflection. Since
Y,0s5 is an active Raman compound, the samples were further characterized using u-
Raman spectroscopy [76]. No signatures of Y,Os3 were found in the pyrolyzed films,
thus suggesting that after the pyrolysis, at least a large fraction of the Y content in the
precursor film is integrated in the BYF solid solution. The extension of this solid
solution is limited, being x = 0.35 the Y richest composition compatible with the
fluorite structure [66]. This composition corresponds to a Y/Ba atomic ratio of 0.54,
close to that introduced in the precursor solution. Therefore, from a thermodynamic
standpoint, the BYF solid solution can accommodate the initial Y/Ba ratio. The BYF
lattice parameter, estimated from 6-26 scans is 6.04 A, corresponding to x = 0.28, i.e.,
Y/Ba=0.38 and according to the nominal stoichiometry, F/Ba=2.4 in reasonable good
agreement with the value 2.7 estimated by Yoshizumi et al from selective electrode
measurements [65]. In the estimation of the Y concentration in the BYF solid solution,
we have neglected the influence of oxygen on the lattice parameters. Owing, on the one
hand, to the similarity between the ionic radius of oxygen and fluorine anions in a
tetrahedral environment (0.124 nm and 0.117 nm, respectively [77]), and the
dissimilarity between those corresponding to Ba*" and Y** in octahedral coordination
(0.149 nm and 0.104 nm, respectively [77]), a partial substitution of F by O should
have, to a first approximation, only little influence on the variation of the lattice

constants.
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Figure 4-2. X-Ray diffraction patterns of films a) quenched from 795 °C, b) quenched from 700 °C,
¢) quenched from 600 °C and d) as-pyrolyzed. Y225, OF and BYF stand for Y,Cu,Os, oxyfluoride
and Ba;YF»., respectively. OF1 corresponds to the (030) reflection of the ordered oxyfluoride, and
OF2 is associated with a Y enriched BYF solid solution found around growing YBCO islands (see
the text).

Therefore, although most of the Y present in the pyrolyzed film is contained in
the BYF solid solution, some amount of free Y,O; may be present, which probably
remains silent to XRD and p-Raman spectra due to its nanocrystalline or even
amorphous nature [76]. Samples quenched from 795 °C exhibit sharp (00/) YBCO
reflections (in addition to the (103) one, indicative of a small fraction of disoriented
YBCO), as well as unreacted BaF,, BYF, Y,Cu,0s, Y,03; and CuO (Figure 4-2). The
origin of the two peaks appearing at 26~25.5° and ~25.8° (indicated by OF1 and OF2),
is discussed below.

Figure 4-3 (a) is a low magnification XTEM image, corresponding to a
pyrolyzed 800 nm thick film. The speckled contrast is due to CuO nanoparticles, shown
at a higher magnification in the inset. Figure 4-3 (b) shows the corresponding selected-
area electron diffraction pattern, which in agreement with the analysis of 626 scans

reported in the preceding paragraph, can be indexed with the BYF and CuO phases.
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In agreement with phase diagram studies [66], Figure 4-2 shows that increasing
the temperature the Y content of the BYF solid solution decreases. Simultaneously, the
intensity corresponding to BaF, and Y,0; increases, while part of that Y,O; eventually
reacts with CuO yielding Y,Cu,Os. EELS analyses of a sample quenched from 795°C,
indicate that the fluoride phase contains oxygen, while the peak corresponding to F is
systematically very weak (Figure 4-4). However, as reported by other authors [67], the
F peak is weakened as a result of F loss during e-beam irradiation in the microscope and
therefore intensity ratios cannot be used to quantify the degree of oxidation. At higher
energy losses, the EELS spectrum also exhibits weak signatures of remnant Y (see
inset). In the following this phase will be referred to as oxyfluoride (OF), while
acronym BYF will be used for the Ba;«Y«F2ix solid solution regardless its degree of

oxidation.

(1 1 1) Ba1—xYxF2+x
(200) Ba1-xYxF2+x
(-111) CuO
(111) Cuo

(0.2 pm (220) Ba,.,Y,Fou,

Figure 4-3. (a) Low-magnification XTEM image of an as-pyrolyzed film. The precursor forms
a homogeneous, 800 nm-thick film, nanostructured and partially amorphous fluoride matrix of
composition Ba; Y F»x (see the text), with embedded CuO nanoparticles. Inset is a higher
magnification XTEM image to illustrate the size and shape of the CuO particles. (b)
Corresponding selected-area diffraction pattern.

The observed phase evolution agrees with the trajectory of the F/Ba ratio
previous to YBCO nucleation, reported by Yoshizumi et al [65]. According to these
authors, the F/Ba ratio evolves from 2.7 at 350 °C to 1.5 at 700 °C, F/Ba=2
(corresponding to BaF;) being achieved at 550 °C. For F/Ba > 2, this behavior is
explained by the formation of the BYF solid solution and the temperature dependence

of the Y solid solubility in BaF,. In order to explain the trajectory between ratios 1.7
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and 2, Yoshizumi at al suggest the expected reaction BaF,+H,O—BaO+2HF(g).
Strikingly, however, in agreement with previous reports by other authors [67,78,72], we
have not detected significant fingerprints of BaO. Though this is attributed by
Yoshizumi et al. to an hypothetical nanocrystalline or amorphous nature of the BaO
phase, the lack of any TEM evidence for the occurrence of BaO, together with the
abundance of the OF phase, strongly points that the reaction BaF,+H,O—BaO+2HF(g)
does not occur to a significant extent during the conversion to YBCO, in contrast with
that originally expected. These considerations are, moreover, in agreement with the
diffusive topotactic character of the YBCO conversion mechanism, where YBCO is
formed as a result of the insertion and replacement of chemical species in the fluorite
structure, resulting in a severe structural modification, as opposed to the simpler
chemical reaction between grains in direct physical contact. Therefore, the drop of the
F/Ba ratio below 2 is to be associated with the replacement of F by O in the fluorite
structure, in agreement with the strong oxygen signal appearing in the EELS spectrum

Figure 4-4.

A4
L
o IHIHD )
A
— 2IMHH]
(I
11 il A pLA ] 12(h3

Energy luss (el

Figure 4-4. EELS spectrum obtained from the oxyfluoride (OF) matrix in
a sample quenched from 795 °C. Inset shows a higher energy region to
check the occurrence of Y.

The behavior discussed in the preceding paragraph emphasizes the role played
by the fluorite-type matrix (either fluoride or oxyfluoride) as a solvent, i.e., its ability to
accommodate important compositional variations. It has been reported that the melting
point (Ty,) of the fluoride phase is strongly sensitive to the Y and O content. In
particular, Ty, drops down within the 500 °C — 600 °C range in the BaF,-CuO-Y(O,F)
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region, corresponding to F/Ba > 2 [79,74,80]. This observation has led to argue that the
growth of YBCO is assisted by the formation of a partial melt. However, as discussed
above, low melting point F/Ba > 2 compositions would appear below ~550 °C, and there
is no evidence that the experimental temperature profile crosses Ty, at any stage. The
unique microstructural feature that would support partial melting is the occurrence of an
amorphous layer, a few nanometers thick and composition similar to YBCO, at the
precursor — YBCO interface [72]. Indeed, melting at the growth front might result from
the development of concentration gradients favoring low melting point compositions
ahead of the growth front, but such an amorphous layer has not been detected in the
present investigation and has only occasionally been reported in the literature. On the
other hand, as far as the bulk OF matrix is concerned, see Figure 4-5 (a) and (b), it is
interesting to note that its nanostructured character is deduced from extended
occurrence of Moiré contrasts, indicative of the superposition of nanometric structurally
coherent domains, and lattice contrast variations, rather than the identification of grain
boundaries in high resolution XTEM images. Most strikingly, the orientation of the
“apparent crystallites” building such nanostructured framework is kept unchanged
through several tens, even a few hundred, nanometers, thus suggesting that XTEM
images in fact constitute snapshots of a rapidly varying microstructure evolved from an
epitaxial configuration. The resulting mosaicity is then likely to result from the
accommodation of internal stresses associated with the chemical modifications induced
first, by the intrinsic phase stability behavior of the BYF solid solution and secondly by
diffusive processes assisting the YBCO conversion. Note that a partial melting would at
least induce amorphization at grain boundaries of such a mosaic substructure, thus
emphasizing the subboundary network, which is not observed. Therefore, though very
likely the OF precursor is submitted at temperatures close to Ty, thus enhancing
diffusive processes, no definitive traces of partial melting have been found in the

present study.
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Figure 4-5. (a) High resolution XTEM image of the OF matrix quenched from 795°C showing a
significant variation of the degree of crystallization and (b) magnification of squared zone of the OF
matrix.

4.4 Segregation of phases

Elemental distribution maps of films quenched from different temperatures were
obtained by x-ray energy-dispersive analysis using a STEM imaging mode. Spatial
cation distributions reveal that the complex phase evolution discussed in the preceding
section is accompanied by a strong cationic segregation. Figure 4-6 (a), (b) and (c) show
the cross-section Y, Ba and Cu maps corresponding to samples quenched from 600°C,
700°C and 795°C, respectively. It can be observed that Cu develops a concentration
gradient perpendicular to the interface, exhibiting higher values towards the upper part
of the film, while Y and Ba show an inverse trend. As the temperature is raised, the
overall cation distribution is progressively homogenized, though short scale
heterogeneities appear at 700°C as result of grain growth (Figure 4-6 (b)). In fact, at 700
°C first fingerprints of YBCO (00/) reflections appear in XRD patterns (Figure 4-2).
Such heterogeneities grow in size up to ~200nm when the temperature reaches 795°C
(Figure 4-6 (c)). A striking feature of Figure 4-6 (c) is the close correspondence
between the Cu and Y maps. Such a striking correspondence, along with the absence of
Ba in the Y-Cu rich areas, points to the formation of Y225 within the OF matrix.

Significantly, in this area, mappings do no show any evidence of YBCO formation,
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which suggests the existence of a thermal window within which the nucleation of Y225

and YBCO are competitive processes.

Ha map

{u ma

Figure 4-6. Cross sectional STEM EDAX Cu, Ba, Y and O elemental maps of samples quenched from
600°C (a), 700°C (b) and 795°C (c).

Figure 4-7 is a low-magnification XTEM image of the film quenched from
795°C, viewed along the [100]JLAO direction. In order to get a rough view of the
distribution of phases, results of EELS analyses performed at some points of the cross
section, are indicated in the image. In agreement with EDX mapping, Figure 4-7 reveals
phase segregation while the vertical Cu gradient has disappeared. As reported by other
authors, YBCO islands are shown to nucleate exclusively on the substrate surface,
preferentially with their c-axis perpendicular to it. An a-axis-oriented YBCO nucleated
on top of a c-oriented island grain reaching the film surface, can also be observed. The
film exhibits at this stage of the growth process, approximately half of the precursor

film thickness, i.e. 450 nm, while after the complete process the film thickness will
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further reduce down to 300 nm. Therefore, such a-axis grains will outcrop on the flat c-
axis oriented surface. Overall, the image reveals that at 795 °C the OF phase constitutes

a homogeneous matrix containing, Y225, CuO and Y,Os3 grains, besides YBCO.
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Figure 4-7. Low-magnification XTEM image of the film quenched from 795 °C observed from [100]LAO.
Phases identified from EELS analyses performed at some points of the specimen are indicated. c-axis oriented
YBCO islands with a thickness of 80 - 90 nm are observed. An a-axis oriented YBCO grain is also shown on
top of an island.

Careful inspection of the XRD pattern of the 795 °C sample in Figure 4-2, also
exhibits a shoulder between the CuO and (005)YBCO peaks, that can be attributed to
Cu,0. A careful observation of Cu-O rich areas in XTEM images, Figure 4-8 (a),
signaled the coexistence of two phases, one exhibiting nanocrystalline features and
another one exhibiting well developed grains. EELS spectra obtained from the
nanocrystalline and grain like phases, shown in Figure 4-8 (b), exhibit distinctive
features characteristic of Cu,O for the nanocrystalline phase and CuO for the grain-like
phase. In particular, that corresponding to Cu,O can be distinguished by a slight shift
towards higher energy losses. This microstructure clearly indicates that under the
present conditions, CuO is the stable form of Cu-oxide and grows at the expenses of
Cu,0. According to an investigation of e-beam co-evaporated films, this transformation
takes place up to 500 °C to 700 °C [80]. However it is worthy to note that, in agreement
with reports on the TFA process by other authors [67,64], in the course of the present
investigation we have found that the dominant form of Cu-O is CuO throughout the
whole process, the pyrolysis step required in the TFA route favors the formation of
CuO. The Cu,O-CuO boundary is close to 700 °C at the growth conditions (pO,~2x10™
atm) and therefore the observation of Cu,O might be attributed to a partial reduction of

CuO during heating to the growth temperature (795 °C) [81].
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Figure 4-8. (a) Low-magnification XTEM image of the film quenched from 795 °C showing regions
nanocrystalline and grain-like regions of a Cu-O rich area. (b) EELS spectra obtained from both,
nanocrystalline and grain-like, areas revealing the L-Cu peaks of Cu,0 and CuO, respectively.

Turning to the issue of YBCO versus Y225 competitive growth, let us focus
back to Figure 4-7. There 1s a YBCO island located close to the left hand edge of the
image, which supports two Y225 grains on its top. Note that the growth of the island is
clearly impeded by the two grains, particularly, that located on the right hand side. High
temperature in-situ XRD experiments of e-beam evaporated precursor films have
revealed that the Y,03;+2CuO— Y,Cu,0Os reaction takes place at ~700 °C [80], thus
indicating that Y,Cu,Os and YBCO nucleate at very close temperatures. Our
observations, in fact reveal that the nucleation and growth of YBCO is assisted by long
range diffusion within a Ba-oxyfluoride matrix rather than interphase reaction among
the different phases. Hence, the conversion of the precursor to YBCO does not
necessarily require the formation of Y225, but its formation, though unavoidable under
the present conditions, may even slow down the kinetics of the transformation to
YBCO, with important implications from the industrial production point of view.
Interestingly, Wong-Ng et al reported for the e-beam co-evaporation process, that
YBCO films can be obtained without the formation of Y225 when (BaF,;+YF;+Cu)
precursors are used [80]. Though in that particular case the reaction was incomplete at
the end of a standard process, this finding, demonstrates that the microstructural
scenario for the conversion to YBCO can be dramatically modified through a proper
choice of the precursor materials. This is an interesting extreme deserving further
attention.

As a further manifestation of phase segregation we consider here the ordering of

the OF phase. High resolution XTEM images of the OF matrix featured fingerprints of
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atomic ordering, either within nanometric domains embedded in the OF (Figure 4-5 (a)
and Figure 4-5 (b)), or within larger domains surrounding heteroepitaxial YBCO
islands, as shown below. Figure 4-9 is a high resolution electron micrograph showing
such an ordered domain (arrowed in the figure), characterized by a triple d(i11) spacing
of the corresponding OF phase. The formation of this phase is important because it has
been suggested to constitute a template for the topotactic nucleation and growth of
YBCO [72]. Previous reports suggest that there is not a unique way to order the OF
phase, and it is likely that a series of related OF-based superstructures exists [80].
Among these, that reported by Wong-Ng et al has lattice parameters a = 0.74nm, b =
1.05nm, and ¢ = 0.43nm (in this setting, the [010] direction of the superstructure is
taken along the [111] direction of the OF fluorite-type structure). Note that the dg11)
spacing of the fluorite structure is tripled as result of ordering. Thus, the peak marked as
OF1 in Figure 4-2, appearing at 26~ 25.5° can tentatively be attributed to the (030)
peak of the ordered OF.

Figure 4-9. High resolution XTEM image evidencing atomic ordering
within a nanometric domain embedded in the OF matrix. The signaled
domain exhibits a tripled d;1y spacing.
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4.5 Texture of precursor phases, nucleation and growth mechanism of

YBCO

As discussed above, the BYF solid solution evolves to the OF type phase on
heating up to the growth temperature at 795 °C. During this process, Y,0O3; forms which
can either nucleate within the bulk OF phase, or heteroepitaxially on the substrate
surface. Figure 4-10 is a high resolution XTEM image, viewed along the <100>LAO
direction, showing a heteroepitaxially nucleated ~3 unit cell YBCO island embedded in
a Y,0; matrix. The epitaxial relation between the Y,Os; and the LAO substrate is
(111)Y205//(001)LAO, [-12-1TY,05//[100]LAO.

Figure 4-10. High resolution XTEM image of a YBCO nucleus
embedded in a (111) oriented Y,0;.

In order to obtain an average picture of the texture of the fluoride phase in a
sample quenched from 795 °C, a pole-figure was recorded for a 26 value of 41.1°, which
corresponds to the (202) reflection of the OF phase and the (111) reflection of the LAO
substrate. The resulting pole-figure, shown in Figure 4-11 (a) exhibits the four
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equivalent {111} LAO poles at an inclination, y = 54.7°, providing the in-plane
orientation of the substrate for reference. Decreasing the inclination to the substrate
normal, one first finds, at y = 45°, four poles corresponding to the {202} planes of the
(001) oriented OF (hereafter denoted as {202}OF~"°""). These poles appear superposed
to a ring of intensity which tells that a significant fraction of (001) oriented OF exhibits
uniaxial texture. The coincidence in azimuth (¢) between the {202} poles of the in-
plane aligned fraction of the OF phase and the {111} poles of LAO, is consistent with an
epitaxial ~ orientation  relationship  given  by:  (001)OF "//(001)LAO,
[110]OF~°"*//[100]JLAO. This orientation corresponds to the minimum mismatch strain
€. At room temperature, taking aor = 0.62 nm, this gives € ~13%. Finally, the pole-
figure shows a series of intensity maxima distributed on a ring located at y ~35°. These
maxima correspond to the {220}-type poles associated with the (111) oriented OF.
Careful inspection reveals that the maxima are not randomly distributed, but most of
them are located at the vertices of four equilateral triangles rotated 30° one to each
other. In order to understand the in-plane orientation which is derived from this pole
arrangement, Figure 4-11 (b) shows the stereographic projection of the {100}LAO and
{220} OF poles along the [001]LAO and [111]OF directions, respectively. In the cubic
system, there are 12 {110} equivalent planes or poles: 3 are inclined 35° to [111], their
inverse counterparts (not shown), and 6 poles lying on the equator, separated 60° to each
other. The latter 6 ones, therefore, define 3 equivalent matching directions on the
interface plane (Figure 4-11 (b)). Comparison of Figure 4-11 (a) and (b) reveals that the
four triangles identified in the pole-figure, correspond to six ways to align <110>OF
with <100>LAO (or equivalently <100>OF with <110>LAO) on the interface plane,
namely: [-110]JOF, [-101]OF and [01-1]JOF can align either with [I00]LAO or
[010]LAO. Note that a 180° rotation leaves the configuration unchanged, hence
triangles 1 and 3, and 2 and 4, as indicated in Figure 4-11 (a), correspond to equivalent
orientations. On the other hand, each triangle may correspond to 3 different in-plane
orientations each obtained through a 120° rotation around the substrate normal. The six
non-equivalent in-plane orientations are then obtained considering the three different

possible orientations each associated with two independent triangles (e.g. 1 and 2).
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Figure 4-11. (a) Pole-figure corresponding to the (202) OF and (111) LAO reflections, and (b) Stereographic
projection of the {100}LAO and {220}OF poles, viewed along the [001]LAO and [111]OF directions,
respectively.

As a result of the ternary symmetry of the [111] projection, each in-plane
orientation only satisfies lattice matching along one direction, and therefore, owing to
interfacial energy considerations, (111) oriented OF nuclei would be less favoured than
(001) oriented ones (which carry two orthogonal <110> matching directions). This
considerations would explain the strong tendency of the fluoride phase to nucleate with
(001)-type orientation, as signaled by the prominent (002) peak observed in Figure 4-2.
An estimation of the volume percentage of (111) oriented OF using &-26scan
intensities, assuming only (111) and (001) type orientations, in fact yields only 15%. As
commented at the beginning of this section, XTEM observations have revealed the
occurrence of (111) oriented Y,Os3 (Figure 4-10). Therefore, very likely, we have
overestimated the intensity of the (002) OF reflection as a result of its overlap with the
(222) Y,0s3 one. However, the observation of other, non heterogeneously nucleated,
Y,0s particles far from the interface, suggests that this contribution is small. Anyway,
the derived value of 15vol% for (111)-OF, is indicative of a dominant population of
(001) oriented OF. Figure 4-12 is a high resolution XTEM image showing a (001)
oriented heteroepitaxial BYF growing on the (001)LAO surface, this marked texture of
the fluoride phase might result from the strong tendency for its heteroepitaxial

nucleation on the LAO (001) surface.
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Figure 4-12. High resolution XTEM image of the (001) oriented
OF matrix quenched from 795°C.

As shown in the previous section, the OF phase is prone to develop ordered
structures, which main fingerprint is the tripling of the (111) spacing of the basic
fluorite structure. It has been argued that such a superstructure has a templating effect
on the nucleation of YBCO, in such a way that, owing to the similarity 3d(111)OF ~
d(001)YBCO, the YBCO nuclei grow c-axis oriented on a (111) oriented OF matrix.
The correspondence between both structures is clearly illustrated by the high resolution
electron micrograph shown in Figure 4-13. The image shows in detail the growth front
of a (001) oriented YBCO island expanding through a (111) oriented fluoride region.
Note that the OF phase is ordered, such that its (111) spacing triples that of the
corresponding basic fluorite structure, being almost identical to the (001) spacing of the
growing YBCO island. From a topological point of view, ordering constitutes a
particularly favourable situation for the growth of (001) oriented YBCO through the
(111) oriented OF phase.
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YBCO

Figure 4-13. High resolution XTEM image of the growth front of YBCO within
(111) oriented OF exhibiting a 3d;;1y superstructure.

Other observations, however, show that not always the (001) oriented growth of
YBCO is assisted by the OF superstructure. As an example of this situation, Figure 4-14
(a) and (b) are a high resolution XTEM images of a (001) oriented YBCO island
expanding through the (111) oriented OF matrix, but in this case the OF phase does not

exhibit superstructure fingerprints.

YBCO

20 nm

Figure 4-14. (a) High resolution XTEM image of the growth front of YBCO within (111) oriented OF. Boxed
areas correspond to regions used for FFT analysis of lattice parameters. (b) Magnification of the growth front.

These results, in fact demonstrate that almost full (001) oriented YBCO films are

obtained from precursors exhibiting a percentage of (111) oriented OF significantly

76



Growth mechanism of TFA-YBCO

smaller than that corresponding to the final fraction of (001) orientated YBCO, thus
questioning even the relevance of (111) oriented OF for the nucleation and growth of
(001) oriented YBCO, regardless the development of the OF superstructure. In fact TFA
derived YBCO has always been found to nucleate on the buried substrate surface, either
SrTiOs [72] or LAO [67]. Therefore, the orientation of the first YBCO nuclei is very
likely to be determined by the orientation of the substrate surface rather than the
orientation of the OF matrix. This view is, however, not contradictory with the
appreciation that the growth of c-axis oriented YBCO is favoured within the (111)
oriented OF. Such areas very likely provide selective low barrier nucleation sites for
YBCO on the buried substrate surface. Growth of such islands beyond the boundary of
(111) oriented OF regions can then take place through the conversion to YBCO in a
different scenario, like for instance (001) oriented OF or eventually other phases
nucleated on the substrate surface, such as (111) oriented Y,0O5 (Figure 4-10).

Turning back to Figure 4-14, this image was also used to measure the lattice
parameters of the OF phase around the growing YBCO, by analyzing the FFT spectra
obtained at different points of the image, as indicated by boxes. The size of the boxed
areas is equivalent to the size of the transformed region. The lattice parameter obtained
from region 1, at ~45 nm from the interface, a = 0.620 nm, corresponds to the OF phase
identified in the XRD patterns. However, there is a marked decrease of the fluorite cell
dimensions towards the interface: at region 2 the lattice parameter is 0.602 nm, and
drops down to 0.595 nm at the interface (region 3). Such a variation of the lattice
parameter around the YBCO growing island very likely reflects a concentration gradient
ahead of the YBCO-OF interface. It is interesting to note that the latter value
corresponds to the higher Y concentration compatible with the fluorite type solution
[66], thus suggesting a Y concentration gradient ahead of the growth front. The weak
diffraction peak marked by OF2 in Figure 4-2 would then correspond to a lattice
parameter of 0.597 nm, and can therefore be associated to this Y-enriched fluoride
adjacent to the growth front of YBCO islands. Anyway, the present results suggest that
the growth rate of the YBCO island is limited by the rate of incorporation of Y rather
than by diffusion through the OF matrix. On the other hand, in the course of the present
investigation we have not detected any evidence of liquid layer formation adjacent to
the growth front, thus indicating that the growth process appears to take place

exclusively in the solid state.
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4.6 Conclusions

Since pyrolyzed films are typically amorphous or quasi-amorphous, film
crystallization in solution-derived thin films occurs by a nucleation-and-growth process.
The theoretical description for nucleation and growth processes in solution derived
films is similar to those concerning the transformation of a gel into a glass, where an
amorphous solid is transformed into a crystal material, discussed in chapter 2.

After the pyrolysis, simultaneously with the disappearance of the organic
content, crystallizes a BYF matrix with embedded CuO nanoparticles. Upon heating,
the microstructural evolution of the precursor is driven by the reduction of the solid
solubility of Y in the BYF solid solution. Thus, Y is released in the form of Y,0O3; which
can react with CuO to form Y,Cu,Os. According to a previous report this reaction
occurs at ~700 °C [80], i.e., close to the YBCO nucleation temperature. At 795 °C,
EELS analyses of the matrix reveal a significant oxygen content and only a weak signal
of Y. This compositional evolution agrees with the previously reported F/Ba ratio
trajectory, determined from fluorine selective electrode measurements [65]. No traces of
BaO are detected at any stage of the process, thus reinforcing the view that YBCO
forms by a diffusive topotactic-like mechanism within the OF matrix. Although there
are reports indicating that the observed compositional trajectory crosses low melting
point regions [80,65], we have not found any conclusive microstructural evidence
supporting the formation of partial melts during the process.

Besides the evolution of the fluoride/oxyfluoride type matrix, the microstructural
evolution of the precursor film is characterized by coarsening of the CuO particles and
the formation of Y,Cu,Os in the bulk matrix. In particular, the formation of this latter
oxide is particularly relevant because it occurs at temperatures very close to the
epitaxial nucleation of YBCO, and therefore both processes may constitute competitive
phenomena thereof affecting the kinetics of the conversion process.

As indicated by early studies [72,82], the present work supports that (111)
oriented OF domains provide low barrier nucleation sites on the buried substrate
surface. Surprisingly, however, such regions only represent about 15% of the total OF
matrix. It is not clear, at present, whether under operating supersaturation conditions,
initial nucleation of YBCO is restricted to such regions or, on the contrary, the
supersaturation is too large to make nucleation sensitive to barrier differences associated

with the different environments found on the substrate surface. In this context,
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anomalously large distances between nuclei found in this system (see Figure 4-7) would
support a preferential affinity for the nucleation on low barrier (111) oriented OF
domains. This is a major issue with implications on the grain boundary quality and

distribution which deserves further attention.
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CHAPTER 5

STRUCTURAL DEFECTS IN TFA-YBCO
THIN FILMS

Chapter preview

This chapter aims to present a description of structural defects occurring within
TFA-YBCO films. Transmission electron microscopy is the essential microstructural
tool to identify and evaluate the microstructural defects that might act as natural
pinning centres, as well as for the pinning centres artificially introduced (seen in the
next chapter). The TEM study of a TFA-YBCO thin film shows that large grains of
YBCO (several times the film thickness), which contains a variety of defects, such as

stacking faults, twist boundaries and dislocations, mainly in basal plane.
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5.1 Introduction

The high supercurrent carrying capacity of YBCO is a consequence of the
pinning of flux lines by particular crystal defects. Assuming a single vortex core
pinning mechanism, the basic requirement to enhance pinning is that the gradient of the
superconducting order parameter at the defect-YBCO matrix interface should be as
sharp as possible [83]. Hence, nanoscale variations of the superconducting properties
are positive in the case of point and line defects, because the interaction between
vortices and these microstructural defects (with the superconducting properties strongly
suppressed) may act as vortex pinning centers and stabilizes vortices against motion,
and therefore enhance the critical current density.

Depending on the shape and the dimensions of the microstructural defect,
defects may act as point-like, linear-like or surface-like pinning centers:

- Point-like pinning centers, when the defect has dimensions of the order of the
coherence length (& = 0.3 nm and &, = 2 nm for YBCO [1]). Consequently, the region
where the defect is present will have suppressed superconducting properties and will act
as a point-like pinning center.

- Linear-like pinning centers, when one of the dimensions of the defect (parallel
to the vortex) is larger than the coherence length while the other two are of the order of
&. The vortex will, therefore, be pinned over a large length.

- Surface-like pinning centers, when two of the dimensions of the defect (parallel
to the vortex) are larger than the coherence length while the other one is of the order of
. In that case, the effectiveness of a planar defect will depend on the motion of the
vortices due to the Lorentz force. Planar defects could be strong pinning sites when the
vortices were pushed against the surface, while they could act as channels for easy
vortices motion when the Lorentz force is directed along their surface plane.

Obviously, defects that confine a longer section of vortex core should provide
better pinning. The effectiveness of linear (out of plane) flux pinning centers in YBCO
has been demonstrated by creating amorphous ion tracks by heavy ion irradiation [84].
However, there are still several microstructure issues related to high-Tc YBCO
superconductors we need to address. The fundamental crystal and electronic structure of
YBCO superconductor has a marked two dimensional behaviour which in turn

determines their structural anisotropy and superconducting properties. Such anisotropy
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also affects crystallographic defects evolution, for example the difficulty to create
correlated defects as dislocations perpendicular to CuO; layers. Dislocations are the
closest natural defects to ion tracks, but dislocations in YBCO belong to the glide
systems [100](001), [010](001) and <110>(001), i.e. they are confined in the basal
plane [85]. Besides, during the tetragonal-to-orthorhombic phase transition upon
cooling down, (110) and (-110) twins form, and upon sample oxygenation Y248-type
stacking faults develop parallel to the (001) plane by the insertion of an extra CuOy
atomic layer. All of them, dislocations, twin boundaries and stacking faults are good
candidates due to their extended and correlated characters. Of course, all of them are
capable to influence vortex pinning in YBCO films either acting as point-like or linear-
like depending on the direction of both the applied magnetic field and the Lorentz force.

Most of the microstructural studies and their physical properties correlation on
the YBCO superconductor are related to melt-textured composites, while most of the
counterpart studies related to YBCO thin films have been addressed to films deposited
by vacuum deposition techniques such as PLD and sputtering [86,87,88]. Gerber and
co-workers [89] and Hawley and co-workers [90] observed a high density of growth
spirals at the surface of YBCO films. Furthermore, experiments on miscut [91] and
bicrystal [92] substrates indicated the importance of the dislocation pinning in films.
However, sketchy microstructural studies have been done of TFA-YBCO thin films,
and it is well known that the relevant microstructural features described above appear
during the YBCO conversion. Precursor coating, pyrolysis of the organic components
and YBCO nucleation and growth are the basic steps of the TFA process. Although
these are separate processes, each step is dependent on the preceding steps in order to
successfully fabricate a high-quality film. Therefore an understanding of each process
separately will yield a better control of the sample’s microstructure and therefore its
properties. Our group has reported several studies on the possible influence of the first
three steps (from the precursor synthesis to pyrolysis step) on the resulting critical
current density J. [93,94], while the chapter 4 of the present thesis addressed the
precursor decomposition and microstructural evolution of the sample annealing: the
precursor film, after the pyrolysis, consisted of a partly amorphous nanocrystalline
matrix of Ba;xYxF2« and CuO. Upon heating, such a precursor underwent a strong
phase segregation. Our results made evident that the nucleation of YBCO toke place
exclusively at the interface with the substrate, within a fluoride phase. YBCO islands

grow faster laterally and coalesce still within the oxyfluoride matrix. Consequently, that
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process induced the development and evolution of specific defects, which could interact
along the thermal evolution of the sample yielding to particular and complex
microstructure. As we will see forth, YBCO films grown by the TFA process are highly
textured, with a layered structure which suggests a laminar growth. These large grains
of YBCO (several times the film thickness) contrast with the columnar microstructure
of YBCO films deposited by vacuum deposition techniques such as PLD [95].

First of all, in the present chapter we will go over the theory of the diffraction
contrast analysis of defects for a better understanding of TEM images and their
implications. Secondly, we address the physical properties of YBCO thin films by
means of angular transport measurements by the physical properties team of our
laboratory. Finally, we go through detailed TEM observations of the defect structure in
TFA-YBCO thin films and its origin, which may lead to a better understanding of the
physical properties measured on such TFA-YBCO films.

5.2 Diffraction contrast analysis of defects [26]

In TEM imaging, when the beam transmitted directly through the specimen is
selected, a bright-field image is displayed, whereas when one of the diffracted beams is
chosen, a dark-field image is observed. In both cases the contrast analysis of defects is
based on the g-b criterion which requires two beam conditions.

A TEM image simply reveals the variation in intensity of the selected electron
beam as it leaves the specimen. In the theory of this diffraction contrast, it is usually
assumed for simplicity that the intensity variation across the bottom surface of the
specimen may be obtained by considering the specimen to consist of narrow columns (a
few nm wide) with axes parallel to the beam: the electron intensity does not vary across
a narrow column and is independent of neighbouring columns. The final image is
therefore an intensity map of the grid of columns. If the specimen is perfectly flat,
uniformly thick and free of defects, the image is homogeneous with no variations in
intensity. Image contrast only arises if variations in beam intensity occur from one part
of the specimen to another. For example, if the specimen is sufficiently bent in one
region to affect crystal planes which are close to the Bragg condition, strong variations

in intensity can result. Dislocations and many other crystal defects bend crystal planes.
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The effect of crystal defects on the image depends on the vector u by which
atoms are displaced from their perfect lattice sites. In the column approximation, u
within a column varies only with z, the coordinate along the column axis. Solutions of
the equations for the electron intensities contain a factor g.u, or alternatively g-du/dz,
which is not present for a perfect crystal [26]. Thus, diffraction conditions for which g-u
(or gdu/dz) is zero will not lead to contrast in the image. The physical interpretation of
these effects follows from the fact that du/dz is the variation of displacements with
depth and therefore measures the bending of atomic planes. If the reflecting planes
normal to g are not bent by the defect, there is no change in diffracted intensity and the
defect is invisible.

Certain planes near a dislocation are bent and the bending decreases with
increasing distance from the dislocation. If these planes are bent into a strongly
diffraction orientation, the intensity of the directly transmitted beam will be reduced
(and that of the diffraction beam increased) in columns near the dislocation. The
dislocation will appear as a dark line in the bright-field image (or as a bright line in a
dark-field image).

The invisibility criterion is g-u = 0. If we consider a screw dislocation, for
example, planes parallel to the line remain flat, since u is parallel to b. Hence, when g is
perpendicular to b, g-u = g-b = 0 and the invisibility criterion is satisfied. We just have
to found two diffraction planes, g; and g, satisfying the invisibility criterion, therefore
the Burgers vector has the direction g; x g,. For an edge dislocation, all planes parallel
to the line are bent, and u is non-zero in all directions perpendicular to the line. The
criterion g-u = 0, therefore, requires in this case that both g:b and g:(b x t) be zero,
where t is a vector along the line. It is satisfied when g is parallel to the line and, for
only planes perpendicular to the line remain flat.

Stacking faults also form a characteristic image contrast in the TEM. A fault is
produced by the displacement of the crystal above the fault plane by a vector R relative
to the crystal. For columns passing through the fault, the stacking fault introduces a
phase factor 2ng:R into the main and diffracted beam amplitudes. Thus, when g-R is

zero or an integer, no contrast is present and the fault is invisible.
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5.3 Critical current measurements

Angular transport measurements enable to discriminate among defects
dimensionality and therefore are unique in determining the effectiveness of the
microstructural defects [96,97]. Investigations of the angular dependence of J. made by
our group provide insights into the pinning behavior of the TFA-YBCO films [35]. Any
influence of defects on vortex pinning can be established by a J. anomaly when H is
aligned with the defects.

The layered structure of YBCO has a deep influence on its vortex dynamics.
First, it generates an electronic mass anisotropy, defined as &* = mg/m, and being & ~
1/5-1/7 in the case of YBCO [3], and consequently an anisotropy in the superconducting
properties. In particular this makes the vortex energy per unit length to depend on the
orientation, which in turn results in anisotropic pinning, even in the case of random
defects that would otherwise produce isotropic defects. Second, due to the small
coherence length along the ¢ axis () as compared to the layer separation d ~ 1.2 nm,
the amplitude of the order parameter is periodically modulated along the ¢ direction,
giving rise to intrinsic pinning when the vortices are near parallel to the ab planes.

Intrinsic pinning is an example of correlated pinning, analogues to that produced
by extended and approximately parallel planar or linear structures, such as twin
boundaries and screw and edge dislocations [84,86,87,98,99]. The fingerprint of
correlated pinning in the critical current density (J.) is a peak as a function of the
orientation of the applied magnetic field, centered at the defect’s orientation. Extended
planar defects parallel to the ab planes, such as stacking faults or basal dislocations, also
produce correlated pinning with the associated J. peak centered at H // ab, as the

intrinsic pinning peak is.

Figure 5-1 shows the angular dependent critical current density, J., for YBCO
thin film deposited onto LAO substrate at 75 K under different magnetic fields (uoH), 1,
3 and 7 T. The geometry used is J // ab plane and keep H 1 J (maximum Lorentz force)
as it is shown in the inset. Notice that for H//ab a strong and sharp increase of J. occurs
in agreement with the anisotropy of the YBCO material. Additionally, for H//c an
increase of J., though moderate, is also observed. While the main source of J.(6) is the

anisotropy of the electronic mass in YBCO, also anisotropic pinning contributions
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appear near H//ab and H//c [100]. Concerning the later pinning contributions, the main
source of the peak at 6 = 90° are the intrinsic pinning by the CuO, planes, in-plane
dislocations and stacking faults. The peak centred at 0° is a sign of linear defects along c
axis, bulk dislocations or twin boundaries. At intermediate angles, away from the
preferred directions of the correlated defects, J. is expected to be dominated by 3D-
mass anisotropy and point defects. Notice that as the magnetic field increases, and the
intrinsic pinning by CuO; pinning planes become more important, the ab peak of the J.

becomes sharper.
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Figure 5-1. Transport critical current density, J., measured for a TFA-YBCO film as
a function of 0 at 75 K, for applied fields of ppH =1 T (in black, 3 T (inred) and 7 T
(in green) [35].

When the applied magnetic field, poH, reaches 7 T at 75 K the system is pretty
close to the irreversibility line, which leads to a practically zero J.. Figure 5-2 is an
amplification of the J. vs. 0 curve at 7 T. Under such applied magnetic field, and for
H//c, it can be observed that J. is clearly dominated by correlated defects along the
crystallographic c-axis of the film as can be seen from the shape of the curve. It is a

strong evidence of a very strong pinning done by linear-like defects, such as
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dislocations. At this field and temperature, around 30 degrees pinning is expected to be
dominated by random defects, and as was said before, J. becomes zero because we are
close to the irreversibility field, but as the magnetic field gets more aligned with the
extended defects along the c-axis i.e. around 0°, pinning becomes more correlated and
dominates J., rising it to a non zero value. So at high magnetic fields and high

temperatures the correlated pinning has pretty much importance [35].
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Figure 5-2. Transport critical current density, J.,, measured for a TFA-
YBCO film as a function of 0 at 75 K, for applied fields of uogH =7 T [35].

5.4 Extended defects in TFA derived YBCO: dislocations and stacking
faults

We will analyze here the microstructure of an epitaxial TFA-YBCO thin film
nominally 400 nm thick grown onto a (00/) LAO substrate. The standard growth
process has already been described in the previous chapter. These settings result in a
superconducting YBCO layer with J. value of 4x10° Acm™ at 77 K. An XRD analysis
of the out-of-plane and in-plane textures of the superconducting film showed good

alignment with FWHM values around 0.5° and 1.3° respectively.
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5.4.1 Microstructure on the (001) plane

Figure 5-3 shows a plan-view bright field image of the film taken near the [010]
zone axis with (110) as the diffraction vector g = (110). As was said in the introduction,
at lower temperatures, the oxygen in YBCO orders, forming an orthorhombic structure.
The tetragonal-to-orthorhombic transition is accompanied by the formation of domains
in order to relieve the spontaneous strains arising from the reduction of symmetry. Twin
boundaries are then formed and oriented in order to maintain a strain compatibility
between the adjacent domains, leading to two twin boundaries orientations, (110) and (-
110). As a result, the [100] and [010] directions are exchanged across the twin
boundaries such that the overall symmetry of the diffraction pattern remains tetragonal
[101]. In YBCO twin domains are shaped in the form of lamellae parallel to their {110}
twin boundaries.

With such diffraction vector, g = (110), one of the twin domain orientations
should disappear, that perpendicular to g, as it can be seen in the left bottom part of
Figure 5-3, where the (-110) oriented twin boundary is out of contrast. However, the
diffraction condition is not strictly maintained in the entire imaged area, so
perpendicular types of twin boundaries of each orientation, (110) and (-110), are visible.
Twin boundaries are distributed in domains and are observed with a high density, being
the distance between adjacent twin boundaries in the domains typically of ~50 nm.
These average spacing is significantly smaller than the usual values in melt textured
YBCO ceramics [102,103]. The twin boundary spacing reduction is consistent with the
idea that the twin spacing is controlled by the dimension of YBCO grains [104], in this
case, the thickness of the film.

Trickier seems to be the high density of twin intersections within a single grain
observed in our samples. Actually, what it is not yet understood is what controls the
occurrence of domains with {110} or {I-10} twin boundary orientations. This is an
interesting issue because the size of domains exhibiting one single twin orientation
determines the density of twin intersections, which may provide flux pinning centers,
though their efficiency has not yet been elucidated. The presence of secondary phases as
precipitates could provide strain inhomogeneities favouring a random nucleation of both

types of twin orientation.
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Figure 5-3. Plan-view bright field taken near the [001] zone
axis with (110) as the diffraction vector.

Some regions of the previous image are obscured by a very strong strain
contrast. The right part of the micrograph (Figure 5-3) exhibits a high concentration of
dislocations, mostly lying on the basal plane. One would expect that the dislocations
nucleate above the tetragonal-to-orthorhombic transition temperature (it will be
discussed further on). This situation would correspond to an alternate orientation of the
Burgers vector along [100] and [010]. Dislocations have a strong tendencyto be pinned
by twin boundaries, as first described by Rabier and Denanot [85]. Figure 5-4 (a) is a
(001) plan-view bright field image taken when the diffracting beam is g = (100). It can
be seen in that image a set of parallel twin boundaries of only one type, and instead of
this dense twin structure that might hinder the observation of dislocations, the image
clearly shows basal dislocations (indicated by circles) exhibiting long segments pinned
at twin boundaries. Figure 5-4 (b) is a schematic drawing of such basal dislocation. In
Figure 5-4 (a) a disk-shaped staking fault (SF) is also indicated, which is oriented

parallel to the plane of the foil; the resulting contrast is uniform.
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Figure 5-4. (a) Plan-view bright field image taken when the diffracting beam is g = (100). The arrow
signals a stacking fault. Circles mark basal dislocations as are schematically drawn in (b). In that case,
dislocations abandon pinning points.

Figure 5-5 shows a bright field image of the same region but with a different
diffraction vector, g = (110). In this image the dislocation segment (marked with a
square) displays oscillatory contrast indicating that it has climbed out of the basal plane.
Therefore these dislocations are threading ones. They have a line direction close to

[001] and therefore present a shorter projected length.

Figure 5-5. Plan-view bright field image taken when the diffracting beam is
g = (110). Out-of plane dislocations are squared.
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5.4.2 Microstructure on the (100) plane

Figure 5-6 shows a typical (100) cross-section bright-field TEM composite
micrograph taken when the diffraction vector is g = (003). Overall the film has uniform
thickness. TFA-YBCO films are characterized by laminar film morphologies due to
their lateral growth. In that image the YBCO film presents abundant SF’s. On the other
hand, in-plane dislocations are in that case out of contrast (g-b = 0). Nevertheless, it is
noticeable the horizontal inhomogeneous density of planar defects. Next to the faulted
regions YBCO structure looks well-ordered and nearly defect-free over extended

regions.

Figure 5-6. Cross-section bright-field TEM composite micrograph viewed along <100> of the YBCO
film taken when the diffraction beam is g = (003).

The major defect structures seen in Figure 5-6 were stacking faults, but basal
dislocations also appear when tilting the specimen properly. In Figure 5-7 (a) and (b),
XTEM bright-field images taken with g = (200), in-plane dislocations appear as lines,
while SF’s exhibit a projected width, characterized by SF fringes. The images also show
two examples of out of plane dislocations (large arrows) bowing on (100), with in-plane

Burger’s vector.

92



Structural defects in TFA-YBCO thin films

T bt chong
t "'Lfﬂﬁm
In-planc
thaloweations

YBCO

100 nm . 100 nm LAO

Figure 5-7. Pair of cross-sectional bright field images from different locations using as a diffraction
vectors g = (200).

A stacking fault is a planar defect and, as its name implies, it is a local region in
the crystal were the regular sequence has been interrupted. The most commonly
observed stacking variation in the YBCO is an extra Cu-O chain layer which can form
an ordered array resulting in the Y,BasCusO;¢ (Y248) or Y,Ba,Cu;0;7 (Y247) phases
[105], which are, in turn, superconducting phases with lower Tc’s [106,107]. Figure 5-8
(a) 1s a high-resolution image of such fault structures (short arrows). Measurement of
the unit cell height in the [001] direction of these layers shows that the addition of an
extra Cu-O layer increased the c-axis parameter from 11.7 to 13.3 A, matching the
Y248 lattice parameter [108,105]. An isolated SF with a finite lateral extend is
structurally analogous to a Frank loop, i.e., an extrinsic SF surrounded by a partial
dislocation, Figure 5-8 (b). The displacement vector R of the Y248 SF and the Burgers
vector of the dislocation are the same: £1/6(301) [109].
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Figure 5-8. (a) High-resolution image of SF’s within a YBCO film.
The change in c-axis lattice constant from 11.7 to 13.3 A indicates the
intercalation of Y248 layer within the YBCO. (b) Schematic of a SF
showing an extra CuO plane inserted between two unit cell layers of the
YBCO structure; the fault boundary is a dislocation with Burgers vector
[0,1/2,1/6] [109].

With a diffraction vector such as g = (-103), 1/6<301> SF’s are invisible (since
2ng'R = 0). Figure 5-9 shows a XTEM bright-field image taken with g = (-103); all
SF’s are out of contrast, but residual contrast is nevertheless still observed, which in
some cases might be associated with twin-boundary — SF intersections. As seen in

planar view, Figure 5-3, twin spacing is ~ 50 nm.
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Figure 5-9. XTEM image taken with a diffraction vector g = (-103). In this
condition SF’s are out of contrast.

It is worth mentioning that another type of stacking fault is observed. Figure
5-10 (a) is a cross section HRTEM image taken close to the interface showing, indicated
by small arrows, a large number of stacking faults with displacement vector [00c/3].
Such type of stacking faults have been reported previously in PLD deposited YBCO
films on STO substrates [110]. Extra (Ba-CuOy) or (Y-CuO) blocks are inserted in the
matrix, increasing the c-axis parameter from 11.7 to 15.4 A, whereas the Y248 SF
meant a c-axis growth of 13.3 A. The size of the faults is variable; near the interface
they are larger than those appearing in the upper part of the image, and expand one
above the other on every other unit cell (or (001) plane). Figure 5-10 (b) shows an
image of the boxed area filtered with spots (4 0 /), with #=0,1 and /=0,1,2,3. The filtered
image has been highly contrasted in order to emphasize the c-axis stacking sequence.
Within the squared region, similar ¢[0,0,1/3] faults, but much shorter in length appear
stacked along the c-axis. The extra layer is inserted in every unit cell thus generating
strong strains which obscure this area in the raw image. Note the lateral overlapping of
such faults would generate an inclusion of a distinct phase. Instead, the faults are very
short and tend to arrange in a staircase mode, i.e. where one ends on one plane, another

begins on the next plane. The present configurations suggest that the interaction of their
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stress fields have inhibited their arrangement into a segregated distinct phase. Long
faults as those observed close to the interface are probably formed by coalescence of

shorter faults. However, the interaction between stress fields of stacking faults on

adjacent planes prevents one to expand below another.

Figure 5-10. (a) High-resolution image of the new SF’s structure within YBCO film near the substrate.
The change in c-axis lattice constant from 11.7 to 15.4 A, meaning a perovskite like layer is inserted within
YBCO. (b) Filtered image of the (a) boxed area with spots (% 0 /), with #=0,1 and /=0,1,2,3.

As we will see further on, SF’s may account for the high J. and has strong
influence on the angular dependence of transport J. in YBCO thin films. Two types of
extrinsic and non-stoichiometric SF’s have been found in our samples, which are
expected to be linked to both stress-related and chemical effects. The genesis of Y248
SF’s is well-known and they are found to be a common defect in YBCO matrix [105].
As we will comment below, they are associated with the YBCO decomposition during
the oxygenation process and it involves the incorporation of a CuOx layer within the

YBCO matrix [111]. Conversely, SF’s resulting from the insertion of an extra
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perovskite block are no specifically related to the oxygenation process, but most
probably with local stoichiometric deviations.

The formation mechanism of these SF’s is discussed on the basis of their
observed distribution. Actually, Y248 SF’s are inhomogeneously distributed in our
TFA-YBCO thin films.

Although the growth of YBCO onto a single crystal yields a high-textured film
with a Ap = 1.3 °, we can not overlook that during the growth process, growth fronts of
different grains can merge, resulting in a stressed zone along the generated grain
boundary [112]. The left-hand side of Figure 5-6 shows the transition from well-ordered
region to a highly defective one. No grain boundaries are observed in that sample, but at
the same time the density of stacking faults has been found to increase dramatically at
particular places. Hence, clustering of stacking faults and dislocations at some regions
could be interpreted as a mechanism by which the stress generated at the contact
between grains is relieved. The situation may be analogue to the nucleation of SF’s at
grain boundaries and Y,;BaCuOs-YBCO interphases in melt-textured materials
[101,113]. In this case, however, YBCO nucleates exclusively epitaxailly at the
interface, the misorientation between different grains is very small and upon
recrystallization most of grain boundaries are likely disappear while the generation of
the SF’s prevail in the final microstructure because they are thermodynamically stable
under the oxygenation conditions. In the previous chapter, chapter 5, we described the
conversion of the precursor to YBCO. Our observations revealed that the growth of
YBCO is mediated by a long range diffusion within the OF matrix, which also contains
Y03, CuO and Y,Cu,Os grains. That scenario may yield isolated secondary phases
inside the YBCO matrix and a non-stoichiometric area at the front growth. Those zones
with copper enrichment may provide the excess of CuO needed for Y248 SF’s
formation. Besides the growth process, it is well known that the YBCO microstructure
is modified during the last stage of the YBCO growth process, which consists of an
oxygenation step at ~ 600 °C under flowing oxygen and P(O;) = 1 atm. Under these
conditions, Y248 is more stable than the YBCO + CuO mixture. Indeed Y248 is stable
below 850 °C in a 1 atm O, [111]. Therefore, at places where the decomposition of the
YBCO occurs, the CuO released is likely to diffuse into the YBCO structure forming
double CuO layers (Y248). Howover, for temperatures and compositions where there is

intimate intermixing of YBCO and Y248 nucleation and growth, it has been claimed
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that strain considerations are likely to inhibit ordering of stacking faults into a separate
phase [114].

In our samples, the extent of the Y248 SF along the (001) plane varies from few
to more than 300 nm, see for instance Figure 5-6 and Figure 5-8 (a). The extent of the
SF’s might have important implications on the flux pinning; it will be discussed further
on.

As was said before, in an image with a diffraction vector such as g = (003) all
defects with b confined on the (001) plane are invisible. Figure 5-11 is an XTEM
bright-field image taken with g = (003), in which the large arrow indicates a threading
dislocation with b // ¢, presumably b = 1/3[001], which is energetically more favourable
than b = [001]. Small arrows indicate SF’s. As in Figure 5-8 (a), it shows how Y248
SFE’s bend the YBCO structure. Variations in the layering are best seen by sighting at a
low angle along the fringe direction. (001) fringes in the vicinity of a dislocation are
bent to accommodate the extra plane. For an isolated fault this indicates a localized state
of compression above and below the fault. In addition, SF’s seem to interact with other
defects too. In Figure 5-11 it is clearly seen that most of SF’s appear punctuated by

strain centres indicating that they are intersected or interacting with other defects.

P

Figure 5-11. High magnification XTEM image taken with a diffraction vector g = (003). SF’s are are signaled
by small arrows, while the large arrow signals a threading dislocation.
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Figure 5-12 (a) and (b) shows a pair of cross-sectional bright-field images taken
of the same area with g = (200) and (003), respectively. The dominant defects are SF’s,
as well as basal dislocations. However, in Figure 5-12 (a) bent segments of misfit
dislocations are seen as dark lines apparently in a direction normal to the substrate
surface (indicated by small arrows). Recall that due to the specimen tilting these basal
dislocations come into view threading the image. On the other hand, in Figure 5-12 (b)
they are out of contrast and in accordance with the g-b criteria have Burgers vectors

parallel to the film/substrate interface, must probably b =[100], [010] or <110>.

YBCO

Figure 5-12. Pair of cross-sectional bright field images taken using different diffraction vectors:
(a) g= (200) and (b) g = (003).

According to the classical model of mechanical stress relaxation, the formation
of misfit dislocations in a growing film at some critical value of the film thickness gives
rise to a partial relaxation of misfit stress between the substrate and the film. Threading
dislocations, moving on their glide plane, leave behind an interface misfit dislocation.
An edge dislocation with a Burgers vector parallel to the interface contributes to misfit
relaxation [115]. Hence, considering a fully relaxed YBCO film, the average distance S
between dislocations should be S = b/e, where b is the Burgers vector of the dislocation
and ¢ is the misfit strain. The contrast behaviour in Figure 5-12 is consistent with b =
[100] or [110]. In the literature both types have been reported [85,116]. In particular, Jia

and co-workers [116] pointed out the existence of two different dislocation
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configurations depending on the types of interface (the relative position of the Cu
cations with respect to the O sublattice across the interface should be considered).
Independently, in our case the strain has a value of 0.017 and the shortest YBCO
Burgers vector is a[100], giving a theoretical distance between dislocation of 20 nm,
which is close to the average value obtained from Figure 5-12 (a), ~24 nm.

Figure 5-13 is a low magnification XTEM image viewed along the <100>
direction showing the YBCO/LAO interface. A large amount of SF’s near the interface
is clearly seen. Also visible is the contrast variation along the interface. The bright
patches are separated 20-25 nm from each other, matching pretty well with the distance
between dislocations calculated above. This periodical contrast variation corresponds to
a misfit dislocation array, and their separation indicates that the YBCO film is fully

relaxed.

Figure 5-13. Low magnification XTEM image viewed along the <100> direction showing
YBCO/LAO interface. Periodical bright patches point out a misfit dislocation array.

The generation of perfect dislocations in TFA-YBCO thin films is discussed in
the next section, where three possible formation mechanisms are considered: inheritance
of dislocations, creation of half-loops at the film surface and island edge nucleation

mechanism.
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5.4.3 Generation and evolution of perfect dislocations.

The lattice mismatch between substrate and film induces strain during the
growth of YBCO films. Since the elastic strain energy increases with the film thickness,
it is expected that this strain is relieved introducing dislocations at the interface above a
critical thickness h, [117]. If dislocations are present in the substrate on which the film
is growing, then they grow naturally into the epitaxial film and reach the free surface of
the film. This mechanism would yield so called threading dislocations. In Figure 5-14
the configuration of a strained layer on a substrate is considered: the biaxial stress in the
film exerts forces on the threading dislocations and causes them to move on their slip
plane. Thus the threading dislocation in the film bows out as it moves and leaves a
misfit dislocation in its wake. However, in our studies on TFA-YBCO films no
dislocations and no other defects were found in LAO substrates. Hence, misfit
dislocations must be created by some other forms of dislocation nucleation. On the
other hand, TEM observations confirmed that the film experienced island nucleation
(see previous chapter). The nucleation of islands occurred during the heating.
Dislocations could be generated by the creation of half-loops at the surface or near the
edges of the islands. It has been suggested that dislocation half-loops created at the film
surface glide towards the substrate-film interface to form strain relieving misfit
dislocations [118,119]. However, the dislocation distribution presents a fundamental
issue; dislocations in YBCO, as well as their dissociated configurations, are confined
onto a prominent glide plane (001), even though dislocations lines out of this plane have
been also found. Such dislocations either may have left the (001) easy glide plane by
climb, or may move on secondary glide planes (100), (010) or {110}[101].This high
anisotropy of dislocation configurations is consistent with the anisotropy of the crystal
structure, the prominent glide plane corresponding to the largest lattice spacing.

Turning back to the process by which dislocations nucleate in thin films, a basic
difficulty arises because very large local stress concentrations are required to overcome
the dislocation nucleation barrier. Besides, for surface half-loop nucleation, the stress
field must be large enough to expand the loop beyond its critical radius. For instance,
thickness nonuniformities or ripples troughs between the islands become stress
concentrators, and are thought to be points of dislocation nucleation, providing an
explanation for dislocation nucleation in defect-free films [120,121,122]. In particular,

Dam and co-workers asserted that in laser-ablated YBCO films dislocations would be
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formed at first stages of the growth and close to the substrate/film interface in the form
of half-loops at trenches between coherent (dislocation-free) islands. Dislocations would
then extend to form misfit dislocations at the interface and persist all the way up to the
film surface [86,123].

Chen et al [124] reported the formation of dislocations in InyGa; xAs layers on a
GaAs substrate by means of Frank partial dislocations nucleation at the island edges
resulting in SF’s that extend during further growth of the island. Similar type of
dissociated misfit dislocations in perovskite films on LAO are reported in the literature

[125,126,127].
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Figure 5-14. Schematic diagram of a threading dislocation progressing
along its glide plane, the shaded x,,x;' plane, leaving behind an interface
misfit dislocation along the x, axis. The threading dislocation encounters
a stationary interface misfit dislocation lying along the x; axis. Modified
from [128].

However, the particular nucleation and growth conditions of TFA derived
YBCO may provide alternative mechanisms for the formation of perfect dislocations. In
this case, the nucleation and growth is assisted by a topotactic transformation of the
fluoride type OF phase (see chapter 5). It has been reported that in this scenario, the
YBCO phase is formed from a transient cubic perovskite phase [82].Therefore,
dislocation nucleated at the edges of such cubic perovskite islands could easily glide on
the typical glide planes of the perovskite structure {101} [126,129,130]. In a c-axis
oriented perovskite film, the energetically feasible form of the introduction of misfit
dislocations is expected to be the glide of pure edge dislocations on {101} slip planes
with Burgers vectors of type a(101) [126,129,130]. The expansion (stages 1-4 in Figure
5-15) of the half-loop is then driven by the release of misfit strain energy by the
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dislocation. As the loop radius grows to equal the layer thickness, it begins to form a
length AB of misfit dislocation at the film-substrate interface. This misfit dislocation
continues to grow until the ends of the dislocation encounter obstacles to further
motion. The dislocation of type a(l01) can be dissociated into two interfacial
dislocations with Burgers vectors of type a(100). One would be an edge dislocation with
a Burgers vector parallel to the interface and contributes to misfit relaxation. The other
would be an edge dislocation with a Burgers vector perpendicular to the interface that

does not contribute to misfit relaxation.
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Figure 5-15. Schematics depicting the growth and evolution of a
dislocation half-loop in a perovskite film. The growth of half-loops
helps to relax the misfit strain. The threading dislocation portion of
the half-loops does not contribute to strain relaxation.

The present results do not permit us to get deeper insights into this issue.
However, the observation of fully relaxed films suggest that dislocations are introduced
at a stage of film nucleation and growth where the anisotropy is not as pronounced as in

the orthorhombic phase and glide planes different from (001) are active.

5.5 Implications for vortex pinning

The influence of structural defects found in TFA-YBCO thin films on the critical
currents is a complex problem because it is difficult to isolate the effect of a single kind
of defect on the experimental J.. In fact, the mutual interactions between defects or their
competing effects on the critical currents may hinder a unique identification of their
corresponding relevance in the pinning process. Besides, it is far beyond the scope of

this thesis to identify the nature and the effectiveness of every possible pinning site in

103



Structural defects in TFA-YBCO thin films

TFA-YBCO thin films. Our aim, in the present section, will be to briefly discuss the
possible implication of the observed microstructure on the measured critical current
density.

Twin boundaries are the most commonly observed defects in YBCO. The twin
boundaries are shown to consist of thin (~1 nm) structurally disordered and oxygen-hole
depleted regions [131]. Thus, the boundaries are likely to influence the values of J. in
these films. The effectiveness of twin boundaries as pinning centers when the Lorentz
force cross the {110} planes was first demonstrated by magnetoresistance
measurements [132], using single crystals in which the twin boundaries were uni-
directionally oriented. These experiments showed that planar boundaries could be
strong pinning sites when the flux lines were pushed against the boundaries, while they
could act as channels for easy flux motion when the Lorentz force is directed along the
boundary planes. Besides, our TFA-YBCO thin films present different twin orientation
within YBCO grains, which leads a large number of crossing points that might represent
a pinning center. However, the relevance of these defects in the critical currents of
YBCO thin films has been found to be relatively small [133].

The numerous SF’s observed and defect structures associated with them have
dimensions which are appropriate for flux pinning. The SF’s can be viewed as disk of
additional non-superconducting material with diameters ranging from a few to ~ 300
nm. The dislocations bounding the stacking faults may also be considered as pinning
centers. SF’s constitute an excellent correlated defect in the <100> direction, thus acting
as linear-like pinning center when the applied magnetic field (H) is parallel to ab-plane.
However, as was said above, the effectiveness of a planar defect will depend on the
motion of the vortices due to the Lorentz force. For H//c, pinning of the flux line would
occur primarily at the circumferential region defined by the dislocation loop bounding
the fault. The strength of pinning would depend on the pinned length of the flux line and
in this case that may correspond to the extent of crystal lattice strain along the c
direction, acting, as a result, as a point-like pinning center. These considerations
indicate that the smaller the size of the SF, the larger its efficiency as flux pinning
center [134]. Besides, it would be very appealing to investigate how the different
defects around SF’s interact among themselves. If we consider an area with a vertical
clustering of SF’s, such as observed in a previous section, the vortex will, therefore, be

pinned over a large length in the c direction.
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Due to their dimensionality (nearly one dimensional) dislocations seem to be
ideal for magnetic-flux lines [86,123]. Indeed, experiments on miscut [91] and bicrystal
[92] substrates indicated the importance of the dislocation pinning in films. Based on
the measurement of the densities of the threading dislocations in PLD films and their
correlation with J. at low temperatures, it was claimed that these dislocations were the
primary pinning center contributing to the high current densities in these films [86].
However, the nucleation and growth mechanisms for TFA-YBCO films are very
different from those in PLD processed YBCO films; indeed, in YBCO, dislocations, as
well as their dissociated configurations, are mostly confined onto a prominent glide
plane, (001). Dislocations lining out of this plane are hardly encountered in our TEM
studies, which could explain the different J, versus H, behavior between PLD and TFA
processed YBCO films.

5.6 Conclusions

Thin films of the high-temperature superconductor YBCO exhibit both a large
critical current (4-10° Acm™ at 77 K) and a dependence on magnetic field that point to
the importance of strong vortex pinning along extended defects [86]. Such pinning
centers are provided by structural defects within the superconductor, and are formed
under non-equilibrium conditions during the film growth. Our present work has
revealed that TFA-YBCO thin films present a very rich defect microstructure, both in
the plane and out of the plane: twin boundaries, twin intersections, stacking faults, twin
boundaries-stacking faults intersections, threading and basal dislocations.

It is well known that twin boundaries are intimately associated with
orthorhombic YBCO; they are formed as the result of a tetragonal-to-orthorhombic
structural phase transformation during the oxygenation process of YBCO. The twin
spacing in TFA-YBCO thin films is significantly smaller than that found in melt-
textured composites, which is consistent with the idea that the twin spacing is controlled
by the dimension of YBCO grains. In addition, the two twin orientations are typically
observed within the same grain.

SF’s consisting of an extra Cu-Oy layer are also found to be common defects in

the YBCO matrix but our results show that they are inhomogeneously distributed. The
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observed clustering of Y248 SF’s at some regions is interpreted as a mechanism with
which to accommodate the stress built where the growth fronts of two islands meet.
Furthermore, these zones are those which would allow the incorporation of Cu in excess
from the Cu-rich precursor areas. Furthermore, another type of SF’s has been found. It
consist in the intercalation of a perovskite like layer, an extra (Ba-CuOy) or (Y-CuO)
block, in the YBCO structure. The genesis of such SF is not known and deserves more
investigation.

The observation of fully relaxed films refers to the generation of misfit
dislocations, which seem to be introduced at a stage of nucleation and growth where a
less anisotropic transient cubic perovskite phase assist the early nucleation stage of
YBCO.

Our TEM observations show that dislocations lining out of (001) plane are

hardly encountered in our TEM studies, in contrast with PLD films [86].
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CHAPTER 6

ARTIFICIAL DEFECTS IN TFA-YBCO THIN
FILMS

Chapter Preview

The introduction of a secondary phase (BaZrOs) into the superconducting TFA-
YBCO matrix has increased the vortex pinning efficiency. TEM observations show that
these BaZrOs; nanoparticles are randomly distributed inside the YBCO matrix. Some of
these nanoparticles nucleate directly at the interface with the substrate, exhibiting

epitaxy, while those that nucleate into the bulk are mostly randomly oriented.
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6.1 Introduction

Columnar defects introduced by irradiation with very energetic heavy ions are
the most effective pinning centres for flux lines in YBCO superconductors. This
correlated disorder has been shown to reduce vortex mobility and to increase the critical
current density, J. [84], but it is impractical for scaling-up due to its cost and because it
yields a radioactive metallic substrate. The simulation of these defects is a promising
approach. Up to now, there have been some recent developments in creating in situ
pinning sites, i.e. tailored defects resulting from modifying the growth conditions of the
films (as opposed to having a separate ex situ step such as heavy-ion irradiation).
Examples of this include rare-earth doping [135], self-assembling of precipitates [136],
and multilayering [137]. So far, however, the reported work deals mainly with PLD
films, and there are no reports of this kind on films made by TFA processing. Such
films are of interest as they could help to decrease production costs of coated conductors
[14].

Our group has proved that chemical solution deposition is a suitable technique to
fabricate very high J. nanocomposites of YBCO and BaZrO; (BZO). The addition of
BZO to YBCO has several advantages: (1) although it can grow heteroepitaxially with
YBCO, it has a large mismatch (9%), so strain between phases could introduce defects.
(2) It is a high-melting-temperature phase and hence its growth kinetics should be slow,
leading to small particles. (3) Zr or ZrO, has not detrimental effect on the
superconducting properties of YBCO [138].

In this chapter, after briefly presenting the variations in pinning properties
induced by the addition of BZO nanoparticles to the YBCO, we address the

microstructure of such nanocomposites.

6.2 Experimental procedure

The precursor solution has been modified before deposition [139]. The idea is
quite simple, merely to add an excess of Ba and Zr salts. Besides, an excess of Y is
added in order to compensate the formation of a solid solution between BZO and Y,03

[140].
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The solution preparation consisted of the dissolution of a small quantity
(between 2 and 5 % in weight) of acetylacetonate of Zr, and an equivalent amount of
Ba(TFA), and Y(TFA); in the standard precursor solution of trifluoracetates, resulting

something like:
(1+y)Y(TFA); + (2+x) Ba(TFA), + 3 Cu(TFA), + x Zr(acetylacetonate)4

This modified solution has been deposited by spin coating onto (001)-STO
substrate, and submitted to the standard growth process described in chapter 4.

The desired nanoparticles appear during growth as natural secondary phases.
The optimization of this approach is still under investigation. Here, it will be reported
our preliminary results.

The effect of BZO particles on YBCO thin films has been identified by TEM
and Z-contrast STEM and X-ray analysis. Transport critical current densities were

measured using the four-point probe method by other researchers in our group [35].

6.3 Critical current measurements

The critical current density, J., in the case of the YBCO+BZO film grown on
STO substrate, has a value of ~ 6:10° Acm™ at 77 K. The magnetic field dependence of
the critical current density at 77 K of two TFA-YBCO nanocomposite films with a BZO
nanoparticles (in red and in green) are shown in Figure 6-1. For comparison the results
for a standard TFA-YBCO film grown (in black) in the same conditions are also plotted.
These results evidenced the enhancement of the vortex pinning properties of the doped
samples. The improvement of the J. (H) in the whole range of measured fields is
manifested in doped samples. For example, at 77 K and 1 T the current density has been
improved by a factor of 6. Hence, the BZO addition has clearly increased the
irreversibility filed, (Hi(at 77 K) =9 T).
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Figure 6-1. A log-log representation of the critical current density at 77 K versus
magnetic field for an undoped TFA-film (black) and for two TFA-YBCO films with
BZO nanoparticles (red and green).

Figure 6-2 shows the angular dependence of J. measured in a field of 1 T at 77 K
for two samples. An upwards shift in all the angular range is observed for YBCO+BZO
compared with the pure YBCO, indicative of vortex pinning controlled by isotropic
defects, i.e. an overall enhancement of J. with a closely isotropic J. curve is observed
for YBCO+BZO film. Indeed, the contribution of anisotropic defects parallel to c-axis
is not relevant, which is in contrast with physical growth methods [141,136]. The
scarcely existence of any peak for orientations about the direction of the c-axis shows
that there is no correlation or preferential direction for the pinning or, therefore, of the
pinning defects themselves. The previous result is important for applications of coated

conductors, because the magnetic field will rarely be constrained to a single orientation.
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Figure 6-2. Transport current density, J.,, measured for a standard TFA-
YBCO film (in green) and for a TFA-YBCO-BZO film as a function of 0 at
77 K, for applied field of yogH = 1 T (in red).

6.4 Microstructure analysis results

In this section, we address the study of the microstructure of such a
nanocomposite film onto a STO substrate. It represents the first attempt to elucidate the
role of BZO nanoparticles in the enhancement of the vortex pinning properties of the
doped samples.

Figure 6-3 (a) shows a conventional #-20 scan of a BZO added YBCO film
deposited on STO, showing intense YBCO (00/) peaks indicating that the YBCO film
has a strong c-axis texture, plus an additional peak centered around 26 = 42.7°, which is
consistent with the (200)BZO. The breadth and position of this second peak suggest that
BZO forms a solid solution with Y, which has been already reported in the literature
[140]. Nevertheless, it will be referred to as BZO, despite of its possible Y content.
Careful inspection of the XRD pattern also reveals a broad peak at a 26 value of 29.9°
which corresponds to the BZO (101) reflection, Figure 6-3 (b). As we will see below

this reflection might be considered as a random fraction of BZO particles.

111



Artificial defects in TFA-YBCO thin films

TR
FTINET:
)

UETT
s e

ke
ol
5 %
FO T
ErvrEny
TR
TS
MRS

TN
]

| |2 }.
I ! || ] -
W k,” o gt mﬁe} W f" A 4

e IR [l
VEE OTIET,

P e u &5
ETheA ui_:-ﬂ.: &

Figure 6-3. (a) 426 XRD pattern of YBCO and BZO particles on STO. (b) Amplification of the 826

XRD pattern of YBCO and BZO particles on STO.

In order to obtain an average picture of the texture

of the BZO phase, a pole-

figure was recorded for a 26 value of 29.9°, which corresponds to the (101) reflection of

the BZO. The resulting pole-figure, shown in Figure 6-4, exhibits four equivalent

{101}BZO poles at inclination of y = 45°. These poles appear superposed to a ring of

intensity that could be attributed to a fiber texture fraction. Nevertheless, this is a

consequence of taking a small interval of y-scanning angle. Hence, this result must not

be considered a fiber texture fraction but a disordered fraction of BZO.

(101)BZO
I \rh
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Figure 6-4. Pole-figure corresponding to the
(101) BZO reflection.
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TEM analysis reveals that BZO nanodots are found uniformly distributed within
the 250 nm-thick YBCO matrix and onto the substrate surface, as observed in the low
resolution TEM image, shown in Figure 6-5. The image was taken with the sample
slightly tilted in order to better visualize the BZO particles. We would like to accurately
discern the size and distribution of BZO into the YBCO matrix. However, we note that
TEM images provide a two-dimensional section of particles embedded through-out the
three-dimensional foil volume, and so the three-dimensional distribution of particles is
not yet precisely known. Nevertheless, the measured two-dimensional number density
of nanoparticles in Figure 6-5 is ~2.2x10'° particles/cm®. It can also be observed that
BZO nanodots are mainly round-shaped, being variable in size (10 -30 nm) and

separated by about 20-100 nm.

100 nm

Figure 6-5. XTEM image viewed along the <100> direction of YBCO+BZO film.
Nanoparticles are clearly discernible, with sizes ranging between 10-30 nm.

The particle size was also estimated from x-ray diffraction 26-scans using the

Scherrer formula, # =0.94/(A6cos @, ), which relates A9, the FWHM of the diffraction

peak at 205, with the average size t of the particles [33]. This yields sizes of 14 nm and
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26 nm for (200) and (110) reflections respectively, which are consistent with those

found from TEM studies.

In the previous image, Figure 6-5, due to the tilt of the foil, the number of
particles onto the substrate was not easily appreciated. Z-contrast imaging allows us to
discern the distribution of BZO particles within the YBCO matrix and those at the
film/substrate interface. The Z-contrast image is formed by collecting the electrons
scattered out to high angles on a high-angle annular dark field (HAADF) detector. The
underlying physical principle is that high Z atoms scatter to higher angles more strongly
than lighter atoms. In the limit of Rutherford scattering, this goes as Z7, so the contrast
in the image will also vary approximately as Z°. Thus, for Z-contrast imaging technique,
the lighter atomic elements show up darker, while the heavier elements show an
enhanced (brighter) contrast. The atomic number of Y, Ba, Cu and Zr are 39, 56, 29,
and 40 respectively. Hence, the BZO nanoparticles exhibit brighter contrast.
Furthermore, in our diffraction conditions, the BF image shows the Y248 SF’s brighter
than the Z-contrast image, which shows them up darker. Figure 6-6 (a) and (b) are cross
sectional low magnification STEM bright field (BF) and Z-contrast images viewed
along the <100> direction from the YBCO+BZO film, respectively. It is important to
remark that nanocomposite films present a uniform distribution of the Y248 SF’s as a
dominant microstructural feature, besides the BZO nanoparticles, contrasting with the
standard TFA-YBCO thin films, where the Y248 SF’s were found inhomogeneously
distributed. Hence, it suggests that their presence and uniform distribution are related to
BZO nanoparticles. The formation of such Y248 SF’s will be discussed further on.

It is also remarkable the large number of BZO particles grown onto the substrate
surface, which do not seem to have any detrimental effect in the crystalline quality of
YBCO. The measured two-dimensional number density of nanoparticles in Figure 6-6
coincides with the previous results, as well as the average size of the BZO

nanoparticles.
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(a)

nm

Figure 6-6. (a) and (b) cross-section bright field and Z-contrast STEM image taken along <100>
direction, respectively.

It is noteworthy the long bright streaks shown and identified by arrows in Figure
6-7, which is an amplification image of the Z-contrast image Figure 6-6 (b). These
streaks have been found mainly lying on the ab-planes, which might indicate the
formation of Zr-rich perovskite blocks inserted in the YBCO matrix, namely BaZrO,
preferably along the [100] directions. Indeed, similar extra perovskite blocks have
already reported in the previous chapter. These structural defects may be introduced
during growth and their directional selective segregation may be attributed to the
anisotropic growth rate of YBCO in a/b-direction [68]. In addition, in some cases these
streaks run near Y248 SF’s. Thought the choice of BZO partially resulted from the fact
that several researchers established the chemical inertia of this material towards a
YBCO-Y,;BaCuOs melt composition [142,143,138], the precise influence of BZO on
the growth of YBCO thin films is still lacking and deserves a further investigation.

In this figure, Figure 6-7, besides the BZO nanoparticles themselves, extended
changing contrast areas are observed, which would be a sign of strain fields in the

YBCO lattice around the particles.
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S50 nm

Figure 6-7. Z-contrast STEM image taken along <100> direction. The
long bright streaks are identified by arrows.

Turning back to the issue concerning the orientation of BZO particles, TEM
observations confirmed that the BZO had indeed grown in the form of nanodots and that
part of them were coherent with the YBCO matrix and part not. Concerning those
coherent with YBCO orientation, two HRTEM images viewed along the <100>
direction showing the YBCO/STO interface, Figure 6-8 (a) and (b), are presented. They
show BZO particles onto the substrate surface having different morphology and size,
ranging from 10 to 15 nm. Figure 6-8 (a) shows a BZO particle with the c-axis parallel
to the YBCO and STO c-axes, while the [100] axis of BZO lies parallel to the YBCO a
or b directions, as clearly seen in the FFT of the same area (Figure 6-8 (a) inset). In
Figure 6-8 (b), the BZO particle does not wet the substrate and presents a slight

misalignment.
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Figure 6-8. Cross-section high resolution images of an YBCO+BZO/STO interface. (a)
Rounded BZO particle showing a perfect alignment with YBCO and STO. Inset: FFT of this
are. (b) Rectangular BZO particle.

Occasionally, c-aligned extended defects emanate from BZO particles. Figure
6-9 is a HRTEM image taken at the YBCO/STO interface. The image reveals extended
defect along c-axis coming from the BZO particle and threading the YBCO matrix. The
extended defect exists only up to a length of about 20 nm, indicating that such threading

defect may run out of the plane of the foil.

Figure 6-9. High resolution TEM image showing a c-
aligned extended defect coming from the BZO
nanoparticle.
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The cube-on-cube relationship is only maintained near the YBCO/STO
interface, while within the bulk BZO nanodots do not exhibit a clear alignment with
YBCO. A HRTEM image from the bulk viewed along <100> direction, Figure 6-10 (a)
shows a misoriented BZO grain embedded in the YBCO matrix. The inset presents the
FFT obtained from the BZO particle and the adjacent area. The BZO {110} reflections
have been marked with circles while the YBCO (001) peak has been signaled with a
white arrow, showing that BZO {110} reflections are not coherent with YBCO. Figure
6-10 (b) is an EELS spectra obtained from the nanodot exhibiting the M-Zr peak. More
misoriented grains were found, and their size was variable, ranging between 10 and 30
nm, as was stated above.

Figure 6-10 (a) reveals a strongly disturbed YBCO lattice around BZO
nanodots, with large number of staking disorder generated around them. The periodicity
of the CuO planes (visible as bright lines) are frequently interrupted, shifted vertically
or even slightly bent.
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Figure 6-10. (a) High resolution TEM image showing a non-coherent BZO nanoparticle. Inset: FFT of
the same area. (b) EELS spectra obtained from BZO nanodot revealing the M-Zr peak.
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As was discussed previously, the TEM sample preparation of such thin films
plays a critical role. The ion beam used for milling might be quite aggressive in its
attack on the sample, introducing artifacts. Figure 6-11 (a) and (b) shows HRTEM
image of a BZO particle and its corresponding FFT, respectively. That BZO nanodot is
surrounded by a YBCO matrix full of defects, in contrast with the previous HRTEM
image, Figure 6-10 (a).
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Figure 6-11. (a) High resolution TEM image showing a
non-coherent BZO nanoparticle. Inset: FFT of the same
area. (b) Corresponding FFT.

Occasionally, the coalescence of BZO particles is observed, but their density is
much reduced as compared to the isolated ones. Figure 6-12 shows a XTEM image of
two coalesced BZO nanoparticles, roughly ellipticcal in shape, embedded within a
defective YBCO matrix, which is in turn distorted and bended. Both BZO nanoparticles
are not coherent neither with YBCO nor between themselves. The zone enclosed by the
BZO particles and the dashed lines appears to be highly defective, much more than
outside this region. This might suggest that BZO nanoparticles were nucleated within
the precursor matrix before the YBCO formation.

Actually, to uncover the mechanism by which these BZO nanoparticles are
formed, we must address the YBCO growth process. The presence of water vapour at
sufficiently high temperature causes the decomposition of the oxyfluoride, which allows

the nucleation of both YBCO and BZO phases. The temperature required for conversion
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exceeds 700 °C. Actually, the thermal processing conditions used to grow these samples
are the most favorable ones to grow an epitaxial YBCO film; at the same time, due to
the large undercooling they promote the bulk and the heterogeneous nucleation of BZO
simultaneously. Those grains that nucleate near the interface become epitaxial, while
those that nucleate within the YBCO precursor are randomly oriented. In addition, it is
well known that the critical radius r* is the same for both homogeneous and
heterogeneous nucleation. However, due to the shape factor, the volume of a critical
nucleus can be significantly smaller, which may explain the difference in size of BZO
particles nucleated onto the substrate and those nucleated within the bulk [112].
Although the growth process at 795 °C can induce the grain growth, the subsequent
rapid growth of YBCO might avoid the Ostwald ripening of BZO particles, which may
explain the homogeneous size distribution of the BZO naoparticles within the YBCO

matrix.

Figure 6-12. XTEM image viewed along the <100> direction of
YBCO+BZO film. Nanoparticles are clearly discenible, as well as the
defective zone above them.

120



Artificial defects in TFA-YBCO thin films

As it was discussed above, the distribution of SF’s is strongly modified by the
presence of BZO addition, which yields to a homogeneous distribution, in contrast with
the standard TFA-YBCO thin films. In investigating the faulted structures of these
nanocomposites, it was found numerous SF’s at the interface between BZO
nanoparticles and YBCO. Figure 6-13 is a HRTEM image of the zone signalled by a
dashed square of the former image, Figure 6-12. White arrows signalled SF’s generated
on the YBCO/BZO interface. The measurement of the unit cell height in the c-direction
match the Y248 lattice parameter, 13.3 A [105].
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Figure 6-13. High-resolution image of the YBCO/BZO interface.
The Y248 srtructures are arrowed.

The formation of Cu-O extrinsic SF requires the availability of Cu in excess
relative to the YBCO stoichiometry. This could be reached, al least, by two processes
which would take place during the oxygenation process of YBCO. The first one is
associated with the already mentioned formation of a solid solution between BZO and
Y,0;. Even if an excess of Y is added in the precursor solution in order to compensate
the formation of such a solid solution, the phase segregation inherent to the TFA
processing can lead to a Cu-O excess in some areas, near the BZO particles, for
instance. The CuO released is likely to diffuse into the YBCO structure forming double
CuOy layers at random depths of the film. On the other hand, Zhang and Evetts
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described chemical reactions between YBCO and ZrO; resulting in the formation of
BZO, Y;BaCuOs (211) and CuO phases [144]. However, our analyses reveal no
formation of 211 and CuO phases but BZO solid solution. Hence, the excess of Cu
produced from the interfacial reactions could reinforce the Y248 SF’s formation.

Besides, the formation of Y248 SF’s is also expected to be linked to stress-
related effects due to the misfit strain between YBCO and BZO. Indeed, BZO
nanoparticles were though to act as stressors inducing extended defects such as
threading dislocations due to misfit strain. However, BZO particles can induce a tensile
stress that facilitates the intercalation of double CuOy layers, being analogue to the
nucleation of Y248 SF’s at Y,BaCuOs-YBCO interphases in melt-textured materials
[101,113].

6.5 Conclusions

Chemical solution growth is a very flexible methodology to nanostructure
YBCO films. BZO nucleates heterogeneously and homogenously within YBCO
precursor matrix. Their growth is frozen during YBCO growth process, leading to 10-30
nm-sized particles. Detailed TEM analysis shows that BZO nanoparticles grow
epitaxially onto the substrate surface and randomly oriented within the YBCO matrix.
The distribution of SF’s is strongly modified by the presence of BZO addition, which
yields to a homogeneous distribution. However, the density of faulted structures can
dramatically increase around some particles. Transport measurements showed a shift
upwards in all the angular range for YBCO+BZO composites compared with the pure
YBCO, indicative of vortex pinning controlled by isotropic defects. In fact, the
contribution of anisotropic defects parallel to c-axis is not relevant, in contrast with
PLD films [145,136]. Thus, our observations suggest indeed that the strain introduced
into the matrix yields to a homogeneous distribution of defects. Such homogeneous
collection of defects could act as isotropic point-like pinning centers. The identification

of such defects and the nature of their pinning mechanism deserve further investigation.
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GENERAL CONCLUSIONS

The goal of this thesis has been to investigate the specifics of CSD processed
CeO, buffer and YBCO layers. The superconducting properties strongly depend on the
microstructure of these films, which is intimately tied to their particular fabrication
process and it will determine their applicability as coated conductor.

In chapter 3 it was observed that MOD-derived CeO, under reducing
atmospheres promoted the trapping of carbon impurities at the ceria grain boundaries.
These impurities inhibit the ceria (001) epitaxial development, resulting in randomly
oriented grains at the surface, preventing any further YBCO epitaxial growth. Once the
carbon impurities are removed by thermal post-processing at 1000 °C under oxidizing
conditions the granular regime is suppressed. This result pointed out the necessity of
increasing the grain boundary mobility. The Gd dopant provides free oxygen vacancies
to the host cations thus enhancing the grain boundary mobility. The effect of Gd on
grain boundary mobility of CeO, depends on the concentration and growth conditions.
An almost fully epitaxial layer can be achieved by doping ceria with 10% Gd and
growing it at 900 °C under Ar/5%H; atmosphere. In spite of the overall roughness of the
Gd-doped ceria (~4.7 nm), governed by the formation of facetted hillocks, its terraced
surface with atomically flat areas corresponding to (001) planes, provided suitable sites
for YBCO nucleation and growth. The doped ceria is processed under reducing
atmosphere condition, thereof avoiding undesirable substrate oxidation.

A superconducting TFA-derived YBCO film with a J. (77 K) up to 10° A/em?
was achieved on top of the MOD-derived Gd-CeO; buffer layer, despite of the massive
transformation of the Gd-ceria buffer to (Gd)BaCeO; observed all along the interface.
No evidence of YBCO deterioration was observed, which suggest that it results not
from the reaction between the precursor and Gd-CeO, but between YBCO and Gd-
CeOo.

In chapter 4 we addressed crystallization of YBCO. After the pyrolysis,
simultaneously with the disappearance of the organic content, a BYF matrix with
embedded CuO nanoparticles is formed. Upon heating, the microstructural evolution of

the precursor is driven by the reduction of the solid solubility of Y in the BYF solid
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solution. Thus, Y is released in the form of Y,O; which can react with CuO to form
Y,Cuy0s5 at ~700 °C, i.e., close to the YBCO nucleation temperature. At 795 °C, EELS
analyses of the matrix reveal significant oxygen content and only a weak signal of Y.
No traces of BaO are detected at any stage of the process, thus reinforcing the view that
YBCO forms by a diffusive topotactic-like mechanism within the OF matrix. We have
not found any conclusive microstructural evidence supporting the formation of partial
melts during the process.

Besides the evolution of the fluoride/oxyfluoride type matrix, the microstructural
evolution of the precursor film is characterized by coarsening of the CuO particles and
the formation of Y,Cu,0Os in the bulk matrix. In particular, the formation of this latter
oxide is particularly relevant because it occurs at temperatures very close to the
epitaxial nucleation of YBCO, and therefore both processes may constitute competitive
phenomena thereof affecting the kinetics of the conversion process.

The present work supports that (111) oriented OF domains provide low barrier
nucleation sites on the buried substrate surface. Surprisingly, however, such regions
only represent about 15% of the total OF matrix. It is not clear, at present, whether
under operating supersaturation conditions, initial nucleation of YBCO is restricted to
such regions or, on the contrary, the supersaturation is too large to make nucleation
sensitive to barrier differences associated with the different environments found on the
substrate surface. In this context, anomalously large distances between nuclei found in
this system would support a preferential affinity for the nucleation on low barrier (111)

oriented OF domains.

The high critical current densities exhibited by YBCO thin films bear on the
strong vortex pinning along extended defects. In chapter 4 we addressed the
identification of such defects. TFA-YBCO thin films present different types of
correlated disorders, among which are twin boundaries, twin intersections, stacking
faults, twin boundaries-stacking faults intersections, threading and basal dislocations.
Among them, the predominant extended defects are stacking faults as well as twin
boundaries.

The influence of structural defects found in TFA-YBCO thin films on the critical
currents is a complex problem because it is difficult to isolate the effect of a single kind

of defect on the experimental J..

124



General conclusions

TFA-YBCO samples are twined in the two directions, with the existence of
many twin intersection areas within YBCO grains, giving place to a large number of
crossing points that might represent a pinning center, i.e. twin planes in YBCO are
significant source of correlated disorder, both in and out of plane.

Two types of SF’s have been found in our YFA-YBCO films. Y248 SF’s
constitute a prominent defect in TFA-YBCO thin films and consists of a double Cu-O
chain layer. The formation mechanism of these SF’s was discussed on the basis of their
observed distribution. The observed clustering of Y248 SF’s at some regions is
interpreted as a mechanism with which to accommodate the lattice stresses where
growth fronts meet. Furthermore, these zones are those which would allow the
incorporation of Cu in excess from the Cu-rich precursor areas.

The second type of SF’s found in our TFA-YBCO films consist of the
intercalation of a perovskite like layer, an extra (Ba-CuOy) or (Y-CuO) block, in the
YBCO structure. The genesis of such SF is not known and deserves more investigation.

Dislocations do also enhance the flux pinning, indeed due to their dimensionality
they seem to be ideal for magnetic-flux lines. In YBCO dislocations, as well as their
dissociated configurations, are confined onto a prominent glide plane, (001).
Dislocations lining out of this plane are hardly encountered in our TEM studies, which
could explain the different J. versus H, behavior between PLD and TFA processed
YBCO films. Moreover oxyfluoride mediated solid phase epitaxy favors a layered
growth in contrast with vacuum deposition.

During YBCO growth the lattice mismatch between substrate and film causes
strain which is relaxed via dislocation nucleation. The observation of fully relaxed films
refers to the generation of misfit dislocations, which seem to be introduced at a stage of
nucleation and growth where a transient cubic perovskite phase active glide planes
different than (001) plane, characteristic of the YBCO compound. In particular, in a c-
axis oriented perovskite films, the energetically feasible form of the introduction of
misfit dislocations is expected to be the glide of pure edge dislocations on {101} slip

planes with Burgers vectors of type a(101).

In chapter 5 we showed that chemical solution growth is a very flexible
methodology to nanostructure YBCO films. Studies of magnetic field dependence of the
critical current density showed an increase of the irreversibility line for YBCO+BZO

thin films versus undoped YBCO thin films. TEM observations of the nanocomposites
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General conclusions

films show that the BZO nucleates heterogeneously and homogenously within YBCO
precursor matrix. Their growth is frozen during YBCO growth process, leading to 10-
30-sized particles. Detailed x-rays and TEM analysis show that BZO nanoparticles
grow epitaxially onto the substrate surface and randomly oriented within the YBCO
matrix. The distribution of Y248 SF’s is strongly modified by the presence of BZO
addition. In contrast with the standard TFA-YBCO thin films the distribution of the
SF’s are now homogeneous. Besides, the density of faulted structures can dramatically

increase around some particles.
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Table of the observed phases

TABLE OF THE OBSERVED PHASES

Phase Structure Cell parameters (A)
BaCeO; Pseudocubic 4.38
YSZ Cubic, fluorite 5.16
NiO Cubic, rock-salt 4.17
BaCeO; Tetragonal a=6.212
c =8.804
Pseudocubic a=4.380
BaCuO, Cubic (Im3m) a=18.285
BaF, Cubic (Fm3m) a=6.200
BaO Cubic (Fm3m) a=>5.355
BaZrO; Cubic (P23) a=4.181
CeO, Cubic (Fm3m) 5.411
CuO Monoclinic (C2/c) a=4.688
b=3.422
c=>5.131
CuO, Cubic (Pn3m) a=4.269
LaAIO; Rhombohedral (R3m) a=5.364
c=13.110
Pseudocubic a=3.792
SrTiO3 Cubic (Pm3m) a=3.905
Y,Cu,05 Orthorhombic (Pna2l) a=10.799
b=3.496
c=12.456
Y203 Cubic (Ia3) a=10.604
YBa,Cu30¢ Tetragonal (P4/mmm) a=3.857
c=11.839
YBa,Cu;0; Orthorhombic (Pmmm) a=3.886
b=3.818
c=11.680
YSZ Cubic (Fm3m) a=15.160
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