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Kurzfassung

In den letzten Jahren hat sich gezeigt, dass beschichtete Leiter (CC), die eine supraleiten-
de Hochtemperaturschicht enthalten, eine vielversprechende Ldsung fiir die Entwicklung
von GrolRanwendungen wie Motoren, Generatoren, Fehlerstrombegrenzern und supralei-
tenden Magnetspeichern darstellen. Eine der wichtigsten Voraussetzungen fiir solche
Anwendungen ist die Fahigkeit, groBe Strome bei verschiedenen Temperaturen und
Magnetfeldern zu leiten. REBa,CusO7.; (REBCO)-Supraleiter, insbesondere einer der
ersten Vertreter dieser Familie, YBa>CusOzr, erfiillen diese Anforderungen, da sie hohe
Ubergangstemperaturen, hohe Ubergangstemperaturen T, ~ 92-94 K und relativ groRe
kritische Stromdichten J. bei Flussigstickstofftemperaturen besitzen, die typischerweise
im Bereich von 2-6 MAcm™ liegen.

Einer der Hauptvorteile von Supraleitern auf REBCO-Basis, inshesondere in Form von
Dinnschichten, ist das Vorhandensein einer grofRen Dichte von Defekten, die sich wah-
rend des Wachstumsprozesses bilden. Diese Defekte sind verantwortlich fiir hohe Jc-
Werte im Magnetfeld aufgrund der Wechselwirkung mit Flusslinien, die den Supraleiter
in der "gemischten Phase" durchdringen. Daher besteht eine der Hauptstrategien zur
weiteren Erhéhung von Jc darin, die Dichte der Defekte durch die Einfiihrung von Se-
kundarphasen zu erhdhen, die als kunstliche Pinning-Zentren bezeichnet werden.

Bei der gepulsten Laserabscheidung, der Methode fiir die Abscheidung dinner Schichten,
die in der vorliegenden Arbeit verwendet wird, gibt es eine Vielzahl von Parametern wie
Substrattemperatur (Tsuw), Laserfrequenz (f), Sauerstoffdruck wéhrend der Abscheidung
(pO2) und Laserenergie (Eis), die im Mittelpunkt der Untersuchungen standen, wenn es
um die Verbesserung der kritischen Stromdichten ging. In den letzten Jahrzehnten wurde
gezeigt, dass eine kontrollierte Anderung der Abscheidebedingungen die Form und
Dichte der Defekte in den REBCO-Dunnschichten verandern kann. Daher widmet sich
der erste Teil dieser Arbeit der Definition der optimalen Abscheidebedingungen fur
supraleitende GdBa,Cu3Oy7.s - Diinnschichten ohne und mit 2.5 Gew.% BaHfO3; (BHO)-
Nanopartikeln. Der Auswahlprozess basiert auf dem Vergleich von T, Kristallstruktur
und Feldabhéngigkeit von Jc bei verschiedenen Temperaturen. Fir beide Systeme, das
urspriingliche und das BHO-Nanokomposit, sind Tsu,=800 °C, f=10 Hz und p0O,=0,3-0,4
mbar optimale Wachstumbsbedingungen, die zu T.-Werten im Bereich von 90-93 K und
Je=1.7-4.0 MAcm2 fithren.

Zusatzlich zu allen Abscheideparametern umfasst die Herstellung von supraleitenden
REBCO-Diinnschichten den Schritt der Sauerstoffglihung, der ebenso wichtig ist wie die
Abscheidung selbst. In REBCO-Supraleitern breiten sich die Strdme in den CuO,-Ebenen
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aus, und die Ladungstrager, in REBCO Ld&cher, werden von CuO-Ketten bereitgestellt.
Aus diesem Grund ist eine Sauerstoffgliihung erforderlich, um eine ausreichende Sauer-
stoffdotierung zu erreichen und die supraleitende Phase zu bilden, da sich die REBCO-
Dinnschicht unmittelbar nach der Abscheidung in der isolierenden Phase befindet.
Obwohl verschiedene Aspekte des Sauerstoffglihens bereits ausgiebig untersucht worden
sind, mussen noch einige Fragen geklart werden. In der vorliegenden Arbeit versuchen
wir, eines der Probleme bezUglich der Korrelation zwischen dem Sauerstoffglihverfah-
ren, den Verdnderungen der Defektmorphologie und den daraus resultierenden Trans-
porteigenschaften zu beleuchten. Zu diesem Zweck betrachten wir zwei Systeme: unbe-
handeltes GdBCO und GdBCO+2.5 Gew.% BHO. Um den Einfluss der
Sauerstoffglihung zu untersuchen, berticksichtigen wir vier Parameter: Glihtemperatur
(Tann), Gliihzeit (tann), Sauerstoffdruck wahrend der Glihung (PO2) und Abkihlgeschwin-
digkeit (QrLp). Aufgrund der Unterschiede bei der Herstellung von GdBCO-
Dunnschichten im Labor- und im Industriemalistab vergleichen wir auRerdem zwei
Sauerstoffglihverfahren: In-situ-Sauerstoffglithen in der statischen Umgebung der PLD-
Kammer und Ex-situ-Sauerstoffglihen im Ofen mit konstantem Sauerstofffluss.

Bei der separaten Untersuchung jedes Parameters in einem unbehandelten und einem 2.5
Gew.% BHO-Nanokomposit-GdBCO-System konnten wir mehrere wichtige Merkmale
beobachten:

1. Tann: Beeinflusst in erster Linie die Stapelfehler in der GABCO-Matrix. Beide
Gluhverfahren zeigen bei 450 °C (der niedrigste untersuchte Tan) die hdchsten
Je-Werte im Magnetfeld. Aufgrund der Einfiihrung eines zusatzlichen Heiz- und
Khlschritts weisen die ex — situ gegliihten GdBCO-Diinnschichten eine reich-
haltigere Defektmorphologie auf und zeigen daher ein zweifach héheres Jc und
Fp bei 10 Kund 14 T.

2. tam: EX — situ — gegliihte GABCO-Diinnschichten zeigen keine drastischen Abhén-
gigkeiten der Struktur- und Transporteigenschaften von tan,, wahrend in — situ —
gegluhte Schichten mindestens 15 Minuten Glihzeit bendtigen, um ein T, Uber
77 K zu erreichen.

3. POy: Beeinflusst in erster Linie die Grofe der Gd-reichen Nanopartikel in der
GdBCO-Matrix.

4. QpLp: Hohere Abkuhlraten fihren zur Erhaltung von Stapelfehlern, wodurch még-
licherweise Abkirzungen der Diffusionspfade bei der Sauerstoffgliihung entste-
hen, die zu einem hoheren Je.-Wert im Magnetfeld fuhren.

5. Tam flr ex — situ geglihtes GdBCO+2.5 Gew.% BHO: die BHO-Nanokomposit-
GdBCO-Dinnschichten zeigen die hdchsten J-Werte im Magnetfeld bei
Tan=700 °C.



Kurzfassung

Auf der Grundlage dieser Merkmale schlagen wir ein Modell vor, das die Gliihparameter
und die Mikrostruktur der GdBCO-Dunnschicht miteinander in Beziehung setzt. Nach
diesem Modell kénnen zwei Szenarien verwendet werden, um die Defektmorphologie
und damit die Transporteigenschaften anzupassen:

1. Hohe T, hohe PO, mit anschlieBender Abkiihlung auf Raumtemperatur: Dieser
Weg bewahrt die in der GABCO-Matrix vorhandenen Stapelfehler und reduziert
die Dichte der Gd-reichen Nanopartikel.

2. Hohe T, niedrig PO, mit anschlieRender Abklhlung auf Raumtemperatur: Dieser
Weg erhélt die Gd-reichen Nanopartikel und reduziert die Dichte der Stapelfeh-
ler.






Abstract

In recent years, coated conductors (CC) containing a high — temperature superconducting
layer have been shown to be a promising solution for the development of large-scale
applications such as motors, generators, fault current limiters, superconducting magnetic
storage devices. One of the major requirements for such applications is the ability to
carry large currents at various temperatures and magnetic fields. REBa,Cu307.; (RE=Rare
Earth, REBCO) superconductors, in particular one of the first representatives of this
family, YBa,Cus07-5, meet these requirements since they possess high transition tempera-
tures T ~ 92-94 K and relatively large critical current densities J. at liquid nitrogen
temperatures, which are usually in the range 2-6 MAcm2.

One of the main advantages of REBCO-based superconductors, especially in the form of
thin films, is the presence of a large density of defects, which form during the growth
process. These defects are responsible for high in-field J; values due to the interaction
with flux lines penetrating the superconductor in the “mixed phase”. Therefore, one of
the main strategies to further increase Jc is to increase the density of defects by introduc-
ing additional secondary phases, which are called artificial pinning centers.

Pulsed laser deposition, the main method for thin film growth used in the current work,
has a variety of parameters such as substrate temperature (Tsuw), laser frequency (f),
oxygen pressure during deposition (pO.), and laser energy (Eiss), which were the main
focus of the studies when it comes to improving critical current densities. In the last
decades it was shown that a controlled change of deposition conditions can modify the
shape and density of defects present in the REBCO thin films. Therefore, the first part of
this work is dedicated to determining the optimum deposition conditions for pristine and
2.5wWt% BaHfO3; (BHO)-nanocomposite GdBa;CusO7.5 superconducting thin films. The
selection process is based on comparison of T, crystal structure, and field dependence of
Je at various temperatures. In both systems, pristine and BHO nanocomposite, Ts,,=800
°C, f=10 Hz and p0,=0.3-0.4 mbar are optimum growth conditions, which resulted in T
values in the range 90-93 K and J¢=1.7-4.0 MAcm™.

In addition to all deposition parameters, the preparation of REBCO superconducting thin
films includes an oxygen annealing step, which is as important as the deposition itself. In
REBCO-based superconductors, the currents propagate in the CuO2-planes and charge
carriers, in case of REBCO holes, are provided by CuO-chains. Therefore, oxygen an-
nealing is required to induce a sufficient oxygen doping level and form the superconduct-
ing phase, since right after the deposition, the REBCO thin film is in the insulating phase.
Even though various aspects of oxygen annealing have been extensively studied, few
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questions still need to be addressed. In the current work, we attempt to shade a light on
one of the problems regarding the correlation between the oxygen annealing procedure,
changes in defect morphology, and resulting transport properties. To do so, we consider
two systems: pristine GABCO and GdBCO+2.5wt% BHO. To study the influence of
oxygen annealing, we take into consideration four parameters: annealing temperature
(Tann), annealing time (tan), OXygen pressure during annealing (PO.), and cooling rate
(QeLp). In addition, due to differences in production of GABCO thin films on lab and
industrial scales, we compare two oxygen annealing approaches: in-situ oxygen anneal-
ing in the static environment of PLD chamber and ex-situ oxygen annealing in the fur-
nace with constant oxygen flow.

Studying oxygen annealing in pristine and 2.5wt% BHO-nanocomposite GdBCO, we
observed several important features on how each annealing parameter is modifying the
defects:

1. Tann: Predominantly affects the stacking faults in the GdBCO matrix. Both anneal-
ing approaches show the highest in-field Jc for 450 °C (the lowest Tan investi-
gated). Due to the introduction of additional heating and cooling steps, the ex-
situ oxygen annealed GdBCO thin films have a richer defect morphology and,
therefore, exhibit 2 times higher Jc and Fpat 10 Kand 14 T.

2. tann: Ex-situ annealed GdBCO thin films do not show drastic dependencies of
structural and transport properties on tan, While in-situ annealed films require at
least 15 min of annealing to reach T. above 77 K.

3. pO2: Primarily affects the size of Gd-rich nanoparticles present in the GdBCO ma-
trix.

4. QrLp: Higher cooling rates lead to the preservation of stacking faults, thus, possi-
bly creating short cuts for oxygen diffusion during annealing and resulting in a
higher in-field J..

5. Tann for ex-situ annealed GdBCO+2.5wt% BHO: Compared to ex-situ annealed
pristine GdBCO, BHO nanocomposite GABCO thin films show the highest in-
field J; at Tann=700 °C.

Based on these features, we propose a model that correlates the annealing parameters and
the GABCO thin film microstructure. According to this model, two scenarios can be used
to tailor the defect morphology and, thus, the transport properties:

1. High T, high PO, annealing with consecutive cooling to room temperature: This
path preserves the stacking faults present in the GABCO matrix and reduces the
density of Gd-rich nanoparticles.

2. High T, low PO, annealing with consecutive cooling to room temperature: This

path preserves Gd-rich nanoparticles and reduces the density of stacking faults.

Vi
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1 Introduction

In 1911, a sharp drop within a few hundredths of a degree in the resistance of a mercury
sample was discovered by the Dutch physicist H. Kammerligh-Onnes [1]. This new state
of matter he later called “superconducting”, thus, starting a new era in solid-state physics.
Extensive search for superconductivity in the upcoming years has led to a discovery of
the superconducting state in various metallic materials such as Pb, Sn, Al, Nb and many
others.

Later, in 1933, W. Meissner and R. Ochsenfeld found that superconductors placed in an
external magnetic field have the ability to completely expel it [2], thus, making super-
conductors not only a perfect conductor but also giving it perfect diamagnetic properties.
In the upcoming years, other phenomena such as isotope and Josephson effects were
observed. However, only in 1957, a microscopic theory of superconductivity [3], which is
referred to as BCS theory of superconductivity, was developed. For this, Bardeen, Cooper
and Schriffer received the Nobel Prize in 1972. According to BCS theory, electrons,
during transition to the superconducting state, form new quasiparticles via phonon inter-
action, which is called Cooper-pairs.

After many years of stagnation, another breakthrough in the search for superconductivity
appeared when in 1986 J. G. Berdnorz and K. A. Mdller published their work on possible
superconductivity above 30 K in a La-Sr-Cu-O compound [4]. Even though, at first, the
scientific community was sceptical about this compound, when it was shown that La-Sr-
Cu-0 exhibits the Meissner effect, it created an explosive interest in the field of super-
conductivity. In 1987, C. W. Chu et al. [5] observed transition into the superconducting
state at 92 K in an Y-Ba-Cu-O compound, thus, confirming the start of the new era of
high-temperature superconductors which was founded by Berdnorz and Miiller, due to
the ability of operating at boiling temperatures of liquid nitrogen. The search for HTS
materials has led to the discovery of BiSrCaCu.Oy with T¢ of 105 K [6] and TI-Ba/Ca-
Cu-O with T¢ up to 150 K [7] in 1988. In 1994, HgBa,Ca,CusOs:s Was discovered with
transition temperatures around 135 K [8], which also could be increased up to 164 K by
applying hydrostatic pressure [9], the record for a long time. Additionally, within the last
decades it was shown that even conventional type superconductors such as MgB; can
exhibit superconducting transition of 39 K. Nowadays, the record in T is held by carbo-
naceous sulfur hydride which goes into superconducting state at 288 K and 267 GPa of
pressure [11].

Decades have passed since then, however, a theory which would explain the mechanism
of HTS is still not established. Regardless of that, extensive research of YBa,CuzOz.;
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1 Introduction

(YBCO) and, REBa;Cu307.s (REBCO, RE=Rare Earth)-based superconductors in gen-
eral, has led to understanding of many electromagnetic and structural features of these
compounds. REBCO-based superconductors belong to the type-2 family. This family of
superconductors, compared to type-1, at elevated magnetic fields go into the mixed or
Shubnikov state, when the magnetic field is penetrating the superconductor in the form of
quantized fluxes or Abrikosov vortices each bearing @o=h/2e=2.07-101> Wb magnetic
field. Another feature of REBCO-based superconductors is related to the structural
variations during the preparation. For example, in case of REBCO-based superconducting
thin films, a large variety of defects is formed during thin films deposition, which in turn
participate in flux pinning and prevent the Lorentz force from moving fluxes, which
causes the current dissipation. Therefore, a large variety of growth-related defects are
crucial for increasing the critical currents of the superconductors.

High T. (higher than LN,) and J. are two of the main parameters that attracted attention
of researchers around the world to REBCO compounds. Nowadays, REBCO-based
superconductors have a high potential for such applications as motors, generators, fault
current limiters and superconducting electronics. For engineering applications, especially
coated conductors, I is one of the most important characteristics. I can be enhanced
either by increasing the thickness of the superconducting layer or by increasing the Jc.
Since J. depends on the interaction of vortices with defects, within last decades many
studies have shown that Jc can be increased 2-5 folds by introducing artificial pinning
centers into the REBCO thin film matrix [12-14]. Additionally, recent works have shown
that the size, shape and distribution of these APCs can be modified by the deposition
parameters [15], thus, allowing to tailor the desired pinning morphology for a certain
application i.e., range in temperature, field and orientation. Regardless of the preparation
conditions of REBCO-based superconductors, another, possibly the most crucial, step is
oxygen annealing. Oxygen annealing plays an important role, since after the deposition
REBCO has a tetragonal crystal structure and is an insulator. Therefore, oxygen anneal-
ing is required to introduce additional oxygen and form the orthorhombic phase, which is
superconducting. Since the discovery of YBCO superconductors, the majority of studies
regarding oxygen annealing issues were dedicated to oxygen diffusion in YBCO single
crystals and thin films [16-19], the anisotropy of the diffusion coefficient and its depend-
ence on annealing temperature [20-24], as well as oxygen stoichiometry and its correla-
tion with T¢ [25-27]. Another issue related to the oxygen annealing is understanding the
phase stability and conditions for formations of the secondary phases acting as artificial
pinning centers (APC). In recent years, phase diagrams of partial oxygen pressure versus
inverse temperature (pO,-1/T) for YBCO and GdBCO thin films were defined [27, 29].
However, during more than 30 years of research on REBCO-based superconductors,
questions about the correlation between oxygen annealing parameters and defects mor-
phology and, thus, resulting transport properties, have remained open. Attempts to shed
light on this issue were the main motivation for this doctoral research.
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1 Introduction

This doctoral thesis mainly consists of 8 Chapters. Chapter 1 gives a brief history of
superconductivity and motivation for this work. Chapter 2 is dedicated to the main
phenomena in HTS as well as an overview of the recent studies on the REBCO-based
superconducting thin films. Chapter 3 presents the basics of pulsed laser deposition as
well as the main characterization techniques such XRD, AFM and SEM, used for thin
film characterization. Chapter 4 shows the results of our studies on influence of deposi-
tion conditions on structural and transport properties in pristine and BaHfO3 nanocompo-
site GABCO thin films. Chapters 5 and 6 show how the oxygen annealing parameters
such as annealing temperature (Tann), annealing time (tan) and oxygen pressure (PO,) can
modify the defect morphology during in-situ and ex-situ oxygenation of pristine GdABCO
thin films and their influence on transport properties. Chapter 7 is dedicated to our studies
on ex-situ oxygen annealing of BaHfOs; nanocomposite thin films. Finally, the main
conclusions of this work are summarized in Chapter 8.
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2 Basics of high temperature
superconductivity

GdBa»Cuz07.; similar to YBa,CusO7.5 belongs to the family of REBCO-based supercon-
ductors and, therefore, in this chapter, based on the previous studies on YBCO com-
pound, we will give an overview of the main structural features of GdBCO superconduc-
tors. Section 2.1 is dedicated to an introduction to the structure of GdBCO as well as the
influence of rare earth ion size and oxygen content and its ordering on structural and
superconducting properties. Section 2.2 gives a short overview of the magnetic proper-
ties, flux pinning and its influence on the transport properties. Section 2.3 presents which
types of defects are present in REBCO-based superconducting thin films as well as those
which can be artificially introduced into its matrix.

2.1 REBCO-based superconducting thin films

2.1.1 Influence of the rare earth ion size and crystal
structure of GdBCO superconductors

Since the discovery of the superconducting transition at 92 K in YBaCu3sO7.s by Wu et
al. [31], extensive studies were done in order to identify the crystal structure of YBCO to
get closer to understanding of the mechanism of superconductivity in these compounds.
In addition to all investigations of YBCO crystal structure, scientists were also looking at
possible rare-earth ion substitutions for Y and what effect it might have on the structural
and superconducting properties. In 1987, H. Asano et al. [32] showed that independent of
the rare-earth ion size, all REBCO-compounds crystallize in an oxygen-deficient perov-
skite structure. Compared to YBCO, GdBCO has larger lattice parameters due to larger
ionic radius. Later, in 1994, Y. Xu et al. [33] in their work on influence of Ga and Zn
substitution in REBCO-based superconductors have shown that the transition temperature
has a slightly increasing linear dependence on the rare-earth radius. Due to the rapid
development of different growth techniques, it was observed that compared to YBCO
thin films, GABCO can be considered to have several advantages and, therefore, based on
these advantages GABCO was chosen as a main material for studies of structural and
superconducting properties in this doctoral research. According to the studies of K.
Takahashi et al. [34], GABCO have the following advantages:
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2 Basics of high temperature superconductivity

a) With the increase of the film thickness, GABCO shows much lower ratio of a-axis
oriented grains compared to YBCO

b) As a results of the first advantage, with the increase of the film thickness from 200
nm up to 2 um GdBCO usually exhibits 2 times larger self-field J. than YBCO

¢) GABCO possesses a higher melting temperature, which in addition can provide
better growth due to the absence of the large particles during the deposition.

As mentioned above, since GABCO and YBCO belong to the same family of REBCO-
based superconductors and have similar crystal structure, the description of GABCO is
based in the previous studies on crystal structure of YBCO. GABCO can be described as
distorted, oxygen-deficient layered perovskite in the form ABOj; [35-37]. In case of
GdBCO, A cations are Gd and Ba, while B anions are Cu. The perovskite cubic unit cell
is tripled along the c-axis and Gd and Ba are stacked in Ba-Gd-Ba sequence [38], with Ba
atoms slightly shifted towards the centering Gd atom [35]. In GdBCO, Gd is coordinated
to 8 oxygen atoms which form a square prism, and Ba is coordinated to 10. Due to such
coordination, compared to ideal perovskite structure, GdBCO is oxygen-deficient. Oxy-
gen is missing from the central Gd layer and from the a-axis in the basal plane. Addition-
ally, while Gd and Ba have +3 and +2 valence respectively, Cu has a mixed valence of +2
and +3 (+2 in the Cu-O chains, +3 in the CuO; planes) to provide the charge neutrality.
Therefore, in GABCO there are 5 crystallographically independent oxygen sites. Cu(1)
(valence +2) is located at the center of the rectangle formed by 2 O(1) and 2 O(4) atoms
and forms Cu-O chains along the b-axis. Cu(2) is square-pyramidally coordinated with 2
0(2), 2 O(3) in the a and b plane and one O(4) along the a-axis [38, 40] and form CuO;
sheets (see Fig. 2.1).

2.1.2 Tetragonal to orthorhombic phase transition of
GdBCO

Shortly after the discovery of superconductivity at 92 K in YBCO, it was identified that
the phase YBa,CusO7.s with & varying between 0 and 0.2 is responsible for such high T..
The crystal structure described in subsection 2.1.1 has an orthorhombic symmetry and
belongs to Pmmm Space group. However, extensive research on the YBCO compound
showed that the crystal structure and superconducting properties are highly dependent on
the oxygen content. In turn, oxygen content is dependent on the annealing parameters
such as temperature, duration, oxygen pressure and quench rates. In the large variety of
X-ray diffraction and neutron powder diffraction studies [37, 41-44], in order to identify
the position of oxygen atoms, the oxygen content of YBCO was varied by annealing at
various temperatures. J. Jorgensen et al. [41] in their studies of structural and supercon-
ducting properties of orthorhombic (O) and tetragonal (T) YBCO identified the structure
for YBCO with 6 ~ 0.3-0.7. Additionally, the same group showed that YBCO annealed at
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2.1 REBCO-based superconducting thin films

Tann=700 °C [41] experiences an order-disorder transition in which disordering of oxygen
atoms leads to the destruction of one-dimensional CuO chains. Moreover, they were able
to determine that this transition depends on Tann and PO,, and most of the time, appears
around 7-6=6.5 stoichiometry. Due to such an order-disorder transition and removal of
oxygen from Cu-O chains (O (1) sites), the symmetry of YBCO is changing fromOto T
with the space group Pammm. In the same year, in the work on metamorphic phases of
YBCO, Y. Nakazawa et al. [45-46] showed that it is possible to prepare YBCO with
different crystal structures by varying Tam and PO, with a quench following the oxygen
annealing. They showed that with increasing Tamn, orthorhombic-1 (O-1) YBCO first
undergoes transition into orthorhombic-I1l1 (O-I1) crystal structure due to oxygen out-
diffusion [41], and then into T phase. One of the important features of T crystal structure
(see Fig. 2.1) is the absence of O(1) oxygen sites, since oxygen is mostly removed from
Cu-O chains.

CuO-chains
o(1) —
GdBazcu_';Oﬁ GdBaQCUSO?
Figure 2.1: Crystal structure of GdBa,Cu3Og (T phase) and GdBa,CusO; (O-1 phase).

One of the most prominent features, which appear during O-T transition is the change of
the lattice parameters. J. Jorgensen et al. [41] as well as E. D. Specht et al. [47] have
shown that during a set of transitions from O-I to O-11 and O-I1 to T, which are controlled
by Tam and POy, the c-axis lattice parameter as well as the unit cell volume increase
gradually with increasing Tann, While a and b lattice parameters experience more drastic
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2 Basics of high temperature superconductivity

changes. In the O phase, the b-axis lattice parameter is larger compared to the a-axis
lattice parameter; however, at the transition to the T phase, both parameters equalize.
Since the main parameters that control these variations in lattice parameters are tempera-
ture and oxygen pressure, the transition from O to T is also dependent on those. At low
PO,, the transition appears at lower Tan, While higher pressures lead to the observation of
the transition at higher Tann [47]. Nevertheless, in most of the studies related to T-O phase
transitions in YBCO, the O-to-T phase transition corresponds to YBa,Cu3zOss with 6=0.5
stoichiometry. This phase still exhibits orthorhombic symmetry and can be represented as
2 YBCO unit cells together, with O atoms missing on the border Cu-O chain of these 2
cells, meaning that only half of the Cu-O chains are filled.

2.1.3 Dependence of Tc and c-axis lattice parameter on
oxygen content

In the previous subsection, we discussed the influence of oxygen content on the crystal
structure of REBCO-based superconductors on the example of YBCO. As mentioned
above, the lattice parameters vary with the oxygen content, which will be thoroughly
considered in this subsection. Another important feature related to oxygen content it is its
influence on the superconducting properties of REBCO-based superconductors.

In the studies on oxygen stoichiometry, R. J. Cava et al. [25] have shown that T, has a
non-monotonic dependence on the oxygen content. In particular, the 0<8<0.2 range is
characterized by a slight reduction of T with increasing 8. This region is quite often
called “90 K — plateau”. Increasing & up to 0.3 leads to a rapid decrease of T¢ with conse-
quent plateau appearing for 0.3<6<0.5, which is called “60 K — plateau”. Further increase
of & brings another rapid decrease of T¢ to 0 around 7-6=6.4. A similar behavior to “90 K
— plateau” in the range between 7-6=6.85-7 has been observed by V. Breit et al. [48]. In
their work, they attribute such changes in T to Cu-O chains, which act as charge reser-
voir in cuprate oxide superconductors. In a variety of studies of O-T transition in YBCO
[41, 44] by neutron powder diffraction it was shown that with the reduction of oxygen
content in YBCO, oxygen is mainly removed from Cu-O chains, which again indicates
that Cu-O chains play a crucial role for the superconductivity in YBCO. According to
these studies, superconductivity occurs mainly in 2 — dimensional CuO; planes. Metallic
behavior of those results from the excess of charge holes, which are provided by the 1 -
dimensional Cu-O chains. During oxygen out-diffusion, the unit cell of YBCO experi-
ences a phase transition from O-l to O-Il and consequently to T. Therefore, the 2 —
plateau behavior, which appears in the oxygen-content dependence of T is related to the
O-I and O-Il phases. In some other studies [44, 49], the possibility of a larger variety of
crystal structures, not only O-I and O-11, was suggested as a main reason for the reduction
of T and the 2 plateaus. Additionally, the presence of the 2 — plateau behavior seems
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2.1 REBCO-based superconducting thin films

heavily depend on the thermal history of the superconductor. For example, in the studies
of quenched YBCO samples [50], such 2 — plateau behavior was not observed. Another
group [28, 51] discovered that 2 — plateau behavior is present both in bulk samples and in
thin films. Similar to changes of T, at various 3, the same dependence is shown by the c-
axis lattice parameter. As shown with XRD powder diffraction, the c-axis lattice parame-
ter has a linear dependence on & [43, 51, 52].

2.1.4 Oxygen diffusion in REBCO-based superconductors

Since oxygen diffusion plays a crucial role both for the symmetry of the crystal structure
and for the superconducting properties of REBCO compounds, therefore, it is compulsory
to understand the mechanism of oxygen diffusion in order to prepare the samples with the
highest T. as well as best transport properties. As mentioned in subsection 2.1.3, oxygen
content and crystal structure are controlled by such annealing parameters as Tann, tamn,
PO, and the quench rate from the annealing temperature. The majority of studies regard-
ing oxygen diffusion are focused on defining the temperature dependence of the diffusion
coefficient. 1 dimensional diffusion can be described by the 2" Fick’s law:

0 dc\ acC (2.1)
&( E) T ot

where C — concentration of diffusing species, x — space coordinate, t — time of diffusion,
D — diffusion coefficient [26]. The diffusion coefficient is measured as a time dependence
of some property and describes a diffusion under a gradient of chemical potential. In this
case, the sample is equilibrated under a certain oxygen pressure PO,. Another possibility
is the measurement of the tracer diffusion coefficient D", which describes diffusion in an
absence of a gradient of chemical potential. D* can be calculated from the fitting of the
depth profile of ‘80 from secondary-ion mass spectrometer (SIMS). Chemical diffusion
and tracer diffusion coefficient are related as

dlny (2.2)
D=D"(1+—-—
( +6lnc

where the expression in the parentheses is the thermodynamic factor and y — activity

coefficient of the diffusant.

Oxygen diffusion in single crystals and bulk ceramics:

Since REBCO superconductors exhibit non-equivalent positions of oxygen in their crystal
structure, it was of high importance to study if the oxygen diffusion exhibits anisotropic
features. Bredikhin et al. [20] have shown in their studies on oxygen diffusion in single
crystals that it is an anisotropic process. Investigation of oxygen diffusion by SIMS at
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400 °C and 800 °C shows that at low temperature, the process is 2 — dimensional with a
large difference in diffusion coefficients in ab-plane and c-direction. Depth fitting of
SIMS profiles gave Da, = 3*10°2 cm?s? and D¢ = 4*10°Y” cm?s? at 400 °C and at 800 °C
Da=7.8*10° cm?? and D.=6.2*101* cm?s. Such behaviour of the oxygen diffusion
process they relate to the possibility that at low temperatures only oxygen in chains is
exchangeable, while at high temperatures oxygen exchange appears via oxygen in chains
combined with jumps to the oxygen sites in CuO; planes. Another important feature of
oxygen diffusion in single crystals was observed by H. F. Poulsen et al. [53] in the work
on bulk diffusion Kinetics in YBCO. From neutron powder diffraction they were able to
determine that O-1 and O-II crystal structure have different domain sizes, which, as they
suggest, can affect the oxygen in-diffusion at low temperatures, due to the complicated
nature of the oxygen in-diffusion process, which includes surface reactions (adsorption,
dissociation, migration) with diffusion along grain boundaries, microcracks, twin-domain
boundaries and in the bulk. J. R. La Graff et al. [17, 54] discovered that the diffusion
coefficient in YBCO depends on the oxygen concentration. By means of electrical
conductivity measurements on a series of samples in the range 450 °C - 850 °C they
showed that both in the single crystal and in polycrystalline specimen D was increasing
with the increase of 6. In the consequent work on theoretical aspects of oxygen diffusion
in YBCO single crystals [54], they have concluded that the concentration dependent
oxygen diffusion results from defect-defect interactions, and oxygen diffusion is more
favourable along b-axis. Additionally, even though the structural and superconducting
properties are affected by the rare-earth ion size, M. Klaser et al. [55] have shown in their
work on the oxygen diffusion in REBCO single crystals that D is independent of the rare-
earth ion size. Comparing time constants for in- and out-diffusion they concluded that the
microstructure might have a bigger influence on D. Later, P. Diko et al. [56] confirmed
this observation in their thermogravimetric studies of top-seeded melt-grown YBCO
superconductors. Micro-cracks, which were appearing during the oxygenation process,
showed to be responsible for shortening the necessary oxygenation time.

In addition to all experimental works which focus on the determination of the tracer or
chemical diffusion coefficient also numerical studies were conducted. Most of the calcu-
lations of oxygen diffusion coefficients are based on the so called asymmetric next-
nearest neighbour Ising model (ASNNNI). In this model, only diffusion in the Cu-O
basal plane is taken into consideration since diffusion in ceramics has been shown to
appear mostly via the ab-plane. Using Monte-Carlo simulations based on ASNNNI, E.
Salomons and D. de Fontaine [57] have investigated the difference in the tracer and
chemical diffusion coefficients. According to their studies, in basal plane of YBCO,
diffusion of oxygen takes place via thermally activated jumps between neighbouring sites
in the lattice. Additionally, they have shown that diffusion along Cu-O chains is the
fastest, and interchange of atoms is the most important mechanism for oxygen diffusion.
The ratio between diffusion along Cu-O chains and perpendicular to the chains has been
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2.1 REBCO-based superconducting thin films

shown to be as large as 10. A similar method was used by A. Pekalski and M. Auslos
[58], who showed that there is a clear difference in the tracer diffusion coefficient in the
low and high temperature regions. This behaviour they related to the difference in the
activation energies. In the low temperature region, due to long range order of YBCO,
atoms have little energy, and the most probable way of diffusion is along b-direction,
which corresponds to the conclusion of Ref. [26]. At high temperatures, ordering is worse
or completely absent; combined with high energies available, oxygen can diffuse not only
along Cu-O chains, but also by changing rows. J.-S. Choi et al. [59] have shown in their
theoretical work several features that correspond well to the previous experimental works
mentioned above. One of their main observations is that D is dependent on the oxygen
density and long-range ordering: D increases with decreasing oxygen concentration in O
phase, while in T phase D increases with increasing oxygen concentration. Both regions
exhibit a sharp transition between each other. In the same work, they concluded twin
boundaries have a drastic influence on oxygen diffusion, since at twin boundaries it is
much faster than in bulk. This conclusion corresponds to the observation of H. Tuller et
al. [16] that intrinsic disorder is the dominant source of mobile oxygen defects contrib-
uting to the oxygen diffusion.

Oxygen diffusion in thin films:

While in the bulk specimens oxygen diffusion appears to be a rather 2 — dimensional
process, due to low D along c-axis direction and oxygen diffusion in and out predomi-
nantly along ab-plane, in thin films diffusion process have similarities and differences.
W. A. M. Aarnink et al. [60] have shown in their studies on oxygen transport in c-axis
oriented YBCO thin films that oxygen out-diffusion, similar to bulk superconductors, is a
2 — D process and no out-diffusion appears along c-axis direction. In their model of the
diffusion process, thin films are assumed to have short circuits which in case of YBCO
and REBCO thin films can be present by growth spirals, screw dislocations, point defects
and out-of-phase domains. These short circuits play an active role in the diffusion pro-
cess. A. Michaelis et al. [19] discovered that oxygen out-diffusion is dependent on the
film thickness, which indicates that it clearly has a bulk mechanism, while in-diffusion is
independent of thickness and is more dominated by surface/grain boundary diffusion
mechanisms. Even though results of [19] contradict those of [60], in case of [60] surface
exchange has not been taken into consideration, and, possibly, consideration of different
defects that act as short circuits affect the interpretation of the observed features. Later, L.
Chen et al. [61] have shown that surface exchange kinetics have a high impact on the
oxygen diffusion too. According to their model, the most probable diffusion pathways in
YBCO can be either surface activation on the grains, diffusion along grain boundaries
and then into the bulk, or activation on the grain boundaries and then diffusion into the
bulk, similar to the previous path. After diffusion into the bulk, the bulk stoichiometry is
adjusted accordingly by a rapid diffusion along the ab-plane. P. Cayado et al. [62], on the
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example of CSD grown thin films, have shown that surface reactions are the limiting
factor in the kinetics of oxygen exchange process. The model for oxygen diffusion
reminds that of [61], with the difference that native surface and threading dislocations
play a role of “chimneys” for oxygen. According to the studies of P. Cayado et al. [62],
O, molecules are chemisorbed at the free surface, then molecules diffuse into existing
defects leading to dissociation into O If ions are near the pores or dislocations, vertical
diffusion into the bulk takes place, which is followed by the diffusion in the ab-plane.

Considering the diffusion mechanism in bulk samples and in thin films, it is clear that
oxygen diffusion has a clear anisotropic behaviour with predominant diffusion along ab-
plane; however, in case of thin films, in addition to the bulk diffusion surface exchange
processes as well as the microstructure of the film play an important role.

Another important feature, related to the oxygen diffusion, are the thermal limitations. E.
F. Span et al. [21] have shown that oxygen can diffuse into YBCO films for T>300 °C,
while at 200 °C no detectable amount was observed even after 200 min. N. Chikumoto et
al. [63] acquired slightly different results, that already at 350 °C the oxygen mobility
becomes very slow.

2.1.5 pO0:-1/T phase diagram

Since the processing parameters of REBCO-based superconductors are heavily influenc-
ing the final structural and superconducting properties, it is important to build the phase
diagram besides the studies of the diffusion process, which would allow to control and
improve the production processes. As mentioned in subsection 2.1.2 and 2.1.3, the
oxygen content can be controlled by Tann and PO, and hence the phase diagrams describ-
ing the changes in crystal structure and phase formation is pO.-1/T, also regarding the
thermally activated nature of diffusion. T. B. Lindemer et al. [27] analysed in studies of
non-stoichiometry in YBCO available data in order to create a phase diagram for YBCO
similar to E. D. Specht et al. [47] in their studies of the influence of oxygen pressure on
the O-T transition. Such a phase diagram includes stability lines for the REBCO com-
pound, T-O-II transition line as well as O-11 to O-1. Since GABCO thin films are the main
material used in the current work according to [29], the stability line for GdABCO can be
divided into 2 regions:

1. 20-100 mTorr:

log p0O,[Torr] = 10.85 — 13880/T[K] (2.3)

Below this region, GdBCO thin films decompose into a mixture of Gd,Os and liquid
phase.
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2.1-10 mTorr:

log pO,[Torr] = 9.264 — 12150/T[K] (2.4)

Below this line, GABCO decomposes into a mixture of Gd,03, GdBasCusOy and liquid
phases. Additionally, at the higher pressure regions, GdBCO decomposes into a mixture
of Gd,BaCuOs and liquid phases [29, 64].

2.2  Flux pinning in high temperature
superconductors

2.2.1 Type-I and type-II superconductors

One of the most prominent characteristics of superconductors is their behavior in external
magnetic field. Most of the elemental low temperature superconductors (LTS) belong to a
group of type-I. These are characterized by the sharp transition to the normal phase when
magnetic field exceeds a threshold field Hc. In 1957, based on the Ginzburg-Landau
theory, Abrikosov [65] showed the possibility of another behavior, which he called type-
Il superconductors. The nature of superconducting material can be characterized by
magnetic field penetration depth A and coherence length &, distance at which a pair of
charge carriers form the Cooper pair. Both these parameters are dependent on the temper-
ature:

1
A~ =T/T)2 (2.5)
1 2.6
£~ A-T/T)72 (26)
According to the Ginzburg-Landau theory, the ratio of these 2 characteristics:
a 2.7
K== 2.7)
§
called “Ginzburg-Landau parameter” and superconductors follow the criteria:
1
if Kk < —,superconductor is type — I (28)

V2
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. 1 . (2.9)
if kK > —,superconductor is type — II

V2
Compared to type-1, which expels magnetic field till Hc, type-Il superconductors exhibit
the “Meissner effect” only till a smaller magnetic field He. In fields higher than Hc,
type-I1 transitions into the “mixed phase”. This, also called Shubnikov phase, is charac-
terized by the penetration of magnetic field into the bulk of the superconductor in the
shape of magnetic field quanta or “vortices”. During further increase of magnetic field,
the type-I1 superconductor transitions into normal phase at Hc (see Fig. 2.2).

Type-1 Type-11

B.(0)

Normal Normal
State

B(0)

T, T T T

© ©

Figure 2.2: B-T phase diagram for type-1 and type-II superconductors.

2.2.2 Vortices

Each flux line carries magnetic field flux of ®,=2.067-10% Wb and can be represented as
a normal core of cylindrical symmetry elongated along external magnetic field and of
size 2¢ (see Fig. 2.3). Around this cylinder, screening currents are flowing, and magnetic
field created by these currents is directed along the cylinder and hence external magnetic
field [66]. The density of superconducting electrons is reducing to 0 over the distance &,
while the magnetic field increases from 0 to 2B.; over distance A. In type-Il superconduc-
tors, penetration of vortices is energetically favorable, since due to existence of nor-
mal/superconducting interface, the free enthalpy is reduced. In addition, vortices in type-
Il superconductor form a hexagonal vortex lattice in the absence of the disorder. The
density of vortices is increasing with increasing external magnetic field. Close to He, the
normal cores of the flux lines start to overlap, and superconductor goes into normal state
[67-69].
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Figure 2.3: Visual representation of a vortex

2.2.3 Flux pinning and critical current density

One of the most interesting phenomena in type-Il superconductors, when external field
exceed Hci and vortices start to penetrate a bulk of superconductor, is flux pinning. When
an external current is applied to the vortex system, the flux lines move under Lorentz
driving force. Lorentz force density and external current are related as:

F,=jxB (2.10)

Within perfectly homogeneous materials, the movement of the vortices is counteracted
only by the friction force:

F=—nx3 (2.11)

where v is the steady-state velocity of the vortex system. Therefore, in such system the
dissipation appears due to finite electric field E, which results from the flux motion [70].

-

E=Bx® (2.12)

From electric field and current density, we can define the power which is dissipated in the
system and the dissipation-free superconducting current is lost. However, one of the
advantages of HTS, in particular REBCO-based superconductors, is the presence of large
density of inhomogeneities and defects. Vortices interact with defects, and due to pinning
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of the vortices, the dissipation-free superconducting current can be recovered. In this
case, the driving Lorentz force is balanced by the average pinning force:

— -

E,=]xB (2.13)

Such dissipation-free state exists only for F, < E. Therefore, the critical current density
Je at which vortices are still pinned to the defects can be found from balancing Fp and F:

F—F (2.14)

Fp
1 szjc'B_)]CZ_

B

Equation of the Lorentz and pinning force densities, in order to describe properties of
type-11 superconductors, was first proposed by Bean [71] in his critical state model.
Later, this model has become a basis for the description of flux pinning phenomena. The
critical state can be presented as:

Jo(B) x B = —E,(B) (2.15)

Therefore, to describe the pinning mechanism it is required to define the pinning force
density. The pinning force density can be presented as [72]:

E, =nLf, = —nLAW /x (2.16)

Where f, — pinning force per unit length of pinned flux line, AW — work done in moving
unit length of flux line from a pinning center to the nearest position, x — effective range of
the pinning interaction, L — total length of flux line per unit volume that is directly
pinned, 5 — efficiency factor. These quantities in equation (2.16) are influenced by several
factors:

A) Nature of the pinning centers: The strength of interaction between vortex and
pinning center (PC) depends on the difference in superconducting properties. If
PC cause a small change in «, then it is “Ax — pinning”, while non-
superconducting PC shows “normal pinning”.

B) Wavelength of the microstructure: The situation, when the size and spacing ex-
ceeds A, is referred as “magnetic interaction”. In case, either size or spacing be-
tween PCs is lower than A is referred as “core interaction”. Not important for
HTS due to large X

C) Size of the pinning center: PC can exceed the inter-vortex distance at several
dimensions.

Based on the parameters, it is possible to determine behavior of the pinning force density
and the mechanism of flux pinning.
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2.2 Flux pinning in high temperature superconductors

2.2.4 H-T phase diagram

In HTS in the mixed phase, the state of flux lines is strongly dependent on their interac-
tion with defects, one of the simple ways to describe the behavior of HTS at various
fields and temperatures is H-T phase diagram. The phase diagram for REBCO-based
superconductors (see Fig. 2.4) has 3 main areas, which are commaon for all type-I1 super-
conductors:

HA

Vortex
Glass

Fluctuations

Normal
Phase

H,(0)

Figure 2.4: H-T phase diagram of REBCO-based superconductor on the example of YBCO based on the
results of [70].

1. Meissner phase (H<Hc): the area at which magnetic field is expelled from the su-
perconductor

2. Mixed phase (Ha<H<Hc2): magnetic field penetrates into a superconductor in the
shape of flux lines

3. Normal phase (H>Hc): superconductor transition into normal state

One of the main parts of H-T phase diagram in the mixed phase is the irreversibility line
(IL). IL separates vortex-glass and vortex-liquid areas [70]. Vortex-glass state can be
visualized as a system of vortices which maintain only a short-range order, as in a glass,
with the absence of the movement of the vortices. With the increase of H or T, the ther-
mal fluctuations of vortices start to amplify, which leads to the loss of the short-range
order and motion of the vortices around entire sample. This phase is called vortex-liquid
[69]. Another important feature of the phase diagram is that the vortex-glass state can be
destroyed not only by the increase in temperature, but by reduction of magnetic field as
well (see Fig. 2.4). Such behavior appears since reduction of H leads to an increase in the
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inter-vortex distance, which eventually exceeds London penetration depth and melting of
the short-range order of the vortex glass. However, in case of YBCO superconductors,
such area is narrow and hard to detect [70].

2.3 Defectsin HTS

2.3.1 Classification of defects

REBCO-based superconductors, as well as other HTS materials, contain large densities of
growth-related defects. These impurities and defects highly affect the flux pinning prop-
erties in the “mixed phase” and are responsible for various pinning regimes and changes
in the resulting Jc.
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Figure 2.5: Defects of various dimensionalities.

Since the changes in & over the impurity is one of the main factors for the flux pinning, in
comparison with & defects can be divided into 4 groups [73] (see Fig. 2.5):

1. 0 D: defect size does not exceed & in any direction. Impurities, oxygen vacancies,
inclusion belong to this group.

2. 1 D: Defect size exceed & in 1 dimension. This group of defects includes disloca-
tions which can appear during thin film growth and can be produced by sub-
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strate decoration. Another representative of this group, which shown its effec-
tiveness in improving flux pinning, is columnar defects. Such defects can be
produced by heavy ion-radiation or, in case of PLD grown thin films, they are
formed during thin film growth.

3. 2 D: Defect size exceed & in 2 dimensions. This group includes twin boundaries,
which appear during tetragonal to orthorhombic phase transition due to strain re-
lease, interfaces, multilayers, small grain boundaries, anti-phase boundaries as
well as stacking faults.

4. 3 D: This group consist mostly of nanoparticles and secondary phases.

Figure 2.6: Growth related defects in YBCO.

Other classifications which can be assigned to defects are growth-related defects and
artificial pinning centers (APCs). Growth related group consist of defects with all possi-
ble dimensionalities such as vacancies, dislocation, SF, twin boundaries, grain bounda-
ries, anti-phase boundaries, nanoparticles and the main feature of those is presence of
those in pristine REBCO thin films (see Fig. 2.7). APCs group can contain columnar
defects, nanoparticles as well as multilayers. Introduction of such defects into REBCO
thin films requires additional modifications of the deposition process. For example, in
case of PLD grown thin films, the REBCO target should contain certain amounts of
secondary phases or multiple targets of different materials are used, which is also the case
for creation of multilayer structures.
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2.3.2 Role of 1D linear defect in pristine REBCO thin films

Large variety of defects, which are formed during the deposition process and those
introduced artificially, strongly affect the results J, its behavior at various temperatures,
magnetic fields and magnetic field orientations. In recent years, it has been shown that
1D linear defects, such as edge dislocations (ED), play utmost important role and are the
main reason for high Jc in pristine REBCO thin films [74-77]. Additionally, a model
based on the ensemble of ED gives the closest fit to field dependence of Jc and Jc anisot-
ropy behavior.

[001]

Figure 2.7: Schematic representation of low-angle grain boundaries (LAB) in REBCO thin films. A)
[001]-tilt LAB, B) [010]-tilt roof-type.

During the thin film deposition, at the initial stage, when the thickness reaches few unit
cells, it has been shown that YBCO film on MgO substrate exhibits spiral-topped islands
[78-79]. Compared to other substrates like SrTiOs, YBCO has a larger lattice mismatch
with MgO, which is the reason for island type film growth. In addition, these islands may
have a small angular misalignment between each other. During further deposition, coa-
lescence of growth islands takes place, which leads to formation of low-angle grain
boundaries (LAB) [80]. Most common LAB, which have been observed in REBCO-
based films, are [001]-tilt LAB, [010]-valley or roof-top LAB and [100]-twist LAB (see
Fig. 2.7).

As shown in [78-79], LAB contain the edge dislocation cores and during the deposition
form ED. In pristine REBCO thin films, the density of ED can reach values of 10! lines
per cm?. ED in pristine REBCO-based thin films form domain walls [74, 81] with point-
like defects in intradomain space (see Fig. 2.8). These ensembles of ED with point-like
defects are responsible for high Jc as well as the appearance of large peak around c-axis
direction on the J(0) dependencies [75-77]. Another important feature, which is also
related to the thin film deposition, it is formation of stacking faults (SF) and dislocation
loops around them (see Fig. 2.8). Dislocation loops participate both in flux pinning when
magnetic field is parallel to the c-axis and parallel to ab-plane [82]. Moreover, in the
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recent years it was shown that the density of ED is dependent on the deposition condi-
tions and may be modified by such parameter as the deposition rate [83].

Dislocation

Point-like
defects

Figure 2.8: Low-angle grain boundaries (LAB) in REBCO-based superconducting thin films.

2.3.3 Pinningregimes
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Figure 2.9: Various pinning regimes in HTS. Reprinted Fig. 1 with the permission from G. Blatter, V. B.
Geshkenbein and J. A. G. Koopman, Weak to strong pinning crossover, Physical Rev. Let.
Vol. 92, No. 6, p. 067009, 2004 [84]. Copyright 2022 by American Physical Society.
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Pinning centers which are present in REBCO matrix can be characterized by several
parameters: np — random pins density, u, — pinning energy, f, — maximum pinning force,
rp — distance between pins. Depending on these parameters and the vortex density, which
depends on the external magnetic field, various pinning regimes can be realized [84]:
collective pinning and strong pinning. In accordance with the studies of G. Blatter et al.
[74], several scenarios can be realized in HTS at fixed magnetic field (see Fig. 2.9):

1. Small f,: collective pinning regime (3 D wcp).

2. >t (frap =1 [?sosl, Labush criterion): system is in the lattice strong pin-
ning regime (3 D sp).

These 2 scenarios appear if the density of pins n, is small.

3. Increase in ny: system goes into single-line strong-pinning regime (1 sp)
4. Further increase in np: single-line collective pinning regime (1 D cp).

2.3.4 Requirements for tailoring the pinning morphology

Due to existence of such large variety of defects which can be produced in REBCO
matrix, one of the questions which comes alongside is the range of applicability of each
type of the defect. REBCO-based superconducting thin films, which are incorporated into
coated conductors (CC), have a variety of applications. However, due to different operat-
ing regimes the pinning morphology needs to be adapted for that. As of now, 3 major
operation regimes are used for CC [85]:

1. High T, low H: This operating regime includes applications such as cables,
fault current limiters, transformers. For these applications, pristine REBCO
superconducting thin films with growth related defects show sufficient per-
formance.

2. Moderate T, moderate H: This operation regime includes motors, genera-
tors, superconducting magnetic storage devices.

3. Low T, high H: This regime mostly includes MRI, NMR, and rotors.

Therefore, depending in what regime REBCO-thin films will be operating, pinning
centers have to be adjusted.

Due to the existence of a large variety of compounds, one would assume that the whole
periodic table of elements can be used to create artificial pinning centers. However, there
are strict requirements for the compounds which can be used as APC [86]. First and
foremost is the amount and stability of the compound, since large amounts of secondary
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phases might poison the surrounding REBCO matrix and degrade the superconducting
and transport properties. Second criteria is the difference in the cell parameters of REB-
CO superconductor and secondary phase, since small difference in the cell size can allow
growth of larger density of misfit dislocation and further increase Je.

Following these criteria, in the last decades, it was shown that the most effective PC for
improving J. are BaSnOj3 [87-90], BaHfO3 [91-96], BaZrO3 [12-15, 97-100] and BaTiO3
with perovskite type crystal structure. Also, BaYNbQOs, BaYTaO3; and combination of
both [101-103] called double perovskite. Additionally, depending on the growth method
for thin films, REBCO-based thin films containing various NPs such as RE,Os; and
RE;BaCuOs [104-109] have been proved to be effective for J. improvement. Another
important issue, which scientist are trying to solve nowadays, and which affects the
applications, is the anisotropy of J.. One of the goals is to achieve isotropic behavior of
Je. Possible solution of this issue can be a combination of APC with various dimensional-
ities [110].
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3 Experimental thin film deposition
and characterization

For engineering applications, one of the most important parameters is the I. of the super-
conducting layer. Two main ways exist to increase this parameter: either by increasing
the thickness of the superconducting layers or by increasing the critical current density Je.
In this work we mostly focus on the 2" way: improvement of the J.. To achieve the
highest possible values and to study correlations between J. and growth conditions it is
necessary to make sure that high-quality thin films are obtained in a reproducible manner.
Hence, structural and transport characterization is an important step in each study of
REBCO-based superconducting thin films.

This chapter presents the main experimental techniques for characterizing the structural
and transport properties of pristine and BHO nanocomposite GABCO superconducting
thin films. Section 3.1 is devoted to the pulsed-laser deposition setup for thin film prepa-
ration as well as a description of setups used during the last important thin film prepara-
tion step, such as oxygen annealing. Section 3.2 is dedicated to the main tools for struc-
tural characterization such as x-ray diffractometry, scanning-tunneling microscopy,
atomic-force microscopy, and transmission-electron microscopy. In Section 3.3, we will
discuss inductive J. measurement, which is a powerful tool during the optimization
process, photolithography and wet chemical etching, which are necessary steps for
measurements of the transport properties, as well as different aspects of the transport
properties characterization such as T, measurements, definition of the irreversibility line
and anisotropy of Je.

3.1 Pulsed laser deposition of GABCO thin films

3.1.1 Characteristic features of the PLD process

Among various physical (molecular-beam epitaxy, pulsed laser deposition, reactive co-
evaporation by deposition and reaction process) and chemical (chemical solution deposi-
tion, chemical vapor deposition, metal organic chemical vapor deposition) deposition
techniques used for thin films preparation, PLD is one, which allows the growth of high-
quality oxide thin films. The first mention of PLD for thin film preparation appeared in
1964 in the work of H. M. Smith and A.F. Turner [111] after the invention of pulsed ruby
lasers. Since then, PLD was extensively used and developed for research purposes in
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different areas of solid-state physics. The PLD process has several features which sepa-
rate it from other deposition methods and gives advantages for preparation of oxide thin
films or chemically complex materials [112]:

1. Stoichiometric transfer of the material from target to the substrate: Non-thermal
erosion of the target material and initial high heating rates allow films to have
similar composition to the target. Additionally, the laser beam source is located
outside of the vacuum chamber which in turn gives higher degrees of flexibility.

2. Thin film deposition from the highly energetic plasma beam: High kinetic and ex-
citation energies can allow the thin film deposition at lower Tsu, and, moreover,
can assist the formation and chemical reactions appearing on the substrate. In
case of PLD, low vacuum chamber pressures help to avoid impurities in the
films, while in CVD and MOCVD techniques, the film growth is facilitated by
using volatile compounds of the elements of interest and these precursors are in-
troduced into the chamber, where they can react or decompose, and the chemi-
sorbed materials form the film. However, incorporation of decomposed volatile
elements into the films still might appear, which in turn will reduce its quality.

3. Ability of reactive deposition in ambient gases: Since the PLD does not require
electron beam evaporators or filaments for the deposition, different background
gases can be used during the deposition process, which has led to the growth of
high-quality thin films of multicomponents materials such semiconductors, fer-
roelectrics, other ceramic materials and, moreover, allows formation of the me-
ta-stable and novel phases.

4. Formation of multilayered epitaxial heterostructures: Standard PLD setups allow
the placing of several targets into the vacuum chamber with an option of the al-
ternating targets during the deposition process. Hence, thin films with multi-
layered structure combining different materials can be grown. With the ability to
control the deposition near atomic levels, multilayered thin films with the con-
tinuous crystal structure can be grown.

Despite the numerous advantages of the PLD for thin films preparation, several draw-
backs are present as well:
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1. Large size particulates and growth-related defects: Due to tremendous number
of different parameters during the deposition process, particles with size rang-
ing from few nm up to 100 um can be present in the films, which is a serious
issue during the lithographical processing of the thin films. Additionally,
crystallographic defects, due to bombardment of the substrate surface by high
energetic ablation particles, combined with impurities, which might be pre-
sent in the target, can affect the resulting films and worsen its properties.



3.1 Pulsed laser deposition of GABCO thin films

2. Film thickness and its uniformity: In the PLD process, the laser beam is tightly
focused on a small spot, which leads to the typical elongated shape of the
plasma plume and its forwarded direction. Hence, the thickness uniformity of
the films can be affected. R. K. Singh et al. [113] showed, that the thin films
have the maximum thickness near the area perpendicular to the target irradiat-
ed spot and it drops exponentially with increase of the distance from that spot.

On the fundamental level, the PLD process can be divided into 5 stages: 1. Laser beam
absorption by the target; 2. One-dimensional expansion of the plume during the laser
irradiation; 3. Adiabatic expansion into vacuum or background gas; 4. The plasma plume
slows down in the background gas; 5. Ablated atoms/ions recollections on the substrate
surface and film growth [114]. Processes 1 and 2 appear during the pulse duration on the
ns-timescale and others (3-5) — after the pulse termination.

1. Laser beam absorption by the target: The absorption of the laser beam energy by
the target material leads to an intense heating of the surface layers. Atoms, ions,
and electrons are ejected from the solid. The initial ejection depends on a) the
laser parameters: pulse energy density, pulse duration, shape and wavelength; b)
temperature dependent optical material parameters such as reflectivity and ab-
sorption coefficient; and c) thermophysical properties of the target: heat capaci-
ty, density, thermal conductivity [115].

2. Interaction between ablated material and laser irradiation: At this stage, within
the ns-pulse duration, a further interaction appears between the ablated material
and the laser beam. Partially ionized plasma, which is formed on the 1% stage,
absorbs the laser irradiation by the means of electron-ion collisions, photoexcita-
tion and inverse bremsstrahlung, hence, increasing the level of ionization. Such
processes take place only close to the target. A continuous absorption of the in-
cident radiation forms a plasma with ions of all the components of the target and
in ratios not deviating from the original.

3. Adiabatic expansion into vacuum or background gas: After termination of the la-
ser pulse, no electrons or ions are evaporated and injected into the inner edge of
the plasma. At this point, the thermal energy is rapidly converted into kinetic
energy and due to presence of pressure gradients in initial plasma an adiabatic
expansion appears. Additionally, a pressure gradient is responsible for the ani-
sotropy of expansion and, hence, for the forward direct nature of the plasma
plume.

4. The plasma plume slows down in the background gas: Similar to stage 3, the pres-
sure gradients move the plasma plume toward the background gas, and, at the
same time, the background gas acts as a confining tool for the plasma on the dis-
tances where the initial plasma pressure is significantly reduced and influencing
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the angular distribution of ions in the plume. Thus, forming a common elliptical
shape of the plume.

5. Ablated atoms/ions recollection on the substrate surface and film growth: Finally,
atoms of the plasma plume arriving at the substrate surface stick to it and there-
fore, participate in the film growth. To provide stoichiometric transfer from the
target to the films, atoms of all components must be available in a desirable ratio
on the film growth points. However, since the kinetic energies of species in the
laser ablated plasma are high, additional processes such as atom/ion reflection,
sputtering of the film atoms by the ablation atoms and implantation of arriving
atoms may take place which can change the stoichiometry of the resulting thin
film.

3.1.2 Thin film growth mechanism

When the particles first arrive at the substrate surface, the growth process starts. There
are 4 mechanisms of the film growth (see Fig. 3.1): a) layer-by-layer growth or Frank-van
der Merve mode, b) island growth or Volmer-Weber mode, c) layer plus island growth or
Stranski-Krastanov mode and d) step-flow growth. Each of these growth modes was
observed during REBCO thin film deposition.

A. Layer-by-layer growth B. Island growth

teee P00 o0

C. Layer+island growth D. Step-flow growth

7?00 o0 P90 ftte

%_,—M_”_”
Figure 3.1: Film growth mechanisms: A) Frank-van der Merve growth mode, B) Volmer-Weber growth
mode, C) Straski-Krastanov growth mode, D) step-flow growth mode.
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In their studies of the PLD-YBCO thin films growth on SrTiO3 substrates, J. Burger et al.
[116] observed 2D islands growth mode with formation of growth spirals. During deposi-
tion of 1 and 2 monolayers of YBCO, the growth is dominated by the lateral growth of 1
YBCO unit cell high nuclei in ab-direction. Additionally, clusters with the size 45-70 nm
and height up to 6 nm were observed. The density of clusters and nuclei stayed un-
changed during transition from 1 monolayer to 2. On the stage of 10 monolayers, the
substrate is fully covered by the film and individual terraces with granular structure are
observed. These fine granular structures consist of coalescent 2D islands with narrow
grooves. The film growths laterally in ab-direction by attaching the new material to
terrace edges. The density of nucleation sites becomes lower. Additionally, new growth
fronts might appear on this stage which are responsible for spiral growth formation due to
incoherent merging of these growth fronts. Similar 2D island growth mode was observed
for 2 nm thick YBCO thin films deposited on as-polished MgO substrate by K. H. Wu et
al. [117]. However, 2D behavior changes into 3D islands growth with increasing the film
thickness from 2 nm to 50 nm. Moreover, in their studies it was shown that the growth
mode for YBCO thin films can be changed by the annealing of MgO substrate or change
from MgO to NdGaOs. Step-flow growth mode was observed for YBCO thin films
deposited on annealed MgO substrates. In this case islands with larger size, compare to
as-polished MgO, nucleate on the edge of the atomic steps formed during annealing. The
surface morphology stays unchanged with the increase of the film thickness. On NdGaOs
substrate, the growth process starts as 2D layer with consequent change to 3D island
growth mode with the increase of the films thickness. Such changes possibly appear due
to dislocations mediated growth. Other factors that might be responsible for the change of
the growth mode are the deposition rate and substrate temperature as well as the type of
REBCO. Compared to common 2D island growth with spirals formation in YBCO, A.
Eulenberg et al. [118] noticed after optimizing the deposition conditions for NdBa,CuzO~
thin films that these samples had most likely layer-by-layer growth due to absence of
growth spirals and smoother surface. Such growth behavior they attributed to the differ-
ence of ionic radii of Y3*and Nd®, hence, difference in diffusion rates and, additionally,
larger target-heater distances used for NdBa,CusO7 thin films which means a lower
kinetic energy of the species in the plume and hence lower surface mobility.

3.1.3 PLD setup

A commonly used PLD setup for oxide thin film deposition (see Fig. 3.2) consists of the
following parts: i) laser source, ii) focusing laser beam lense iii) target of the desired
material and carousel rotation motors, iii) heater, iv) turbo pump and gas inlet for sustain-
ing the background gas during the deposition process. The real view of the vacuum
chamber as well as plume, used during the deposition and substrate glued on the heater
are present on Fig. 3.3. In order to fix the substrate on the heater, TED Pella Inc. colloidal
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silver was applied to the non-polished side of the substrate, avoiding contamination of the
substrate surface and concomitant re-evaporation and diffusion effect into the film. In the
commonly used experimental setups for REBCO-based superconducting thin film deposi-
tion, excimer lasers are widely used for material ablation. Compared to Nd:YAG laser,
excimer laser possess longer pulse durations, larger beam cross-sections as well as the
possibility to operate at lower wavelengths.

Carousel
motor

(T;rget

rotation

Target

Substrate
Gas Inlet

Turbo pump

Figure 3.2: PLD setup for deposition of GdBCO superconducting thin films.

However, in the recent years it was shown that high-quality REBCO thin films can also
be prepared with 3™ or 4™ harmonic Nd:YAG laser [119-122]. The advantages of using a
Nd:YAG laser for REBCO thin film preparation are reduction of preparation costs due to
lower operation costs of these lasers, safer operation by avoiding usage of gases such as
KrF and a better uniformity of the beam with higher energies per pulse. During the
deposition process, the propagating beam from 3" harmonic A=355 nm Nd:YAG laser is
focused by a lens to a round spot of 2 mm diameter on the target, which leads to ablation
of the target material. For YBCO thin films, G. Koren et al. [123] showed that to achieve
lower normal state resistance, higher T and smoother surfaces it is necessary to operate
at lower wavelength such as 193 and 248 nm. Due to the dependence of the absorption
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coefficient on the laser beam wavelength, at lower wavelengths, stronger absorption
occurs in the thinner surface layers leading to a hotter plasma plume with finer materials
pieces. Due to safety precautions, A=355 nm was used for the deposition. Another im-
portant laser beam parameter is the laser energy density which not only controls the
correct stoichiometric distribution of the particles in the plume but is also responsible for
the deposition rates. In the studies of PLD-grown YBCO thin films, B. Dam et al. [124]
showed that the laser energy density needs to exceed 1 Jem-2 otherwise the stoichiometry
of the film changes to Y-poor and Cu-rich. For GdBCO thin films, 80 mJ laser energy
was used which led to an energy density of 2.5 Jcm?, far above the threshold. Opposite to
the target, the heater with the glued substrate is located in 50 mm distance. For uniform
ablation of the material from the whole target, the target is rotated and scanned under the
laser irradiation constantly during the deposition. A pump provides the vacuum of 10+
mbar. Additional mass flow controllers connected to the gas inlet are regulating the O
background pressure during the deposition process, which allows the deposition between
0.1 and 0.8 mbar O». Both target-heater distance and pO; are crucial parameters during
the deposition process. For each target-heater distance there is a fixed optimum pO..
Moreover, such adjustment is required since, small distances and large pO; can cause
damage of the films due to bombardment of the growing film with high energetic ions,
while too large distances result in low deposition rates and deterioration of the films due
to the lack of the surface activation by moderately energetic ions [125]. Additionally,
both parameters regulate the area on the substrate where the films grow. R. K. Singh et
al. [113] showed that the YBCO film thickness decreases exponentially on a distance of 1
cm from the center and, moreover, the composition is also experiencing the variation
away from the center of the substrate.

For pristine GdBCO thin films, a hot-sintered target with density of 99 % was bought
from Adelwitz Technologiezentrum GmbH. For BHO nanocomposite GABCO thin films,
hot-sintered GABCO targets with density of 97 % containing 2.5 wt% of BHO were
prepared by Oxolutia SL. Each film was deposited using 6000 pulses, which resulted in a
film thickness in the range 220-270 nm. Except the above-mentioned geometrical (target-
heater distance, beam spot size), laser (laser energy per pulse, wavelength) and pressure
(pO2) parameters, the main deposition parameters, which affect the resulting thin film
properties, are substrate temperature Tsu, and deposition rate vgep, Which can be controlled
by the laser frequency in combination with target-heater distance and pO,. Tsy is control-
ling the diffusion processes, which take place during the film growth, therefore, at low
Tsus the interdiffusion of species is restrained, while at high values unnecessary substrate-
film interactions might appear. Influence of the deposition parameters on structural and
transport properties in pristine and BHO nanocomposite GABCO superconducting thin
films will be discussed in detail in Chapter 4, and here we will present a list of the depo-
sition parameters used for thin film preparation (see Table 1).
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Table 3.1:  Main deposition parameters used for pristine and BHO nanocomposite GABCO thin films.

Compound Tsup, °C f, Hz pO,, mbar E, mJ
GdBCO 780-840 10 0.4 80
GdBCO+BHO | 780-840 10,5, 2 0.4 80

Figure 3.3: A) PLD chamber with the laser housing; B) Plasma plume during thin film deposition; C)

Heater with the glued MgO substrate.

3.1.4 In-situ and ex-situ oxygen annealing

In the subsection 2.3, the influence of oxygen annealing on superconducting and structur-
al properties was discussed. For REBCO-based superconducting thin films, oxygenation
is an important step during the deposition process. Therefore, to study how oxygen
annealing changes the structural and transport properties in pristine and BHO nanocom-
posite GABCO thin films 2 approaches were used.

3.1.4.1 In-situ oxygen annealing

To perform a systematic study of the in-situ oxygen annealing, the main 3 oxygen anneal-
ing parameters such as annealing temperature (Tann), annealing time (tan) and O pressure
during annealing (PO;) were taken into consideration. All GABCO thin films were
deposited at 800 °C, 10 Hz, 0.3 mbar and 80 mJ (Fig 3.4 — 1, A-B-C transition). After the

54



3.1 Pulsed laser deposition of GABCO thin films

deposition, the small oxygen partial pressure was kept during cool down with the rate 10
°Cmin to Tam (Fig. 3.4 — C-D) which was in the range between 780 °C and 450 °C. On
the next step, the oxygen was introduced into the chamber to create a pressure in the
range from 0.1 to 1 bar (Fig 3.4 — D-E). After oxygenation from 5 to 60 min at corre-
sponding Tam, all films were cooled down to RT in the oxygen atmosphere (Fig. 3.4 — E-
F).
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=
1

=
=1
1

1E-3 =

B,
2. Ex-situ 7.5 8 8.5 9 95 10
10000/ T(K)
1050 1000 950 900 850 800 70 (°C) 1050 1000 950 900 850 800 750 (°C)

o—>

oo |- 15¢ step 00 |- 2nd step

0.1

Po, (Torr)

1E-3

7.5 8 8.5 9 9.5 10 7.5 8 8.5 v 95 10
10000/ T(K) 10000/ T(K)

Figure 3.4: Example of in-situ and ex-situ oxygen annealing with T,,n=780 °C and t.,»=10 min based on
the phase diagram proposed by J. W. Lee et al. [29]. Blue circles correspond to different steps
of oxygen annealing. 1.Point A-B-C represent heating to 800 °C and thin film deposition at
800 °C and 0.4 mbar. C-D-E-F represents cooling to Tann, 0Xygen annealing and consecutive
cooling to RT. 2. A-B-C-D represents heating to 800 °C, thin films deposition 800 °C and 0.4
mbar and cooling to RT. E-F-G-H-1-J represent heating to 800 °C in Ar, cooling to Ty, in
mixture of Ar and O,, oxygen annealing and consecutive cooling to RT.

3.1.4.2 Ex-situ oxygen annealing

For ex-situ oxygen annealing, compared to in-situ case, due to absence of the direct
connection between the vacuum chamber and tubular furnace, a 2 step process was
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applied. On the first step (see Fig. 3.4), the film is deposited at 800 °C, 10 Hz, 0.4 mbar
and 80 mJ (Fig. 3.4-2: A, B and C). Then, the sample is cooled down to RT in the pres-
ence of the background oxygen gas (Fig. 3.4 - transition C-D). After removal from the
vacuum chamber, on the second step, the sample is placed into tubular furnace, where it
is heated to 800 °C in Ar with a rate of 1200 °Cmin (Fig 3.4 — E-F). Then, to create
similar conditions to cooling in the PLD chamber, a flow of the mixture of Ar and O is
applied, followed by cooling to Tam. After reaching Tann Of interest, this mixture is ex-
changed by a 2000ml/min pure oxygen flow where it is oxygenated for tan and cooled
down to RT. To study the influence of the ex-situ oxygen annealing, annealing parame-
ters such as Tam, tann and PLD chamber cooling rate (QpLp) Were taken into consideration.

3.1.5 Pulsed laser deposition on single crystals

For large scale applications, mentioned in Chapter 2, REBCO-based superconductors
together with certain buffer layers are usually deposited on commercially available tapes
such as Rolling Assisted Biaxially Textured Substrates (RABITS) or Hastelloy tapes with
lon Beam Assisted Deposition of MgO buffer layer (IBAD-MgO). However, in the
current work, to gain a clearer understanding of the subtle changes appearing in the
microstructure of PLD-grown GdBCO thin films upon changing the oxygen loading
procedure, it was decided to deposit on LaAlO; (100) and MgO (100) single crystals
produced by CrysTec GmbH. The main reason for this is the introduction of various
heating and cooling steps during the oxygen annealing. Such heat treatments can possibly
cause the formation of new phases at the GABCO - buffer layer interface if the GABCO
thin film is grown on tape. Additionally, the defects that are present in the GdBCO film
on single crystal are usually also present in those on tapes.

3.2 Structural characterization

3.2.1 X-ray diffractometry

One of the rapid techniques for thin films characterization is X-ray diffractometry
(XRD). XRD is a non-destructive method which allows to analyze the crystal structure of
the material, phase purity and presence of secondary phases, and determine the unit cells
size. The main principle of operation of the XRD is based on constructive interference of
x-rays. When 2 X-rays are incident on a crystalline material (see Fig. 3.5-A) they are
reflected by atomic planes (hkl). If the phase difference due to scattering on atomic
planes satisfies Bragg’s law (Eq. 3.1) interference occurs. By changing the angle of the
incident X-ray beam a diffraction spectrum of diffraction intensity can be recorded.
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n/‘{ = Zdhkl sin 6 (31)

For GABCO thin films characterization, a Bruker D8 XRD was used. Such diffractometer
has an option of performing measurements in Bragg-Brentano geometry (see Fig. 3.5-B).
The sample is placed in the middle of goniometer on the rotating platform, while x-rays
from the source irradiate the sample under angle 6 and with detection of all scattered
radiation in the range 26. In case of thin film, the 6-20 measurements allow to detect (00I)
planes parallel to the substrate surface as well as presence of the secondary phases. The
X-rays are generated by a copper target with the wavelength 1.54 A (CuK, radiation). X-
ray patterns are recorded in the 26 range between 10° and 120° with a step size of 0.02°.

X-ray
source

Figure 3.5: A) Bragg’s law for constructive interference of x-rays; B) Bragg-Brentano geometry for 6 - 20
scan of XRD

3.2.1.1 c-axis lattice parameter calculation

Identification of the c-axis lattice parameter is very important for REBCO-based super-
conducting thin films, as mentioned in Chapter 2, due to its correlation with the oxygen
content of the films and, hence, with superconducting properties. Determination of the c-
axis lattice parameter was based on the approach developed by J. B. Nelson and D. P.
Riley [126]. This method requires inclusion of the peaks with both low and high Bragg
angles and, therefore, gives an accurate determination of the unit-cell size with the
inclusion of all systematic errors which appear during the measurements.
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Figure 3.6: A) Peak positions identification using ‘“FullProf Suit”; B) Linear fit for the dependence of the

c-axis lattice parameter from Nelson-Riley function

The whole calculation procedure consists of following steps:

1. Identification of all GABCO (00l) peak positions using “FullProf Suit” software
(Fig. 3.7-A)
2. Calculation of Nelson-Riley function (Eg. 3.2) values for each peak position

1 ,c0s26 | cos?6
E( sin @ + 0 ) (3-2)
3. Calculation of c-axis parameter for each diffraction peak using Brag’s law for in-
terplanar space determination (3.3) and relation between interplanar space with

lattice parameters (3.4)

A

d=25in9 (33)
hZ kZ l2

dl_z=(§+b—2+c—2)—>c=ld(h20,k=0) (34)

4. Linear fit and determination of the c-axis lattice parameter from the extrapolation
of the linear fit to 0 (Fig. 3.6)
3.2.1.2 Nanoparticles size estimation

The crystalline size of secondary phases present in the REBCO thin films matrix can be
estimated using the Sherrer equation [127] (3.5) with the assumption that all particles
have spherical shape and microstrain is negligible.
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KA

- Bs cos B

(3.5)

Where 7 — nanoparticle size, K — dimensionless constant and taken equal to 0.9 with the
assumption of spherical shape of the nanoparticles, 1 — x-ray wavelength, s — the broad-
ening of x-ray peak or FWHM (in radians), and 6 — is the Bragg’s angle.

3.2.2 Transmission electron microscopy

For applications of REBCO-based superconducting thin films in the development of the
new technologies, the superconductor must have the highest Jcs with good in-field per-
formance. Therefore, it is crucial to understand the correlation between microstructure,
resulting Jcs and the deposition conditions. Compared to non-destructive XRD, which
gives general view of the microstructure, phases, and cell size, TEM has the advantage
due to its high resolution and the ability to investigate even the finest details of the
material.

In this work, to obtain the TEM images of the film microstructure, one set of the samples
were sent to Dr. Hannes Rijckaert in the frame of collaboration between Superconducting
thin films group at the Institute from Technical Physics and SCRiPTS group in the
University of Ghent, and to Dr. Lukas Grinewald from Laboratory of Electron
Micoscopy, Karlsruhe Institute of Technology. A Cs-corrected JEOL JEM 2200FS
device, operated at 200 kV, and an uncorrected FEU Titan® 80-300, operated at 300 kV
were used to study the defects in pristine and BHO nanocomposite GABCO thin films.
For the measurements, the films were prepared by cutting a cross-sectional lamella via
the Focused lon Beam (FIB) technique in an FEI Nova 600 Nanolab and an FEI Strata
400S Dual Beam FIB-SEM. The lamella were extracted using the in-situ lift out proce-
dure with an Omniprobe extraction needle. Depending on the angle between the incident
beam and the detector, different contrast modes can be used for imaging the samples.
TEM images of GABCO thin films were made in bright field (BF) and low angle annular
dark field (LAADF) contrasts due to their sensitivity to defects and strain.

3.2.3 Surface characterization

In combination with XRD and TEM, study of the thin films ‘morphology can give
additional insight into microstructure of the REBCO-based superconductors and, hence,
to understanding of the flux pinning. Therefore, scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were used in this work to investigate the surface of the
GdBCO thin films.
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3.2.3.1 Scanning electron microscopy

SEM is one of the widely used microscopes since it is not only a fast method to check the
surface morphology but combined with energy dispersive X-ray microscopy (EDX) can
provide information about composition of the sample. Secondary electrons (SE) mode
(image is reconstructed by detecting electrons removed from the sample) was used for
acquiring surface images.

In this work, during the investigation of the influence of deposition conditions in pristine
GdBCO thin films, a Tabletop SEM SH-5000M with imaging by SE and maximum
magnification of 100000 was used for fast check of the surface morphology. The operat-
ing voltage was in the range 5-15 kV with probe current 110 pA.

3.2.3.2 Atomic force microscopy

Another method for surface morphology investigation is the atomic force microscopy
(AFM). AFM allows accurate and non-destructive measurements of different variety of
samples (from organic to metals) in air or liquid at nanoscale. AFM consists of 4 main
parts (see Fig.3.7) which are used for creation of the surface image in a raster pattern. A
cantilever with the AFM probe (tip with the height of few pm) is moving across the
features of the sample surface. A laser beam directed on the surface of the cantilever and
photodetector are used to track the changes in height. Additional feedback loop is respon-
sible for maintaining the constant interaction force. There are 3 main AFM measuring
modes: 1. Contact mode (tip is in constant contact with the surface); 2. Tapping mode
(cantilever is oscillating at the resonance frequency and moving in proximity with the
surface); 3. Non-contact mode (tip is oscillating at resonance frequencies and moves in
few nm distance from the surface).
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Figure 3.7: AFM working principle
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In this work, a Dimension Edge AFM from Bruker was used to study the surface mor-
phology of pristine and nanocomposite GABCO thin films. All images were made in
ScanAsyst peak force tapping mode. 2x2 um and 20x20 um areas with 0.1 Hz frequency
of the tip movement were used for each GdBCO sample.

Thickness measurements: Bridge width and films thickness measurements of structured
samples (see section 3.3) were performed at AFM. Compared to surface measurements,
high resolution of the image is not mandatory, therefore, scan area of 100x100 um with
frequency 0.5 Hz were used (see Fig. 3.7). The post-processing and dimensions calcula-
tion were done in NanoScope Analysis software.

3.3 Electrical characterization

Due to variety of REBCO-based superconducting thin films applications it is crucial to
define not only the field dependence of J. but also the anisotropy of it. Definition of J¢
can be done electrically or inductively. In this work, Jcs of the GABCO thin films were
measured inductively on CryoScan from Theva GmbH and electrical transport properties
characterization was performed on Physical Properties Measurement System 14 T
(PPMS). PPMS allows a wide range of the transport measurements, in particular, re-
sistance and |-V curves which was a focus of this work. The advantage of the PPMS is
that transport measurements can be done in the 4 — 300 K temperature range, 0 to 14 T
magnetic field and 5 nA to 0.5 A current range for rotator system and 2 A for puck.

3.3.1 Photolithography

For transport properties characterization due to current limitations of PPMS 14 T, it is
necessary to lower current flowing through the sample only to the small bridges. There-
fore, it is required to structure the samples using photolithography and wet chemical
etching.

On the first stage, all GdABCO samples were cleaned by acetone and 2-isopropanol.
Afterwards, the sample was placed into spinning device (see Fig. 3.8 for whole etching
process) where 2-4 droplets of AZ 5214 E photoresist from Merck Performance Materials
GmbH were applied. To provide uniform coating of the film by a photoresist, the sample
is spun with 4000 rotations/min for 30 sec, then another 30 sec with 1000 rotations/min,
and 30 sec with 4000 rotations/min again. On the next stage, the film is baked at 100 °C
for 2 min before exposure to the UV light. To create 50 um wide bridges, a special mask
was used with irradiation time of 18 sec by UV light. On the final stage, all samples are
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3 Experimental thin film deposition and characterization

kept in the developer for 15 sec. This time was enough to fully develop the bridges due to
thickness of the films in the range of 200-270 nm. After developer, all samples were
etched in 0.06 % nitric acid for 15 to 30 sec with consequent cleaning in ultrasonic bath
with acetone to remove the photoresist. Between exposure to the developer and after
etching in acid, the films were kept in distilled water for 5 sec to stop the development
and etching process.

Gold coating: After photolithography, the films were fixed on the heater of the PLD
chamber (see Fig. 3.3) by using a special mask. After evacuating the chamber to
p0O,=0.002 mbar, 15000 pulses at 10 Hz frequency and 100 mJ laser energy were used in
order to deposit gold from the gold target.

1. Photoresist 2. Spin coating 3. Baking

4. UV light irradiation

UV light
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Figure 3.8: Photolithography and wet chemical etching used to structure GABCO thin films into 50 um
wide bridges.

3.3.2 Inductive J. measurements

Non-destructive and fast measurements of J. at 77 K can be done inductively at a com-
mercially available CryoScan from Theva GmbH. This system allows to create a J. map
of samples with different sizes (from 1x1 cm up to 10x1.2 cm). The principle of the
CryoScan operation is based on the response of the sample to a small excitation by AC
currents. A small coil (see Fig. 3.9), which can be freely positioned on the film surface is
inducing an AC current into the sample. AC currents are responsible for appearance of
shielding currents which are screening the magnetic field as far as the current is below
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3.3 Electrical characterization

the critical value. When the critical current density is exceeded, a signal distortion occurs
(see Fig 3.9). These distortions can be detected directly in the coil, and by calibrating the
measurements system by resistively measured films and subsequent thickness adjust-

ments the J. of the film can be determined.

MgO Substrate

Figure 3.9: Theva GmbH Cryo Scan operation principle

3.3.3 Transition temperatures
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Figure 3.10: A) Puck with the GABCO thin film, B) Definition of T,

63



3 Experimental thin film deposition and characterization

Both for applications and, especially, for oxygen annealing studies, T. plays an important
role due to its correlation with the oxygen content. T, of GABCO thin films were meas-
ured on the bridges in PPMS 14 T. Structured samples with the gold contacts are placed
on the puck with the press contacts on top (see Fig. 3.10 - A). To define the transition
temperatures, the resistance is measured in an 85-100 K temperature range for most of
the samples with a temperature step of 0.05 K and a constant current of 100 pA however,
some films required cooling down to 70 K. The transition temperature is defined at 10 %
of the normal state resistance (see Fig. 3.10 - B).

1
0.1
0.01
~ 0.001
[
=
g 1E-4
)
S Es
1E-6 froe—
1E-7
1E-8
65 70 75 80 85 9% 95 100
T,K
Figure 3.11: Definition of the irreversibility temperatures from R(T) measurements at 0-13 T magnetic
fields

3.3.4 Irreversibility line

The irreversibility line, which represents the transition between vortex liquid and vortex
glass states, was measured resistively on the PPMS 14 T. Similar to T, measurements, the
temperature dependence of the resistance was measured at 0 to 13 T magnetic fields with
step of 2 T and constant current of 100 pA. The temperature range was previously adjust-
ed for each field from 60-100 K at 13 T to 85-100 K at O T. The irreversibility tempera-
ture was defined as the point where R(T)/R(100) reaches 10 (see Fig. 3.11). In addition,
it is important to point out that the values of irreversibility temperatures, obtained for
each sample, may vary depending on the measurements technique [148].
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3.3 Electrical characterization

3.3.5 Field and angular dependence of J.

3.3.5.1 Field dependence of J.

Similar to T¢ and the irreversibility line measurements, the field dependence of the J¢ is
measured resistively. The voltage drop across the bridge is measured as a function of the
transport current. From resulting 1-V curves (see Fig. 3.12) the Jc values can be calculat-
ed.

PPMS JcCalc
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Figure 3.12: Example of J; calculations

In HTS, the voltage is gradually rising near J. due to different phenomena such as flux
creep and inhomogeneous distribution of J.. Therefore, different methods exist for
determination of J. from I-V characteristics [148], however, in this work only electrical
field criterion was used. According to this criterion, J. is defined by the current at which
the electric field reaches a certain value. Most used criterion is 1 pVem™. To define the
field dependence of J¢, I-V curves were measured for magnetic fields in the range 0-9 T
for pristine and 0-14 T for BHO nanocomposite GABCO thin films and the J. correspond-
ing to a certain magnetic field is calculated. The magnetic field was changed with the step
of 0.5 Tintherange 5t0 9 T, 0.2 T in the range 0.2 to 4.8 T and 0.02 T between 0 and
0.1 T. Additionally, all samples were placed with the c-axis of the film parallel to the
magnetic field.

3.3.5.2 Jcanisotropy

Angular dependence of J. can be measured resistively by installing a rotator (see Fig.
3.13) into PPMS 14 T. Similar to the field dependence measurements, I-V curves were
measured in maximum Lorentz force configuration for different angles between magnetic
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3 Experimental thin film deposition and characterization

field and c-axis of the sample. In the range of 165°-260° I-V curves were measured with
the steps of 5° and between 260° and 280° with steps of 1°. The magnetic field for all
sampleswas setto 1,3 and 7 T.

Figure 3.13: Rotator with the sample which was used for anisotropy measurements
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4 Dependence of structural and
transport properties on deposition
parameters in pristine and BaHfO3
nanocomposite GdBazCuz07.5

One of the advantages of REBCO-based superconducting thin films is the high J. which
appears due to the large variety of defects present in REBCO matrix and participating in
the pinning of the flux lines. Therefore, to acquire the highest possible J, it is necessary
to understand the correlation between deposition parameters and defects forming in
REBCO, and which defect morphology is the most advantageous for certain applications.

In this chapter we will present the results on influence of deposition conditions such as
oxygen partial pressure during the deposition (pO), deposition rate (Vgep), Which is
controlled by the laser frequency, and the substrate temperature (Tsu) On structural and
transport properties in pristine (Section 4.1) and BHO nanocomposite (Section 4.2)
GdBCO superconducting thin films.

4.1 Structural and transport properties of pristine
GdBa:zCu307.5 superconducting thin films

4.1.1 Influence of oxygen partial pressure on
superconducting and structural properties

The background gas during thin films deposition plays an important role since it is not
only responsible for the coverage area but also for kinetics and the composition of the
film. Gd, Ba and Cu cation ablated from the target can oxidize during multiple collisions
with the background gas, thus, forming compounds for Gd123 phase. Additionally, the
pressure which is created by the background gas combined with the deposition/substrate
temperature regulates the phase stability. Regarding all these reasons, pO2 was chosen as
a first deposition parameter to investigate its influence of structural and transport proper-
ties.

To exclude influence of all other deposition parameters, GABCO thin films were deposit-
ed at 820 °C, 10 Hz, 80 mJ (2.5 Jcm) on LaAlO; (100) substrates. The oxygen partial
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nanocomposite GdBa2Cu307-5

pressure was varied between 0.2 and 0.5 mbar. After the deposition, GABCO thin films
were cooled to 800 °C with 10 °Cmin where they are oxygenated for 10 min in 400
mbar oxygen atmosphere with consequent cooling till RT. Similar oxygen annealing
route was used for all samples to exclude influence of oxygen annealing on structural and
superconducting properties.

4.1.1.1 Superconducting and structural properties

In large variety of studies [128-132], GABCO films show T¢ in the range 92-94 K. Table
4.1 shows that in our case, the highest Tcs are achieved in samples deposited at 0.4 and
0.5 mbar with a small difference of 0.4 K in values (see Table 4.1 and Fig. 4.1-A).
Compared to 0.4 and 0.5 mbar samples, lower pO; films show drastic decrease of >4 K in
the transition temperatures. The lowest T is achieved at pO,=0.2 mbar (see Fig. 4.1 and
Table 4.1). This sample also has a 2 step behavior in the transition region, which appears
due to presence of inhomogeneities in the GABCO matrix. Such behavior of R(T) was
also reported by C. De Vero et al. [129] for 1um thick GABCO thin films deposited at
low pOa.

Table 4.1:  Basic superconducting and structural properties of GABCO thin films deposited at 0.2-0.5 mbar.

pO,, mbar 0.2 0.25 0.3 0.4 0.5
T, K 81.7 87.0 88.2 92.0 92.4
c-axis, A 11.76 11.76 11.74 11.72 11.71

XRD patterns for GdBCO thin films (see Fig. 4.1-B) show that at higher pO; all samples
have GABCO (00I) peaks with additional peaks from Gd,O3 nanoparticles. However, at
low pO, one can notice a decrease in the intensity of the GABCO peaks ((008) nearly
disappears at 0.2 mbar). Additionally, all samples have an oxygen content in the optimal
range. Thus, since the oxygen annealing process was the same for GABCO thin films
considered in this subsection, structural changes, which appear in the XRD patterns, are
caused only by variation of pO,. Judging from the T, and XRD behaviour, it is possible
that at low pO; the reduction of kinetic energies of the species in the plasma plume
affects the surface activation (see Chapter 3) which is participating in the formation of the
GdBCO film. Additionally, considering that minor changes appeared in c-axis lattice
parameters, the reason for the reduction of T. also could be strain effects, which are
caused by large defects, secondary phases and inhomogeneous oxygen distribution.
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Figure 4.1: A) R(T) dependence, B) XRD patterns for GABCO thin films deposited at pO,=0.2-0.5 mbar.

SEM analysis of the GABCO thin films grown at 0.2-0.5 mbar pO, (see Fig. 4.2) shows
that all samples have round-shaped droplets on the surface, which are common for
REBCO thin films. At 0.2 mbar, the density of the particulates is the lowest compared to
pO2 = 0.3 — 0.5 mbar. As shown in the studies of D. S. Misra and S. B. Palmer [133] on
droplet formation in PLD-grown YBCO thin films, ablation of the target by more than
100 pulses leads to an erosion of the target surface and cone formation in the ablated
area. These cones favour the extraction of larger particulates, thus, leading to the droplets
on the film surface. These droplets have similar stoichiometry to YBCO film [134] and
their size and density are affected by the laser energy density.

Figure 4.2: SEM images of GABCO films deposited at pO,=0.2-0.5 mbar.
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The shape of the precipitates becomes stripe-like at 0.4 mbar, and it is clearly seen at 0.5
mbar. Such shape of the precipitates often attributed to the formation of the a-axis grains
in the film. Although, the a-axis peaks have not been observed in the XRD pattern, this
might be due to low fraction of them in the film and appearance only on the film surface.
Other possibility might be that pO,=0.5 mbar is the border value for our experimental
PLD setup after which the fraction of a-axis grains will grow in the GdABCO matrix and
will lead to a further deterioration of the structural and superconducting properties. Since,
pO- is the main parameter, which was changed, variation in size and density we attribute
to different thermodynamics caused by it.

4.1.1.2 Self-field Jc dependence on pO:

Inductive J. maps (see Fig. 4.3-E) show that with increase of pO; self-field J. at 77 K
increases linearly, similar to the situation with T, and reaches its maximum at 0.5 mbar.

3.44 3.34

3.53 3.38

3.54 3.42

3.51 3.38

POy, mbar

Figure 4.3: J. maps measured on CryoScan Theva GmbH. A) 0.2 mbar, B) 0.3 mbar, C) 0.4 mbar, D) 0.5
mbar, E) Self-field J. and pO, correlation. J. values are recalculated with the actual thickness
of 250nm.

The values on the Fig. 4.3 A-D differ from the values on E due to 200 nm assumption of
the film thickness for the measurement. However, the overall trend of J. enhancement
with increase of pO, may be seen in Fig 4.3, which may appear due to changes in the
density of ED and size of domain walls formed by ED. As shown in previous studies
[83], the density of ED can be modified by changing the deposition rate, which in this
case is affected by the change of pO,. Fig. 4.3 A-D shows that regardless having the
highest self-field J. at 0.5 mbar, the increase in Jc is not significant, however, the uni-
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4.1 Structural and transport properties of pristine GdBa2Cu307-8 superconducting thin films

formity of J. drops with increase of pO,. For applications of REBCO-based superconduc-
tors a more uniform distribution of J. over the length is preferable. Therefore, for conse-
quent studies on influence of Vaep and Tsu, PO2=0.4 mbar was chosen as optimum.

4.1.2 Influence of deposition rate on superconducting and
transport properties

Compared to the background gas and its pressure pO,, which regulates the coverage area,
the kinetic energy of the species in the plasma plume and the composition of the film, the
deposition rate (here controlled by the laser frequency f) is the only kinetic parameter and
combined with Tsu regulates the crystalline quality of thin films. vgep controls the diffu-
sion time of the species on the substrate surface. Since we have chosen pO; =0.4 mbar as
the optimum, to study the influence of the deposition rate on the structural and supercon-
ducting properties 820 °C, 0.4 mbar and 80 mJ were used. The laser frequencies used are
10 and 5 Hz. After the deposition, each sample is cooled to 800 °C with 10 °Cmin™*
where samples are oxygenated for 10 min at 400 mbar oxygen atmosphere with conse-
quent cooling to RT. Similar to subsection 4.1.1, the same oxygenation process is adapted
to exclude influence of other parameters.

The summary of basic superconducting and structural properties (see Table 4.2 and
Fig.4.4-A) shows that with decrease of the deposition rate in our experimental setup, T
drops from 92 K at 10 Hz to 90.5 K at 5 Hz. Transition width is increasing with the
decrease of the vgep. Inductive Jc measurements shows that f=10 Hz exhibits higher self-
field J.. Due to such reduction, the lower deposition rates have not been considered.
Similar to the situation of various pO,, the variation in frequency affects vgep, thus,
resulting in a higher density of ED at 10 Hz.

Table 4.2:  Basic superconducting and structural properties of GdBCO thin films deposited at 10 and 5 Hz.

Vaep, HZ 5 10
Te, K 905 | 92.0
c-axis, A 11.70 | 11.72
J.(0T, 77 K), MAcm? | 2.2 25

XRD pattern for GdBCO films deposited at 10 and 5 Hz (see Fig. 4.4-B) shows that the
decrease in the deposition rate does not bring drastic changes as it is seen for various pOa.
All samples have GdBCO (00l) peaks which indicates of highly c-axis oriented thin
films. The calculated c-axis show that at 10 Hz samples has optimum oxygen doping,
while for 5 Hz it corresponds to overdoped region. J. P. Suh et al. [135] in the studies on
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the influence of deposition rate on crystalline structure of YBCO thin films showed that
combination of vgep With Teyp can drastically change the structure of the films:

A) low Tsuw and high veep: formation of tetragonal YBCO structure with short-
range orthorhombic domains. Such structure is related to kinetics of adatoms be-
cause the diffusion rate is reduced at low Tsup, and high vgep lowers the migration
time. Therefore, species does not have enough time to move to energetically fa-
vorable places.

B) high Tsub and vaep: formation of cation disordered c-axis oriented orthorhombic
structure.

C) high Tsub and low vaep: formation of c-axis oriented orthorhombic structure.

Combination of T¢,=820 °C and f=10 Hz in our case possibly corresponds to the case B,
while Ts,=820 °C and f=5 Hz to case C. However, both films show c-axis oriented
orthorhombic structure. The higher T¢ value at 10 Hz is related to the oxygen content in
the film (see Table 4.2). As shown in the work of A. H. El-Astal et al. [136] on the role
of gas-phase oxidation during growth of YBCO thin films, the Cu oxidation in the plume
mostly appears close to the substrate surface, which in turn combined with higher migra-
tion time of the species at 5 Hz and diffusion rates at 820 °C possibly leads to the chang-
es in the film microstructure, therefore, higher oxygen content in the film but reduced T,
and lower J; as seen in Table 4.2.
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Figure 4.4: A) R(T) dependence, B) XRD paptterns for GABCO thin films deposited at 10 and 5 Hz.

SEM images for PLD-grown GdBCO films with 10 and 5 Hz (see Fig. 4.5) shows that
with the decrease of the laser frequency, the density of particulates is increasing.
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4.1 Structural and transport properties of pristine GdBa2Cu307-8 superconducting thin films

Figure 4.5:

SEM images of GABCO films deposited at 10 and 5 Hz.

4.1.3 Influence of substrate temperature on structural and
superconducting properties

4.1.3.1 Superconducting and structural properties

The substrate temperature (Tsuw) regulates the diffusion rate of the species from the
plasma plume on the substrate surface and therefore affects the nucleation and growth
process of the film. In the previous subsections it was shown that the sample grown at
pO,=0.4 mbar and vgep=10 Hz exhibits only slight reduction in T, compared to pO,=0.5
but more uniform distribution of J. on inductive J. map. Therefore, to study the influence
of Tsu on structural and transport properties, GABCO thin films were deposited at 10 Hz,
0.4 mbar, and Tsp was varied between 780 °C and 840 °C. After the deposition, all
samples were cooled down for 20 °C with 10 °Cmint where they were oxygenated for 10
min at 400 mbar oxygen atmosphere. After oxygen annealing, all GABCO thin films were
cooled to RT with 10 °Cmin,

Table 4.3:  Basic superconducting and structural properties of GABCO thin films deposited at 780 °C-840 °C.

Teun, °C 780 800 820 840
Te, K 91.6 92.0 92.0 91.7
c-axis, A 1171 11.72 11.72 11.73

GdBCO thin films deposited at Ts;,=780 °C-840 °C (see Table 4.3) show that the transi-
tion temperatures do not vary more than 1 K. The highest values of 92 K are achieved at
800 °C and 820 °C. XRD patterns of these samples (see Fig. 4.6-B) show that all samples
have strong GABCO (00I) peaks, which indicates highly c-axis oriented films. Additional
peaks from Gd»O3 (200), (422) and (345) orientations are present as well. B. L. Low et
al. [137] showed in their studies on the dependence of the texture quality from Tsy, that at
low T the energy is insufficient for surface mobility and, therefore, the majority of unit
cells are unable to align their c-axis with the normal of the substrate. With increase of Tsus
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surface mobility is improving and unit cells are able to align their c-axis with the normal
of the substrate. Compared to the range of temperatures used in their studies, in our case a
smaller range of Tsp was used, thus, no drastic changes in crystalline structure and
superconducting properties were noticed. The estimated c-axis lattice parameters show
that independent of the Tap, all samples have optimum or close to optimum oxygen
content.
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Figure 4.6: A) R(T) dependence,

B) XRD patterns for GABCO thin films deposited at Ty, = 780 °C-840 °C.

SEM images of GABCO thin films (see Fig. 4.7) show that at 840 °C sample has droplets
with size varying between 1 and 3 pm. At 820 °C, the density is somewhat lower com-
pared to 840 °C but the size is larger.

Figure 4.7: SEM images of GABCO films deposited at T,,=780 °C-840 °C.
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At 800 °C sample has the largest density of precipitates many of which have stripe-like
shape which is not seen for Ts,,=840 °C. Such variation in the size and density of particu-
lates between 800 °C and 840 °C is attributed to higher diffusion rate and better align-
ment of the grains at high Ty since according to [127], the reduction of Ty causes
particulates arriving on the surface of the growing film have lesser surface mobility and
the diffusion length, thus, leading to worsening of alignment of c- and ab-orientations.

Inductive J. measurements (see Fig. 4.8) show that the highest self-field J; of 3.6 MAcm
is achieved for the sample deposited at 800 °C. A slightly lower value has sample with
Tsub=780 °C, and the lowest are at 820 °C and 840 °C. Increase or decrease of Tsu modi-
fies the diffusion processes during the film growth. Therefore, changes in J can possibly
be attributed to the change in the size of domains formed by the ensemble of ED in the
GdBCO film.
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Figure 4.8: Inductive J. measurements for GdBCO thin films deposited at T,,,=780 °C-840 °C.

4.1.4 Microstructure and transport properties of the film
prepared at optimum conditions

Since the sample deposited at Ts,,=800 °C, f=10 Hz and p0O,=0.4 mbar shows the highest
T and self-field J; values with good crystallinity and c-axis orientation of the film, it is
chosen for further investigation of microstructure and transport properties. GdBCO thin
film deposited at optimum conditions shows an irreversibility field (Bir) at 77 K of =8 T,
which lies within the range of irreversibility fields previously reported for pristine GdB-
CO thin films [92, 95, 128] and exceeds those reported for YBCO [98, 101, 102, 104,
109] mainly due to higher T..

Je (see Fig. 4.9-B) reaches 3.2 MAcm= at 77 K and 0 T which is quite common for
REBCO-based superconducting thin films and lies within the range 2-6 MAcm? as
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reported [90-110, 128-132] for GABCO and YBCO thin films. Pinning force densities
(Fp, see Fig. 4.9-C) at 77 K has the highest values of 4.6 GNm which is reached at 1.2 T
magnetic field.
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Figure 4.9: Transport properties of GABCO thin films deposited at 800 °C, 10 Hz, 0.4 mbar. A) Irreversi-
bility line; B) Field dependence of J. at 77, 65 and 30 K; C) Field dependence of F, at 77, 65,
30K.

Angular dependence of J. (see Fig. 4.10-B, C) shows that at 1 T, 77 and 65 K sample has
a large peak in the c-direction with additional shoulder in the area 95°-135°. At 3 T, 77
and 65 K peak is present as well with somewhat larger shoulder. As mentioned in subsec-
tion 2.3.2, in pristine REBCO thin films 1D linear defects such as edge dislocations play
an utmost important role for flux pinning. Due to the island-type growth of the thin film
and misalignment between the islands, LAB are formed during coalescence. LAB contain
cores of ED, which during further deposition forms ED in the REBCO matrix. Ensemble
of ED form domain walls and are able to pin vortices along their whole length [74, 75,
81]. Therefore, as shown by BF-STEM images (see Fig. 4.10-A), optimally grown
GdBCO thin film has domain walls with dislocation threading through the whole films.
Thus, a large peak in c-direction appears due to flux pinning at linear defects. The peak is
most prominent at 1 T, possibly because 1 T provides the density of flux lines matching
the density of ED in GABCO film. The appearance of a similar peak at 1 T, 77 K was
previously reported for PLD-grown GdBCO thin films on MgO single crystals [128].
Additionally, the appearance of the shoulders may be due to combined flux pinning at SF
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and Gd;O3 NPs, which are also seen in Fig. 4.10-A, and such an effect was previously
reported for YBCO films containing Y,BaCuOs NPs [109].

Figure 4.10: Je (0) dependence at A) 77 K and B) 65 K and 1, 5, 9 T magnetic fields. C) BF-STEM images
of GdBCO film deposited at 800 °C, 10 Hz, 0.4 mbar. White arrows indicate threading dislo-
cation, yellow-SFs, red-Gd,O3 nanoparticles.

4.2 Structural and transport properties of BaHfO3
nanocomposite GdBa:zCuz07.5s superconducting
thin films

In a variety of studies related to the introduction of different types of secondary phases
such as RE2O; nanoparticles, Y.BaCuOs, BaHfOs;, BaZrOs;, BaSnOs, Ba,YTaOs and
Ba,YNDbOs [89-110], it was shown that the secondary phases can drastically increase the
in-field performance of REBCO-based superconducting thin films with amount of sec-
ondary phase up to 10 wt. %. In most of the works related to PLD-growth of REBCO-
based thin films, different types of excimer lasers are used. Due to the usage of Nd:YAG
laser and pioneer works in our lab on growth of BHO-nanocomposite GABCO thin films
our studies were limited to GdBCO with 2.5 wt% BHO.

Compared to pristine REBCO thin films, one of the most prominent aspects of PLD-
grown REBCO thin films containing BMO precipitates is the effect of self-organization.
J. J. Shi and J. Wu [138] have shown that these BMO secondary phases can grow in the
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shape of nanocolumns due to strain effects, which appear as a result of lattice mismatch
between REBCO and BaMO3; (BMO, M=Hf, Zr, Sn, Ce). This effect was confirmed
experimentally on the example of YBCO thin films containing BZO secondary phases
[13-15]. Another interesting feature, which was studied both theoretically [139] and
experimentally [15], is the influence of Tsu, and vaep ON the shape and size of these nano-
columns. According to these studies, the behavior of BMO secondary phases regarding
Tsub @nd Vgep can be divided into 3 groups:

1. Low Tawthigh veep: Secondary phases mostly grow as NPs or segmented nanorods

2. Low Tsuptlow vgep high Tsupt+high veep: these combinations of deposition parame-
ters give a mixture of nanocolumns, segmented nanocolumns and NPs

3. High Tsu+low vgep: these conditions result in the formation of well aligned along
c-axis of the film nanocolumns. However, quite often the diameter of nanocol-
umns becomes too large and starts to disrupt the REBCO matrix.

Therefore, setting as reference point optimum deposition conditions for pristine GABCO
thin films, here, we studied the influence of Tsuw and vge On structural and transport
properties in 2.5wt.% BHO nanocomposite GABCO thin films in order to find the opti-
mum deposition parameters for the studies of Chapter 7.

4.2.1 Influence of Tsup on structural and transport
properties

4.2.1.1 Superconducting and structural properties of BHO nanocomposite
GdBCO thin films

To understand the influence of the growth temperature on the BHO formation and result-
ing in-field performance, GdBCO thin films were deposited on LaAlOs; (100) single
crystals at 10 Hz, 0.4 mbar. Similar to pristine samples, Ts, Was varied in the range 780
°C-840 °C. After the deposition, all samples were cooled down by 20 °C with 10 °Cmin
L. At this point, all samples were annealed in 400 mbar oxygen atmosphere for 10 min
with consequent cooling to RT with the rate 10 °Cmin‘’.

Table 4.4:  Basic superconducting and structural properties of BHO-nanocomposite GABCO thin films
deposited at 780 °C-840 °C.
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Teun, °C 780 800 820 840
Te, K 90.1 915 91.9 91.4
c-axis, A 11.74 11.75 11.75 11.75
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Figure 4.11: A) R(T) dependence and B) XRD patterns for BHO-nanocomposite GdBCO thin films
deposited at 780 °C-840 °C.

Systematical R(T) measurements (see Table 4.4 and Fig. 4.11-A) show that compared to
pristine GABCO thin film deposited at optimum conditions, T, of BHO-nanocomposite
samples is reduced. This is a common effect of introduction of secondary phases into
REBCO-matrix by PLD. Due to strain effects during the film growth [93, 140], BHO
nanocolumns create surrounding oxygen deficient regions which in turn reduces the
transition temperature of the films. XRD patterns (see Fig. 4.11-B) show GdBCO (00I)
peaks, which indicates highly c-axis-oriented films. Additionally, starting from 800 °C,
BHO (004) peak with 26~44 ° appears on the XRD patterns. Another peak with orienta-
tion (008) is visible only for Ts,>820 °C. The c-axis lattice parameters (see Table 4.4) of
BHO nanocomposite GABCO thin films have larger length of the c-axis than the pristine
films, which appears as a result of strained in the c-axis direction films (3agHo>Cadsco).

BF-STEM images of GABCO films deposited at 800 °C and 820 °C (see Fig. 4.12) show
that at 800 °C the GABCO thin film has segmented BHO nanocolumns distributed in its
matrix. The diameter of these nanocolumns varies between 4 and 5 nm. Between the
nanocolumns, some agglomeration of short BHO particles as well as strain regions at the
interface of substrate and film are present. Such strained regions possibly appear due to
the lattice mismatch between GABCO and the LAO single crystal. Compared to 800 °C,
at 820 °C BHO shows a more elongated shape of the nanocolumns with less BHO ag-
glomerations. According to previous studies on BHO formation in REBCO-based super-
conducting thin films [15, 139], the nanocolumns’ diameter should be increasing with the
increase of Tsu, however, at 820 °C the size of nanocolumns varies in the range 4-5 nm
similar to situation at 800 °C. This apparent contradictory with previous reports can be
explained by the difference in the deposition temperature steps which were used in those
work. In our case, 20 °C difference does not affect drastically the size distribution.
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Figure 4.12: BF-STEM images for BHO-nanocomposite GABCO thin films deposited at 800 °C and 820
°C. White arrows indicate at BHO nanocolumns, yellow arrows — strain regions and SFs, blue
circles — agglomeration of BHO nanocomposites in GABCO.

4.2.1.2 Transport properties

IL for samples deposited at 780 °C-840 °C (see Fig. 4.13) shows that the films deposited
at Tsw=800 °C and 820 °C have an S-shape. Such S-shape is a common sign of the
nanocolumn formation in GABCO matrix. A similar behavior was previously reported for
REBCO-based superconducting thin films containing BaMO3s (BMO, M=Hf, Zr, Sn)
nanorods [89, 101]. Since the BHO-nanocomposite GABCO films were grown on LAO
single crystals, this situation corresponds to the growth of GdBCO films on lattice
matched substrate [138]. In accordance with the micromechanical model for self-
organized secondary phases, the biggest influence on the growth of BHO in GdBCO
matrix has the lattice mismatch between BHO and GdBCO. In this case, the alignment of
nanorods along c-axis of the substrate appears as result of a smaller GdBCO lattice
deformation and, thus, being the energetically favorable state. Matching field (Bo) esti-
mated from average distance between the nanorods has a value of 6.9 T for T,,=800 °C
and 6.7 T for Ts,=820 °C.

Compared to Ts,=800 °C and 820 °C, at the highest Ts,=840 °C, the S-shape of IL is
beginning to vanish. Increase of Ty enlarges the size of the nanocolumns. The bigger
size means a smaller density of the nanocolumns and larger oxygen deficient zones.
Thus, resulting in slightly worse superconducting properties and reduced matching fields.
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Figure 4.13: ILs for 2.5wt% BHO nanocomposite GABCO thin films deposited at Ty,,=780 °C-840 °C

In case of Tsw=780 °C, the behaviour of IL is similar to pristine GABCO films (see Fig.
4.9). At low Tsu and high vgep the diffusion rate and diffusion time are low, therefore
species arriving in the substrate surface can not move to the energetically favorable
position before the next wave of species arrives. Therefore, in this case the GdBCO
matrix has mostly random disorder and correlated pinning centers in the shape of seg-
mented BHO nanorods.

The field dependence of J. (see Fig. 4.14), which is one of the important characteristics
for engineering applications and to gain insight on the Tsy, influence on transport proper-
ties and for a possibility of tailoring the desired pinning landscape in the future. At 77 K
(Fig. 4.14) GdBCO films deposited at 800 °C and 820 °C have the highest in-field values
in the whole range of magnetic fields. Compared to high Tsu, 780 °C shows the strongest
decay with increase of magnetic field, however, it has the highest self-field J.=1.7
MAcm2.

Jc behavior can be described with empirical function:

B

Je = 1o (142) " (1 =52 (4.1)

Birr

where By is the length of the low field plateau related to the self-field, B — irreversibility
field, « and q are fitting parameters. Here, g = 1 is set, since it gives better fitting for
Je(B) behavior. o for pristine sample has a value of 0.73 (see the inset on Fig. 4.14),
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which is close to previously reported for pristine GdBCO thin films [91, 128]. BHO
nanocomposite samples, compared to pristine, have lower values with smallest fitting
parameter achieved at Tq,=800 °C and 820 °C. However, these values are still higher
than those reported for REBCO-based superconducting thin films with BMO secondary
phases [141, 142]. The difference with previous studies possibly appears due to the
combination of correlated pinning centers and random disorder, which results from
relatively low Teus and high Veep.
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Figure 4.14: J«(B) dependence for 2.5 wt.% GdBCO superconducting thin films deposited at 780 °C-840
°C. The inset show dependence of the fitting parameter a on Tyy.

The J¢(B) behavior changes at 10 K. The highest in-field values has the film deposited at
Tsw=800 °C in the range 0-9 T. In the high field region between 9-14 T, Ts,n=780 °C
show better performance compared to Ts,=800 °C. Contrary to the situation at 77 K,
GdBCO thin films deposited at 820 °C and 840 °C show the strongest dependence on
magnetic field. Such a behavior is due to change of coherence length & with the decrease
of the measurement temperature. With a temperature decrease the coherence length is
reducing, thus, the vortex core size is also reducing [70]. Therefore, as it was shown in
studies of vortex pinning in HTS [70] and the role of weak pinning at low temperatures
[143], in low temperature region due to smaller vortex core, weak pinning centers give
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higher contribution to the flux pinning compared to strong correlated pinning center,
while at LN, temperatures strong correlated pinning centers such as BHO nanocolumns
able to pin vortices along their whole length, which also gives a characteristic plateau on
Je(B) dependence. The samples deposited at 780 °C and 800 °C have a combination of
strong correlated pinning centers (segmented BHO nanorods) and weak pinning centers
(random disorder created by BHO nanoparticles, SFs) due to relatively low Tsy, and high
Vaep. Therefore, in-field Jcs are higher for Tsu,=780 °C and 800 °C at 10 K, compared to
820 °C and 840 °C, where the defects in the GABCO matrix are mostly BHO nanocol-
umns.

The pinning force density at 77 K (see Fig. 4.14) has a maximum value of 6.6 GNm at
Twwb=820 °C. The characteristic peak in the Fy(B) dependence appears due to the match-
ing effect, when each BHO nanocolumn pins 1 vortex. Similar to the changes in trends of
Je(B) behavior, at 10 K the sample deposited at 800 °C has the highest Fp up to 10 T, but
in the 10-14 T region 780 °C shows higher values compared to 800 °C.

The dependence of J. on the angle (6) between the c-axis of the film and magnetic field is
another important characteristic since REBCO-based superconducting thin films are
known for Jc(#) anisotropy, and for engineering applications it is preferable to possess as
much isotropic behavior of J. as possible.
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Figure 4.15: Jc(6) dependencies for 2.5 wt.% BHO-nanocomposite GABCO superconducting thin films
deposited at 780 °C - 840 °C
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The Jo(6) dependence (see Fig. 4.15) for samples deposited at Ts,=780 °C-840 °C shows
a large peak along the c-axis direction at 1 T, 77 and 65 K for Ts,,=800 °C-840 °C with
the highest Jc values at 800 °C. At 1 T, 65 K, the c-axis peak has the smallest values at
Tsup=780 °C compared to higher T, Since at LN, temperatures strong correlated pinning
centers have a higher contribution towards flux pinning compared to weak pinning
centers which are present in GdABCO matrix of 780 °C sample. Additionally, at 1 T, 77 K
Tsu=800 °C has a shoulder in 235°-270° region. Such shoulder appears as a consequence
of the flux pinning on SF and nanoparticles [109]. A peak in c-axis direction is present up
to 9 T, 77 and 65 K. Changes in the width of c-axis peak are caused by variation in
nanorod size for different Tsu, Which results in vortices being pinned by few nanocol-
umns and stretched among them at intermediate angles between c¢ and ab-directions
[142]. The double-kink (“volcano-like feature”) at 180° appears due to the enhanced
pinning parallel to the ab-plane or by the shortened and tilted nanocolumns in GdBCO
matrix [144]

The 2.5 wt% BHO nanocomposite GABCO thin films deposited at Ts,,=780 °C-840 °C
show that Tsp has a direct influence on the defect morphology since it regulates the
diffusion rate and, therefore, formation of BHO in GdBCO matrix. At low Tgw, the
diffusion rate is low and in combination with high vge, leads to a formation of mostly
random disorder which is present in the form of strain regions, nanoparticles, short SFs
and segmented, short BHO nanorods. Increase of Tsu, leads to a better alignment of BHO
nanocolumns in c-axis direction with d=4-5 nm. The field dependence of J. and its
anisotropy, in accordance with previous studies, reveals that for better in-field perfor-
mance both at LN» and LHe temperatures combination of short nanocolumns and nano-
particles is more favorable since correlated pinning centers can effectively pin vortices at
LN, temperatures and distortion of GdBCO matrix created by BHO nanocolumns, thus,
weak pinning centers contribute to a flux pinning at low temperatures.

4.2.2 Influence of deposition rate

4.2.2.1 Superconducting and structural properties

The variation of vgep has a similar effect on BHO formation as Tsup. Decrease of Vep
increases the size of the secondary phase nanocolumns similar to the increase of Tsup.
Here, for studies of influence of vgep On the structural and transport properties in BHO
nanocomposite GABCO thin films, it is varied by the laser frequency. As shown in
subsection 4.2.1, the highest in-field J; is achieved at Ts,=800 °C; therefore, all films
were deposited at Ts,»,=800 °C, pO,=0.4 mbar and f=10-2 Hz. After the deposition, all
films were cooled to 780 °C where they were oxygenated for 10 min at 400 mbar O..
After oxygenation all samples were cooled in 400 mbar O, atmosphere to RT with 10
°Cmin,
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Table 4.5:  Basic superconducting and structural properties of BHO-nanocomposite GABCO thin films
deposited at f=10, 5 and 2 Hz.
f, Hz 10 5 2
Te, K 90.2 90.6 87.3
c-axis, A 11.75 11.75 11.75

BHO nanocomposite GABCO thin films deposited at f=10, 5 and 2 Hz show GdBCO
(00I) peaks in XRD 8 - 20 scans (see Fig. 4.16). The (002) reflection of BHO is present
for all three samples. Moreover, the intensity of the BHO (002) and (004) peaks become
larger with the reduction of deposition rate which is a possible sign of enlargement of
BHO nanoparticles/nanocolumns size in GAdBCO matrix. The highest T,=90.6 K is
achieved at f=5 Hz and the lowest 87.2 K at f=2 Hz. The c-axis lattice parameter does not
experience any changes with the variation of veep, Which means, due to usage of the exact
same oxygen annealing, the changes in T are caused by the change of defect morphology
in GABCO matrix.
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XRD patterns of 2.5wt.% BHO nanocomposite GdBCO thin films deposited at =10, 5 and 2
Hz.

Figure 4.16:

The ILs for the 2.5wt.% BHO containing GdBCO thin films deposited at f=10, 5 and 2
Hz have a characteristic S-shape at 10 and 5 Hz (see Fig. 4.17), which indicates that in
these two films BHO has formed nanocolumns aligned in the c-direction. Reduction of
Vaep does not reduce the matching field for f=5 Hz. The IL of the f=2Hz sample has a less
clear S-shape. Such changes in IL behavior appear as a consequence of BHO nanocolumn
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diameter change, since the reduction of vge, and increase of the Tsy, have similar effect on
the size of BHO nanocolumns.

Figure 4.17:

Figure 4.18:
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Field dependence of J; (see Fig. 4.18) shows almost 2-fold increase in in-field values at
77 K for the sample deposited at f=5 Hz, while f=2 Hz has the lowest in-field values in
the whole range of magnetic fields available at PPMS 14 T measurements system. Simi-
lar to the situation with Ts,=800 °C and 820 °C, sample deposited at f=10 Hz has the
better in-field performance at 10 K since the combination of relatively low Tsu, and high
Vaep leads to the formation of both correlated (BHO nanocolumns) pinning centers and
random disorder (such as nanoparticles, short SFs, strain region etc.), which contribute to
flux pinning at low temperatures and high magnetic fields. Fpmax=11 GNm= is achieved
by 5 Hz at 77 K, and this value is comparable or lower by a factor of 2 to previous results
on REBCO-based superconducting thin films containing BMO secondary phases [88, 91-
97].

[ 10Hz o 5Hz; 4 2MH

.ob.. T T T

T
P . ITTK  Hgh  e2fege,  STTK 1 91,77 KBllab'o
° 0.08 |
o, S | i )
NE o.......‘0~ 2 Ble e Bllab 5:...
GRCITLLLTE - LumaEm © L}
=2 l..-. ....Idh 015 [ IS N Blle n
= - -- %e . 004 P0000®0y .
~ oz f 4 o a “%eee® ' Rl LTI
n - [ T]
Aa " Ram= gLl LT o
kad YW 005 | 4 LT
Ara DAAAAA, A
ur ‘AAAAAAllk . . Y VUUPPIIITS ) [ YYVIVYVIVWN A
180 270 180 270 180 270
T ' sodece i 05 [oeq, T
3y e, 1T,65K Coanms®, ST65K 1 sotve, ITGSK L
» e ... i " ...-...l b
g " "u, %, Blaby  osp g W e 1 ™[ Blle = %o, &
Blle . ®e n® n %000
i T ...ll....A 06 - ..0 B||ﬂb- 03 | " * J\
= lll.* - l.. *oee, 3 L
2 08 | R L LT B|lab,
A, 04 - ab |
06 aas AA‘AAAAA E AAAAAA‘AA 02 ““‘A“AA
A A A A
ol AAAAA* 02 | LYV = o ‘AA‘AA‘A
1 1 1 L ]
180 270 180 270 180 270
6,° 0,° 6,°

Figure 4.19: Je-6 characteristics of 2.5wt.% BHO nanocomposite GABCO thin films deposited at =10, 5
and 2 Hz at 77 and 65 K.

Je(0) characteristics (see Fig. 4.19) for samples deposited at =10, 5 and 2 Hz show a
large peak in c-axis direction at 1 T, 77 and 65 K, with the highest values for f=5 Hz.
Additionally, small shoulders are presentat 1 T, 77 K for f=5 Hz and 10 Hz. At5 T, 77 K
Je(0) behavior has a double kink at the c-direction which appears due to splay of nano-
columns. The broadening of the peak around c-axis direction from 5 T to 9 T is caused by
vortex pinning by several nanocolumns and correlated with the change in the size of
BHO nanocolumns, which indicates that with the reduction of vge, the diameter of BHO
nanorods is increasing.
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In this chapter, we have shown that considering all transport and structural properties,
Tsub=800 °C and Vvgep=10 Hz is the optimum deposition parameters for 2.5wt.% BHO
nanocomposite GABCO thin films, therefore, these conditions were used to deposit all
BHO-nanocomposite GdBCO thin films of Chapter 7. Additionally, in accordance with
previous studies on REBCO-based superconducting thin films with BMO nanocompo-
sites, we have shown that the highest in-field J. both at LN, and LHe temperatures are
achieved for sample containing combination of correlated pinning centers and random
disorder.
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5 In-situ oxygen annealing of
pristine GdBazCuz075
superconducting thin films

Various deposition parameters play a crucial role in the formation of defects in REBCO
thin film matrix, which has been discussed in Chapter 4. However, another important step
in GABCO thin film preparation is the oxygen annealing. As shown in Chapter 2, the
REBCO film has stable tetragonal (T) phase after the deposition, which is an insulator,
and oxygen annealing is required to introduce additional oxygen in the structure and form
the orthorhombic phase, which is superconducting.

This chapter shows the results of our studies on the influence of the in-situ oxygen
annealing on the structural and transport properties of pristine GdBCO thin films. This
chapter is organized as follows: subsection 5.1 is dedicated to studies of the influence of
the annealing temperature (Tain). Based on the results of subsection 5.1, the subsections
5.2 and 5.3 discuss the role that the annealing time (tan) and oxygen pressure (PO>) play
for the resulting Jc and its anisotropy.

5.1 Influence of annealing temperature

5.1.1 Structural and superconducting properties

All GdBCO thin films were deposited on MgO (100) single crystals in accordance with
the optimum conditions explained in Chapter 4. After the deposition, all samples were
cooled to the respective Tann in 0.4 mbar oxygen flow with a cooling rate 10 °Cmin‘™.
After reaching Tann, 400 mbar of oxygen was introduced into the vacuum chamber. Tanmn
was varied between 450 °C-780 °C. According to subsection 2.1.4, tan was increased
from 10 min at 780 °C to 30 min at 450 °C due to the reduction of the diffusion coeffi-
cient at lower Tann.

Basic superconducting and structural properties (see Table 5.1) show that compared to
GdBCO thin films of Chapter 4, which are grown on LaAlOs (100) single crystals and
annealed at 780 °C, the films on MgO annealed at 780 °C have a much lower T (85.2 K
vs 92.5 K), this may be an effect of the difference in lattice mismatch between GdB-
CO/MgO and GdBCO/LaAlOs, hence, of different growth, structure and strain effects
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(see subsection 2.3.2). The reduction of T leads to an increase in T. which reaches the
maximum value at Tan=450 °C (the lowest investigated Tann). The c-axis lattice parame-
ter does not follow the same trend as T, since the values stay more or less constant in the
investigated temperature range. Such behavior of the c-axis lattice parameter is possibly
related to the fact that after the deposition and annealing at every Tann, all samples were
cooled to RT in the same way i.e., under 400 mbar oxygen atmosphere and, therefore, the
possible differences associated to the different Tan vanish. Assuming this, the observed
change in T¢ is not related to changes in the oxygen content of the samples (this would
cause variations in the c-axis) but with the strain effects and secondary phases which are
forming in the GABCO matrix.

Table 5.1:  Basic superconducting and structural properties of GdBCO thin films
annealed at T,,=450 °C-780 °C.
Tam, °C 450 550 650 700 780
T K 927 90.9 88.2 84.9 85.2
c-axis, A 11.737 11.739 11.738 11.738 11.742
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Figure 5.1: XRD pattern of GABCO thin films annealed at T.,,=450 °C-780 °C.

XRD patterns of GABCO thin films (see Fig. 5.1) shows that all samples have GdBCO
(0al) reflections which indicates that films are highly c-axis oriented. Additionally,
reflections from Gd.Os; with (200) and (345) orientation are present as well. Rough
Scherrer size estimate gives size =10-15 nm for (200) reflection and =30 nm for (345)

reflection.
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5.1 Influence of annealing temperature

The AFM images (see Fig. 5.2) display similar features for all films regardless Tamn.
Similar features were observed in YBCO and GdBCO thin films. Hill-like structures,
results of the island-type growth of the films, appear at the surface of all samples. Addi-
tional small NPs become visible for Tann>550 °C.

* s N
Tpm &

Figure 5.2: Surface images of GABCO thin films annealed at T,,,=450 °C-780 °C.

5.1.2 Transport properties
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Figure 5.3: ILs of GABCO thin films annealed at T,,,=450 °C-780 °C.
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The ILs of the GABCO thin films annealed at Tan=450 °C-780 °C (see Fig. 5.3) show the
typical shape of the IL of pristine REBCO-based superconducting thin films [128, 130].
However, Tann causes changes in the position of the IL. The reduction of Tan, from 780 °C
to 700 °C moves the IL towards lower fields, but a further decrease to 450 °C causes the
contrary effect, reaching the biggest shift at 450 °C. B at 77 K has the lowest value of
2.1 T at Tam=700 °C and reaches the highest value of 7.5 T at Tan=450 °C. In the previ-
ous studies of transport properties of YBCO and GdBCO superconducting thin films Bi
at 77 K is reported to lie within the range 7-9 T for YBCO and GdBCO superconducting
thin films. Therefore, values achieved for Tan=450 °C are in a good agreement with
previous works.

The field dependence of Jcat 77 and 10 K of GdBCO thin films annealed at 450 °C-780
°C is shown in Fig. 5.4. The samples annealed at 700 °C and 780 °C exhibit the fastest
decay of Jc. By decreasing Tann from 700 °C to 450 °C, the in-field J; increases. The
smoothest in-field J. dependence and the largest self-field J. are achieved at Tan=450 °C.
At 77 K, Fpmax is increasing from 0.2 GNm™ to 6.0 GNm™ with the reduction of T
from 780 °C to 450 °C. Fpmax at 77 K, reached for Tan=450 °C, is slightly higher than
those previously reported for pristine YBCO thin films [90, 92, 95, 97, 106, 108] and
comparable or higher than those previously reported for GdBCO thin films [89, 102, 104,
107, 109]. At 10 K the trend between Tan and resulting in-field J. stays similar to the
trend at 77 K. The highest in-field J. and F, at 14 T are achieved for Tan=450 °C.

Je(0) curves (see Fig. 5.5) for GABCO thin films annealed at 450 °C-780 °C show at 1
and 3 T, 77 K and 65 K for Tan=700 °C and 780 °C only the peak in ab-direction while
the region around c-axis direction is nearly flat. For samples annealed at Tn<650 °C at 1
and 3 T, 77 and 65 K, another peak in c-axis direction starts to appear and reaches its
maximum J. at 450 °C. Such a peak in c-axis direction was previously reported for PLD-
grown GdBCO thin films on MgO single crystals by T. Matsumoto [128] and was related
to flux pinning at a-axis domains and anti-phase boundaries. Moreover, at 1 T, 77 and 65
K the peak in ab-direction is increasing from 780 °C to 550 °C and then decreases at 450
°C. Also, in the sample annealed at 450 °C, at 3T, 77 and 65 K, the anisotropy behavior
exhibits not only peaks in c- and ab-direction, but also a shoulder between 235° and 270°.
This shape of J. anisotropy at Tann=450 °C is similar to what was observed for the GdB-
CO thin film grown at optimum conditions on LaAlOs single crystals. Therefore, regard-
less of absence of TEM images in this case, it is possible to conclude by comparing with
the previous data from subsection 4.1.4 that at Ta=450 °C ED are the main reason for
the appearance of a large peak in c-direction, whereas SF and Gd,Os NPs contribute to
appearance of shoulder between 235° and 270°.
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Figure 5.4: Field dependence of J. and F, for GABCO thin films annealed at T.,»=450 °C-780 °C.

Considering all features that are observed from structural and transport properties, the
behavior of GABCO thin films may appear due to variations in the density of dislocation
loops and ED threading through the whole film. The Gd124 phase i.e., SFs that are
usually formed during the film deposition, possibly decompose into a mixture of
Gd247+CuO according to [145] at high temperatures and low oxygen pressures, which is
further confirmed in studies on influence of post-annealing on Jc in GABCO thin films
[146], exposure to oxygen atmosphere at high temperatures and low pressures reduces the
density of SFs. Additionally, the presence of SF in the GABCO matrix implies dislocation
loops [74, 82]. Therefore, films annealed at high T.n=650 — 780 °C may have a small
density of large SF, which may also interrupt the domains formed by the ensemble of ED
threading through the film, not only causing strain effects, which degrade the supercon-
ducting properties. ED, having the core size in the range of the coherence length are
effectively pinning vortices around their whole length and contribute towards flux pin-
ning in c-direction. Dislocation loops, which primarily lie within the ab-plane, can also
contribute to flux pinning in c-direction [74, 82]. Therefore, decomposition of SF during
reduction of Tann from 780 °C to 450 °C possibly results in the larger density of short SF,
hence, larger density of defects. Increase in the density of dislocation loops, combined
with the presence of domains, which are formed by ED, may be the main reason for the
gradual increase of in-field J. from Tan=780 °C to 450 °C as well as the appearance of
the large peak in c-direction at Tan=450 °C.
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Figure 5.5: Jo(6) characteristics for GABCO thin films annealed at T,,,=450 °C-780 °C.

5.2 Influence of annealing time

In subsection 5.1 we have shown that Tan can drastically change the self-field and in-
field J. of pristine GABCO thin films. However, another important parameter is the
annealing time (tan). In subsection 5.1, tan was increased from 10 min at 780 °C to 30
min at 450 °C. Now, since it was shown, that the highest in-field J. are achieved at
Tann=450 °C, in this subsection we study how annealing time can further affect the struc-
tural and transport properties of pristine GABCO thin films keeping 450 °C as annealing
temperature.

All GdBCO thin films were deposited on MgO (100) single crystals at 800 °C, 10 Hz and
0.4 mbar O; flow, in accordance with the optimum conditions of Chapter 4. After the
deposition, all samples were cooled to 450 °C in 0.4 mbar O, flow with 10 °Cmin
cooling rate. After reaching 450 °C, 400 mbar of O2 were introduced into the vacuum
chamber. The annealing time was varied between 5 and 60 min. After oxygen annealing
at 450 °C, all samples were cooled to RT with 10 °Cmin in 400 mbar O, pressure.

5.2.1 Structural and superconducting properties
Basic superconducting and structural properties (see Table 5.2) show that by extending

tann from 5 min to 30 min, T increases and reaches the maximum value of 92.7 K at
tan=30 min. Larger times cause a small decrease of T to 91.9 K. A similar behavior was
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5.2 Influence of annealing time

previously reported for YBCO thin films [24]. However, in those studies the highest T
was reached after 7 h.

In accordance with the studies on nonstoichiometry in YBCO thin films [27] and opti-
mum oxygen content reported for GdBCO thin films [32], the GdBCO samples are
optimally doped for tann=15-60 min, reaching the maximum T at t;n=30 min, while c-
axis lattice parameter for t;,n=5 min corresponds to the underdoped range, which explains
the low T observed for this sample. Between 15 and 30 min, the c-axis lattice parameters
have insignificant differences and still correspond to the optimum oxygen content, while
T. has a drastic change during extension of tan from 15 to 30 min. Since T and c-axis
lattice parameter are linked to each other, this drastic change could be caused by a change
in the microstructure for tsnn=15 min (larger defects, strain, higher density of SFs).

Table 5.2:  Basic superconducting and structural properties of GdBCO thin films annealed at t;,=5-60 min

tann, MIN 5 15 30 60
To, K 71.8 84.4 92.7 91.9
c-axis, A 11.753 11.744 11.737 11.741
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Figure 5.6: XRD 6-26 scans of GABCO thin films annealed at t,,,=5-60 min.

XRD 6-26 scans of samples annealed for tan=5-60 min (see Fig. 5.6) show (00I) reflec-
tions of GABCO, and (200) and (345) reflections of Gd0s. The size estimation shows
17-20 nm distribution of Gd,O3 (200) for tsn=5-15 min and 7 nm for t;n=30-60 min,
while for Gd,O3 (345) reflection size is nearly constant =30 nm. Due to the absence of
TEM images of GdBCO thin films annealed at 450 °C and tan=5-60 min, from the
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5 In-situ oxygen annealing of pristine GdBa2Cu307- superconducting thin films

crystalline size estimation we assumed that the reason for the T reduction at 15 min is
the larger size of Gd,O3 nanoparticles which disturb the GdBCO matrix.

Figure 5.7: Surface images of GABCO thin films annealed at t,,=5-60 min

AFM images (see Fig. 5.7) show no drastic changes of the surface morphology when tan
increases from 5 to 60 min. All films have a hill-like surface, similar to samples of
subsection 5.1.

5.2.2 Transport properties
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Figure 5.8: ILs of GABCO thin films annealed at t,,,=5-60 min
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5.2 Influence of annealing time

The ILs of GABCO thin films annealed for t;n=5-60 min (see Fig. 5.8) show the charac-
teristic behavior with linear dependence of Bi on the temperature which is starting at 0.5
T. The lowest shift as well as the lowest value of Bjr has the sample annealed for tan=5
min. Increase of tan shifts the IL towards high temperatures and reaches the largest
values at tan=30 min. The highest B (77 K) = 7.5 T is achieved at ts»=30 min. The low
IL at tann=5 min is linked to the lower oxygen content of the film which caused worsening
of the superconducting properties, at tan=15 min it is, supposedly, due to large defects
that created additional strain on the GABCO matrix.

F,, GN/m’®
w £

~

Figure 5.9: Field dependence of J. for GABCO thin films annealed at t;n,=5-60 min

Similar to the trend observed for T, J.(B) dependence of GABCO thin films annealed for
tann=5-60 min shows that tann=15 min has the strongest decay of in-field J.. Since T, for
tan=5 min is lower than 77 K, at this temperature the superconducting state has not been
reached. The increase of tan leads to an improvement of in-field Jc with the maximum
values achieved at t,,=30 min. A longer exposure to 0.4 bar of oxygen atmosphere
slightly reduces in-field Jc. Such behavior of ta,=60 min could result from the slow
diffusion processes that are still taking place at 450 °C, thus, possibly causing the reduc-
tion of such defects as oxygen vacancies and SFs. In addition, regarding the increase of
the Gd>O3; NPs size, one could assume that due to slow diffusion and oxygen redistribu-
tion SFs i.e., the Gd248 phase is decomposing and participates in the formation of the
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5 In-situ oxygen annealing of pristine GdBa2Cu307- superconducting thin films

Gd123 phase and possibly other oxides. The highest self-field J.=3.2 MAcm2 is achieved
at t;nn=30 min. At 10 K, the situation is similar to 77 K regarding the trends with the
variation of tan. The highest in-field Jc are achieved for t;n=30 min, while t;,n=5 min has
the strongest dependence on magnetic field. Field dependence of F, (see Fig. 5.9) shows
that the highest Fpmax(77 K)=5.9 GNm has t;nn=30 min.
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Figure 5.10: Je (©) characteristics of GABCO thin films annealed at t;n,=5-60 min.

The J¢(6) curves (see Fig. 5.10) for t;,n»n=30 min and 60 min are similar to Jc anisotropies
in Chapter 4. These samples have a peak in c-axis direction at 1 and 3 T, 77 and 65 K,
with the J. values increasing from tan=5 min and the highest value for ta:n=30 min. The
peak in ab-direction is increasing from tan=5 min to tan=30 min followed by a small
reduction at t,=60 min. Additionally, tsn=30 and 60 min have a shoulder between 235°
and 270°. At 7 T, 77 K, GdBCO thin films annealed at t.,n=30 and 60 min are close to
the transition into a normal state, therefore, the flat region around c-axis direction is
observed. The shoulders for t;n=30 min and 60 min could be another indication of the
changes in the microstructure regarding SF density and oxide NPs.

5.3 Influence of oxygen pressure

In subsections 5.1 and 5.2, we have shown that the highest self-field and in-field J. are
achieved at Tann=450 °C and ta;n=30 min. According to [27], the oxygen content which
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5.3 Influence of oxygen pressure

can be introduced into YBCO is limited by the annealing temperatures and oxygen
pressure (PO,). Therefore, as one of the important parameters of oxygen annealing, the
influence of PO, on the structural and transport properties of pristine GdBCO thin films
was investigated.

5.3.1 Structural and superconducting properties

All GdBCO thin films were deposited in accordance with the optimum conditions of
Chapter 4: Tsw=800 °C, f=10 Hz, pO,=0.4 mbar. After the deposition, the films were
cooled in 0.4 mbar oxygen flow to 450 °C where they are annealed for 30 min. The
oxygen pressure was varied between 0.1 and 1 bar during this annealing. After annealing
for 30 min at 450 °C, the samples were cooled to RT in the respective PO,.

The T¢ values and c-axis lattice parameters of the films annealed at PO,=0.1-1 bar are
shown in Table 5.3. The sample annealed at 0.1 bar has the lowest T:~86.6 K. By increas-
ing PO,, T enhances and reaches the maximum at PO»=0.4 bar. Larger values of PO,
slightly reduce Tc. From the c-axis lattice parameters, it is obvious that independent of
PO; all GABCO thin films have optimum oxygen doping, which contradicts the observed
T values. Therefore, the changes in T, are caused by modifications of the microstructure
by different PO, values.

The 6-26 scans of the films annealed at PO,=0.1-1 bar show GdBCO (00I) reflections, as
well as (200) and (345) reflections of Gd,Os for all samples. Size estimation shows a
decrease of the crystalline size from 20 nm to 6 nm for (200) orientation and decrease
from 41 nm to 10 nm for (345) orientation for increasing PO, from 0.1 to 1 bar. The
estimated size of oxide NPs can serve as a confirmation for the behavior of T; and c-axis
lattice parameter. According to [145], the decomposition temperature of the Gd124 phase
is dependent on PO,. Additionally, in [146] it was shown that low PO, and high tempera-
ture annealing of GABCO thin films leads to the reduction of the SF density. Therefore, a
higher decomposition rate of the Gd124 phase at low PO, possibly leads to the formation
of the Gd123 phase and larger Gd2O3; NPs, while these processes are much slower at high
PO..

Table 5.3:  Basic superconducting and structural properties of GdBCO thin films annealed at PO,=0.1-1 bar

pO, bar 0.1 0.2 0.4 0.6 1
Te, K 86.6 91.7 92.7 925 91
c-axis, A 11.747 11.740 11.737 11.736 11.746
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Figure 5.11: XRD 6-26 of GABCO thin films annealed at PO,=0.1-1 bar

The surface morphology of the GABCO thin films annealed at PO,=0.1-1 bar is similar to
the other annealing parameters. Independent of PO-, all samples have hill-like surface
structure.

Figure 5.12: Surface images of GABCO thin films annealed at PO,=0.1-1 bar
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5.3.2 Transport properties
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Figure 5.13: ILs of GABCO thin films annealed at PO,=0.1-1 bar

Bir at 77 K, which was estimated from the ILs (see Fig. 5.13), has the lowest value of 2.7
T for PO,=0.1 bar. Increasing PO, enhances Bi; to the maximum value of 8.1 T at 0.6 bar
followed by a slight reduction to 5.8 T at 1 bar.

The field dependence of J. shows at 77 K the fastest decrease in in-field J. at PO»=0.1
bar. Increase of PO, leads to increase of in-field J.. In the region 0-7 T, the sample
annealed at 0.4 mbar has the highest in-field J. while between 7 and 14 T the film an-
nealed at PO,=0.6 bar has an insignificantly small advantage. At 10 K and in 0-14 T, the
sample of PO,=0.4 bar has the highest in-field J;, and PO,=0.1 bar again the strongest
dependence on magnetic fields. Similar to the behavior at 77 K, where 0.2 and 1 bar as
well as 0.4 and 0.6 bar samples have quite similar Jc in the whole range of magnetic
fields, at 10 K, 0.2 and 1 bar have similar in-field J.. However, the 0.6 bar GdBCO film
exhibits a strong reduction compared to 0.4 bar. The angular dependence of J. (see Fig.
5.15) at PO,=0.1-1 bar (see Fig. 5.15) is similar to that of GdABCO thin films deposited at
optimum conditions on LaAlOs single crystals (see Chapter 4). At 1 T, 77 and 65 K,
P0O,=0.2-1 bar have a large peak in c-axis direction, which is increasing from 0.2 to 0.4
bar where it shows the highest J¢, and a peak in ab-direction, which is increasing from 0.1
to 0.2 bar, where it reaches the highest J. and slightly decreases between 0.4 and 1 bar. At
3 T, 77 and 65 K, all samples have a small shoulder between 235° and 270°, which is
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5 In-situ oxygen annealing of pristine GdBa2Cu307- superconducting thin films

most prominent at PO,=0.4 bar. At 7 T, 77 K, the PO,=0.1 bar sample is close to the
transition into normal state, therefore, flat region around c-axis direction is observed.
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Figure 5.14: Field dependence of J; for GABCO thin films annealed at PO,=0.1-1 bar

Such changes in J¢(6) behavior might appear due to SF decomposition at low PO,
similar to subsection 5.1, and growth/decomposition of Gd,O3; NPs as it was observed on
data from XRD patterns. Therefore, considering the importance of ED and dislocation
loops for flux pinning in pristine REBCO thin films, we assume that the microstructure
and, hence, Jc anisotropy behavior can be divided into 3 regions:

1. PO2<0.1 bar: At low PO, similar to section 5.1, SF are decomposing, which is
possibly the reason for large Gd,O3 NPs and the degradation of superconducting
properties caused by strain effects. Additionally, a lower SF density implies less
dislocation loops present in GABCO matrix. Thus, these samples exhibit the
lower in-field J; and corresponding J.(6) behavior with the smallest peak in c-
direction.

2.0.2 bar<P02<0.6 bar: Smaller-scale or completely absent SF decomposition,
compared to PO,<0.1 bar. Considering that the highest in-field J. is achieved at
0.4 bar, it would seem that PO,=0.2 bar is the border condition, where SF start
to decompose, and PO»=0.6 bar is for Gd,O3 NPs decomposition. The small var-
iations in J for field in c-direction on Fig. 5.15 appear due to changes in the
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5.3 Influence of oxygen pressure

density of dislocation loops, while the density of ED threading through the
GdBCO film may stay the same. PO,=0.4 bar is the optimum annealing pres-
sure, since it has optimum density of ED, dislocation loops and Gd>O3; NPs,
hence, exhibiting the highest J..

3. PO2>0.6 bar: At these conditions, Gd,O3 NPs decomposition takes place, there-
fore, XRD patterns give the smallest size estimation. Therefore, since the SF de-
composition is absent, the reduction of Gd>Oz NPs size and density may be the
reason for further degradation of J. compared to PO,=0.6 bar, while the density
of ED and dislocation loops may be similar.
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Figure 5.15: Jo(6) characteristics of GABCO thin films annealed at PO,=0.1-1 bar.
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6 Ex-situ oxygen annealing of
GdBazCu3z07.s superconducting thin
films

In Chapter 5 it was shown that oxygen annealing parameters such Tan, tann, PO> of the
vacuum chamber have a strong influence on the microstructure and, therefore, on
transport properties of pristine GdBCO superconducting thin films. However, due to the
existence of a large variety of deposition methods, the oxygen annealing procedures also
vary from one approach to another (e.g., oxygen annealing in tubular furnaces for CSD
grown samples in our group). Additionally, during production of coated conductors (CC),
after the deposition of all buffer and superconducting layers, CC are ex-situ annealed in
furnaces or tubes. In this Chapter we present results on ex-situ (tubular furnace) annealing
of pristine GABCO thin films, correlations between oxygen annealing parameters and
defect morphology, and consequently resulting transport properties. Subsection 6.1 is
dedicated to comparison of different annealing routes, subsections 6.2, 6.3 and 6.4 show
the influence of Tam, tan, and cooling or quench rate (QeLp) On structural and transport
properties in ex-situ annealed pristine GABCO thin films, respectively.

6.1 Role of annealing route in transport
properties improvement of pristine GdBCO
thin films

The highest self-field and in-field J; are achieved at Tann=450 °C, tann=30 min, PO,=0.4
bar. Therefore, to figure out which oxygen annealing route is more suitable for ex-situ
annealing, a preliminary parameter set of Tawn=450 °C and tan=30 min was chosen. On
the Fig. 6.1, in addition to three ex-situ annealing routes, the temperature profiles for the
in-situ annealed sample with the highest self-field and in-field J. and for the sample
cooled down to RT in the PLD chamber but without further oxygen annealing are shown.
The inclusion of those is necessary to compare in-situ and ex-situ annealing and keep
track of defect morphology changes at various steps.

1. In-situ annealing route for the sample with the highest self-field and in-field J..

2. No annealing route: GABCO film cooled at pO,=0.4 mbar to RT in PLD chamber.

3. Heating to 450 °C with 1200 °Cmintin Ar flow. Oxygen annealing for 30 min in
2000 ml/min pure O flow.
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

4. Heating to 800 °C with a rate of 1200 °Cmin* in Ar, cooling to T;n=450 °C in Ar
flow with 15 °Cmin. Oxygen annealing for 30 min in 2000 ml/min pure O,
flow.

5. Heating to 800 °C in Ar flow with a rate of 1200 °Cmin, cooling to Tann=450 °C
with 15 °Cmin in a mixture of Ar+400 mbar O,. Oxygen annealing at 450 °C
for 30 min with 2000ml/min pure O, flow (simulation of in-situ annealing in the
tubular furnace)
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Figure 6.1: Oxygen annealing routes

6.1.1 Structural and superconducting properties

Table 6.1:  Superconducting and structural properties of GdBCO thin films annealed at routes 1-5

Ann. route In-situ, 1 No ann., 2 3 4 5

T, K 92.7 32.7 93.1 925 93.0
c-axis, A 11.737 11.811 11.725 11.725 11.728
Gd,05(200), nm 15 40 15 15 15
Gd,05(211), nm - - - 29 30
Gd,05(345), nm | 30 30 28 56 9

The investigation of superconducting properties and c-axis lattice parameter (see Table
6.1.) have shown that in-situ annealed, and route 3-5 samples have a T. around 93 K and
c-axis lattice parameters of ~11.73 A, which belongs to the optimum oxygen doping
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6.1 Role of annealing route in transport properties improvement of pristine GABCO thin films

range. The oxygen content, which is linked to the c-axis lattice parameter, and which can
be introduced into YBCO, is limited by temperature and pressure, therefore, since all
samples have a cooling to RT at PO,=1 bar after annealing at 450 °C for 30 min, the
differences are vanished. The sample cooled to RT in the vacuum chamber is underdoped
and has a c-axis lattice parameters of 11.81 A and therefore belongs to orthorhombic (O)
phase with T.=32.7 K.
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Figure 6.2: XRD patterns for GdBCO thin films annealed at routes 1-5.

XRD 6-26 show (00I) reflections of GdBCO for all the samples. The films of routes 4
and 5 have additional peaks of Gd»Os (200), (211) and (345) orientations. However,
orientation (211) is not present for the in-situ annealed sample and for routes 2 and 3,
which indicates that a possible reason for the formation of Gd,O3 (211) is the additional
heating step to 800 °C in Ar flow. Rough Scherrer size estimation from (211) reflection
of Gd;03 yields =30 nm NP size. (200) reflection yields to =40 nm for route 2 and =15
nm for routes 3-5. The largest variation is seen for (345) reflection: route 2 <30 nm, route
3 =28 nm, route 4 =56 nm, and route 5 =<9 nm. Additionally, compared to routes 3-5 and
in-situ annealed GABCO thin film, the sample cooled to RT in 0.4 mbar has a shift of
GdBCO (00I) peaks which is appearing as a result of lower oxygen content.

The GdBCO thin films annealed at various Tann, tawm and PO- did not show drastic differ-
ences in their surface morphology, Chapter 5. Surface images (see Fig. 6.3) for GdBCO
thin films annealed at route 2-5 show that cooling to RT leads to a similar surface mor-
phology as many other samples of Chapter 5. The surface morphology of route 3 is
similar to that of route 2 with somewhat larger hills. Compared to routes 2 and 3, routes 4
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

and 5 have triangular shaped precipitates on the surface with approximate size 10-30 nm,
which corresponds to estimation from Gd,03 (211) peak.

No annealing
Route 2

65 nm

Figure 6.3: Surface images of GABCO thin films annealed at routes 2-5.

The appearance of the Gd»O3 (211) peak in 6-26 scans and additional triangular-shaped
precipitates for ex-situ annealed GABCO thin films of routes 4 and 5 indicates that intro-
duction of additional heating and cooling steps possibly induces the formation of addi-
tional Gd,O3 NPs both on the surface and in the GABCO matrix.

6.1.2 Correlation of microstructural features with
thermodynamic phases and the irreversibility lines

BF-STEM and LAADF images (see Fig. 6.4) show clearly a presence of domain walls for
Route 3 and 4, which are formed by ED, whereas for route 2 and 4 they are less visible
but still present. Due to presence of domain walls and threading dislocation, one may
expect that this type of defects will be responsible for a large contribution to flux pinning
in c-direction. Moreover, in addition to ED, Gd-rich NPs, threading dislocations and SFs
are present in all samples. The sample annealed at route 3 has predominantly Gd-rich
NPs of higher density compared to route 2 and several SFs. Route 4 shows mostly Gd-
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6.1 Role of annealing route in transport properties improvement of pristine GdBCO thin films

rich NPs and threading dislocations. Compared to routes 2-4, route 5 has a larger density
of Gd-rich NPs with different orientations, as seen in Fig. 6.4. Additionally, a large
density of SFs is present for sample 5, some of the SFs form stair-like structures along
45° direction. The reason of density variations for Gd-rich NPs and SFs and, overall,
defect morphology for route 2-5 can appear due to several factors:

Route 2: After the deposition, the GABCO thin film has predominantly SFs and Gd-rich
NPs. Cooling to RT in 0.4 mbar O possibly leads to a partial decomposition of SFs
according to [145, 146].

Route2 — Route 3
No ann. Heating to 450 °C

TSP on S

Route5
Cooling in Ar+0,

50 nm

Figure 6.4: BF-STEM and LAADF images of samples deposited at routes 2-5. Red arrows — Gd,O3 NPs,
yellow — SFs, white arrows — threading dislocations. Blue circles — (100) outgrowths.

Route 3: SFs, which were formed during deposition, partially decompose during cool-
down to RT [145]. Heating to 450 °C in Ar flow relaunches the decomposition process
and, additionally, changes the phase from O to T. Switching from Ar flow to the pure O
flow stops the SF decomposition and leads to a phase transition from T to O-I, in accord-
ance with the phase diagram proposed by R. Hammond [39]. Due to the stability of the T
phase and partial decomposition of SFs, the sample has Gd-rich NPs, which are formed
during deposition, and a somewhat reduced SF density, compared to route 2. From the
size estimation, it would seem that oxygen annealing at 450 °C and 1 bar Oz mostly
reduces the size of Gd,O3 (200).
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

Route 4: Heating to 800 °C in Ar launches the SF decomposition and changes the O
phase to the T phase due to oxygen out-diffusion. Then the original Gd123 phase may
decompose into a mixture of Gd163+Gd.Os+liquid phases [29], possibly inducing a
formation of Gd;O3 (211) NPs observed in 6-20 scans. Further cooling to 450 °C in Ar
flow causes severe O, out-diffusion and prolongation of the SF decomposition, before
annealing at 450 °C. Therefore, this sample has the lowest SF density among routes 2-5.
Similar to route 3, annealing at 450 °C and 1 bar O aborts the SF decomposition, starts
the Gd,Os decomposition, and changes the T phase to the O-I phase. SFs, which decom-
pose during heating and cooling steps, most likely participate in the Gd123 phase for-
mation and enlargement of the Gd,O3 (345) NPs.

Route 5: Similar processes as in route 4 take place. However, due to consecutive cooling
to 450 °C in a mixture of Ar+400 ppm O (0.4 mbar of Oy) the decomposition of SFs is
less severe. This correlates with the reduced size for Gd,O3 (345). Thus, this sample has
the largest density of short SFs ~10-20 nm and a large density of Gd,O3 NPs.
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Figure 6.5: ILs for GABCO thin films annealed at routes 3-5. In-situ annealed sample is shown for
comparison.

The ILs of GdBCO thin films annealed at routes 3-5 and, additionally, of the in-situ
annealed film (route 1) (see Fig. 6.5) shows that the highest B (77 K) =9.3 T is achieved
for route 5 while the in-situ annealed sample exhibits the lowest Bir (77 K) =7.5 T. This
indicates that ex-situ annealing of GdBCO thin films can improve the transport proper-
ties.
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6.1.3 Transport properties

After clarifying what is the influence of each annealing route on the defect morphology,
it is necessary to determine the resulting field-dependence of Jc, correlation between
defects present in each sample and J; anisotropy. The field dependence of J. (see Fig.
6.6) of ex-situ annealed GdBCO thin films shows a situation similar to the shift of the
ILs. The highest in-field Jc values are achieved at route 5 as well as the highest self-field
Jo(0 T, 77 K) =3.7 MAcm2. At 77 K, route 3 has the strongest dependence on magnetic
fields. However, J: for route 3 and for the in-situ annealed sample can be considered
equal. This may be considered as confirmation of the fact that ED and domains formed
by them appear during the deposition process, while the oxygen annealing modifies such
defects as SF and Gd,O3 NPs. The field dependence of Fp, Fig. 6.6, shows that route 3
has Fomax(77 K)=4.4 GNm, route 4 has Fpmax(77 K)=5.5 GNm=, and route 5 has the
highest Fpmax=6.7 GNm3, Interestingly, the Fpmax for route 5 is similar to those achieved
for 2.5wt.% BHO nanocomposite GABCO thin films of Chapter 4, section 4.2.
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Figure 6.6: Field dependence of J. and F, for GABCO thin films annealed at routes 3-5. Gray dotes
represent in-situ oxygenated GdBCO films.

The situation changes at 10 K, where the strongest dependence on magnetic fields is
shown by the in-situ annealed sample and all ex-situ annealed samples have higher in-
field J.. The differences between in-field J. of route 1 and 3, which are more prominent
in higher fields, indicate the contribution to flux pinning from a larger density of Gd-rich
NPs and SF. Among route 3-5, sample 5 shows the highest in-field J. in the magnetic
field range 0-14 T. Such difference in the field dependence of J. similar to the situation at
77 K, appears as a result of difference in the density of such defects as Gd-rich NPs and
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

SF. However, in the low temperature region, weak pinning centers contribute more to
flux pinning, and since the route 5 sample is the richest in defects compared to routes 3
and 4, many weak pinning centers might be present in GdBCO matrix.

Je(6) characteristics for the in-situ annealed sample and the samples of routes 3-5 (see
Fig. 6.7) show a large peak in c-axis direction at 1 and 3 T, 77 and 65 K, with the largest
Je values in c-axis direction for route 5. Additionally, all samples have a shoulder in
235°-270° region. In accordance with [74, 75, 77], the main contribution towards appear-
ance of a large peak in c-direction comes from dislocations and domains formed by them
as revealed by BF-STEM images. Considering small differences in Je, this is caused by
the variations of SF density. The reduction of SF density for route 5 affects dislocation
loops, which contribute to flux pinning in c- and ab-directions [83]. Additionally, the
differences in the c-axis peak as well as the amplitude of the shoulder appear due to
differences in SF and Gd,O3; NP density. Behavior similar to route 5 was observed in
YBCO thin films with excess of Y [147]. Moreover, sample 5 has SFs piled along 45°
direction regarding c-axis orientation of the film, which can act as columnar defects to
pin vortices. Since the sample of route 5 has the largest density of SF and Gd-rich NPs, it
has more elevated J; in the proximity of c-axis with a “dome” like shape. Comparing Jc
values in the ab-direction, it becomes clear that annealing at low pressures and high
temperatures reduces the SF density.
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Figure 6.7: Jo(6) characteristics of GABCO thin films annealed at routes 3-5. Gray dotes represent in-situ

annealed GdBCO thin film.
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6.2 Role of annealing temperature for pristine
GdBCO thin films

Studies of various oxygen annealing routes have shown that incorporation of heating in
Ar atmosphere to 800 °C possibly decomposes the Gd123 phase and forms a mixture of
Gd163+Gd,Os+liquid phases, thus, inducing the formation of additional Gd-rich NPs in
GdBCO, which considerably enhances the transport properties of pristine GdBCO thin
films. Therefore, to study the influence of Tann, route 5 was adapted.

All GdBCO thin films were deposited on MgO (100) single crystals according to opti-
mum conditions from Chapter 4. After deposition, all samples were cooled to RT in 0.4
mbar oxygen flow. Consequently, samples were placed in the tubular furnace where, at
first, they were heated to 800 °C in Ar flow, afterwards, they were cooled to correspond-
ing Tann in the mixture of Ar and 400 ppm (0.4 mbar) O2. Similar to in-situ annealing (see
Chapter 5), Tann Was varied between 450 °C and 780 °C and tan between 30 min at 450
°C and 10 min at 780 °C due to increase of the diffusion coefficient at higher Tan. OXy-
gen annealing diagrams used for GdBCO thin films are present on Fig. 6.8.

6.2.1 Structural and superconducting properties

Table 6.2:  Superconducting and structural properties of GABCO thin films annealed at 450 °C — 780 °C

Tanm, °C 450 550 650 700 780
T, K 93.0 92.2 92.6 92.7 92.8
c-axis, A 11.728 | 11.728 11.728 | 11.730 11.731
Gd,0; (200), nm 15 15 15 15 15
Gd,05 (211), nm 30 25 25 26 27
Gd,05 (345), nm 10 10 29 30 31

Regardless of Tan all samples have T,~93 K, Table 6.2. Additionally, all c-axis lattice
parameters estimated from XRD patterns (see Fig. 6.8) are close to 11.73 A and belong to
the optimum oxygen doping range. As mentioned in subsection 6.1 and chapter 5, regard-
less of Tann all GABCO thin films were cooled to RT in 1 bar and 2000 ml/min O flow,
therefore, all differences in oxygen content vanished.

XRD patterns (see Fig. 6.8) for GABCO thin films annealed at Tan=450 °C-780 °C show
that all samples have GABCO (00I) peaks with, similar to subsection 6.1, additional peaks
from (200), (211) and (345) orientations of Gd.Os. The estimated size of Gd,Os; NPs was
25-30 nm for (211) reflection, =15 nm for (200), and for (345) reflection the size is
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

increasing from 10 nm at 450 °C to 30 nm at Ta>650 °C, Table 6.2. Additionally, the
intensity of Gd>O3 (200) and (345) peaks is reduced at Tan=650 °C-780 °C.
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Figure 6.8: Oxygen annealing diagrams and 6-26 scans for GABCO thin films annealed at 450 °C-780 °C.
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Figure 6.9: Surface images of GABCO thin films annealed at 450 °C, 550 °C, 700 °C and 780 °C.

Compared to in-situ annealing, ex-situ annealing at Tan=450 °C-780 °C leads to drastic
differences in the surface morphology. At Tan=780 °C, the sample has mostly round
precipitates with size 100-300 nm and small precipitates with size <50 nm. The reduction
of Tann to 700 °C leads to the appearance of particles with size <50 nm. At 550 °C, the
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sample has many triangular shaped nanoparticles with size corresponding to the estimates
of XRD for Gd,03 NPs. At 450 °C, the sample exhibits a clear hill-like surface, which is
a clear sign of island-type growth of the thin film, and which is not observed for higher
Tann. Similar to 550 °C, T.n=450 °C has triangular shaped precipitates which might be
Gd,03 NPs with (211) orientation.

BF-STEM images (see Fig. 6.10) of ex-situ annealed samples at Tan=450 °C, 550 °C and
780 °C GdBCO films reveal that even though all samples show presence of domain walls
and ED, main changes appear in such defects as SF and Gd-rich NPs, and can be separat-
ed into three types in accordance with Tann:

1. Tann=450 °C: The sample has a large density of Gd>Os NPs and a large density of
short, =10-20 nm long SF, due to SF decomposition during cool-down from 800
°C to 450 °C in 400 mbar O, and consecutive partial decomposition of Gd,O3
NPs during annealing at 1 bar O,. Oxygen annealing corresponds to O-I phase.

2. Tann=550 °C: this GABCO thin film has mostly Gd,O3 NPs and a small density of
SF. Such drastic changes compared to other Tan, is possibly due to the following:

a.

Similar to 450 °C, SFs decompose during cool-down to 550 °C in 400
mbar O,.

According to the phase diagrams, during cool-down to 550 °C in 400
ppm O flow, the phase changes from T to O-II. Afterwards at 550 °C
and 1 bar O, pressure, annealing takes place at the transition line be-
tween O-Il and O-I phases, which possibly leads to a frustrated growth
due to the coexistence of twin domains with different size.

As observed in subsections 5.3 and 6.1, it is possible that increase of
PO, up to 1 bar stops the SF decomposition and possibly launches the
Gd,0O3 NP decomposition. However, due to close proximity to the O-I
and O-1l phases and a stressed growth of the Gd123 phase, these pro-
cesses may be much slower at 550 °C and 1 bar O,. Moreover, such
changes have not been observed for the in-situ annealed GdBCO films
at 550 °C possibly due to annealing at lower O pressures.

3. Tann>650 °C: These GABCO thin films have the largest density of 40-50 nm long
SFs and just a small amount of Gd.Os; NPs. The samples experience a short ex-
posure to high Tan and low PO,, therefore, only a small fraction of SFs is de-
composing. Additionally, reduction of intensity for (200) and (345) orientation
of Gd203 means that at high Tamn those Gd2O3 NPs dissolve and possibly partici-
pate in Gd123 or Gd124 (i.e. SF) phase formations. High Tann and 1 bar O, cor-
responds to oxygen annealing in the O-11 phase.
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MgO e i s B y .

Figure 6.10: BF-STEM images of GABCO thin films annealed at 450 °C, 550 °C and 780 °C. Yellow
arrows indicate SFs, white-threading dislocations, Red-Gd-rich NPs, Blue circles-(100) out-
growths.

6.2.2 Transport properties

The highest IL is reached by T.n=450 °C with Bi«(77 K)=9.8 T, Fig. 6.11, which is
higher than those acquired for in-situ oxygen annealing. However, irreversibility fields at
77 K for other samples are very similar. Compared to in-situ annealed pristine GdABCO
thin films, ex-situ annealed samples do not show such large differences in Bi; even at
high Tan>650 °C, the values do not differ that much. For the in-situ annealing the lowest
value was shown by the sample annealed at Tan=780 °C. In both annealing methods the
highest IL is achieved at Tan=450 °C, which indicates that low temperature annealing is
preferable for better in-field performance of the GABCO thin films.
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Figure 6.11: ILs for GABCO thin films annealed at 450 °C-780 °C.

116



6.2 Role of annealing temperature for pristine GdBCO thin films

7

6_
ME 5_/~‘
£ F
‘5“2.%’

b

0(

0

B, T B, T

Figure 6.12: Je (B) dependence for ex-situ annealed GABCO thin films at T,,,=450 °C-780 °C.

The J¢(B) behavior (see Fig. 6.12) of GdBCO thin films annealed at 450 °C-780 °C
shows strong deviation from the in-situ case. At 77 K, all samples have close in-field J¢
values, however, Tan=450 °C can be considered as the best sample. Fpmax(77 K)=6.9
GNm is achieved at Tann=450 °C, while Tan=550 °C has the lowest Fpmax=4.3 GNm=,
The situation drastically changes at 10 K: While for in-situ annealed GdBCO thin films at
low temperatures the trend in Jc with Tan was similar to 77 K, for ex-situ annealed
samples this trend is absent. The highest self-field and in-field J; is shown by Tann=450
°C, and Tann=550 °C has the strongest dependence on magnetic fields. High Tan>650 °C
yield in in-field Jc between those for 450 °C and 550 °C. Such variation in Jc behavior
can be attributed to differences in defects present in GdABCO matrix of each sample as
well as their density. Another important feature (see Fig. 6.12) is Fp max, which for all ex-
situ annealed samples appear at B=1.8 T, in contrast to the in-situ annealed films. This
might indicate that at 1.8 T the density of flux lines matches the density of linear defects,
such as ED. Therefore, we may conclude that the ED and domain walls formed by them
appear in the film during the deposition process, and oxygen annealing primarily affect
the Gd2O3 NPs and SF. In case of the in-situ annealed film at Tan>700 °C, exposure to
high temperatures possibly affects LAB and domains, thus, reducing the density of linear
defects and, therefore, shifting Fymax towards lower B. Additionally, in the low tempera-
ture region, weak pinning centers play a more important role due to their contribution to
flux pinning. The highest value of Fp (10 K, 14 T) =457 GNm is achieved at 450 °C.
Compared to the in-situ annealed sample at 450 °C, this value is higher by a factor of 2,
which indicates that ex-situ oxygen annealing can be used as an additional tool for Jc
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improvement of REBCO-based superconducting thin films. Moreover, compared to
previous studies on transport properties in heavily Zr-doped YBCO thin films [99], this
value is lower by only a factor of 2.
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Figure 6.13: Je (0) characteristics for ex-situ annealed GABCO thin films at Ta,,=450 °C-780 °C.

Je(@) characteristics (see Fig. 6.13) shows that the behavior of J. anisotropy can be
separated into 3 types in accordance with the changes in the density of Gd>O3s; NPs and SF
(see Fig. 6.9):

1. Tann<450 °C: The GdBCO film exhibits a large peak in c-axis direction, appears
due to flux pinning on ED threading through the GdBCO film, with the largest
shoulder between 235° and 270° than it is seen at 550 °C-780 °C. Compared to
other Tam, the sample has a dip in the ab-direction at 1 T, 77 and 65 K. This dip
at Tann=450 °C appears due to reduction of the pinning potential on the spherical
defects (in this case Gd203; NPs) [109], thus, resulting in the J. depression in ab-
direction. Additionally, the film has short SFs, some of which create a step-like
structure along 45°, which can contribute to the vortex pinning between 235°
and 270°.

2. Tann=550 °C: This sample shows presence of a small peak in c-axis direction and
a shoulder between 235° and 270°. Such behavior is the result of presence of
dislocations and mostly Gd>O3 NPs with much lower density of SF.

3. High temperature region Tann>650 °C: Jc(6) has a large peak in c-axis direction
at1and 3T, 77 Kand 65 K as well as a peak in the ab-direction with the largest
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Je values achieved at 700 °C for both directions. Additionally, all high Tz sam-
ples have a shoulder in the region 235°-270°. Such anisotropy behavior for
Tan>650 °C samples appear due to flux pinning on ED and domains formed by
them, which gives the appearance of a large peak in c-direction. However, the
presence of predominantly planar defects in GABCO matrix implies that there
are dislocation loops, which give rise to the peak in ab-direction [83], and possi-
bly also contribute to flux pinning in c-direction. Additionally, due to the pres-
ence of a small amount of Gd.Os; NPs, combined pinning on spherical and pla-
nar defects gives a somewhat smaller shoulder between 235° and 270°.

Comparison of in-situ and ex-situ oxygen annealing at various Tann for pristine GABCO
thin films reveals that both methods have similarities regarding the correlation between
highest achieved in-field J; and Tan. Both methods require low temperature (Tann<450
°C) oxygen annealing to achieve better in-field performance. J.(6) characteristics for both
oxygen annealing methods exhibit a large peak in c-axis direction at 1 T, 77 K. which
implies strong influence of ED threading through the GdBCO films on flux pinning.
However, from the features observed on field dependence of J. and Fy, it becomes clear
that this type of defects is formed during the deposition process, and the oxygen anneal-
ing is primarily affecting Gd»Os NPs (see section 5.3) and SF (see section 6.1). Thus, the
main advantage of ex-situ oxygen annealing is an introduction of additional cooling and
heating steps since it induces the formation of additional defects in the GABCO matrix
and increases Jc. Additionally, in case of in-situ annealing a clear trend of J; increase with
the reduction of Tan was observed, while for ex-situ annealing at 77 K samples have
close J; values and the main difference appears at low measurement temperatures, where
ex-situ annealed samples show lack of trend. Another feature which is common for both
annealing methods is the behaviour at 550 °C. In case of in-situ annealed GdBCO films,
the SFs decompose during cooling at high Tann and low pO2, which possibly stops around
550 °C, thus, creating the GdBCO thin films with a large density of short SFs and Gd-
rich NPs. A similar process takes place in case of ex-situ annealed samples. However, ex-
situ annealed GABCO film also experiences a stressed growth as mentioned above due to
competition between twin domains of O-1 and O-Il phases. Therefore, it is possible to
assume that due to these SF decomposition processes during in-situ and ex-situ oxygen
annealing, for both approaches at Tsm=450 °C we acquire GABCO films with rich pin-
ning morphology consisting of ED, domains, short SFs and Gd-rich NPs.
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

6.3 Role of annealing time for pristine GdBCO thin
films

In subsection 6.2 we have studied the influence of Tann on structural and transport proper-
ties in ex-situ annealed GABCO thin films. To further improve the in-field performance of
GdBCO thin films, annealing at low temperature with additional cooling and heating
steps is preferable, since such an annealing procedure induces formation of NPs in
GdBCO matrix. Similar to in-situ annealing, the 2™ annealing parameter which was taken
into consideration is the annealing time tann. In this subsection we present the influence of
tann ON structural and transport properties.

GdBCO thin films were deposited in accordance with optimum conditions (see Chapter
4). After the deposition, all samples were cooled to RT in 0.4 mbar O; flow with cooling
rate 15 °Cmint. Afterwards, all samples were placed in the tubular furnace, where at
first, they were heated to 800 °C in Ar flow and then cooled to 450 °C in the mixture of
Ar and 400 ppm O,. At this point, pure O; flow at 1 bar and 2000mI/min was introduced
into the tubular furnace. Annealing time was varied in the exact way as for in-situ an-
nealed GABCO thin films between 5 and 60 min, but with addition of t;,»=120 min.

6.3.1 Structural and superconducting properties

Table 6.3:  Basic superconducting and structural properties of GdBCO thin films annealed at t,,=5, 15, 30, 60

and 120 min.
tann, MIN 5 15 30 60 120
Te, K 93.4 93.3 93.1 93.2 92.9
c-axis, A 11.724 11.723 11.722 11.722 11.724

In contrast to in-situ annealing, all ex-situ annealed samples have c-axis lattice parameter
around 11.72 A independent of tan, Which corresponds to the optimum oxygen content
for GABCO thin films. T values of GABCO thin films annealed at 5-120 min do not
exhibit drastic differences, and all values are distributed around 93 K. In-situ annealing
leads to a much more severe reduction in Tc when tan is reduced from 30 to 15 min and
further to 5 min. This shows that these two annealing methods possibly have different
oxygen in-diffusion rates. Such changes may appear due to the dependence of the diffu-
sion coefficient on the concentration, which in the tubular furnace has a permanent
supply, while in PLD chamber is constant. Moreover, compared to in-situ oxygen anneal-
ing, ex-situ oxygenated samples undergo two additional cooling (in-diffusion) and heat-
ing (out-diffusion) steps, which in accordance with previous works on oxygen in- and

120



6.3 Role of annealing time for pristine GdBCO thin films

out-diffusion in YBCO [19] leads to a faster oxygen in-diffusion. Therefore, the combi-
nation of fast oxygen in-diffusion and cooling to RT at 1 bar pure O flow results in an
optimum oxygen content in all ex-situ annealed GdBCO thin films.

All GdBCO thin films annealed at t;,n=5-120 min (see Fig. 6.14) have (00I) reflections of
GdBCO indicates highly c-axis oriented films. Similar to samples from subsection 6.2,
Gd,03 peaks with orientation (200), (211) and (345) are present as well. Rough Scherrer
estimation points to a decrease in size from 20 to 10 nm for (200) orientation with in-
crease of tan, (211) leads to the ~30 nm size for Gd.Oz NPs, and (345) orientation have

~40 nm size.
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Figure 6.14: XRD 6-26 scans of GABCO thin film annealed at t,,,=5-120 min.

Surface morphology of GdBCO thin films annealed at t;,=5-120 min (see Fig. 6.15) is
similar to those of subsection 6.2 for T;n=450 °C, all samples exhibit a clear hill-like
surface, which appears due to island growth of the film. Moreover, all films have triangu-
lar shaped precipitates on the film surface, which are possibly Gd,Os; NPs with (211)
orientation formed during heating to 800 °C procedure. At tann=5 min, a large density of
small precipitates is present, which become less visible at tan=15 min.
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Figure 6.15: Surface images of GABCO thin film annealed at t;,=5-120 min.

Figure 6.16: LADDF image of GdBCO thin films annealed at t,,,=15 min. Red arrows - Gd-rich NPs,
yellow arrows — SFs, white arrows — threading dislocations.

An LAADF image of the GABCO thin film annealed at tann=15 min (see Fig. 6.16) shows
clear presence of domain walls formed by ED and threading dislocation. Additionally,
plate-like NPs with the size 30-50 nm which corresponds to estimations of Gd,O3 sec-
ondary phases from XRD patterns as well as SF.
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6.3 Role of annealing time for pristine GdBCO thin films

6.3.2 Transport properties

300

200

"’r\E 5
V4
<]
FL‘&

100

0

0 2 4 10 12 14

6 8
B, T

Figure 6.17: Field dependence of J.and F, for GABCO thin films annealed at ta,=5-120 min

Self-field and in-field Jc is very similar for tan=5-60 min, whereas t;n=120 min has a
slightly lower J. at high magnetic fields, which however can be disregarded, see Fig.
6.17. The change in J; values at ta,n=120 min may appear due to a “healing effect” during
the long exposure to oxygen. Long annealing possibly removes point-like defects such as
oxygen vacancies in the GdBCO thin film and, additionally, at these temperatures diffu-
sion processes can still take place regardless of relatively low Tan. Therefore, one could
expect that within 120 min of oxygen annealing some variations in size and density of SF
and Gd2O3 NPs might appear. Corresponding decrease in size of Gd,0O3 secondary phases
have been observed from XRD patterns for (200) orientation. Compared to ex-situ an-
nealing, in-situ annealed GAdBCO thin films (see Chapter 5) show a large variation of in-
field J. and stronger dependence on magnetic fields. In case of in-situ annealing, GABCO
thin films require at least 15 min of exposure to the oxygen atmosphere. The difference in
both annealing methods can be explained by Fick’s law and the dependence of the diffu-
sion coefficient on temperature. In the large volume of the PLD chamber, during the
oxygen annealing, 400 mbar of O, are sealed without any additional supply. Additionally,
a temperature gradient is existing inside the PLD chamber, since 450 °C are kept only on
the heater itself. Therefore, the diffusion coefficients and the velocity of gas molecules
might exhibit gradients. Compared to in-situ annealing, in the tubular furnace a thermo-
couple is placed right above the film, which provides more uniform temperature distribu-
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

tion. In the tubular furnace oxygen is supplied continuously with the rate 2000 ml/min.
Moreover, as mentioned in the previous subsection, oxygen out-diffusion before the
annealing at 450 °C increases the rate of oxygen in-diffusion. Considering all these facts,
ex-situ oxygen annealing gives similar in-field J; since optimum oxygen content is
reached within a short period of time after which prolongation of the exposure to the
oxygen atmosphere can slightly modify the microstructure of the film. At 10 K, GdBCO
thin films annealed at tan=5-120 min show similar in-field J. values. Small differences
can be noticed in the low-field region (0-4 T) for samples annealed for 60 and 120 min.
The Fpmax(77 K) increases from 5.7 GNm= at tan=5 min to 6.1 GNm™ at t;,=15 min,
afterwards it slightly drops at 30 and 60 min and reaches the lowest value 4.8 GNm= at
tann=120 min. The small variation in Fpmax might be caused by slight changes in the defect
morphology during long annealing times as well as small variations in the microstructure
from one thin film deposition to another.
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Figure 6.18: Jc (6) characteristics for GABCO thin films annealed at t,,,=5-120 min

Je(0) characteristics (see Fig. 6.18) of all these samples are very similar. At 1 T, 77 and
65 K GdBCO films have a large peak in c-axis direction, large shoulders in 235°-270°
region and a dip in the ab-direction. As mentioned above, such behavior appears due to
flux pinning on ED and presence of both spherical NPs and SF. However, similar to the
field dependence of J;, small variations in the behavior of J. anisotropy can be related to
longer tann as well as variations which appear during the thin film deposition.
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6.4 Role of PLD chamber cooling rate in ex-situ annealing procedure

One of the assumptions for the worsening of transport properties for various tan during
in-situ oxygenation was the presence of strain due to large defects. Therefore, it would
seem that additional heating and cooling steps for ex-situ oxygen annealing participate in
the release of stress on GdBCO matrix, which was created in GABCO during the deposi-
tion. Thus, as mentioned in Chapter 2, this might cause the formation of “short circuits”
for oxygen in-diffusion which in combination with the reasons mentioned in subsection
6.3.1 may explain the short ta required for ex-situ oxygen annealing.

6.4 Role of PLD chamber cooling rate in ex-situ
annealing procedure

Another parameter which attracted our interest and can have an influence on the in-field
Je of GABCO thin films is the cooling rate at 0.4 mbar pO; in the PLD chamber (QpLp -
quench rate of the PLD chamber) before oxygen annealing in the tubular furnace. In
subsection 6.2 we have shown that the highest self-field and in-field J; are achieved at
Tann=450 °C. In subsection 6.3, tasmn=15 min showed slightly better in-field performance
than the other annealing times. However, since the difference compared to other ta, can
be neglected for t;,n=5-60 min, for studies of influence of QpLp 0On structural and transport
properties the parameters Tan=450 °C and t;»=30 min were used (route 5, subsection
6.1).

6.4.1 Structural and superconducting properties

All GdBCO thin films were deposited at optimum conditions in accordance with the
results in Chapter 4. After deposition, all samples were cooled to RT in 0.4 mbar oxygen
flow. At the cooling stage, Qeip was varied between 5 °Cmin? and 30 °Cmin‘t. After-
wards, all GdBCO thin films were placed in the tubular furnace where they were an-
nealed according to route 5 (see Subsection 6.1).

All samples have T,~92.8 K and c-axis lattice parameter ~11.72 A, which indicates that
all samples have optimum oxygen content regardless of Qp.p, Table 6.4.

Table 6.4:  Basic superconducting and structural properties of GdBCO thin films cooled to RT with Qp p=5,
10, 15, and 30 °C/min.

QPLD; °Cmin'1 5 10 15 30
T. K 927 928 928 9238
c-axis, A 11.720 11.724 11.722 11.720
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Figure 6.19: XRD 6-26 scans of GABCO thin films cooled to RT with Qp p=5, 10, 15 and 30 °C/min

All GdBCO thin films cooled down to RT at Qe p=5-30 °Cmin? (see Fig. 6.19) have
GdBCO (00I) peaks which indicates of highly c-axis oriented thin films. Additionally, all
patterns exhibit presence of Gd,O3 secondary phases with (200), (211) and (345) orienta-
tions. The size estimation gives increase from 15 to 23 nm with increase of Qpp for
(200) orientation, =30 nm for (211) and decrease from 90 to 30 nm for (345) orientation.

« 5°C{min " 410 °@min

65 nm

Figure 6.20: Surface images of GABCO thin films cooled to RT at Qp p=5, 10, 15 and 30 °C/min
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6.4 Role of PLD chamber cooling rate in ex-situ annealing procedure

AFM images (see Fig. 6.20) for these GABCO films show that, similar to other samples
annealed at 450 °C for 30 min, all samples have hill-like surface morphology which
appears due to island growth. Additionally, GdBCO thin films cooled at higher rates
QrLp=10-30 °Cmin* exhibit triangular shaped precipitates, whose density varies from
sample to sample. However, QpLp=5 °Cmin has mostly round precipitates. Moreover, all
precipitates have size between 30 and 50 nm, which corresponds to size estimation from
XRD patterns for Gd,03; NPs.

30 °C/min

Figure 6.21: LADDF and HRTEM images of GABCO thin films cooled to RT Qp.p=5 and 30 °Cmin™.
Yellow arrows indicate SFs, white-threading dislocations and anti-phase boundaries, red-Gd-
rich NPs.

LAADF images for GABCO thin films cooled to RT at QpLp=5 and 30 °Cmin‘! (see Fig.
6.21) clearly exhibit the variations in shade from domain formed by ED. Additionally,
images show that both samples have Gd-rich NPs, which in accordance with XRD
patterns are most probably Gd.Os; NPs, anti-phase boundaries and SF. Compared to low
Qrip, QrLp=30 °Cmin‘t sample has a larger density of NPs close to the interface between
GdBCO and MgO. Additionally, a higher cooling rate leads to a larger density of linear
defects and SF, which is possibly caused by the diffusion processes. At Qp.p=5 °Cmin-,
the sample has a longer exposure to high Tgp and pO,=0.4 mbar, which according to
[146] leads to the reduction of the SF density. Moreover, the largest size for the Gd,O3
(345) reflection may indicate that the decomposition of SFs participates in the formation
of Gd-rich NPs. Another feature, which appears during cool-down to RT, is the T-O
phase transition being responsible for the twin boundary formation, which has at Qp.p=5
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

°Cmin’* the slowest rate. Therefore, it is possible that compared to low Qpip, at QpLp=30
°Cmin* the sample has a richer defect morphology due to the shorter exposure to high
Tsub and faster T-O transition.

6.4.2 Transport properties

The field dependence of J; at 77 K (see Fig. 6.22) for GABCO thin films cooled to RT at
QrLp=5-30 °Cmin are very similar. Compared to low Qp.p, QpLp=30 °Cmin-! leads to a
slightly higher in-field Jc. Fpmax(77 K) is increasing from 3.9 GNm= at Qp.p=5 °Cmin! to
6.2 GNm™ at QpLp=30 °Cmin™. At 10 K the difference in the in-field performance of
GdBCO thin films becomes much clearer. Since GABCO thin film with Qp_.p=30 °Cmin!
has a richer defect morphology, it exhibits higher in-field Jc.

—— 5 °C/min
77K —®— 10 °C/min|
—&— 15 °C/min|
¥ 30 °C/min

Figure 6.22: Field dependence of J. for GABCO thin films cooled to RT at Qp.p=5, 10, 15 and 30 °Cmin™*

Je(0) characteristics (see Fig. 6.23) of these GABCO thin films are similar to GABCO thin
films from subsections 6.2 and 6.3 annealed at Tann =450 °C and tann=30 min. J¢ anisotro-
py at 1 T, 77 and 65 K exhibits a large peak in c-axis direction, which appears due to flux
pinning at dislocations as well as contributions from dislocation loops around SF. Shoul-
ders in the region 235°-270°, and a small peak in the ab-direction (becomes more visible
at 1 T, 65 K). As seen from Fig. 6.23, the peak in ab-direction is increasing from Qp.p=5
°Cmin? to QpLp=30 °Cmint, which confirms the hypothesis for Fig. 6.20: at low Qpip,
Gd124 phase (i.e., SF) due to longer exposure to high Tsp dissolves to contribute to
formation of large Gd,O3 NPs and Gd123 phase. The latter is additionally responsible for
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6.4 Role of PLD chamber cooling rate in ex-situ annealing procedure

overall shift in Jc values in c-axis direction, since sufficiently short SF and Gd>O3; NPs are
the main cause of such changes.
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Figure 6.23: J.(6) characteristics for GABCO thin films cooled to RT at Qp 5=5, 10, 15 and 30 °Cmin’*

Studies of the influence of QpLp 0N structural and transport properties in pristine GABCO
thin films show that combined with Tann and tann, it is one of the various annealing param-
eters that have a strong influence on the defect morphology and, thus, the transport
properties. Such variety of parameters can serve as a valuable tool for tailoring a desired
pinning morphology.

General conclusion on in-situ and ex-situ oxygen annealing of pristine GABCO thin
films:

The study of the influence of oxygen annealing parameters such as Tam, tam, PO2 and
QeLp allowed us to get a clearer understanding of changes appearing in the defect mor-
phology and the resulting transport properties. Even though slightly different sets of
parameters have been used for each oxygen annealing method, in the end, all pieces of
the puzzle combine into a single picture. Based on our observations from XRD, TEM,
and transport measurements, especially the Jc anisotropy, it became clear that in accord-
ance with previous studies [74-77], 1D linear defects such as threading/edge dislocations
play an utmost important role for flux pinning and enhancement of J; at high tempera-
tures and low magnetic fields. Dislocations, which originate from LAB, form domain
walls and can pin vortices along their entire length. However, J.(0) characteristics and
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6 Ex-situ oxygen annealing of GdBa2Cu307-8 superconducting thin films

TEM images lead to the conclusion that dislocations are formed during the deposition
and are not or only slightly affected by the oxygen annealing process. As shown in
Chapters 5 and 6, the oxygen annealing treatment primarily changes the SF and Gd.0s;
NPs. Therefore, we propose a phase diagram, which correlates the annealing parameters
and changes in density of SF and Gd,O3z NPs (see Fig. 6.24).

In pristine GABCO thin films, Tann and PO, are mainly modifying the density and size of
SF and Gd-rich NPs. Therefore, regarding these parameters, we propose two scenarios:

1. Cooling from 800 °C to 450 °C at high PO,
2. Cooling from 800 °C to 450 °C at low PO;

Following the 1% scenario, SFs that are formed during deposition of GdBCO thin film
start to decompose at high temperatures, which leads to the formation of short segmented
SF combined with Gd-rich NPs. Then, increase in POz up to 1 bar during oxygen anneal-
ing leads to a partial decomposition or dissolution of Gd-rich NPs. Therefore, the GdB-
CO thin film has a large density of fine Gd-rich NPs combined with a large density of
short SFs, thus, resulting in the best in-field performance.
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Figure 6.24: Phase Diagram for pristine GABCO thin films, showing correlation of annealing parameters

and changes in the density of SF and Gd,03 NPs.

2" scenario: during short cooling from 800 °C to Tan=650 °C-780 °C, only a small
amount of SFs is decomposing. Afterwards, increase of PO, leads to the stabilization of
SFs and to the beginning of the dissolution/decomposition of Gd-rich NPs. Therefore,
GdBCO thin films that are oxygenated according to scenario 2 have mostly SFs in their
matrix with much less Gd-rich NPs. Both in-situ and ex-situ oxygen annealing have
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similar changes during variation of Ta, and PO,. However, one of the most interesting
features, which appeared during investigation of tan and which requires more thorough
studies are the strain effects which defects and secondary phases cause during in-situ
annealing. This leads to the question: What changes appear during heating and cooling
steps that lead to such behavior. This should be the focus of future studies.
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7  Ex-situ oxygen annealing of 2.5
wt.% BaHfO3 nanocomposite
GdBazCu307.5s superconducting thin
films

In the field of nanocomposite REBCO-based superconducting thin films, the majority of
studies are focused on understanding the correlation between deposition conditions, such
Tsub, Vaep, OXYygen pressure during deposition, and resulting defect morphology and, thus,
resulting in-field Jc and its anisotropy. Similar to the situation with pristine films, often
the oxygen annealing issue stays most of the time disregarded. Therefore, in this chapter
we attempt to uncover the influence of Tan on structural and transport properties in
BaHfO3 nanocomposite GABCO thin films.

7.1 Structural and superconducting properties

Based on the results of Chapters 5 and 6, i.e., the better performance of ex-situ oxygen
annealed pristine GdBCO thin films, only ex-situ annealing was studied for BHO nano-
composite GABCO thin films. All 2.5 wt.% BHO nanocomposite GdBCO thin films were
deposited in accordance with the optimum conditions of Chapter 4. After deposition, all
BHO nanocomposite samples were cooled to RT at 0.4 mbar oxygen flow with Qp.p=30
°Cmin. Afterwards, films were placed in the tubular furnace where they were heated to
800 °C in Ar flow. After reaching 800 °C, the Ar flow was exchanged by a mixture of
Ar+400 ppm O; in which the samples were cooled to the respective Tan. Similar to
pristine GABCO, tann Was varied between 10 and 30 min. All samples were annealed at a
pressure of 1 bar and 2000 ml/min pure O, flow, which was also kept during cool-down
to RT.

Compared to ex-situ annealed pristine GdBCO thin films, BHO nanocomposite samples
have lower transition temperatures T¢~90.5 K, Table 7.1. As mentioned in Chapter 4,
such a reduction of transition temperatures is a common effect of introduction of second-
ary phases, since they create oxygen deficient regions around the nanocolumns [93, 140].
The c-axis lattice parameters (=11.76 A) are slightly larger compared to pristine GdBCO
thin films, which is due to the difference in the lattice parameters between GdBCO and
BHO and extension of the c-axis lattice parameter by BHO.
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Table 7.1:  Basic superconducting and structural properties of 2.5wt.% BHO nanocomposite GdBCO thin
films annealed at T.,,=450 °C-780 °C.
Tam, °C 450 550 650 700 780
T, K 90.2 90.1 90.4 90.5 90.7
c-axis, A 11.764 11.764 11.761 11.757 11.763

Fig. 7.1 shows (00I) reflections of GABCO for all films. The samples with Ta,,=450 °C
and 550 °C show a weak GdBCO (103) reflection. Additionally, similar to ex-situ an-
nealed pristine films, (200), (211) and (345) reflections of Gd,O3 are present as well.
Since the Gd»03 (200) reflection has not been observed for the in-situ annealed BHO
nanocomposite GABCO thin films deposited on LaAlOs single crystals, this possibly
indicates that similar to pristine samples, heating to 800 °C in Ar flow decomposes the
matrix of BHO nanocomposite GdBCO thin films. However, in case of BHO nanocom-
posite samples the formation of phases other than Gd,Os is also possible. Further investi-
gation on the thermodynamic phase stability diagram for BHO-nanocomposite GdBCO
thin films is required.
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XRD pattern of 2.5wt% BHO nanocomposite GABCO thin films annealed at T,,,=450 °C-780
°C.

Figure 7.1:

AFM images (see Fig. 7.2) show similar surface morphologies to ex-situ annealed pris-
tine GABCO thin films with a clear hill-like surface which occurs as a results of island-
type film growth. Additionally, triangular shaped precipitates with size 30-50 nm, which
are possibly Gd,Os, are present. Visible at lower magnification (lower row in Fig. 7.2),
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the BHO-nanocomposite GABCO thin films have “splash-like” precipitates of size 3-4
um, which have not been observed for the samples of Chapter 4 nor in previous studies.
Due to the lack of information on the oxygen annealing of REBCO-based superconduct-
ing thin films containing BMO nanocomposites, the identification of the composition
requires further Z-contrast measurements at TEM. However, similarly to the behavior of
pristine GABCO placed in the tubular furnace, due to heating to 800 °C, the Gd123 phase
is decomposing into Gd163+Gd.Os+liquid phases, and therefore, in case of BHO nano-
composite GABCO, possibly new compounds containing atoms of BHO and GdBCO can
be formed during heating to 800 °C. Consecutive cooling in the mixture of Ar+400 ppm
Oy is possibly “freezing” those new compounds both in the GABCO matrix and on the
surface.

Figure 7.2: Surface images of 2.5wt.% BHO nanocomposite GdBCO thin films annealed at T,,,=450 °C-
780 °C.

7.1.1 Transport properties

The biggest shift of the ILs for GABCO films containing 2.5wt.% BHO towards high-
field region exhibits Tan=700 °C, while the lowest are at T;m=450 °C and 550 °C. The
ILs of the nanocomposites have a sharp increase in the region 0-1 T with a transition
towards linear dependence, while samples of Chapter 4 exhibit a clear S-shape of the IL.
Thus, as mentioned in the previous section, it is possible that BHO is present in GABCO
matrix in the shape of short segmented nanorods or NPs. Such changes compared to
samples of Chapter 4 is most likely a result of additional heating and cooling steps and
disruption of BHO-nanocolumns by the formation of Gd»Os, SFs and other defects.
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Figure 7.3: ILs of 2.5wt.% BHO nanocomposite GABCO thin films annealed at T,,,=450 °C-780 °C.

The samples annealed at Tann=450 °C and 550 °C have the strongest field dependence at
77 K, Fig. 7.4, while the highest in-field J. is shown by the sample annealed at Ta,=700
°C. In contrast to the extraordinary behavior of ex-situ annealed pristine GABCO thin
films, in-field J. values of BHO nanocomposite samples are increasing from T;n=450 °C,
reaching maximum values at Tan=700 °C. Further increase of Tann decreases in-field Je.
Compared to the in-situ annealed BHO nanocomposite GABCO thin films of Chapter 4,
the field dependence of J. for ex-situ annealed samples does not exhibit such a clear
plateau like dependence, which in Chapter 4 appears at 77 K as a result of the matching
effect.

Fpat 77 K is larger compared to pristine GABCO thin films, with Fymax(77 K)=8.6 GNm3
reached at T.n=700 °C. Additionally, the peak in Fy(B) for ex-situ annealed samples is
shifted towards higher fields (Fpmax is achieved at 2.4 T). Compared to in-situ annealed
BHO containing GABCO thin films of Chapter 4, the ex-situ annealed films show lower
values of Fymax. Such differences in Jc and F, possibly appear due to the different shape
of BHO in the GdBCO matrix. While in-situ annealed samples contain BHO mostly in
the shape of nanorods and some as NPs, it is possible that ex-situ annealed samples have
BHO predominantly in the shape of NPs or segmented nanorods. This additionally
corresponds to the near absence of the S-shape of the IL in Fig. 7.3.

At 10 K, the trend in field dependence of J; is different from 77 K. Tan=700 °C shows
here the highest in-field values in the region 6-14 T. In the low field region between 0-6
T, however, T,m=780 °C shows a better performance compared to all other Tann. For
further explanation of the field dependence of J., detailed BF-STEM images of those
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7.1 Structural and superconducting properties

samples are required to identify which defects are present in the GdBCO matrix, which
was not possible in this work. However, as mentioned above strong pinning centers give
larger contribution towards flux pinning at 77 K, while the contribution of weak pinning
centers increases towards low temperatures. Therefore, slight variations in the defect
density most likely cause the behavior at 10 K.
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7 Ex-situ oxygen annealing of 2.5 wt.% BaHfO3 nanocomposite GdBa2Cu307-8 superconducting thin films

Je() characteristics (see Fig. 7.5) for 2.5 wt.% BHO nanocomposite GABCO thin films at
1T, 77 and 65 K, show a large peak in c-axis direction, a dip in the ab-direction, and a
shoulder between 235°-270°. At 3 T, 77 K and 65 K, the peak in c-axis direction is
broader, similar to results of Chapter 4, which is the result of segmented nanorods and
stretch of the vortices among neighbouring nanorods/NPs. At 7 T, 77 K, a peak in the ab-
direction appears, however, it is much broader compared to pristine GdBCO thin films.

Ex-situ oxygen annealing of 2.5 wt.% BHO nanocomposite GABCO thin films shows that
the variation of T can be an effective tool to further modify the defect morphology and
improve in-field performance both at LN, and LHe temperatures. Compared to ex-situ
annealed pristine GdBCO thin films, BHO containing GABCO samples require higher
Tann for best performance, which is possibly caused by a higher complexity of the system
and different phase formation.
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8 Conclusions and future work

8.1 Conclusions

Regardless of being known for over 30 years, REBCO-based superconductors still have a
large variety of features which need to be thoroughly investigated in order to achieve in a
reproducible manner the highest possible Jc and to have a possibility of tailoring the J;
anisotropy, thus, utilize its full application potential. Oxygen annealing, which is in-
volved in every HTS film deposition method, is an important if not crucial step in obtain-
ing superconducting thin films with high T, and J.. Even though various aspects related to
this issue, such as oxygen in- and out-diffusion, oxygen exchange kinetics, dependence of
superconducting properties on the oxygen content, have been studied, in the current work
we have shown that oxygen annealing can be used as an additional tool for tailoring the
pinning landscape morphology and further improvement of transport properties of pris-
tine and 2.5wt% BHO-nanocomposite GABCO thin films.

As the first step in achieving our goal, the optimum deposition conditions for pristine and
2.5wt% BHO-nanocomposite GABCO thin films were determined. Ts,=800 °C, f=10 Hz,
pO2=0.4 mbar has been shown to be the optimum. Films grown at these conditions have
Te=92 K, and J(0 T, 77 K)=3 MA/cm?. BF-STEM images revealed domain walls formed
by ED, SFs and Gd-rich nanoparticles. The J. anisotropy was similar to previous reports
on GdBCO thin films with a peak in ab-direction and a large peak in c-axis direction. In
case of nanocomposite films, just as for pristine films, Ts,»,=800 °C has shown the highest
in-field J.. Variation of laser frequency from 10 to 5 Hz increases in-field Jc at 77 and 65
K, but showed worse performance at 10 and 30 K. Further reduction of f to 2 Hz leads to
a decrease of in-field Jc at all temperatures. Such changes appear due to increased size of
the BHO nanocolumns, which cause a disruption of the GABCO matrix and, therefore, a
degradation of transport properties. Therefore, f=10 Hz is also the optimum frequency for
growth of BHO-nanocomposite GABCO thin films. These 2.5 wt% BHO-nanocomposite
GdBCO thin films have BHO nanocolumns of diameter 4-5 nm, as well as segmented
parts, nanoparticles, and SFs. Such microstructures lead to Fpma(77 K)=6.6 GNm?,
which is comparable to or even higher than previous reports on GdBCO thin films con-
taining BMO secondary phases. J.(¢) dependencies have a peak in ab-direction and a
large peak in c-axis direction. Additionally, at 1 T, 77 and 65 K, there is a shoulder
between 225° and 270°, which appears due to synergetic flux pinning on planar and
spherical defects. Another important feature that appears due to the interplay of nanocol-
umns and segmented nanorods is a dip in J. around the c-axis peak. Comparison of in-
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8 Conclusions and future work

field J. for pristine and BHO-nanocomposite samples has shown that incorporation of
BHO as APC is an effective method in improving transport properties.

As 2" step in our journey of determining the influence of oxygen annealing on transport
properties, we have chosen Tann and tan as main parameters of our study for in-situ and
ex-situ oxygen annealing. In addition, for in-situ annealing we have studied the influence
of oxygen pressure during annealing PO, and for ex-situ annealing the in-situ quench
rate (QrLp). One of the main observations in the current work was that in GdBCO thin
films mainly the size and the density of SFs and Gd-rich NPs is modified by the oxygen
annealing procedure, hence, enhancing the low temperature-high magnetic field transport
properties, while at high temperatures ED are the dominant type of defects for flux
pinning. The main parameters responsible for those changes are Tan and PO,. Therefore,
based on the results of XRD, TEM, and J. anisotropy measurements we propose two
paths on how the defect morphology of GABCO thin films can be tailored:

1. High to low temperature cooling at low pressures, followed by low tempera-
ture high pressure annealing and consecutive cooling to RT: According to
this scenario, SFs, which are formed during deposition of GABCO thin film,
start to decompose at high temperatures, which leads to the formation of short
segmented SFs combined with Gd-rich NPs. The following increase in PO, up
to 1 bar during oxygen annealing leads to the partial decomposition or dissolu-
tion of Gd-rich NPs. Therefore, the resulting GdBCO thin films have a large
density of small Gd-rich NPs combined with a large density of short SFs.

2. Low to high pressure annealing at high temperatures with consecutive cool-
ing to RT: Following this path, short cooling from 800 °C to Tan=650 °C-780
°C leads to the decomposition of only a small amount of SF. Afterwards, in-
crease of PO, leads to the stabilization of SF and beginning of the dissolu-
tion/decomposition of Gd-rich NPs. Therefore, GABCO thin films oxygenated
according to this scenario have mostly SFs in their matrix with much smaller
densities of Gd-rich NPs.

Since ex-situ oxygen annealing has been shown to be advantageous for pristine GdBCO
thin films, we also studied ex-situ oxygen annealing of 2.5wt% BHO nanocomposite
GdBCO thin films, which we limited to the variation of T because that had the largest
effect on the defect morphology. Compared to pristine GdBCO thin films, BHO nano-
composite samples required a larger annealing temperature of 700 °C for the best perfor-
mance. Due to lack of studies on the phase stabilities for such compounds, this has been
attributed to the overall complexity of the system and formation of the new phases
different from those in pristine GABCO thin films.
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8.2 Future work

In order to achieve our goals, it was required to overcome a variety of challenges, which
go along with the oxygen annealing studies. For example, determination of the oxygen
content, especially in thin films, requires specific measurements, which were not possible
in our research institute. One of the solutions is determination of the c-axis lattice param-
eter from XRD 6-26 scans since it is related to the oxygen content of the film. However,
as shown in Chapters 4 and 5, many factors such as composition variation, strain, and
oxygen inhomogeneities can affect the final result. Other challenges were related to the
studies of the film microstructure. To fully understand the changes that each oxygen
annealing parameter creates, it is necessary to make BF-STEM measurements on a large
number of samples. Therefore, due to limited options in this project, only few samples
from each batch were selected. Nevertheless, in the current work, we have shown that
among a large variety of parameters in pulsed laser deposition of REBCO-based super-
conducting thin films, oxygen annealing with all possible parameters also must be taken
into account. Two approaches which we considered, in-situ and ex-situ oxygen annealing,
have been shown to be effective not only in modifying the defect morphology, but also in
greatly improving the transport properties of pristine and 2.5wt% BHO nanocomposite
GdBCO thin films. Comparison of changes that appeared when the system got more
complex (GdBCO+2.5wt% BHO) is a good example of the importance of oxygen anneal-
ing and necessity of consideration of this issue for each system.

8.2 Future work

Even though large amount of work has been done in this study, certain aspects should
still be addressed in order to gain a complete understanding of the influence of oxygen
annealing on microstructure and pinning properties:

1. TEM analysis of a large number of deposited pristine and 2.5wt.% BaHfOs;
nanocomposite GABCO thin films, in order to understand the features near
550 °C in pristine GABCO films and reconstruction of the phase diagrams for
GdBCO thin films containing BMO nanocomposites.

2. Influence of oxygen pressure during ex-situ annealing: sample annealed at
P0O,=0.4 bar has shown the highest in-field J. for the in-situ annealed GdABCO
thin films, therefore, similar study is required for the ex-situ annealing.

3. Heating step in Ar atmosphere during ex-situ oxygen annealing: how far can
we destroy the Gd123 phase? How will defect morphology change in that
case?

4. Applicability for industry and coated conductors production: additional heating
and cooling steps can possibly lead to the formation of various secondary
phases on the REBCO-buffer layer interface during coated conductors pro-
duction. Therefore, such heat treatments need to be thoroughly investigated.
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