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ABSTRACT

A high critical current density J. is crucial for the application of HTS YBa,Cu3O7.5
(YBCO) in the fabrication of energy efficient power devices and wires. We have prepared
and studied YBCO films with nanoinclusions for increasing the current-carrying
capability. All films were prepared by pulsed laser deposition (PLD) on single crystal
SrTiOs (STO) substrates at optimised condition parameters. We found that the substrate
temperature Ts of 780° C, laser energy E ~ 218 mJ/pulses, distance between target and
substrate D, of about 55 mm, annealing oxygen pressure O, 450 Torr and cooling rate C;
8°/minwere the optimum conditions for making good films with T,= 91 K. We have used
a method for introducing artificial pinning centers which has been shown to be successful
in the nanotechnology of pinning centres: distributing a secondary phase, YBCO with 1%
Gd,BasCuWOy (2411W) nano-inclusions, YBCO with 2% wt BaZrOz (BZO) and YBCO
with 4% wt BZO nano-crystalline particles in the film. The superconducting properties
were determined by AC susceptibility, magnetisation loops and transport measurements
using a Quantum Design Magnetic property measurement system (MPMS) and a Physical
properties measurement system (PPMS). Scanning and transmission electron microscopy
(SEM) and (TEM), Atomic force microscopy (AFM) and X-ray were also used to
characterise the micro-structure of the films. Both 2411W and BZO nano-inclusions led to
increased J. in applied fields and self-field. Scaling of the flux pinning force based on the
Dew-Hughes model has been used in this work for investigating the flux pinning

mechanism.
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Chapter 1

Introduction

Since the discovery of high temperature superconducting materials in 1986,
researchers are attracted by their potential for high current-carrying capacity for potential
use in electric power transmission systems [1]. Powder in tube (PIT) wires or tapes were
the first ones available for power and magnet applications based on high temperature
superconductors (HTS). Despite this, the PIT process can only be applied to Bismuth or
Thallium based oxide superconductors since both will form plate-like microstructures after
mechanical deformation. This first generation (PIT) of superconducting tapes suffers
serious degradation of critical current density in high magnetic field. YBa,CuO7.; (YBCO)
is considered as a promising alternative material, which has an excellent ability to carry a

high superconducting critical current in high magnetic fields even with a lower



superconducting transition temperature, T, of 92 K as compared to Bi based ones (T, = 132
K) [2]. The second generation of HTS of YBCO tapes, that is called coated conductors,
which are based on thin film technology, has been studied worldwide. Significant progress
has been focused on the development of YBa,CuO;; (YBCO) with attention on the
fabrication processes of high quality temperature YBCO superconducting thin film such as
by Pulsed Laser Deposition (PLD), Sputtering Thermal Co Evaporation (STCE), Chemical
Vapour Deposition (CVD), Liquid Phase Epitaxy (LPE) and Metal Organic Deposition
(MOD). These fabrication methods can produce highly oriented thick superconducting
layers that are important for obtaining a high performance, and high critical current, I in

coated conductors [3-6].

Recently, long tape processing for superconducting layers with good crystal grain
alignment and high crystallinity has shown rapid progress and enough I for power device
application[6]. In order to control the crystal grain alignment of the superconducting layer,
two distinct technologies exist, including fabrication of textured metallic substrates such as
Rolling Assisted Bi-axial Texture (RABITS) [7, 8] and crystal alignment of a buffer layer
on a non-textured high strength metallic substrate by lon Beam Assisted Deposition

(IBAD) or Inclines Substrate deposition ( ISD) [9, 10].

At present the coated conductor R & D community is attempting to work out
fabrication techniques which work cost effectively in a continuous process [11].
Preferences for pulsed laser deposition (PLD) as a versatile technique for preparation of
thin films of complex materials is exponentially growing due to low capital cost involved.
It has been found to be convenient and efficient for the synthesis of high T,

superconducting thin films [12].



Significant progress has been made by the research community to enhance critical current
density (Jc) in YBCO in coated conductors for power applications. The strong increase of
Jc can be achieved when the flux lines are pinned and their movement completely
prevented. The flux lines could be pinned by introducing effective artificial pinning centers
leading to high current density at higher fields and higher temperatures. The first cost-
effective method in introducing artificial pinning centers is the so-called substrate
decoration [13, 14], i.e., growing nanoscale islands (nano-dots) of certain materials on the

substrate prior to the deposition of the superconducting thin film.

In this research another approach is used which has been shown to be successful in
the nanotechnology of pinning centres: distributing a secondary phase in the film by
modifying the target composition. Four target compositions were used: commercially
available YBCO 123, YBCO with 1% mol Gd,Ba;sCuWOy (2411W) nano-phase inclusions
and nano-crystalline YBCO doped with 2% wt BaZrOz; and 4% wt BaZrOz; (BZO),

respectively.

YBCO films using the three target compositions were deposited on SrTiOz (STO)
single crystal substrates by PLD using a scanning laser beam. This method consumes the
target material gradually and homogeneously and does not require frequent and
intermediate polishing of the target, which makes the technique potentially suitable for
large-scale production of superconducting coated conductors. In addition, the thickness, d,
of the films is relatively large, which would make them suitable for potential high power

applications that require high critical currents.

This work is focused on fundamental studies of both the fabrication and
characterization of YBCO 123 thin films grown on Strontium Titanate (STO) substrate by

Pulsed Laser Deposition method, with emphasis on optimizing the processing conditions.



The depositions were performed in a chamber which had not been used for superconductor
material before. The superconducting properties of YBa,Cu3O7 (Y123) films are very
sensitive to the deposition conditions. In order to achieve good quality films, the effects of
the deposition parameters such as deposition temperature (Ts), annealing oxygen pressure
(Og) and cooling time (cooling rate) (C;) in relation to superconducting transition

temperatures and critical current density were observed.

This work is also to focus on the PLD fabrication technology of YBCO film with
objectives of understanding the underlying mechanism of the T, and J. performance of
YBCO films and the mechanism of superconducting properties enhancement by nano-
inclusion additions to the film. It is well known that J. is closely related to the flux pinning,
thus it is important to study some flux pinning in YBCO films. The flux pinning
mechanism is also addressed in this work. Extensive discussion is included on the flux
pinning mechanism in films with nano-inclusions having different thickness, using the
scaling function of Dew-Hughes. As a result we are able to solve an important issue in

YBCO films, which is the observed rapid decrease in J. under high magnetic field.



Chapter 2

Theory and literature review

2.1 Fundamentals of superconductivity

2.1.1 History of superconductors

Superconductivity was discovered by physicist H Kamerlingh Onnes in 1911 at
University of Leiden, Holland when he measured the electrical resistance of solid mercury.
Three years earlier he managed to develop a method to produce liquid helium. He had been
using liquid helium to cool mercury below 4.2 K. Later, Onnes noticed that if he turned off
the voltage below 4.2 K, the current continues to flow without loss for months and even
years in this material (mercury) [15]. The resistance of this material had become zero and
is known as the superconducting state at temperatures below a critical temperature or
transition temperature T.. Understanding of the basic mechanism of superconductivity was
only found 46 years later by John Bardeen, Leon Cooper and Robert Schrieffer which is

known as Bardeen-Cooper-Schrieffer (BCS) theory.



In 1973 Gavaler had produced films from Nbs;Ge alloys with the structure of binary
AsB, which is known as A15 with a critical temperature of T, = 23.1 K. In the following
years all efforts to find superconducting materials with higher critical temperature have
failed. However in 1986 Bednorz and Miller, scientists at the IBM laboratory in
Switzerland discovered superconductivity in the family of layered copper oxides with
pervoskite like structure (La, Ba),CuO,4 with a T; up to 35 K [16]. This discovery has
opened a new era of superconductor research and researchers in the United States, Japan,
Europe and China have been actively involved in research on high temperature

superconducting (HTS) ceramics.

The main contribution in HTS was made by Paul Chu and colleagues at the
University of Houston, Texas. Wu et al. [17] found a YBa,CuzOy superconductor with T,
= 93 K which exceeds the boiling point of liquid nitrogen 77 K. This finding leads to the
usage of liquid nitrogen as a cooling medium which is much cheaper than liquid helium.
After a year of key findings by Chu and his group, the further work of Maeda et al. [18]
reported the presence of superconducting phases with T, about 110 K in the system Bi-Sr-

Ca-Cu-0.

Shortly afterwards, Sheng and Hermann [19] found the thallium system TI-Ba-Ca-
Cu-O with T reaching 125 K. The bismuth system has been widely studied but less
investigation has been done for thallium system because of its high toxicity. Research to
obtain the highest value of T, continues five years later with the publication by Schilling et
al [20] showing that the substitution of bismuth and thallium by mercury increases the
transition temperature up to 134 K. Figure 2.1 shows the evolution of the transition

temperature of superconductors for 1911 onwards.
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Figure 2.1: The evolution of critical temperature, T, from 1911 [2].

2.1.2 Introduction to superconductor

Some metals such as titanium, aluminum, tin, lead and mercury that are in the
superconducting state will exhibit zero resistance when they are cooled below the critical
temperature [21]. These materials are the first superconductors to be discovered and named
superconductor type I. Based on BCS theory, the loss of the electric resistance in a

superconductor is because, at lower temperature the carrier charge consists of electron



pairs (super electron) which are called Cooper pairs, and can move without producing
resistance. Cooper pairs are formed by an electron interaction with the vibration of the

crystal lattice (phonon) [22].

In 1933, Meissner and Ochsenfeld found an interesting phenomenon for
superconducting materials where it not only has zero resistance, but rejected the magnetic
flux density (B = 0) in it when applied in magnetic field and cooled below the T; i.e. it
exhibits perfect diamagnetism as can be seen in Figure 2.2. This phenomenon is known as
the Meissner effect in which the magnet could float on the superconducting material,

which is another unique property of superconductors.

T>T,
B>0

ﬂ Cooling

T<T,
B>0

Figure 2.2: The flux is always expelled in a superconducting material type | so that B = 0 inside
(Meissner effect).



2.1.3 Type | superconductors

The type-l superconductors allow no magnetic field at all to penetrate their
interior. The shielding currents exist only on the surface. However, if the external
magnetic field is too strong, the superconductor cannot shield it without surpassing its own
critical current. Magnetic fields larger than this critical field, denoted B, will destroy the
superconductivity in the material as shown in Figure 2.3. The externally applied magnetic
field (H) is along the x-axis, while the field inside the superconductor (B) is along the y-
axis. Above B, the material is not superconducting and the entire material becomes
normal once the diamagnetic moment becomes zero and thus the entire external magnetic
field which passes through the material and field outside, H and inside, B are equal. But as
the external field drops below B, the material abruptly becomes superconducting and

expels all magnetic field from its interior via the Meissner effect rendering B = 0 [15].

Type- | B Type-|
Normal
Be
Superconductor Normal
Meissner
Temperature Te 0 He H
(a) (b)

Figure 2.3. Type-I superconductor (a) B a function of temperature (b) The magnetic field within the
material (B) as the function of applied magnetic field (H)



2.1.4 Type Il superconductors

The type-11 superconductor shows perfect diamagnetism or excludes all magnetic
field lines below the lower critical field, B¢i. B¢y plays a very important role in determining
the critical current. This is because between the critical fields, there is partial penetration of
magnetic field known as a vortex. At field strength between B¢; and B,, the magnetic field
begins to intrude into the material. The penetrating field forms cores that are non-
superconducting. When this occurs, the material is said to be in the mixed state with some
of the material in the normal state and the other still superconducting. The mixed (vortex)
state is an intrinsic feature of type Il superconductors and exists for magnetic fields such
that He; < H < Hcp as shown in Figure 2.4(a). The existence of the mixed state can be
explained by the fact that the material always tends to assume the state with lowest total
free energy and when the surface energy between normal and superconducting regions is
negative, the appearance of normal regions will reduce the total free energy and lead to a
more favourable energy state [21]. Above B, magnetic field can penetrate into the

material and form flux lines known as vortices forming a triangular flux lattice.
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Figure 2.4: Type-1l superconductor (a) B a function of temperature (b) The magnetic field within
the material (B) as the function of applied magnetic field (H)

An important contribution to the theory of superconductivity was made by
Abrikosov in 1957, describing a new phenomenon related to the Ginzburg-Landau theory.
It was predicted by Abrikosov that the magnetic flux would penetrate in a regular array of
flux  tubes, named fluxons, each one having the quantum of flux
@, =h/2e=2.6678x10""Whb (h = Planck’s constant and e = electron charge). In a
perfectly pure material, the flux lines would be able to easily move and adjust their density
according to the applied field. However, due to impurities and inhomogeneities in type-II
superconductors, the fluxons are pinned and an energy barrier is created that has to be

overcome in order to move them [23].

The vortex is surrounded by magnetic field and the interior is non-superconducting.

The radius of the vortex is about 100 nm for the conventional superconductors. As the

11



external magnetic field increases, the number of vortices increases until at the upper
critical magnetic field Bc,, the material cannot support any more vortices, thereby
destroying superconductivity. Abrikosov found that his theory actually predicted vortices
narrow thread-like channels along which magnetism could penetrate the interior of the
superconductor. These channels formed a lattice-like structure in the material. Abrikosov
also provided a detailed prediction of how the number of vortices would grow as the
magnetic field increases in strength and how superconductivity is lost when the field

exceeds the upper threshold, causing the vortices to overlap.

Figure 2.5: The mixed state, showing normal cores and encircling supercurrent vortices. The
vertical lines represent the flux threading the cores. The surface current maintains the bulk
diamagnetism [24].
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2.1.5 Pinning mechanism in type Il superconductors

In the vortices of an ideal type Il superconductor, the magnetization is completely
reversible and the very small critical current densities are obviously not interesting for
applications [25]. The vortices in a type-Il1 material repel each other, so they will arrange in
a regular pattern to maximize the distance between nearest neighbours. When a current is
applied to a type-Il superconductor in the mixed state, the magnetic vortices feel a force

(Lorentz force, F = Jnd ) that pushes the vortices at right angles to the current flow. This

movement dissipates energy and produces resistance [26]. The interaction of current and
the vortex determines the Jc of a type-Il superconductor, and J; is strongly related to the
magnetic fields. Large current flow can interact with the vortex through the Lorentz law as
shown in Figure 2.6, and can result in the motion of the vortex due to the Lorentz force,
which can cause energy loss. The moving vortex can create an electric field, E and the

energy loss when current with density, J is flowing, from the equationJ, = E eB. By, in

the type-Il superconductor is very low and so, theoretically, J. is low in this type of
superconductor. Flux pinning is also associated with J.. J. can be increased if the vortex is
prevented from moving and this can be done by pinning the flux lines through introduction
of suitable impurities as pinning centers. If the average pinning force is Fp, then for F < F,
there is no flux flow and supercurrents persist. For F > F, the flux begins to move and the

resistance is no longer zero. The critical force occurs whenF, = Jb.

A carefully controlled introduction of impurities and inhomogeneities in the
superconductor can be used to pin the flux lines as shown in Figure 2.7. However, suitable
impurities must be identified in order to minimize breaking of the Cooper pairs, which

destroys superconductivity. At absolute zero temperature, the flux only occurs when the

13



Lorentz force exceeds the pinning force. When J < J,, current can flow without any losses.
When J > J, the flux lines will move and electric field can be generated which eventually
leads to a non-zero potential difference. Above absolute zero there is a finite probability
that the flux lines may overcome the pinning energy and, although J < J. (T,B), there is
flux flow and as a result the resistance is not zero. At absolute zero, the activation energy
U,(0,B) can be written as

U,(0,B) =J,(0,B)BV, x 2-1

where Vs is the volume of the pinning center and x is the distance of the flux motion.

.

Figure 2.6: The Lorentz force F = J x B that resulted when current with density J interact on a flux
line

14
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Figure 2.7. Impurities and defects can act as flux pinning centers. (a) impurities can interact and pin
the flux (b) vortex free energy and the pinned flux (c) vortex in the presence of current flow [27].

2.1.5.1 Vortex structure

As explained earlier the magnetic field in mixed state of a Type Il superconductor
is present in the form of vortices. Abrikosov defined the relation of the lower (H¢) and

upper (Hc,) critical field to the thermodynamical critical field H as follows:

H,=H_./x
2-2
H 2 = \/Eld_l c
where « is Ginzburg-Landau constant of the material.
K= i 2'3
g

where X is penetration depth, at which the magnetic flux enters a superconducting
specimen and & is the coherence length, which corresponds to the distance between the

super electrons according to Ginzburg-Landau (GL) theory. For superconductor type I,
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where k > 1, there is a negative surface energy which allows the entry of magnetic flux in a

field H > H_, (the lower critical field).

The basic GL theory is that the free energy density of a superconductor can be expanded in

a series of the form:

2 2
L(ZV_EAJV, h?
AmIi c 8x

where f, is the normal state free energy density, o and g are temperature dependent

2-4

f,= Tyl + Dyl +

coefficients, m is the electron mass, e is the electron charge, c is the speed of light, A is the

vector potential, h is the local magnetic field, w is the order parameter in the
superconductor and|1//|2 o« n,, where n, is the density of superconducting electron pairs in

the superconductor. The first GL equation (2.12) can be solved to find  near an isolated
vortex.

1(h_ 2 Y

0{1//+ﬂ|l//|2W+—(TV——Aj =0 2-5

dm\ i c
As expected, y is zero in the center and recovers to its equilibrium value over a distance ¢.
The vortex is described as a normal core z&%. For k >> 1, y can be approximated as a
constant except over the small area of the normal core, so that the London Equation

(equation 2.2)

h:—ch( mzaj 2-6
n.e

can be used to determine the field distribution in the superconductor which gives

)=k 27

“ o2 2
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where K, (r) is zero order Hankel function. The limiting forms for h(r) are:

1
(r)=—22, [Eijz e r— oo 2.8
2727\ 2 r
()] A
h(r)=—2|In| = <<r<< 2-9
() 27r/12[ [rﬂ s

The exponential decay of the field occurs over a characteristic distance 1. Using Maxwell’s

equationVx h = 4i\] , the field gradient implies that a supercurrent circulates around the
T

vortex with spatial dependence J, ~ ah(r)/ar ~1/r . The circulating supercurrent is the

main contributor to the line energy of vortices, as well as the interactions between them.

2.1.5.2 Vortex line energy
Each vortex is line energy per unit length &, which is given by (for x >> 1):

LU 210

where the first term is the field energy and the second term is the energy of the circulating

supercurrents. A comparison of the two terms using the expression for h(r) from equation

2.8 shows the second is larger by a factor of order (x/In K)z. Evaluating the integral of

equation 2.9 gives:

2 2
g =[ 2o =P greting 2-11
AzA 87
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Figure 2.8. Structure of an isolated vortex for x ~5 [28]. The order parameter gy(r) goes to zero in

the center, producing a normal core of radius & The magnetic field h(r) decays approximately
exponential over a distance A.

This result shows that the energy associated with the supercurrent is of the same order of
magnitude as the condensation energy lost in the core. Therefore, the pinning mechanism
that uses the core energy (core pinning) and those that involve the supercurrent energy

(surface pinning) can be of similar strength.

2.1.5.3 Flux pinning mechanisms in YBCO: Dew-Hughes Model

Vortex lines in the type Il superconductors have a normal core diameter 2&, where &
is coherence length. Pure YBCO has a calculated coherence length of 2 nm at 0 K. It is
strongly suggested that nano precipitates smaller than 2& are the most important pinning
centers in YBCO films [29]. To study the flux pinning in high temperature
superconductors (HTS) more accurately at high temperatures such as 77 K, an improved
method based on the Dew-Hughes model has been developed. The Dew-Hughes model of
elementary pinning forces in flux pinning forces are caused by magnetic or core

interaction. For HTS, we can safely assume that core pinning is dominant due to their large
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x values. This leaves two different sources of pinning: either by non-superconducting
(normal) particles embedded in the superconducting matrix leading to a scattering of the
electron mean free path (8l pinning) or by spatial variations of the Ginzburg parameter
associated with fluctuations in the critical transition temperature T, (6T or Ax pinning)

[30].

The total pinning force is given by

Fo=> f, 2-12
where f, is the force per unit length of pinned flux line. Dew-Hughes proposed the

following general expression for the normalised pinning force density;
Fo(b)=F,/F™ o«cb?(1-b) 2-13

where p and q depend on the specific characteristics of flux pinning in the superconductor,

and b is the reduced magnetic field (B/B_, or B/B,, ). The different types of pinning

rr

centers are explained by different values of p and g.

In this Dew-Hughes model, there are six different pinning functions describing the core

pinning using Eq. (2.3)[31].
1. p=0,q=2:normal core pinning, volume pins;
2. p=1,q9=1: Ax-pinning, volume pins;
3. p=1/2,q=2:normal core pinning, surface pins;
4. p=3/2,q=1: Ax-pinning, surface pins;
5. p=1, g=2:normal core pinning, point pins;

6. p=2,q=1: Ax-pinning, point pins;
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This model is used for the YBCO films studied in this research to analyse the pinning type

introduced by nanoparticle inclusion in every sample. The pinning force is calculated as
F,(b)=J,xB 2-14
where J; is the critical current density and B is an applied magnetic field. The Fp(b)

curves were fitted by Eq. 2.13 in order to obtain specific fitting parameters p and g that can

be used to describe the type of pinning.
2.1.5.4 Types of pinning site

The critical current density is one of the most crucial properties of high temperature
superconductor (HTS) for both physical understanding and applications [23]. A lot of work
has been carried out on the question of how to enhance the critical current density of
superconducting material. The property that determines the ability of not only coated
conductors to carry supercurrent is referred to as flux pinning. There are a number of
defect types that can act as artificial pinning centres (APC) which can be described as one-
dimensional (1D-APC); dislocations [32-34] and nanorods [35], two-dimensional (2D-
APC); such as grain boundaries [36, 37], anti-phase boundaries [38-40], surface roughness
[41], and three-dimensional (3D-APC); such as nanoparticles and second phases [42] of
size & or more. Figure 2.9 illustrates the various types of film defect that can be acted
effectively at pinning center. The experimental route is another classification criterion that
can lead to artificial pinning centres such as antidotes (holes) [43, 44], magnetic-dots [44-
47] and substrate decoration [13, 48, 49] followed by deposition of superconducting phase
by pulsed laser deposition (PLD), chemical solution deposition (CSD) and metalorganic
chemical vapor deposition (MOCVD) and etc. Another route is the fabrication of alternate

layer (multi layer) [50-56] of APC and superconductor.
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Figure 2.9. The dimensionality of artificial pinning centers (APC): 1D-APC, 2D-APC, and 3D-
APC [42].

2.1.5.5 Vortex phase diagram

Figure 2.10 shows the vortex phase diagram plot of applied magnetic field strength
versus the temperature, showing the Meissner state at low fields, below the He (T) line,
where no flux can enter the material, and regions between Hc; (T) and Hc, (T) lines, where
the flux solid state exists for temperatures below the melting line; the flux liquid state is
present for temperatures above the line.The variety of vortex phases, such as vortex lattice,
vortex solid (glass), vortex liquid (fluid) and so on, have been proposed by many
theoretical and experimental works. The vortex phases in HTS are determined by a delicate
balance between the thermal energy, the vortex elastic energy and the vortex pinning
energy. In the presence of strong thermal fluctuations, the thermodynamic phase-transition
is shifted to the vortex melting line and the upper critical field Hc, (T) is no longer the

sharp phase transition line between the normal and superconducting states [57-60]. The

21



melting transition of the vortex matter and the nature of the vortex solid are strongly

affected by disorder.
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Figure 2.10. Vortex phase diagram of a Type Il superconductor showing the Meissner region of
excluded flux below the lower critical field curve H(T), the flux solid and flux liquid phases
separated by the flux melting line, and the normal region outside the upper critical field curve

Heo(T) [15].

Theorists predict a first-order transition for the melting in clean materials [61, 62]
but if the material contains a large number of defects, grain boundaries, or twins that cause
disorder of the vortex lattice, a second-order transition can occur. The physics of the vortex
phase is complicated in accordance to the disorder, which grows with magnetic field and

the concurrent number of vortices [63].
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2.2 Superconducting properties of YBa,Cuz0-

HTS cuprates based on YBa,Cu3O7.x are more practical for potential applications at
liquid nitrogen temperatures (77K), which will dramatically improve performance while
also lowering costs. The oxidised compound YBa,CuzO;«, which is superconductive
around 92 K, as seen in Figure 2.11, has an orthorhombic unit cell with the lattice
parameter of a = 3.82 A, b = 3.89 A and ¢ = 11.68 A. This structure is like many other
HTS, a complex variation of the perovskite structure, which has the general chemical
formula of ABO3s. The central Y atom is sandwiched between Cu-O planes. These Cu-O
planes are separated charge reservoir interleaved layers which allow a change in the carrier
density available in the Cu-O plane. One of the main structural features of YBCO is that
the charge reservoir layer of the latter is metallic and not insulating [64]. The CuO planes
contain mobile charge carriers and there is where superconducting current flows. This is
also a common feature in all the HTS cuprates, and is believed to be essential for

superconductivity in this class of materials [64].
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Figure 2.11. Structure of YBa,Cu3zO-. [65].

Since the cuprate superconductors exhibit strong anisotropy in the normal and
superconducting properties, this anisotropy can produce significant differences in
properties along the a-b plane and c-axis. The Cu-O planes define the a-b plane in all HTS
crystal structures, with the c-axis of the crystal structure perpendicular to the Cu-O planes.
Many results have shown that the current flow in the a-b plane of the HTS is much higher
than the c-axis. This leads to higher critical current density along a-b plane than the c-axis
[66]. Practically, to get a higher quality for superconducting films the c-axis has to be
oriented perpendicular to the substrate, so that current can be applied easily along the a-b

plane [66]. However, YBCO is still less anisotropic than other HTS.
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2.2.1 YBa,Cu30- films with nanoparticle inclusions

There are pinning centers such as oxygen vacancies and twins in YBCO single
crystals but their J. values are extremely low at 77 K. However, epitaxial YBCO films
formed on single crystal substrates can have structural defects that are naturally present
and have a high J; at 77 K. This enhancement comes from various crystalline defects such
as dislocations, grain boundaries, composition impurities, fine precipates, and voids
existing in high density films [67], in addition to oxygen vacancies and twins [42]. The
creation of dislocations along the c-axis of the films is believed to act as strong pinning
centers [68]. This is because the dislocation core is a normal region and its diameter is
about 1-3nm, comparable to the coherence length &, so that the dislocations can pin
vortices effectively. On the other hand, it is incredibly difficult to control the density and
the distribution of the dislocations in YBCO films to improve J. under magnetic field at 77

K.

The breakthrough of nanoparticle inclusion in YBCO films has made a significant
enhancement of flux pinning and this has become a mainstream research in HTS thin film
and coated conductors’ community. Incorporation of nano size oxide particles [69, 70] and
nano size magnetic particles [71, 72] is proven to be useful in improving the current
carrying capability and pinning, in YBCO thin films. The addition of (Dy,Y),0s particles
has the effect of enhancing the critical current under magnetic fields applied perpendicular
to the tape (the low-I. configuration). These particles have a size distribution of 10-50 nm
for (Dy, Y).05; and 10-25nm for BaZrOs, are approximately spherical, and are well
dispersed [73]. The use of nanoparticles of Y,05 [74, 75], rare-earth oxides [76, 77] has
been observed to increase J.. The introduction of these nanoparticles improves the 1. for

magnetic-field angles away from the parallel direction, but there can be a reduction in
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planar pinning. In the case of compositionally changed targets, BaZrO; (BZO) has been
used most commonly as an impurity addition to YBa,CuzO7.; (YBCO) targets [35, 78] and
has been shown to be able to self-organize into correlated nano-rods within the film
microstructure. More recently, BaNb,Os and BaSnO3 have been added as impurities to
ErBa,Cuz07.s targets [79, 80], BaSnOj3 has been added to YBCO [81], and RE3TaO; (RE =

rare earth = Er, Gd, Yb) was also added to YBCO targets [82].

2.2.2 Vortex pinning in YBa,CuzO;« films

The first straightforward and cheap method in creating extended defects as strong
pinning centres in superconducting thin films was proposed by Crisan et al. initially in
2001 [13, 48, 83]. Nano-dots of Ag deposited on STO substrates prior to the growth of
superconducting thin films have increased the critical current density J.. The J; of YBCO
when metallic islands (nano-dots) of Ag were grown on a (001) YSZ surface using PLD
at 780 °C was enhanced by up to 6-8 times relative to a control film [84]. Later, this

method is called substrate decoration.

Nano-islands induce the formation of extended linear defects, such as dislocations,
and nearly all the islands can induce dislocations inside a film. Studies that have
investigated linear defects to improve J. using decoration have employed Ag nano-dots on
substrates for Tl-based thin films [13, 48, 83] and for YBCO films [84], an annealed CeO,
buffer for YBCO films [70], Y,03 nano-islands [85-87] and eventually iridium-sputtered
particles for YBCO films [88]. In all these experiments, the decoration technique appears
to effectively obtain high performance films. However, it is a very laborious and delicate

process. The growth window for deposition is very narrow and even a small difference in
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the number of laser shots can dramatically change the size and distribution of the nano-

islands.

For thicker films and/or coated conductors, a variant of this technique is to produce
the nano-islands during the entire film deposition process. By periodically switching two
targets (the main YBCO target and the dopant target) during deposition, a fine multilayered
distribution of the second phase and the superconducting phase into the film can be
obtained [24, 51, 89, 90]. This modified technique has been employed to grow Y,BaCuOs

(Y-211)/YBCO, Y,03/YBCO and BalrOs;/YBCO quasi-multilayers.

Another common way to introduce artificial pinning centres is to ablate a target,
which is comprised of a mixture of YBCO and nanoparticles of a non-superconducting
phase, yielding a YBCO (or REBCO, RE = Er, Gd) thin film that incorporates non-
superconducting nanodots and/or nanorods, which act as (1D) artificial pinning centers.
Melt processed large, single-grain (RE)-Ba-Cu-O, where RE is Y or rare-earth element
such as (Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb) superconductors, which can trap
magnet fields in excess of 14 T [91, 92] have significant potential for high magnetic field
engineering applications. The field trapping ability of large grain bulk superconductors is
associated directly with the critical current density J¢, and the grain size, so it is necessary
to maximize J. for a given sample dimension in order to maximize the trapped field. In
high T, bulk (RE)BCO superconductors, on the other hand, it is well established that the
presence of non-superconducting second-phase Y,BaCuOs (Y-211) particles of size ~1 pum
embedded in the superconducting YBa,Cu3O; (Y-123) phase matrix correlates with

enhanced flux pinning in Y-Ba-Cu-O (YBCO).

By reducing the size of these particles, ideally to dimensions of the order of

doubled(or twice) the coherence length & of the (RE)BCO system (around ~3 nm at 0 K),
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increases their magnetic flux pinning potential further. It has been found by Sawh et al.
1998 that the addition of a small amount of uranium oxide to an initial composition of Y-
123+30 mol % Y-211 with between 0 and 0.5 wt % Pt results in the formation of U-

containing phase particles in a superconducting Y-123 matrix [93].

2.2.3 Dependence of critical current density on film thickness

Big efforts have been made to develop coated conductors using YBa,CuzO7.y
(YBCO) compounds with a high critical current density, J. and high critical current, I.[94].
Critical current density (Jc) is Ic per size area A of specimen. To obtain high- I¢

superconducting films, it is necessary to fabricate thick films.

It is not clear about the cause of reduction of J. with increasing film thickness as
seen in Figure 2.12 . Thickness dependence of critical current density still is a controversial
problem, and several explanations have recently been published [95-97]. It is reported that
the J. of YBCO films decreases with increasing film thickness because of mixing of a-axis
orientation, impurities from the substrate or decrease of number of pinning sites [98]. As
the thickness increases, the film morphology becomes much rougher, suggesting that the

drop in J¢ is related to a change in microstructure [94].
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Figure 2.12. The J; values of YBCO decreases sharply with film thickness and applied magnetic
field [99].

2.3 Thin film growth technology

Over the years various techniques have been developed by scientists for the
deposition of thin film superconductors. As a result these techniques can be broadly
divided into two categories, namely chemical and physical methods. The chemical method
is composed of the metal organic chemical vapour deposition (MOCVD), metal organic
deposition (MOD)-solution methods and liquid phase epitaxy (LPE). The physical method
consists of magnetron sputtering, pulsed laser deposition (PLD) and co-evaporation. It still
remains a major challenge for most thin film groups to optimise the deposition method to

produce high quality films.
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2.3.1 Chemical methods

2.3.1.1 Metal organic chemical vapour deposition (MOCVD)

The first thin films of YBCO were prepared by the metal organic chemical vapor
deposition (MOCVD) demonstrated by Berry et al. [100]. Since then MOCVD has been
widely used for the deposition of HTS thin films for several reasons [101, 102]. The basic
principle of MOCVD is rather simple. Atoms that form the film composition are brought in
the vapour phase and combined with a complex organic gas and passed over a hot
semiconductor wafer. The heat breaks up the molecules and deposits the desired atoms on
the surface, layer by layer if proper conditions are used. By varying the composition of the
gas, you can change the properties of the thin film crystal at an almost atomic scale [103].
This technique can grow high crystalline quality epitaxial heterostructures for

semiconductor devices, because the growth is carried out near the equilibrium [104].

MOCVD has the potential of producing uniform (composition and thickness) films
which grow as precisely controlled layers efficiently, as well as having the ability to be
scaled up to industrial-scale production. Highly oriented films with both a- axis and c-axis
directions can be grown by MOCVD [105]. Several numbers of groups [106, 107] have
successfully deposited superconductive YBa,CuzO7.x coatings by MOCVD on different
substrate materials with high critical current densities in applied magnetic fields [108-110].
However, the rougher film surface and larger surface resistance are the disadvantages of

this method.
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2.3.1.2 MOD - Solution methods

Metal organic deposition (MOD) is one of the popular solution deposition methods,
involving coating of an organic precursor solution on a substrate followed by thermal
decomposition to form the final desired compound [111]. Solution deposition is a fast, cost
efficient method and is applicable to large-area substrates. The most frequently used
solution method approaches can be divided into two components; sol-gel process and
Metalorganic Decomposition (MOD). The sol-gel process denotes its principle: a solution
starting from precursors which are dissolved in a liquid phase, transformed to the solid
state through a sequence of chemical reactions which involve polymerisation at ambient
temperatures [112]. Metalorganic Decomposition (MOD) is a non-vacuum technique for
processing of films of uniform thickness from liquid precursor solutions. For example,
stoichiometric proportions of Ba, Y and Cu acetates are mixed in water with trifluoroacetic
acid in an MOD process. This mixture is dried and re-dissolved in methanol to form an
organic solution of trifluoroacetates which is used to dip coat or spin coat a textured
substrate [113]. Several investigators have reported preparation of some oxide films like
strontium titanate STO [7, 114] barium zirconate [14] which can act as buffer layers, and
of Y123 films by MOD [115-117]. The advantages of MOD over other deposition
techniques are rapid deposition rates and the ease with which films of uniform and
controlled composition can be prepared. Even though the MOD solution methods greatly

reduce the production cost they rarely obtain high J. over 1 MA cm™ (77 K, 0 T).

2.3.1.3 Liquid phase epitaxy (LPE)

Liquid phase epitaxy (LPE) is a solidification process from a liquid phase, either
from solution or from the melt, of a crystalline layer onto a single crystal substrate in near-

equilibrium processing conditions. The near-equilibrium growth process of the LPE
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method is also preferred in obtaining high quality and a very flat surface [118, 119].
Although the preferred near-equilibrium mechanism is effective to obtain high quality
films, it usually results in weaker flux pinning. Another pinning entity can be introduced
by growing on substrate possessing a large lattice mismatch, such as MgO [120]. MgO,
which has a thermal expansion coefficient larger than YBCO [121], and can also prevent

crack formation in the YBCO film [122, 123].

All films can be grown over a large area with high growth rate (1-10pmin™) and
control of the alignment can be achieved using appropiate substrate and growth condition.
The LPE method has the advantage in the ability to fabricate a thick superconducting layer
of YBCO and other rare earth cuprates (REBCO) [124-127]. However, some
disadvantages include poor surface finish, poor large area uniformity and difficulty in

varying stiochiometry [128].

2.3.2 Physical methods

2.3.2.1 Co-evaporation

The co-evaporation method is a process in which the vapour of metallic materials is
created by electron beam or thermal evaporation sources in a vacuum chamber. The
deposition by evaporation typically takes place in a low pressure background around 107
Torr. Because of that most of the in situ growth of HTS films requires much higher
molecular oxygen pressures. The film is formed by evaporating the metallic ingredients of
YBCO simultaneously from a resistively heated tungsten filament. From the filament
sources the metal vapour spreads in the vacuum until it reaches the substrate. The
substrates are placed on a rotating disc and alternated between a zone of the metal vapour

and a molecular oxygen pocket. The passage transforms the metals into the required oxide
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which grows as single crystalline film on a single crystal substrate surface. The co-
evaporation deposition method has several advantages. It allows a rigorous control of the
stoichiometry, as each element is evaporated independently of others. Besides, the
relatively large distance between the metallic targets and the substrate allows for

deposition of very homogenous thin films on large surfaces.

2.3.2.2 Magnetron Sputtering

Sputtering is the ejection of surface atomised material from an electrode surface to
the energetic bombarded surface layers by ions in a vacuum of less than one ten millionth
of an atmosphere [128]. The sputtering process is performed by applying a high voltage
across a low pressure atmosphere to create plasma, which consists of electrons, gas ions
and metals ions in a high energy state. There are several sputtering systems for the purpose
of thin film deposition. Either the direct current (DC) or radio frequency (RF) sputtering is
used to deposit HTS thin films. DC sputtering can be used only for conducting targets

where RF sputtering can be used for both conducting and insulating targets.

Magnetron sputtering is another variant of sputtering sources which uses magnetic
fields transverse to the electric fields at sputtering-target surfaces. Target-generated
secondary electrons do not bombard substrates because they are trapped in cycloidal
trajectories near the target, and thus do not contribute to increased substrate temperature
and radiation damage [128]. The magnetron sputtering method has been widely used for
MgB, [129, 130] and YBCO [131] thin films depositions because of their high deposition
rates and relatively low temperature process. However, the critical current densities of
YBCO films grown by sputtering are still lower than films prepared by pulsed laser

deposition.
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2.3.2.3 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is widely used for the deposition of YBCO thin films
since 1987 by Dijkamp et al.[132]. They found that the films obtained by the PLD
technique are higher in quality to those previously grown using other deposition methods
and has opened worldwide interest in the technique. PLD is a versatile technique for the
preparation of thin films of complex stoichiometry and the capital cost involved is low. It
has been found to be most convenient and efficient for the synthesis of high T
superconducting thin films [133]. In the PLD process of making YBCO thin films, a pulsed
laser strikes a solid bulk YBCO target and removes material off the target in the form of a
plume. The plume comes in contact with the surface of a heated substrate kept at a certain
distance from the target. The plume containing the building blocks (neutrals, ion, and
electron) of the YBCO lattice, covers the substrate. PLD is found to have significant
advantages, including the capability for stoichiometric transfer of material from target to
substrate, low contamination level, high deposition rate and non equilibrium processing.
Other advantages include repeated generation of energetic species, hyperthermal reaction
between the ablated cations and the background gas in the ablation plasma and

compatibility with background pressures [134].

There are several variables for the synthesis of HTS thin films such as substrate
temperature Ts, the energy of the atom flux, the relative and absolute arrival rate of the
atoms forming the film and the oxygen pressure P, in the deposition chamber. Even as we
know that PLD is an evaporation process, the stoichiometry and the nature of the species
are quite different from standard evaporation. The PLD can be divided into four regimes:
(i) interaction of laser beam with the surface of target, (ii) interaction of the ablated

material with the incident laser beam resulting in plasma formation and growth consisting
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of positively charged and neutral particles, molecules, atoms and other species, (iii)
anisotropic adiabatic expansion of the plasma leading to the characteristic laser deposition
process and (iv) interaction of the plasma with background gas [135]. In the evaporation
regime, the evaporation of the target is thermal in nature, while in the isothermal regime
the plasma formation, heating, and expansion give rise to nonthermal deposition
characteristics, like sharply forward peaked deposition with kinetic energy of the species

much larger than the thermal energy.

2.3.2.3.1 Interaction of laser with target

Usually the target material is a sintered bulk superconductor with a varying degree
of porosity depending on the fabrication conditions. The surface roughness of the target
affects its coupling with the laser beam. The free-carrier collisions are the dominant
mechanism for the absorption of the photon energy resulting in high target absorption. The
surface roughness can enhance the diffraction of the laser radiation with consequent non-
uniform spatial distribution of the energy and non-uniform, non-stoichiometric ablation of
the material result in low vaporisation threshold. The vaporisation represents the energy
required in heating the material to its evaporation temperature, the conduction heat losses
in the target, and the losses due to the absorption of the laser energy by the expanding

plasma. Figure 2.13 explains a basic thermal cycle induced by a laser pulse striking the

target. Two separate heating regimes have been identified: (i) the surface heating regime in
which the laser energy is deposited near the target surface, and (ii) the volume heating

regime in which a volume of the solid material is heated by the laser pulse [136].
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Figure 2.13: Schematic of thermal cycle induced by a laser pulse striking the target. (a) Light pulse
is absorbed, melting and vaporization begin. (b) Melt front propagates into the solid, accompanied
by vaporization. (c) Melt front recedes; cross-hatched area indicates resolidified material. (d)
Solidification is complete showing frozen capillary waves on the surface [135, 137].

In the first regime the laser energy is absorbed in the surface layer, and the thermal
diffusivity controls the heating and ablation characteristics. During ablation of the target, a
planar vaporization interface may initiate from the surface and propagate into the target
[138, 139]. However, at higher power densities, subsurface heating effects may become
important which may lead to explosive removal of material from the target, and thus lead

to non-linear ablation [140, 141].

In the volume heating regime, the thermal conductivity plays an insignificant role
in controlling the laser-target interactions, and the ablation depth is determined mainly by
the optical absorption depth which is given by the inverse of the optical absorption
coefficient. In this regime, internal heating sub-surface effects may predominate leading to
removal of particles from the target, and these particles may shield the target from the

incoming laser beam [136]. The time after which the ablation front may change from a
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planar to volume type depends on the degree of internal heating and the time required for

formation of a subsurface gaseous phase [137].

2.3.2.3.2 Energy transfer through interaction

The interaction of nanosecond high-powered laser beams with the target leads to
very high surface temperatures ( > 2000 K), which results in emission of positive ions and
electrons from the free surface [142, 143]. The flux of positive ions and electrons is
produced at these high surface temperatures. The ablation of the target has been found to
be accompanied by a brilliant glow (laser plasma) extending outward from the surface. The
plasma constitutes both charged and neutral species of atoms and molecules. The
expansion of the flume is driven by plasma pressure gradients, but there may be an
additional contribution from Coulumb repulsion between ions if the net loss of more

mobile electrons is significant.

2.3.2.3.3 Nucleation and growth of film

In general the crystal growth of films is governed by three modes, depending on the
thermodynamics relating the surface energies of the film and the substrate to their interface
energy. The three dimensional island growth (Volmer-Weber mode) (Figure 2.14b) is
where small clusters are nucleated directly on the substrate surface and then grow into
islands of the condensed phase. This occurs when the atoms (or molecules) of the deposit

are more strongly bound to each other than to the substrate [144].
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Figure 2.14. lllustration of the three modes of nucleation and initial growth of epitaxial deposits
proposed by Bauer et al. [145].
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The two dimensional monolayer growth (Frank-van der Merwe mode) (Figure
2.14a) displays the opposite characteristics. When the atoms are more strongly bound to
the substrate than to each other, the first atoms to condense form a complete monolayer on
the surface, which becomes covered with a somewhat less tightly bound second layer.
Provided that the decrease in binding is monotonic toward the value for a bulk crystal of

the deposit, the layer growth mode is obtained [144].

The three dimensional island growth plus the two dimensional monolayer growth
(Stranski-Krastanov mode) (Figure 2.14c) is an interesting intermediate case. After
forming the first monolayer subsequent layer growth is unfavourable and islands are
formed on top of this intermediate layer. There are reasons for this mode to occur, and
almost any factor which disturbs the monotonic decrease in binding energy, characteristic
of layer growth, may be the cause. For example, the lattice parameter of, or symmetry of,
or molecular orientation in, the intermediate layer may not be able to be continued into the
bulk crystal of the deposit. This results in a high free energy of the deposit-intermediate-

layer interface which favours subsequent island formation [144].

2.4 Choice of substrate for HTS films

One of the most important issues in thin film growth is the choice of the right
substrate. To grow high-quality HTS thin films, the substrate must have the basic
requirement properties such as: no chemical interaction at the interface between HTS,
crystallographic lattice match between HTS film and substrate, similar thermal

expansivities of HTS and substrate, and low roughness.

The HTS cuprate oxides with a square-planar surface orientation, such as the (001)

face of cubic oxide crystal, are ideal for c-axis-oriented HTS films. Typically, the in-plane

39



lattice spacing of the HTS film should closely match that of the substrate either aligned
with or rotated 45° with respect to the principle axes. Significant differences in the thermal
expansion coefficient should be avoided, as this will lead to cracking of the film during
cooling or loss of adhesion. Any chemical reaction between the substrate and film will
likely inhibit good epitaxy and may prevent the formation of the HTS phase. The substrate
material should also be stable against thermal cycling with no significant phase transitions

[64].

SrTiO3 (100) and MgO (100) are generally the most attractive substrates in growing
high quality epitaxial HTS films. But the main disadvantage of MgO substrates is the
degradation of the hygroscopic surface in air [146]. These substrates also have a lattice
mismatch of 9% with YBCO and a different crystal structure. These properties lead to a
significant amount of in-plane 45° misoriented grains in the YBCO films deposited on
MgO substrates, which significantly suppresses the average critical current density of the
HTS films [147]. Several other substrates have been used such as LaAlOsz, LaGaO3; and
NdGaO; but the search is still on for the best that should not react with the film at the film

deposition temperature.

Strontium Titanate SrTiO3z has been widely used for making YBCO films, as it has
superior properties over other types of substrates, including chemical compatibility, good
thermal expansion matching, lack of reactivity in oxygen-rich ambient conditions, and
good lattice matching with Y123 [148]. STO (lattice constant is 0.3905 nm) has a small
lattice mismatch with YBCO (lattice constant is 0.3820 nm) and is able to support high
quality YBCO films with the state of the art properties. All films studied in this thesis are
deposited on STO single crystalline substrates using pulsed laser deposition and standard

deposition parameters.
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The quality HTS films grown to date, as determined by a multitude of metrics including
critical current density, morphology, and stability over time, are epitaxial on their
substrates. Epitaxial growth requires a controlled crystallographic orientation of the film

with respect to the substrate [149].

The deposition of HTS material onto a number of technically interesting metallic
substrate materials requires a buffer layer which provides epitaxial growth. Buffer layers
can be grown epitaxially prior to the YBCO phase. The idea to use a buffer layer is to
avoid inter diffusion of substrate and HTS material and to reduce the lattice mismatch
between them. Choosing a buffer material with a lattice constant intermediate between the

two materials may enhance the epitaxial quality of the grown layer.

Three techniques for growth on metallic substrates currently being studied are; ion
beam assisted deposition (IBAD), rolling assisted biaxially textured substrate (RABITS),
and inclined substrate deposition (ISD). IBAD is a technique for obtaining biaxially
textured films by simultaneous ion beam bombardment to the film surface during growth
of the buffer layer (YSZ, La,Zr,0;) on polycrystalline metallic substrates (hastelloy,
stainless steel) [150]. The Fujikura group [6] developed the technique first and
subsequently another group at the of Los Alamos National Laboratory (LANL) optimized
the IBAD-YSZ/PLD-YBCO process and achieved J. up to 1 MA/cm? at 77 K in short

samples [151].

The well biaxially textured, smooth surface and small grain size (5-10nm) [152,
153] associated with IBAD can solve the weak-link problem of the YBCO and drive high

performance in transport current property. The YBCO films grown on IBAD templates
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have energised much attention because of its high critical current, length and

reproducibility.

The second method in producing textured metallic substrate is called the RABITS
[154]. In the RABITS process, pure nickel or nickel alloy (Ni-Cr or Ni-W) substrate itself
is rendered highly biaxial textured by well-defined thermomechanical processes of rolling
deformation, followed by annealing [114]. The resulting texture in the face-centered cubic
(fcc) metal corresponds to the cube planes parallel to the tape surface and perpendicular to

the tape’s long axis. Yttria stabilized zirconia (YSZ) [155], cerium oxide (CeOz2) [104],

lanthanum aluminate (LaAlOs) [156], barium zirconate (BaZrOs) [154, 157], and other
ceramics in single constituent or multi-constituent layers have been used to provide a
buffer layer and to protect the chemical barrier to the reaction with the YBCO. The third
technique in producing textured metallic substrates is inclined substrate deposition
(ISD)[158]. This approach achieves biaxial alignment of the YSZ buffer without assistance
of an additional ion-beam using a high rate laser deposition and appropriate inclination of

the metal substrate with respect to the laser plume [159].
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Chapter 3

Experimental Details

3.1 Introduction

This chapter describes the experimental procedures to fabricate and characterise the pure
YBCO, YBCO/Gd2411 and YBCO/BZO films. Substrate preparation prior to the film
deposition is discussed in the beginning of this chapter, followed by a brief account of the
deposition process of the films by pulsed laser deposition. Characterisation techniques of

the film are discussed next.

3.2 Substrate preparation

All films studied were deposited on (100) SrTiO3 (STO) single crystalline
substrates using pulsed laser deposition and standard deposition parameters were set by our
group (refer 3.4.1). STO has been widely used for making Y123 films, as it has superior

properties over other types of substrates, including chemical compatibility, good thermal
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expansion matching, lack of reactivity in oxygen-rich ambient conditions and good lattice
matching with Y123 [160]. STO also has a rather small lattice mismatch (its lattice
constant is 0.3905 nm) with YBCO and is able to support high quality YBCO films. All
substrates require cleaning before the film deposition to remove some dirt particles on the
surface of the substrate which can adversely affect the film growth. The STO substrates
(5mm x 5mm x 2mm) were put into a bath of acetone and ultrasonically cleaned for about
5 minutes. Then these substrates were washed once more by using iso-propanol. After that

the samples were dried by compressed air.

3.3 Target preparation

Four types of target (Table 3.1) were used to grow thin films. The first target is
pure Y123 target which is commercially available, the second is YBCO/Gd2411 which is
solid state processed and provided by Prof. Dr. DA Cardwell, University of Cambridge, the
third is YBCO/2% BaZrO; and the fourth target is YBCO/4% BaZrO; provided by Dr.

Petriina Paturi, University of Turku, Finland.
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Table 3.1. Targets details

Target Details Source
Commercially available from
Pure YBCO Y1BaxCuz07.5 _
Praxair Surface Technology
Solid state process by Bulk
100 mol % Y123 + 1 mol
Superconductivity Group, University of
YBCO/Gd2411 % Gd;Ba;CuWO,
Cambridge, UK
100 wt. % Y123 + 2 wt. | Citrate-gel method by University of Turku,
YBCO/2%BZO
% BaZzr;0 Finland
100 wt. % Y123 + 4 wt. | Citrate-gel method by University of Turku,
YBCO/4%BZ0O
% BaZzr;0 Finland

The GdyBasCuWO, (2411) phase particles are plausible candidates for engineering the
microstructure of large grain (RE)BCO superconductors at the nanoscale level in order to
achieve a large flux pinning effect [161]. A study of the effects of nano Gd 2411 on the

performances of Y123 films is presented based on the optimised growth conditions for

Y123 films. A target of composition YBa,Cu307-5(Y-123) + 1 mol% Gd,Ba,CuWO;, was

fabricated from Y-123 (Nexans Superconductors GmBH, purity 99.9%) and Gd-2411
phase powders. The latter were synthesized via solid-state reaction of Gd;O3;, BaCO3, CuO

and W pre-reacted powders (purity 99.9%). The precursor powders were mixed in the

45



required molar ratio, and calcined at temperatures between 900 and 1100 °C with several

intermediate grinding stages.

The nano-crystalline YBCO targets containing 2 wt% BaZrOs; and 4 wt% BaZrOs;
were prepared using the citrate gel method. The important advantage of this method is the

homogeneity at atomic level. The starting materials are water solutions of high-purity

nitrate salts of Y, Ba, Cu and Zr that were mixed in molar ratios of YBCO + BaZrOs. After

evaporation of the water and directly heated at 500 °C to remove the organic compounds
the obtained powder was first calcined at 790 °C for 96 h in flowing O,to convert it to the
tetragonal YBCO phase. Then the powder was converted to the orthorhombic phase by
annealing in Ar and cooling down in a O,atmosphere as described in [162]. This process
leads to nanosize YBCO powder with an average grain width of 60-80 nm [162]. The PLD
targets were prepared by pressing the powder at 300 MPa pressure into pellets of 20 mm
diameter, sintering them in flowing O at 900 °C for 4 h and finally oxygenating in flowing

O,at 500 °C for 50 h and at 400 °C for 10 h.

3.4 Pulsed Laser Deposition System

All films were deposited on (100) SrTiO3 (STO) single crystal substrates by PLD
using a scanning laser beam. Scanning laser beam method consumes the target material
gradually and homogeneously and does not require frequent and intermediate polishing of
the target, which makes the technigue potentially suitable for large-scale production of
superconducting coated conductors. The laser deposition installation was constructed in the

PLD Laboratory at School of Metallurgy and Materials, University of Birmingham. A
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photograph is shown in Figure 3.1 with a schematic illustration of the equipment shown in
Figure 3.2. The films are grown in the stainless steel chamber using a KrF excimer laser
supplied by Lambda Physik, LPX 300 Germany with a wavelength of 248 nm. The laser

beam is focused onto the rotating target by beam scan optical train.

3.4.1 Standard Deposition Parameter

Substrates were mounted on a heatable sample stage holder with silver paste. Prior
to the deposition of a film the chamber is evacuated with a turbo molecular pump below
the pressure of 10 torr. A collimated laser beam is directed at an incident angle of 45 ©
and scanned over the surface of the rotating target. The target was then cleaned and
conditioned with a 1000 laser pulses under vacuum with a shutter being positioned over the
substrate. The substrate was then heated to 780°C at a rate of 20°C/min. The distance
between the target and the substrates is55 mm, and an oxygen background pressure of 450
mTorr (0.6 mbar) was employed during the deposition. 5000 pulses (based on film
thickness needed) at pulse repetition rate of 4 Hz were employed for YBCO deposition.
One of the best deposition conditions was obtained when the tip of the plume generated by
the interaction of the laser beam with the target surface comes near to the substrate, with a
pulse duration = 30 ns, repetition rate of 4 Hz, laser energy density of 1.0 mJ/cm?, oxygen
pressure of ~ 450 mTorr, substrate temperature ~ 780 °C and the target-substrate distance ~
55 mm. After deposition, the oxygen loading of the films took place in 450 Torr O, in situ
during cool-down at 8 °C min™*. The other optimum conditions for high quality YBCO

films have been obtained and will be discussed in chapter four.
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The PLD system used for the present study has the following main features:

i) Spherical chamber

i) Turbo pump

iii) Lambda Physik LPX excimer laser with a wavelength of 248nm.

iv) Six target holders allowing multi-layer deposition

V) Target rotation by an external motor

vi) Substrate temperatures up to 900 °C, adjustable by a digital controller

vii) Two gauges measuring the pressure from 1 atm to 10°° Torr

Figure 3.1. Image of the PLD system
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Figure 3.2. Schematic of PLD System [163].

3.5 Microstructure characterization

3.5.1 Scanning Electron Microscopy (SEM) observations

The scanning electron microscope (SEM) is often the preferred preliminary tool for
analytical microscopy. Basically inside the SEM, an electron gun is used to generate the
electron beam. There are two types of electron guns: the thermionic emission gun and the
field emission gun. Scanning electron microscopy (SEM) was performed on a JEOL JSM
7000 field emission system equipped with an energy dispersive spectroscopy (EDS)
system as seen in Figure 3.3. It has an electron emission gun which consists of three
electrodes: a LaBg (lanthanum hexaboride) cathode filament, a Wehnelt cylinder and an
anode. When an electron beam interacts with a film specimen, a variety of electron,

photon, phonon and other signals can be generated as can be seen in Figure 3.4. Three
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types of electrons can be emitted from the electron-entrance surface of the specimen:
secondary electrons with energy < 50 eV, Auger electrons produced by the decay of the
excited atoms, and backscattered electrons that have energy close to those of the incident
electrons. No sample is required for gold coating since all of our films once oxygenated are
conducting. So the films were just placed by silver paint paste in the specimen stage of the

SEM.

Figure 3.3. A JEOL 7000 scanning electron microscope
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Figure 3.4. Schematic drawing illustrates the signals generated inside a scanning electron
microscope when an electron beam interacts with a specimen [164].

3.5.2 Transmission electron microscopy

The best of the nano-inclusion films were analysed by imaging cross sections of the
films by transmission electron microscopy (TEM). The cross section images of the film
was taken by a Jeol JEM 2100 TEM (Figure 3.5) using a lanthanum hexaboride (LaBs)
crystal thermionic electron source. The TEM was operated at 200 kV and magnification of
up to 200,000 times. The Tecnai F20 TEM using field emission electron source was also
used in this study. Due to field emitter the Tecnai F20 was equipped with scanning
transmission electron microscopy (STEM) and Oxford EDS system. High resolution
images can be produced by the Tecnai F20 (HRTEM) and element mapping was also
analysed in the STEM mode by the EDS system. Bright field image with (001) zone axis

was selected in most of the TEM images in this work.
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Figure 3.5. Jeol JEM 2100 LaBg TEM at Centre Electron Microscopy,
University of Birmingham [165].

3.5.3 Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) is the most common type of general purpose
SEMs and it is attached to the SEM JEOL JSM 7000 from LINK ISIS of the Oxford
Instruments company. To perform EDS, the electron beam has to very finely focussed to
execute an elemental analysis of a very small area on the sample surface. The sample
surface was first observed with secondary electron imaging. The electron beam was

positioned at the designated point on the sample.

Whenever a sample is irradiated by an energetic electron beam, some electrons from within
the material will be excited into vacant higher-energy levels. A vacancy is thus created in

one of the inner electron shells and the atom is effectively ionized. When an electron from
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a higher orbital drops back down in energy to fill the vacancy, an x-ray is emitted having
energy equal to the difference between the two levels. Because the energies of these
emitted photons are characteristic of the ionized atoms, inspection of the emitted x-ray
spectrum using energy dispersive spectroscopy (EDS) provides rapid identification of the
elemental composition of the material. There are two types of information about the
composition of samples that can be obtained from energy dispersive spectroscopy (EDS)
[166]. Qualitative analysis: involves identification of the elements contained in the samples
by analyzing the characteristic of the x-rays emitted. Quantitative analysis provides the

relative weight or atomic concentration of the elements.

3.5.4 Electron backscattered diffraction (EBSD)

Electron backscatter diffraction (EBSD) allows the crystallographic information to
be obtained from samples in the SEM. EBSD determines of the orientation of individual
grains in the sample, and consequently gives the degree of misorientation between grains.
EBSD is the diffraction of backscattered electrons produces from a focussed incident
electron beam, by the crystal planes in the samples. A schematic of a typical experimental

setup is shown in Figure 3.6.

The EBSD pattern is collected with the specimen surface normal making an angle
of around 70° with the incident electron beam. The diffracted backscattered electrons are
recorded by a phosphor screen and charge coupled detector (CCD camera) to produce a
pattern similar to a Kikuchi pattern. The pattern contains crystallographic data on both the
crystal structure and the orientation of the specimen surface. The entire indexing pattern is

routinely carried out by a computer.
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The texture measurement requires thousands of measurements so that the
distribution of orientations may be acquired. Scanning beam requires the electron beam to
be held stationary and the sample is rastered by moving the sample stage so that automated
orientation mapping can be accomplished. Usually this method gives recognition of the
EBSD patterns which allows automated mapping of the orientation over fairly large areas,
up to mm dimensions, which is important when statistically significant data on real
samples are required [167]. An analysis of crystal orientation or grain boundary
misorientations maps were built according to the orientation and colour coded for easy

recognition.

Electron Beam

diffracted cone of ~
electrons

Tilted Sample

Phosphor screen

l\

Diffracting planes

Figure 3.6. EBSD experimental configuration which is showing the electron beam, the tilted
sample and the phosphor screen [167].
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3.5.5 Surface topography by AFM

Scanning probe microscopes (SPM) is in a class of instruments that enable precise
surface topography measurements to be performed in two forms: scanning tunnelling
microscopy (STM) and atomic force microscopy (AFM). AFM was introduced about 20
years ago. AFM have revolutionised surface analysis by providing high resolution
visualization of structures at the atomic and nanometer scales. The structure and
morphology of the surface of the tin films were investigated using AFM in this research.
The detailed information from this AFM images can be used to model the growth process.
The atomic force microscopy uses a fine ceramic cantilever (silicon nitride) to probe the
surface of the sample. There is no electrical current flow between the probe and the surface
hence the AFM is suitable for use with non-conducting material. In AFM, mechanical

force interactions acting between a sharp probe and a sample are used for surface imaging.

There are three primary imaging modes available in AFM; contact mode, non
contact mode AFM and tapping mode. Contact mode was used in this work. The cantilever
with a sharp tip at one end, is brought into interaction with the sample surface. The
interaction level between the tip apex and the sample is determined through precise
measurements of the cantilever displacements. The deflection of the cantilever is measured
by a laser beam, projected at the tip of the cantilever and reflected towards a pair of closely
spaced photo detectors mounted on the scanning head. By measuring the relative signal
intensities from these detectors, the magnitude and direction of the deflection of the probe

can be monitored, and an image of the sample surface can be constructed.
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3.5.6 X-ray diffraction (XRD)

X-ray diffraction is one of the versatile methods in identifying the crystalline
phases present in films and analyses the structural properties such as grain size, phase
composition, crystal orientation etc. A Philips x-ray diffractometer with Cu K, was used
to detect diffraction peaks in a 6-26 scan. The x-ray wavelength is 0.154 nm with a beam
size of 3 mm. The x-rays are diffracted (according to Bragg’s law at equation 3.1) as they

are reflected from successive planes formed by the crystal lattice of the material.

2dsind =nA 3-1

where n is an integer and called the order of diffraction, 4 is the wavelength of an incident
monochromatic x-ray beam, d is the interplanar spacing and @ is called the diffraction
angle (the angle between the incident x-ray beam and the particular crystal plane under
consideration). The pattern is identified by comparing it with an internationally recognized
data base powder diffraction file (PDF) reference patterns. In order to obtain good XRD
results the film surface must be well aligned in the diffraction plane of the x-ray source.

The diffraction signal from the SrTiO substrate was used as a guide for alignment.

3.5.7 Thickness measurements

For film thickness measurements, the film was broken in cross section by a
diamond cutter. The two parts of cross section sample were polished by using 0.5 um size
of diamond paper. Then, the thickness of the films was measured using SEM or POM
(Polarised Optical Microscope). Thicknes measurements are best obtained by taking

several measurements along the sample from the centre to the edge and averaging the
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results. Films with a thickness of less than 1 x#m were measured by SEM while the thicker

film was measured by POM.

SEI 200KV XB,500 1pm WD 6.2mm

Figure 3.7. Cross section of YBCO/ Gd,Ba,CuWOj film with average thickness of 2.6 um

3.6 Superconducting properties

3.6.1 Measurements of T. and J.

The superconducting transition temperatures, T, were measured by magnetic AC
susceptibility in a Quantum Design Magnetic Property Measurement System (MPMS-XL).
T. was defined as the onset of diamagnetism by measuring the real part of the AC
susceptibility. In most cases, the error in determining T, was smaller than 0.2 K. The
sample was located in a system consisting of a primary and secondary coil. The primary

coils produce an excitation field set to 0.05 Oe. The sample was placed in the secondary
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pick up coils, where the change of the induction voltage across the coils due to the

shielding current can be measured by the lock-in amplifier.

The critical current density J. was determined by DC magnetisation loops measured
in the Quantum Design MPMS-XL. In order to measure the value of DC magnetisation, a
DC field is applied up to 4.5 T, and the sample was moved through the entire detection

coil. The pick up coil detects a waveform signal versus the position of the sample.

The J. can also be calculated from AC susceptibility while a DC field is applied to
the sample or no applied field. The dependence of DC field, temperature and AC frequency
on J. can be estimated by AC susceptibility measurement. By choosing ACMS option from
Quantum Design Physical Properties Measurement System (PPMS) (Figure 3.8) in DC
magnetic field up to 6 T, AC field amplitude h,c up to 10 Oe, and ac field frequency f
between 47 and 9997 Hz, the dependence of %" on AC frequency and DC applied field was

plotted and hence J. was calculated as can be seen in Figure 6.29.
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Figure 3.8. Quantum Design Physical Properties Measurement System at School of Chemistry,
University of Birmingham [168].

3.6.2 Lithography for the patterning microbridge

Transport measurement can only be made on film that has patterned with current
tracks and current and voltage tabs. The lithography techniques allow the patterning of
superconducting microbridges upon a substrate material carried out in the well equipped
clean room operated by Electronic, Electrical and Computer Engineering School.
Patterning using etching is facilitated in this work. It is important to start with a clean film.
The film was put into a bath of acetone and ultrasonically cleaned. Then this film was
washed once more by using iso-propanol. After that the film was dried by compressed air.
The film was placed on a speed controllable spinner, while rotating with speed of 4000
rpm, 2 or 3 photoresist S1818 droplets was applied on the surface of the sample for 30
seconds to a minute. Particular care needed to be taken to ensure a smooth resist layer and

it is often necessary to spin the resist several times before baking.
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The film then was baked for 3 minutes at temperature of 120°C. The next step of
patterning was performed in a Karl Suss MJB3 mask aligner (Figure 3.9). The film was
mounted on the mask aligner and put into direct contact with the mask. The film was then
exposed to an UV400 Exposure Optics (for 365nm and 405nm exposure) UV source
through the mask. The film is then stirred in diluted developer (Microsposit MF-319)
solution for a few minutes; the time may be varied according to the exposed sample
quality. Diluted Nitric acid 0.1% was used to etch the developed sample. The film was put
in the diluted acid for several minutes; the time is varied according to the thickness of the
sample. For 1 um thick film it will take in 10 minutes etching. Less than 1 xm thick film is
the easiet and quick to etch. The etched film then was cleaned by acetone again to remove
the photoresist layers and remaining acid by ultrasonic. Figure 3.10 shows a device
patterned from YBCO which was subsequently used to produce and investigate the
properties of sub-micron superconducting bridges. The square pads around the edge of the

substrate are used to make contact between the sample and the measurement apparatus.

Figure 3.9. Karl Suss MJB3 Mask Aligner system.
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53 um

Figure 3.10. Optical image of the bridges (53 um-biggest and 6 pm-smallest) patterned using
photolithography

3.6.3 Field orientation dependent transport measurements

Transport measurements of films were carried out using the so called four point
probe technique. This method consists of attaching four contacts to the film by indium
solder through gold wires as seen in Figure 3.10 . The two outermost contacts are for the
current (1) and two inner contacts are for the voltage (V). For critical current (I¢)
measurements, the standard value of 1uV/cm is used as a criterion for I.. In the transport
measurement, not only the angle between applied field and the c-axis of the sample (é) can

be changed but also applied field (B) and temperature (T) can be controlled, so one can get
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Jo(6, B, T) instead of only J.(0). In this measurement, the rotating range of -10° to 370°

were used.

62



Chapter 4

Fabrication and Characterisation of YBa,Cu3O-., films

4.1 Introduction

The superconducting properties of YBa;CusO7 (Y123) films are very sensitive to
deposition conditions. In order to achieve good quality films, the effects of the deposition
parameters such as deposition temperature (Ts), annealing oxygen pressure (Ogz) and
cooling time (cooling rate) (Cy) in relation to superconducting transition temperatures were

observed.

The plume behaves in a different manner in vacuum and in the presence of an
ambient background gas. A picture of the plume captured during deposition is shown in
Figure 4.1. Ambient oxygen scatters and attenuates the plume, changing its spatial
distribution, deposition rate, and kinetic energy distribution of the different species.
Oxygen pressure also has an influence on the length of the plume and it is often the easiest

parameter that can be slightly modified during the deposition. The annealing oxygen
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pressure plays an important role in determining the oxygen stoichiometries to achieve good
quality YBCO films. The relationships between parameters are plotted in Figure 4.2,

Figure 4.7 and Figure 4.8.

Figure 4.1. An optical image showing the shape of the visible plume resulting in the best films.

4.1.1 The correlation between T, and deposition temperature

The growth was carried out at an optimum distance (Ds) between target and the
substrate, which is about 55 mm [169], using a laser repetition rate of 4 Hz, 5000 of laser
pulses, laser energy (E) of 218 mJ/pulse and under other fixed conditions as indicated in
the inset Figure 4.2. After deposition, the Y123 film was annealed at 780° C at a pressure
(Op) of 450 Torr of oxygen with a cooling rate of 8° C /min until room temperature is
reached. It can be seen that the T, of the films has a close relation with those variables.
The T, decreases when the deposition temperature (Ts) rises from 780 ° C to 820 ° C. This
shows that T, is correlated with the substrate temperature with the optimum value at 780°

C.
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The deposition or substrate temperature is one of the most important parameters
governing the crystallization process [170, 171]. The deposition temperature should be
sufficiently high to increase the surface mobility of the adatoms and to promote formation
of the correct crystalline phase [172]. It was reported by Huhtinen et al.[173] that no
superconductivity was observed when the Y123 film was grown at T; < 625° C. By

increasing the deposition temperature up to 780° C, films with T, = 91 K £ 0.2 K could be

obtained.

T T T T T T T T T
91 * Energy= 218 mJ 7
O2 Pressure=450 mTorr

90 Annealing O, .

. Pressure= 450 Torr 1
89 - *\ i

88 - * _
o7 ]
86—- * _

T T T T T T T T
780 790 800 810 820
Deposition Temperature (° C)

T¢ (K)

Figure 4.2. The correlation between T, and deposition temperature with other conditions fixed:
laser energy 218 mJ; deposition oxygen pressure 450 mTorr.
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4.1.2 Surface morphology by AFM at different deposition temperatures

AFM images are widely used to look at the surface morphology of various
structures or at different stages of the fabrication process [174]. The AFM images of films
made using those conditions; laser energy (E) 218 mJ, deposition oxygen pressure (Op) 450
mTorr and annealing oxygen pressure (Oa) 450 Torr, but with different deposition
temperatures (Ts) are shown in Figure 4.3 to Figure 4.6. Histograms of height distribution
which show average film width also can be seen in all these figures. All the AFM images
of films exhibited a clear texture of growth islands. The trenches apparent between growth
islands are irregular at various dimensions for films with different deposition temperature.

The deepest trenches were found for the film deposited at 820° C in Figure 4.6.

The surface roughness of the YBCO films is mainly affected by the growth
temperature and the oxygen pressure [175]. The smoothest root mean square (RMS)
roughness of the film is given in Figure 4.3 showing the minimum value of approximately
2.403 nm for the film grown at T of 780° C with a peak width of 2.832 nm. All the grains
seem to be well connected. The RMS roughness of the growth islands is increased to about
14.935 nm for the film T at 800° C in Figure 4.4. The peak width also increased up to
21.865 nm for the same film. The surface roughness in the film deposited at 810° C
becomes higher at approximately 30.278 nm and the peak width is also slightly higher at

approximately 36.701 nm.

The above mentioned optimization of deposition conditions resulted in an apparent
increase of surface roughness (RMS > 100.7 nm) with degradation of superconducting
transition temperature as shown in Figure 4.2. This poor superconductivity might be due to

a poor inter-grain connection between the c-axis crystallites [176].
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Figure 4.3. (a) AFM image of film made using the following conditions; Deposition temperature

780° C with other conditions fixed: laser energy 218 mJ; deposition oxygen pressure 450 mTorr.
(b) Histogram of height distribution with a peak width of 2.832 nm.
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Figure 4.4. (a) AFM image of film made using the following conditions; Deposition temperature
800° C with other conditions fixed: laser energy 218 mJ; deposition oxygen pressure 450 mTorr.
(b) Histogram of high distribution which shows peak width of 21.865 nm.
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Figure 4.5. (a) AFM image of film made using the following conditions; 810° C deposition
temperature with other conditions fixed: laser energy 218 mJ; deposition oxygen pressure 450
mTorr. (b) Histogram of high distribution which shows peak width of 36.701 nm.
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Figure 4.6. (a) AFM image of film made using the following conditions; 820° C deposition
temperature with other conditions fixed: laser energy 218 mJ; deposition oxygen pressure 450
mTorr. (b) Histogram of high distribution which shows peak width of 42.185 nm.
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4.1.3 The correlation between T, and in situ annealing

It was found that the pressure of the oxygen atmosphere and cooling time during
annealing time could also be crucial to the T. of the Y123 films. In this experiment, the
annealing oxygen pressure was first varied with the other conditions fixed at the optimum
(Ts = 780° C, Op = 450 mTorr, E = 218 mJ) condition. Significant changes in the T. with
annealing oxygen pressure (Og) are shown in Figure 4.7. It can be seen that the T
gradually increases with O, but it begins to drop when the O, exceeded 450 Torr. It has
been found that the annealing oxygen pressure with 450 Torr gives the best T, of 91 K +
0.2K. It seems that the value of T. can be substantially increased by annealing with
sufficient oxygen. Although deposition of these films was carried out under identical
conditions, different annealing oxygen pressures during cooling causes differences in the

extent of crystallization in the film and in crystal orientation [177].
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Figure 4.7. The correlation between T, and annealing oxygen pressure with other conditions fixed:
laser energy 218 mJ; deposition temperature 780° C. The trend is shown by the line, which was
constructed by a polynomial function of the experimental data.
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Then the annealing cooling time was varied with the other parameters fixed at
optimum (Ts = 780° C, O, = 450 mTorr, Oy = 450 Torr and E = 218mJ) condition. Shown
in Figure 4.8 is the relationship between T, and cooling time. The film with the shortest
cooling time has a lower T¢, which is 72 K + 0.2 K. It is clear that with longer cooling
time, the T, increases and the film with 97.5 minutes cooling time shows a good T., which
iIs 91 K + 0.2 K. However, the suppression of T, was observed after 190 minutes. The
lower T, at fast cooling time is not favourable for the phase formation of Y123. The
suppression of T, at long cooling time can be attributed to the increase in the amount of
impurities that are formed when the sample is kept longer at high temperatures. It also
suggests that poor crystallisation always results if the duration of cooling time is too short.
Based on the results described above, it is considered that the optimal in situ annealing
conditions for Y123 films are 450 Torr for oxygen pressure and 97.5 minutes for cooling

time (cooling rate at 8 °/min).
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Figure 4.8. The correlation between T, and cooling time with other conditions fixed: laser energy
218 mJ; deposition temperature 780° C. The trend is shown by the line, which was constructed by a
polynomial function of the experimental data.

72



Analysis of the magnetic transitions in these samples was conducted and is shown
in Figure 4.9. The transition curves of the films obtained with O, of 450, 550 and 650 Torr
show not only higher T, but also have a sharper transition AT | whereas films with lower
oxygen pressure have lower T, and more broadened AT . The narrower AT of the former
films implies that they are more homogeneous. It suggests that impurity phases with lower
T, are broadening the transition in M-T measurements. The film which has highest T, (91
K £ 0.2 K), has an O, of 450 Torr. When oxygen pressure was increased up to 700 Torr,
suppression of T, was observed. At very high oxygen pressures oxidation of metal atoms
could also occur in the vapour phase, which is probably detrimental to ordered YBCO

growth [178].
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Figure 4.9. Normalised magnetic (M-T measurements) transition curves of films with different
annealing oxygen pressure O, with other conditions fixed: laser energy 218 mJ; deposition
temperature 780° C. The lines connecting the data points are for guiding the eye
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4.1.4 SEM morphologies of in situ annealing

The SEM surface morphology of the Y123 film annealed under different oxygen
pressure (Ogp) conditions were examined and are shown in Figure 4.10 to Figure 4.14. It
can be seen that the surface of films seem to be dense but with numerous visible white
spots. These white spots are found on both films in Figure 4.10 (O4= 100 Torr) and
Figure 4.11 (O4= 200 Torr), similar to those commonly present in Y123 films made by
using the PLD technique [10]. The presence of white spots with maximum diameter of
approximately 0.5 um is typical in all areas of these films. It is likely that these particles
originate from the targets. However the white spots become lesser and lesser for the films
with Og= 450 Torr and O4= 650 Torr. Films (Figure 4.12 to Figure 4.14) with high
annealing oxygen pressure exhibit droplets with a granular surface, spherically shaped
features and irregular pores with sizes of 150-350 nm. Smaller size and reduced number of

pores were observed at low oxygen pressures [179].

Porosity may affect the transport current density because of the decreased
connectivity of grains in the YBCO film [180]. However, a porous structure may
sometimes improve the superconducting critical current density by strain relief, depending
on the size and shape of the pores [97, 181]. Since oxygen diffusion is known to be much
faster along the ab plane of YBCO than in the c-axis direction [182] it is expected that a
porous film can be oxygenated more easily than a dense and smooth film. This is
confirmed by Develos et al. [183] who showed that a porous film is already well-
oxygenated in the as-grown state and further annealing will result to minimal, if any,
improvements in the overall film property. However the surface morphology changes in all

films deposited under the same condition remain unexplained.
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Figure 4.10. SEM image of Y123 film annealed at 100 Torr annealing oxygen pressure (Oap)

Figure 4.11. SEM image of Y123 films annealed at 200 Torr annealing oxygen pressure (Ogp)
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Figure 4.12. SEM image of Y123 films annealed at 300 Torr annealing oxygen pressure (Oap)

Figure 4.13. SEM image of Y123 films annealed at 450 Torr annealing oxygen pressure (Ogp)
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Figure 4.14. SEM image of Y123 films annealed at 650 Torr annealing oxygen pressure (Ogp)
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Figure 4.15. Typical XRD patterns for films prepared under different annealing oxygen pressure
(Ogp) with other conditions fixed: laser energy 218 mJ; deposition temperature 780° C
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4.1.5 Structure of oxygen annealed films

To determine the structure of the films, x-ray 6-26 scans for several films annealed
under different oxygen pressure (Oa) conditions were performed and shown in Figure

4.15. The 6 - 26 scan maintains its angle with the sample, detector and x-ray source.

The peaks indicate (by hkl), that the films belong to the 123 phase. The (00I) XRD
peaks especially (001), (002), (003), (004), (005), (006) and (007) appear in all films in
Figure 4.15, indicating strong epitaxy in all films. The (001) and (002) peaks of STO
substrate coincided with the (003) and (006) peaks of YBCO. No a-axis orientation growth
peaks were found. For the good T, films, the diffraction pattern mainly show Y123 (003),
(005) and (006) peaks at 22.92°, 38.55° and 46.75° (2-theta), whereas in the other films
these peaks are not as strong. In the higher T, films, strong peaks were observed at 38.55°
and 46.75° for the film with high O, (450 Torr). This might be because when the oxygen
pressure is increased, O, are easily dissolves into YBCO film and enhance the growth of
Y123 grains during the film crytallisation process. These strong peaks indicate high quality
epitaxy. The lower T, shows weak intensities at 22.92°(003) and 38.55°(005) for the film
with low Og, (100 Torr). Another possible factor could be the oxygen content that could
play a role in the decrease of the 003 and 005 peaks intensity. On the other hand, the film
with high Og (550 Torr) shows low intensity value in all peaks because of the film
positioning during the XRD measurement. Film position is very sensitive in XRD

measurement.

The oxygen deficiency, 6, of the thin films can be precisely determined from the
intensity ratios of (005) and (004) peaks [185] where | (005)/1 (004) < 20 gives 6 < 0.1. All

the pure YBCO films at different Oap have | (005)/1 (004) < 19 and the variation of YBCO
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c-axis is due to varying oxygen content. The films with O, = 450 Torr and above show c-
axis = 1.160 nm, which is quite close to the theoretical value. However a larger c-axis =

1.169 nm is exhibited for films below Og, = 450 Torr.

4.1.6 Critical current densities (J¢)

Magnetic measurements were made by the MPMS and the critical current density
(Jc) of the films was deduced from magnetisation at 5 K and 77.3 K. Measurements for all
films annealed under different oxygen pressure (Og) conditions were performed and
shown in Figure 4.16 and Figure 4.17. The inductive critical current density (Jc) of the

samples has been calculated using Eq. 4-1:

4m
Jy=——""""— 4-1

- a
a’hd(l-—
( 3b)

which is derived in Sl units from a critical state model applied to thin films [185].
In Eg.4-1, m is the irreversible magnetic moment, or the half-width of the magnetisation
loop, a and b (a < b) are the planar dimensions of the film, and d is the thickness.
Wherever possible, square planar films of side length a = b = 5 mm were measured. The
calculated magnetic J; values at 5 K are presented in Figure 4.16 for different values of
oxygen pressure. Basically, weak links are responsible for the sudden decrease of J; in low
fields due to many weak links between the grains being progressively switched-off as the
field increased, while the slow reduction in Jc at higher fields is due to strong links [186]

and can be clearly seen in all films in Figure 4.16.

The lowest J; value in the film with O = 200 Torr in near zero field is about 1.9 x

10" Acm™. As Oy increases from 200 to 450 Torr, J. increases in near zero fields. For all

80



the films, J. monotonically decreases with increasing applied field. The decline in J; for
Ogp =450 Torr is somewhat less than that of the other annealed oxygen pressure films, and
the magnetic field is about 4.8 Tesla, which implies that the high oxygen pressure annealed
film may have stronger flux pinning. However, the J; decreases obviously when O, was

increased up to 650 Torr.

A similar trend in J; at a higher temperature of 77.3 K, shown in Figure 4.17, was
revealed with films prepared at different oxygen pressure (Ogp). It can be seen that the J.
values systematically changes with the change of Os;. Measurement of Jc reaches a
maximum at O = 450 Torr and the film gives values of 2.8 MAcm? at self-field and
0.8MAcm™ at 1 Tesla. It is obvious that the J. of film with O4p of 650 Torr decreases to 0.4
MAcm™in 1.2 T magnetic fields. There is no doubt that the superconductivity of film with
Oa = 450 Torr is enhanced greatly. Strickland et al. found that J. clearly increases
monotonically with increasing partial pressure of O, during annealing [187]. It believed
that the increase in oxygen pressure while the sample is at high temperature transforms the
crystal from a tetragonal to orthorhombic structure [188]. The optimum O, seems to be

450 Torr, producing optimum J. at 5 K and 77.3 K.
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Figure 4.16. Magnetic field dependence of J. at 5 K for films under different annealing oxygen
pressure (O,) with other conditions fixed: laser energy 218 mJ; deposition temperature 780° C.
The field is applied perpendicular to the plane of the film. The lines connecting the data points are
for guiding the eye

82



P —A— 200 Torr

1 —m— 300 Torr 1
10°4 —p—400 Torr
1 A B —@—450 Torr ]
] *\ \’§‘ —%— 650 Torr ]
*O e N
5 \* A N >‘\
107 3 NN o \g\ =
8 \i\ o ~
< e TR
(@] ~ '~
” “A—-A °
10" A\A\ N

0.0 0.6 1.2
B (T)

Figure 4.17. Magnetic field dependence of J. at 77.3 K for films under different annealing oxygen
pressure (O4) with other conditions fixed: laser energy 218 mJ; deposition temperature 780° C.
The field is applied perpendicular to the plane of the film. The lines connecting the data points are
for guiding the eye

4.1.7 Variation of pinning force with oxygen pressure

Figure 4.18 shows the field dependence of pinning force density F, (Fp = Jc % B)
and its evolution with Og, at 77.3 K. The film with low O, (200 Torr) exhibited a reduced
Fp in the ranges of magnetic field shown. Pinning force density at high O, of 650 Torr is
also shifted to a lower value. It is interesting that the O,= 300 Torr shows the highest

value of F,. The film with the optimum Og= 450 Torr shows improvement in J¢ but not in
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Fp. This indicates that the oxygen pressure influences the pinning force density in YBCO

film in a different way than the effect on the current density.
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Figure 4.18. Field dependence of the pinning force at 77.3 K of the films prepared under different
annealing oxygen pressure (Og,) with other conditions fixed: laser energy 218 mJ; deposition
temperature 780° C. The field is applied perpendicular to the plane of the film. The lines
connecting the data points are for guiding the eye

4.1.8 EDS Analysis

In order to clarify the composition ratio of the Y:Ba:Cu:O, energy dispersive
spectroscopy (EDS) analysis was carried out for the best film made using the optimum
conditions; laser energy (E) of 218 mJ, deposition temperature (Ts) of 780° C, deposition
oxygen pressure (Op) of 450 mTorr and annealing oxygen pressure (Og,) of 450 Torr. The
analysis was performed in the position as seen in Figure 4.19. Table 4.1 shows

quantitative data of EDS. The EDS results show the elemental composition ratio of the

84



YBCO in atomic percentage which is very close to the composition ratio of the real

YBa,Cuz0;.x. From the EDS analysis it can be concluded that there is no evidence of

impurity traces in the YBCO film and reconfirms that all elemental compositions are in a

good ratio.

I Tm |

Electron Image 1

Figure 4.19. EDS spectrum position of the optimised YBCO film

Table 4.1. Quantitative elemental analysis of optimised YBCO film obtained by EDS analysis.

Element

0
Cu
Y
Ba

Atomic %

53.63
22.28
7.69

16.40

Error %

3.4
2.1
1.4
2.0
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4.2 Summary

The values of Tcare highly dependent on several important conditions, such as the
laser energy (E), oxygen pressure (Op), substrate temperature (Ts), annealing oxygen
pressure (Og) and cooling time (cooling rate) (C;). The effects of the deposition parameters
such as deposition temperature (Ts), annealing oxygen pressure (Oz) and cooling time
(cooling rate) (Cy) in relation to superconducting transition temperatures were observed. A
proper combination of these parameters could lead to high quality films. It is found that a
condition with T, of 780° C, E ~ 218 mJ/pulses, Og, of 450 Torr and C; of 8° /min makes
good films with T; 91 K. The XRD results have revealed 100 % (00I) orientation. At 77.3
K, the highest J; gives values of 2.8 MAcm™ at self-field and 0.8MAcm™ at 1 Tesla. In situ
high temperature annealing carried out immediately after the deposition with optimum
oxygen pressure and cooling rate has been proven to be effective to obtain high T, and J..
This condition has also been used in growing all other films relating to the effect of
Gd2411 and BZO additions on the flux pinning that is to be reported in the following

chapters.
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Chapter 5

Fabrication and Characterisation of YBa,Cu3O-., films

containing Gd, Ba,CuWQO,, nanoinclusions

5.1 Introduction

In order to improve the performance of YBa,Cu3;O7. films, enhancement of critical
current density (J¢) and flux pinning force in this system is crucial. Incorporation of nano-
inclusion particles is proven to be an alternative economic approach to enhance J. for
Y123 films [90, 189, 190]. In this chapter, it is shown that a small amount of 1 mol %
Gd;Ba;CuWOy addition in Y;1Ba,CuzO7.5 films improves the Jc and flux pinning force
values in films with various thicknesses. The growth was carried out at an optimum
distance (Ds) between the target and the substrate, which is about 55 mm, using a laser
repetition rate of 6 Hz, and laser energy (E) of 218 mJ/pulse. After deposition, the Y123
film was slow-cooled from 780° C to room temperature at a pressure (Op) of 450 Torr of
oxygen with cooling rate (C; = 97.5) of 8°C /min. Several films were fabricated with

thickness ranging from 0.78 um to 2.65 um.
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5.2 Superconducting properties
5.2.1 Transition temperature, T,

The magnetic moment (M) is normalised to eliminate the effect of difference in
demagnetisation factors and thickness. The T. transitions of all the films are shown in
Figure 5.1. The highest T of 90.7 K = 0.2 K has been achieved in film YG2 with thickness
of 0.96 um. This YG2 film was also measured and compared to YBa,Cu3O7.x (Y1= 0.96
um) to calculate the J. at different temperatures of 5, 50, 70 and 77.3 K, as shown in

section 5.2.2.

Basically AT, (T, onset - T, offset) for all films is small as shown in Figure 5.2. T,
onset is defined as the onset of diamagnetism and T, offset as the temperature of complete
diamagnetic signal. The transition is sharper for thicker films YG3 and YG5 (1.29 and 2.1
um), with a width of ~ 0.4 K. The film YG4 and YG6 exhibits a secondary, smaller
broader transition (not complete diamagnetic signal) between 89 and 88 K. This secondary
phase may provide some additional pinning centres of J6Tc-type, although this is not
studied further in this work. A T is slightly increased for the thinner films, YG1 (0.78um)
and YG2 (0.96um), with a width of ~ 0.9 K. It is suggested that the transition broadening
on these films is most probably due to the substitution of compatible atoms between
YBCO and 2411W (e.g., Gd for Y, as will be discussed in more details in section 5.3.3)
during the film growth process to produce small quantities of a second phase composition

with lower T..
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Figure 5.1. Normalised M as a function of temperature for YBa,Cu3O7.«/ Gd,Ba;CuWO;;, films
with various thicknesses.
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Figure 5.2. Dependence of critical temperatures, T, onset and T, offset, on the thickness.
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5.2.2 Critical current densities, J;

Figure 5.3 depicts the field-dependent critical current densities of the two films
(YG2 and Y1), estimated from the DC magnetization loops measured at various
temperatures in the range of 5 to 77 K. Both compared films have the same thickness of
0.96 um. The critical current densities of the two films (YG2 and Y1) are essentially the
same at low temperatures, whereas the film containing nano-inclusions exhibits a
consistently higher J. than the reference film (Y1) at temperatures above 50 K. In addition,
the relative difference in J; between the two films increases with increasing temperature.
At 77 K, and fields between 0.5 and 2.5 T, the nano-inclusions lead to an increase in J; by
a factor of 2-3 times. This behaviour is not consistent with that reported for other films
containing artificial pinning centres, in which the increase in J. occurs typically at all
temperatures. The results of this study can be explained by considering the nature of flux

pinning by the nano-inclusions.

Magnetic flux pinning by secondary phase inclusions is most effective (i.e. strong)
when their size is comparable with the (temperature-dependent) coherence length, & which
is small at low temperatures (about 2 nm at 5 K) compared to the size of the 2411
inclusions (mostly between 30 nm and 100 nm) [191]. As a result, the associated pinning
force provided by the nano-inclusions is relatively weak at low temperatures. ¢ increases
with increasing temperature, however, it eventually becomes comparable with the
dimensions of the smaller nano-inclusions. The number of inclusions of size comparable to
&(T) increases as the temperature increases further, as does the number of strong pinning

centres, and hence J..
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Figure 5.3. Field dependence of the critical current densities J. of one best film prepared from the
YBa2Cu30; / Gd, Ba;,CuWOy; (YG2) and from the YBa,CuzO7 (Y1) at 5, 50, 70, and 77.3 K.
Solid lines are to guide the eye.

Since no significant changes were found in J. at low temperature, J. was only
measured at temperatures of 65, 70 and 77.3 K for other films. Two of the best
YBa,Cus07.x /Gd; BasCuWO;, films with thicknesses of 0.78 um (YG1) and 0.96 um
(YG2) were selected to compare their J; at 70 and 77.3 K only. The field dependence of
critical current density of YG1 and YG2 films is shown in Figure 5.4. At 70 K and in self-
field, J. of the YG1 film is about 4.7x10° A/cm?, slightly larger than that of theYG2 film,
which is about 3.9x10° A/lcm?. At 77 K in self-field, J. of YG1 (2.7x10° Alcm?) is again
slightly larger than that of YG2 (2.4x10° A/cm?). In higher fields, YG1 film has a higher J.

at both temperatures.
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Figure 5.4. Field dependence of the critical current densities J. of the YG1 and YG2 at
temperatures 70 and 77.3 K. Solid lines are drawn for eye guidance.

Field dependences of the critical current densities of other films from a different
batch with thicknesses from 1.29 to 2.65 um, at 65 K are shown in Figure 5.5. At 65 K,

quite high J; in magnetic fields of up to 4 T was observed in all films.

In self-field, J. of the thinnest YG3 film (1.29 xm) is about 2.9x10° A/cm?, which
is higher than the other films. The J. in self-field decreases to 1.7x10° A/cm? as the
thickness increases to 1.6 um (YG4). The lowest J. of 1.44x10° A/cm?and 1.46x10° A/cm?

in self-field were obtained for thicker films both on YG5 (2.1 um) and YG6 (2.65 um),
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respectively. This result clearly shows that the J. in self field decreases as the film
thickness increases, which is similar to the results observed for YBCO films [98]. It is
reported that the reduction in J. of YBCO films is related to a change of microstructure

because the film surface grows much rougher as the film thickness increases [94].
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Figure 5.5. Magnetic field dependence of critical current densities of films with thickness of 1.29,
1.60, 2.10 and 2.65 um at 65 K. Solid lines are drawn for eye guidance.

93



Figure 5.6 shows the magnetic field dependence of critical current densities of the
same films measured at 77.3 K. In self-field, J. remains at as high as 2.7x10° A/cm?at a
thickness of 0.78 um (YG1). The self-field J. decreases from 2.4 x 10° A/lcm® to 1.5 x 10°
Alecm? for films YG2 (1.29 um) and YG3 (1.60 um). The same trend of self-field J
suppression was found in the films YG4, YG5, and YG6 with values of 8.8 x 10° Alcm?,
7.6 x 10° A/lcm?, and 7.4 x 10 Alcm?, respectively. It is clearly shown that a monotonic

decrease in J is observed as the thickness increases.

At high field (Figure 5.7) above 1.6 T, the critical current density of the thinnest
film (YG1) decreases rapidly with increasing magnetic field in comparison with thicker
films, which is a possible confirmation of scenario of two-dimensional pinning at high

temperature and field, as suggested by Jha et al. [193].
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Figure 5.6. Thickness dependence of critical current densities of films at 77.3 K, self field. Solid
lines are drawn for eye guidance
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Figure 5.7. Magnetic field dependence of critical current densities of YG films with thickness of

0.78 to 2.65 um at 77.3 K. Solid lines are drawn for eye guidance.

95



Figure 5.8 shows the magnetic field dependence of the critical current per cm
width, at 77.3 K, for the same films in Figure 5.6. In fields higher than 0.6 T, all nano-
inclusion films have a higher critical current than the reference film. In lower fields and

self-field, few nano-inclusion films have a lower critical current than the reference film.
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Figure 5.8. Magnetic field dependence of critical current of films with thickness of 0.78 to 2.65 um
at 77.3 K. Solid lines are drawn for eye guidance.
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5.2.3 Flux pinning force, F,

Figure 5.9 shows the magnetic field dependence of the flux pinning force, Fp = Jc x
B for the films of various thicknesses at 77.3 K. The J. data used to calculate F, are as
shown in the earlier Figure 5.7. Similarly to J;, pinning force is higher in the case of
thinner films. The magnitude of the F, max increases as the thickness decreases because of
the contribution of the strong-pinning interface layer. Fy,, max = 1.77 GN/m?® is more than
two times higher for the thinnest film YG1 (0.78 um) as compared with F,, max = 0.51
GN/m?, for thickest film YG6 (2.65 um). It is also observed that the peak in Fp shifted to
higher magnetic fields as the thickness was increased. This is possibly due to different
dominating pinning mechanisms at different thickness in YBa,Cu3O7./Gd; BasCuWO1,

films.

The enhancement in the flux pinning force in the YBa,Cu3;07./Gd; Ba4CuWO;,
films (compared with the pure YBCO film) can be explained as a result of the presence of
Gd,Ba;CuWO;, nano-inclusions in the intergrain regions. This in turn causes the increase
of intergrain contact surface [194] (decreasing the intergrain resistance) and increases the
number of flux pinning centres due to the presence of Gd,Ba,CuWO;, particles in the
intergrain regions and results in the enhancement of J. even in the presence of higher

magnetic field.
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Figure 5.9. Field dependence of the pinning force of films with thickness of 0.78 to 2.65 um at 77.3
K. Solid lines are drawn for eye guidance.

5.2.4 Pinning mechanisms

The interaction of the flux line lattice with pinning centres induced by the 2411
nano particles in YBCO film is responsible for the higher critical current density.
Following the analysis of Dew-Hughes [32] pinning centres are considered to arise from
two phenomena: (i) small differences in «, arising from changes in the normal state
resistivity due to composition fluctuations, or non-uniform distributions of dislocations,

and (ii) non superconducting particles, which may be normal metal, insulator or void [32].

The two types of pinning centres will be referred to as ‘Ax pinning” and ‘normal
pinning’. The pinning centres are notably named as point pins, surface pins and volume

pins in relation with the number of their respective dimensions (1,2 or 3) that are large

compared with the inter-flux-line spacing d (: 1.07(®, / B)°'5) where @ denotes the flux
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quanta [195]. Point pins are regions whose dimensions in all directions are less than d,
surface pins have two dimensions greater than d and volume pins have all dimensions

larger than d.

It is known that high T, superconductors accommodate several types of pinning
centres which may be active simultaneously. The model of Dew-Hughes is a direct
summation model of the elementary pinning forces and predicts many forms of pinning
types. The Dew-Hughes model was employed because there are various pinning
mechanisms acting concurrently in YBCO film and it is important to find the dominating
one. This dominating pinning mechanism will be in turn responsible for the location of the

maximum peak in F, (b) where b = B/B,,, [196].

rr

In the Dew-Hughes model, there are six different pinning functions Fy(b)

describing the core pinning:

F, = Ax"(1-x)* 5-1

where F, is the pinning force density, A is a parameter associated with the pinning
strength, x is the normalised applied magnetic field and p and q are parameters describing
the actual pinning mechanism. The values of p and q depend on geometry of pinning site
(volume, surface or point) and type of pinning center (normal or Ax). To simplify the

procedure, only three different pinning functions were taken into account, giving:

F, = AXP(L—x)" + AxP(1—x)" + AxP2(1—x)* 5-2

Each term describes one type of flux pinning centre, while parameters A;, A; and As

reflect the weighting of each type of pinning centre. The normalised flux pinning force

F,/F™at 77.3 K has been plotted as a function of reduced field b = B/B,, for the films
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described above, in Figure 5.10 to Figure 5.15. The irreversibility field ( B,, ) was

Irr
determined using a criterion of 10° A/cm? for all films throughout this study. The
irreversibility field, a characteristic field at which the critical current density reduces to

zero, is one of the important parameters of the superconductor for its application [197].

In all films from YG1 to YG6 the normalized pinning force shows a typical curved
shape and all sets of data produce a good fit to the scaling law. In Figure 5.10 and Figure
5.11, the solid fitting curves represents the result of calculation using Eq. 5.1 with only two
types of pinning centres: one with p = 0.5 and q = 2, which describes normal surface
pinning centres, and a Ax point pinning with the values of p =2 and g = 1. The position
of the peak in Fy in the thin films of 0.78 xm and 0.96 um is the same at the reduced field b
(0.2). From the data, we can deduce that normal surface pinning centre is dominant, thus
being responsible for maximum peak F, (b) = 0.2 position. These results are also supported
by the values of scaling parameters A; and A; in Figure 5.16, where A; parameter here
refers to the normal surface pinning and A, refer to the Ax point pinning. Since A; is
larger than A,, the dominating pinning mechanism in those two films is the normal surface

pinning.

In thicker films, (from 1.29 to 2.65 um) three different pinning mechanisms were
detected. From the best fits, normal surface pinning (p = 0.5 g = 2), Ax point pinning (p =
2, g =1) and Ak volume pinning (p = 1, q = 1) were deduced in the 1.29 um - thick film
(Figure 5.12) and, respectively in the 1.69 um-thick film (Figure 5.13). From the position
of the maximum at b = 0.5, the main pinning mechanism seems to be the Ax point
pinning. It is worth mentioning that with increasing film thickness of over 1 um, the
number of relevant pinning mechanisms has increased from 2 to 3. For the thickest films of

2.1 um (Figure 5.14) and 2.65 um (Figure 5.15), the normal surface pinning (p = 0.5 q = 2),
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Ax point pinning (p = 2, g = 1) and normal point pinning (p = 1, g = 2) were observed
from the best fit of experimental data, with the Ax point pinning still dominant in these
films with peak position at b = 0.67, and the normal point pinning mechanism giving only
a minor contribution as shown by the smallest scaling parameter being Az as can be seen in

Figure 5.16.

For films thicker than 1.0 um, it can be concluded that Ax point pinning is
the dominant pinning mechanism. In this case, the source of Ax point pinning could be

from the variation distribution of T.. Several researchers found evidence for 6T or Ax

point pinning mechanisms in Pr-doped YBCO and (K,Ba)BiOj3 single crystal film [198].
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Table 5.1. Summary of elementary pinning force of films at various thicknesses.

Films AX"(1-x)’ Type of centre
YG1 p=05q=2 Surface normal
0.78 um p=2,q=1 Point Ak
YG2 p=05q9=2 Surface normal
0.96 um p=2,q=1 Point Ak
YG3 p=05,q=2 Surface normal
1.29 um p=2,q=1 Point Ak
p=1q9=1 Volume Ak
YG4 p=05q=2 Surface normal
1.6 um p=2,q=1 Point Ak
p=1q=1 Volume Ak
YG5 p=05q=2 Surface normal
2.1 um p=2,q=1 Point Ak
p=1q=2 Point normal
YG6 p=05q=2 Surface normal
2.65 um p=2,q=1 Point Ak
p=1,q=2 Point normal

102




T T T T T T T T T T T
1.0 @ YG1=0.78pum -
Fp Scaling
0.8 i
3
E 064 -
LL
\Q
LL
0.4 - -
0.2
77.3 K
0.0 A u
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
B/B

Figure 5.10. Normalised pinning force as a function of magnetic field of the YG1 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 5.16. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 5.11. Normalised pinning force as a function of magnetic field of the YG2 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 5.16. The solid line represents
theoretical curve by Eq. 5.1
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Figure 5.12. Normalised pinning force as a function of magnetic field of the YG3 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 5.16. The solid line represents
theoretical curve by Eq. 5.1
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Figure 5.13. Normalised pinning force as a function of magnetic field of the YG4 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 5.16. The solid line represents
theoretical curve by Eq. 5.1
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Figure 5.14. Normalised pinning force as a function of magnetic field of the YG5 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 5.16. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 5.15. Normalised pinning force as a function of magnetic field of the YG6 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 5.16. The solid line represents
theoretical curve by Eq. 5.1
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Figure 5.16. Scaling parameter of A, A; and Az (eg. 5.2) of YBa,Cu3074/ Gd, Ba,CuWO,, films at
various thicknesses.

5.2.5 Angular dependence of J.

Particularly valuable information can be obtained from the analysis of dependence
of J. on the orientation of H, including eventual anisotropy of pinning centres (c-axis
correlation) [199]. The YG2 film with thickness of 0.96 xm was selected for this particular
study. The isotropic/anisotropic character of the strong artificial pinning centres induced by
Gd2411 nano-inclusions can be investigated by performing angle-dependent transport
measurements [158]. In the rescaling approach of Blatter et al. [200] within an anisotropic

Ginzburg-Landau theory, the angle-dependent critical current density J¢(6) is described by

1
3,(0)13,(90°) = (sin® 0+ y? cos 0) 5-3
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where @is the angle between the magnetic field and the c-axis, J¢(90°) is the critical
current density of the sample with the magnetic field in the a-b plane and y is the

anisotropy of the critical current density in the anisotropic Ginzburg-Landau theory.

Figure 5.17 shows the angle dependence of the critical current density of the
YBCO/Gd2411 (YG2) film, at 77 K and in an applied field of 1 T, in a maximum Lorentz
force configuration (transport current perpendicular to the magnetic field throughout the
sample rotation in field). The measurements were taken on a microbridge patterned into the
thin film as described in chapter 3. The full line represents the fit with Eq. 5.3 for the
experimental data far from the perpendicular configuration (to minimize the effect of c-
axis correlated pinning centres) and not too close to the parallel configuration (to eliminate
the intrinsic pinning provided by the a-b planes). In these circumstances, the best (one
parameter) fit was obtained for the anisotropy factor y = 1.52, which is very small in
comparison with the usual 5-7 in pure YBCO films. As demonstrated by Gutierrez et al.
[158], this is a clear indication of strong, isotropic pinning centres. On the other hand, the
difference between the experimental data and the theory at angles close to perpendicular

field is due to the existence of some c-axis correlated pinning centres.

Figure 5.18 shows the field dependence of the critical current in the bridge for the
two extreme configurations, perpendicular and parallel. 1t can be clearly seen that, for
fields in the a-b plane, the decrease in J. with increasing field is quite small, unlike the
perpendicular configuration. This dependence is another indication of strong, isotropic
pinning centres, with very few c-axis correlated pinning centres to support J. in the

perpendicular configuration.
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Figure 5.17. Angle dependence of the normalized critical current density at 1T and 77 K of the
YG2 film. Solid line is the fit with Eq. 5.3
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Figure 5.18. Field dependence of the critical current in the YBCO/Gd2411 (YG2) bridge for fields
oriented along the a-b plane (circles) and along c-axis (squares). Solid lines are drawn for eye
guidance
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5.3 Microstructure analysis

5.3.1 XRD analysis

Figure 5.19 shows the XRD patterns of films with different thicknesses ranging
from 0.78 to 2.65 um. It can be seen that only the (00I) lines of YBCO are present in the
diffraction pattern, which indicates the high crystalline quality of the film. None of a-axis
orientation growth or polycrystalline peaks were found. For the high quality epitaxial
films, the diffraction pattern mainly show Y123 (003), (005) and (006) peaks at 22.92°,
38.55° and 46.75° (2-theta). The thin films with thickness of 0.78 um (YG1) and 0.96 um
(YG2), show strong intensities at 22.92° (003) and 38.55° (005). However in the thickest
film of 2.65 um (YG6), weaker peaks at 22.92° and 38.55° were observed, as can be seen

in Figure 5.19(f).

Indeed there is no evidence to indicate the presence of Gd2411W since the amount
of Gd2411W phases is very small, unlike the case in which XRD indicated the presence of
Y2411Nb phase in a composite film with a much larger amount (15 mol%) of secondary
phase[201]. In this case the XRD pattern of the resulting film measured using a three-circle
system with a two-dimensional (2D) detector clearly indicates the presence of the (220)

line (which is the most intense) of the Y2411Nb phase.
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Figure 5.19. Typical XRD patterns for films of various thicknesses (YG1 =0.78 um, YG2 = 0.96
um, YG3=129 um, YG4 =1.60 um, YG5 =2.1 um, and YG6 = 2.65 um)
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5.3.2 SEM morphologies

Figure 5.20 to Figure 5.25 shows the SEM surface morphologies of the six YG
films with various thicknesses ranging from 0.78 to 2.65 um at different magnification.
The basic morphology shows a distinct island growth structure that is preserved even up to
micrometre thickness. Analysis of all the SEM images shows that the surface roughness

and the number of pores increase as the film thickness is increased.

The average size of submicron pores is about 200 nm for the film YG1 with 0.78
um thickness and increases gradually to about 1000 nm for the 2.65 um-thick film YG6.
Comparison of all these submicron pores can be seen in Figure 5.26. As the film thickness
increases, there is an increase in submicron pores in the growing film due to the effects
such as shadowing and reduced adatom mobility. These submicron pores block the
superconducting current paths, reducing J. , and this eventually becomes severe enough
that there is no continuous current path through the upper layers of the film in very thick

films [95].

The SEM morphologies of the films also reveal that the average grain size becomes
larger when the film thickness increases. The average grain size is only 300 nm for the
0.78-um thick film YG1 and increases moderately to about 1300 nm for the 2.65 um-
thickYG6 film. The increase of the grain size can lead to a decrease of J. since a smaller
grain size is more beneficial for the enhancement of grain boundary pinning. These results
are in agreement with the report of Wang et al. which proposed that the poor grain
connectivity and the large grain size that occurs with the increase of film thickness are

responsible for the decrease of J. with increasing thickness [200].
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Another important factor that is believed to be directly related to the high J. observed in
the thinnest films is the smooth surface features of the films, which may further indicate a

good connectivity and thermal conductivity between the grains of the film.

Figure 5.20. SEM images of YG1 with 0.78 um thick film, taken at magnifications (a) 4500x,
(b) 9500x, (c) 13 000x and (d) 27 000x
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Figure 5.21. SEM images of YG2 with 0.96 um thick film, taken at magnifications (a) 10 000x, (b)
17 000x, (c) 23 000x and (d) 33 000x
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Figure 5.22. SEM images of YG3 with 1.29 um thick film, taken at magnifications (a) 5000x, (b)
10 000x, (c) 23 000x and (d) 40 000x
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Figure 5.23. SEM images of YG4 with 1.6 um thick film, taken at magnifications (a) 5000x,  (b)
10 000x, (c) 15 000x and (d) 30 000x
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Figure 5.24. SEM images of YG5 with 2.1 um thick film, taken at magnifications (a) 5000x, (b) 10
000x, (c) 20 000x and (d) 30 000x
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Figure 5.25. SEM images of YG6 with 2.65 xm thick film, taken at magnifications (a) 3000x, (b)
5000x, (c) 10 000x and (d) 23 000x
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Figure 5.26. SEM images of YG films at various thicknesses, taken at 10 000x magnification.
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5.3.3 EDS Analysis

Figure 5.27 shows an SEM image of the surface morphology of the YG2 film. In
addition to the presence of submicron pores, closer inspection reveals nanosized particles
of the 2411W phase (slightly brighter-in-contrast dots in the higher magnification
micrograph) within the well-defined YBCO grains. The size of the observed 2411W phase
nano-inclusions ranges between 30 and 100 nm (although smaller inclusions might also be
present that are undetectable within the resolution of the SEM). The squares in the SEM

image in Figure 5.27 indicate the presence of such nano-inclusions.

To further investigate the nature and distribution of the observed nano-inclusions
EDS analysis has been performed on the YG2 film on various areas. On a smaller scale
(e.g., the dotted small squares in the SEM image of Figure 5.27) centred around nanoscale
inclusions, as small as 0.01 ymz, the concentration of W is always higher, between 2.5 and
4 at .%, indicating that W is indeed located within the brighter nano-inclusions. On a larger
scale of several um? as seen in Figure 5.28, the resulting chemical composition for W is
always around 1 at.%, very close to the nominal value, as shown in Table 5.3. Surprisingly,
on both small and larger scales, compositional analysis shows a Gd concentration of

several times smaller than the nominal value.

This can be explained by the substitutions of Gd by Y in the 2411W phase during
the film growth (and by a large amount of Gd atoms entering the Y sites in the YBCO).
However, given the ratio Gd/Y of only 1 at.%, it is expected that less then 1% of the
YBCO unit cells becomes Gd-123, so the mean distance between nearest neighbours in the
very diluted Gd lattice is too high for the EDS resolution. In the case of W, their presence

could be detected because the W atoms “stick together’ in the 2411W nano-inclusions.

120



One can argue that the brighter nano-inclusions might not be the 2411W phase, but
simply agglomerations of metallic W that segregates during the film growth. However, if
this were the case, one also would expect a much higher concentrations of W in the small
regions centred around such nano-inclusions. Moreover, as was demonstrated by the XRD

patterns in [201], the 2411 phase exists as nano-inclusions in the YBCO film matrix.

Figure 5.27. SEM image of nanosized inclusions of the 2411W (Y G2) phases, indicated by (a), (b)
and (c), where the the dotted squares represent small areas surrounding such nano-inclusions used
for EDS analysis.

Table 5.2. Quantitative elemental analysis of YG2 film obtained by EDS analysis as seen in
Figure 5.27

Element | Atomic % Error %

@) 60.85 3.0
Cu 16.06 1.6
Y 9.21 1.3
Ba 10.86 1.0
Gd 0.26 0.4
w 2.76 0.9
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Figure 5.28. SEM-EDS spectrum position of YG2 film at a larger scale.

Table 5.3. Quantitative elemental analysis of YG2 film obtained by EDS analysis from SEM-EDS
spectrum as seen in Figure 5.28.

Element | Atomic%  Error %

) 52.92 3.0
Cu 20.39 1.9
Y 9.49 1.2
Ba 15.64 1.7
Gd 0.40 0.7
w 1.15 0.9
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The cross-sectional SEM/EDS analysis results revealed a few very interesting
details. First of all, the submicron pores evident in Figure 5.29 do not nucleate at the
STO/YBCO interface; they appear inside the film and extend towards the surface.
Regarding the distribution of 2411W phase inside the film, EDS analysis performed on the
W concentration on three distinctive areas (first third of the film close to the substrate in
Figure 5.29, second third in the middle of the film in Figure 5.30, and the last third of the
top in Figure 5.31) shows that the concentration of 2411W nano-inclusions is higher close
to the STO/YBCO interface, and decreases towards the surface (W decreases from 3.7 at.%
close to the interface as seen in Table 5.4 , to 2 at.% in the middle of the film, and, finally,

to 1.3 at.% near the surface).

123



STO Substrate

2pm

Figure 5.29. EDS analysis of the cross section of the first third of the YG2 film close to the
substrate.

Table 5.4. Quantitative elemental analysis of the cross section for the first third of the YG2 film
close to the substrate.

Element | Atomic% Error %

@) 63.95 3.9
Cu 14.36 1.9
Y 5.05 1.0
Ba 12.81 1.7
Gd 0.17 0.6
w 3.66 0.9
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STO Substrate

Figure 5.30. EDS analysis of the cross section of the second third of the middle YG2 film.

Table 5.5. Quantitative elemental analysis of the cross section for the second third of the middle
YG2 film.

Element | Atomic % Error %

) 65.06 2.9
Cu 15.00 1.7
Y 6.11 0.8
Ba 11.72 1.3
Gd 0.10 0.8
w 2.01 0.9
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Figure 5.31. EDS analysis of the cross section of the last third of the YG2 film.

Table 5.6. Quantitative elemental analysis of the cross section for of the last third of the YG2 film

Element | Atomic % Error %

) 67.77 3.5
Cu 14.00 1.7
Y 6.46 11
Ba 10.22 15
Gd 0.16 0.9
w 1.39 0.8
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Figure 5.32 and Figure 5.33 show AFM images of the YBCO/Gd2411 films with
different magnifications. Nanosized 2411W inclusions on the surface of the YG1 and YG2
films, which are apparent in SEM images, can also be observed in the AFM images.
Similar features are not present in the pure YBCO (Y1) film as shown previously in Figure

4.3.

93.14 nm

0.00 nm 0.00 nm
22.02 nm 172.82 nm

0.00 nm 0.00 nm

Figure 5.32. AFM images of YG1 with 0.78 um thick film at different scale.
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Figure 5.33. AFM images of YG2 with 0.96 xzm thick film at different scale.
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5.4 Summary

In summary, the YBa,CuzO7.x/ Gd, Ba4,CuWO3, films grown on STO single crystal
substrates revealed an enhancement in the critical current density at temperatures
exceeding 50 K compared to pure YBCO films. This enhancement of J in high fields is
due to the artificial pinning centres induced by the Gd,Ba;CuWO;, nano-inclusions.
However, as the film thickness increases above 1 um, a significant reduction of J. was
observed in all Gd2411 films which become even lower than the J. of the 0.96 um-thick

pure YBCO film.

The position of the peak in pinning force F, dependence on the reduced field is at b
= 0.2 for the thinner film (0.78 xm and 0.96 xm), meaning that the normal surface pinning
centre is dominant. This is also supported by the larger value of the scaling parameter A; as
compared with A,. The results of pinning force scaling in the Dew-Hughes model for the
thicker films (1.29 um to 2.65 um) show that Ax point pinning is the dominant pinning
mechanism. In this case, the source of Ax point pinning could be from the small-scale

variations n of T.. Several researchers found evidence for ST, or Ax point pinning

mechanism in Pr-doped YBCO and (K,Ba)BiOs single crystal film [198]. Several possible
explanations for this behaviour have been proposed: a minority secondary superconducting
phase with a slightly lower critical temperature appears to form during the PLD growth
process and is due probably to the substitution of compatible atoms between YBCO and
2411W, (Gd with Y, as suggested also from EDS analysis). This phase may provide some
additional pinning centres of 0T -type, in addition to those associated with the Gd2411W

nano-inclusions.
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Angle-dependent transport measurements revealed a very small value of anisotropy
of about 1.5 at 77.3 K and 1 T,, indicating that Gd2411 nano-inclusions induced strong,

mainly isotropic pinning centres.
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Chapter 6

Fabrication and characterisation of YBa,Cu;O-., films

with BaZrO3; nanoinclusions

6.1 Introduction

The introduction of nano-inclusions Gd, Ba;,CuWO,, for artificial pinning centers
presented in the previous chapter has positive effects in enhancing the J. and flux pinning
force, F,, BaZrOs; (BZO) is the first and most common compound used as an impurity
addition to YBa,CusO7targets [36] and has been shown [79] to be able to self-organize
into correlated nanorods within the film microstructure. Using targets with nanometer-
sized grains prepared by a citrate-gel method it was shown that critical current densities in
high magnetic field are greatly improved in YBCO thin films, with and without BZO
addition (although J. is further increased by BZO addition), as compared with thin films
ablated from microcrystalline (standard) targets [203, 204]. Similar to the case of

microcrystalline targets [79], in thin films ablated from BZO-doped nanocrystalline targets,
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BZO forms nanorods, usually surrounded by several dislocations [205], both acting as
strong c-axis correlated pinning centres that lead to a much smaller value of the anisotropy

of critical current density, as proven by the angle-dependent transport measurements [206].

In this chapter the critical temperature, critical current densities, pinning force and
pinning potential in YBCO films ablated by PLD from a nanocrystalline target doped with
2 wt% BZO and 4 wt% BZO are shown, and the results were compared with those
obtained in the case of a pure YBCO film grown from a commercial microcrystalline
YBCO target. The growth was carried out under optimum conditions as mentioned in
chapter 5. All films were fabricated with variable thickness ranging from 1.29 to 3.45 um

for 2 wt% BZO and from 1.2 to 2.5 um for 4 wt% BZO.

6.2 Superconducting properties of YBa,Cu30.,/ 2 wt% BaZrO;

films
6.2.1 Transition temperature, T,

T, values of all the YBa,CuzO7.x/ 2 wt% BaZrOs films are slightly depressed from
the reference YBCO (Y1) film as shown in Figure 6.1. The T, was observed to be
increased in a fairly linear relationship with increasing film thickness from 1.59 to 2.51
wm. The highest T, 89.6 K + 0.2 K, from all the BZO doped films was found on a film
with 2.51 um thickness. However, the T, was lowered to 88.3 K + 0.2 K for the thickest
film with 3.45 um. The T. values shown in Figure 6.2 were determined from the
experimental curves where diamagnetic signal starts to occur and the width, AT, of the
superconducting transition is given by AT, = T, onset - T, offset. The transition width (ATc)

between ~ 0.5 and 1.3 K is almost the same in all BZO doped films.
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Figure 6.1. Normalised M as a function of temperature for YBa,Cus0;.4/ 2 wt% BaZrO; films with
various thicknesses. Y1 is a pure YBCO film for reference. Solid lines are drawn for eye guidance.
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Figure 6.2. Dependence of critical temperature T, onset and T, offset on thicknesses of the films
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6.2.2 Critical current densities, J;

The magnetic field dependence of J. at 65 K for all BZO doped films with
thickness of 1.29, 1.59, 2.04, 2.51 and 3.45 um is shown in Figure 6.3. As expected, self-
field J. is higher in the thinnest film of 1.29 um thick with 4.24x10° Acm™. No significant
changes in self-fied J. was found for films with other thicknesses (1.59 to 3.45 um). The
attempts to grow even thicker films resulted in a drop in J.. The difference in the J; in all
BZO doped films becomes smaller under high magnetic fields > 2 T. On the other hand, J.

at 4 T for thickness 1.59 to 3.45 um does not exhibit much difference as shown in Table

6.1.
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Figure 6.3. Magnetic field dependence of critical current densities of YBa,CuzO7/ 2 wt% BaZrOs
films with thickness of 1.29 , 1.59, 2.04 , 2.51 and 3.45 um at 65 K. Y1 is a pure YBCO film for
reference. Solid lines are drawn for eye guidance.
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Table 6.1. Summary of YBa,CuzO-,/ 2 wt% BaZrO; films with various thicknesses in magnetic

fieldof 1 Tand 4 T at 65 K.

Film Jc at Je at
Thickness (65K,1T) (65K, 4T)

YBCO(Y1)

0.96 um 5.1x10° Acm™ 7.7x10" Acm™
YBCO/BZO

1.29 um 1.8x10° Acm™ 4.5x10° Acm™

1.59um 1.5x10° Acm™ 3.7x10° Acm™

2.0 um 1.5x10° Acm™ 3.9x10° Acm™

2.51um 1.4x10° Acm™ 4.3x10° Acm™

3.45 um 1.3x10° Acm™ 4.1x10° Acm

The J at 77 K as a function of magnetic field of YBa,Cu3O7.x/ 2 wt% BaZrO; films
with different thicknesses compared with 0.96 um-thick YBCO (Y1) is shown in Figure
6.4. The difference in the J; between YB1 (1.29 um) and pure YBCO (Y1) film becomes
more pronounced with an increase in the applied magnetic field. There is no significant
degradation of self-field J. (Figure 6.5) in YBa;Cu3O7.«/ 2 wt% BaZrOs; films when the
thickness is increased from 1.29 to 3.45 um. The 1.59 um-thick film has a J. that is more
than three times higher over a range of fields in comparison with the reference sample. In

addition, the 3.45 um YBS film (J; > 1.3x10° Acm™) shows more than ten times increase
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in Jc at 1.6 T compared to the J. of a 0.96 um thick YBCO film (J. =1.1x10* Acm™). The
results also show that the thicker films can maintain their J. very well especially at higher
fields up to 3.6 T. The J. at 3.6 T of the 3.45 um thick film is almost the same as the 2.51
wm thick film indicating that there is no loss of J. with thickness when measured at this
field. The improvement of the in-field J. is seen for the BZO doped films, probably caused

by the self-assembled stacks of BZO nanodots oriented on average parallel to the c-axis of

the film [207].
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Figure 6.4. Magnetic field dependence of critical current densities of YBa,Cu3O7.x/ 2 wt% BaZrO3
films with thickness of 1.29, 1.69, 2.04, 2.51 and 3.45 um at 77.3 K. Y1 is a pure YBCO film for
reference. Solid lines are drawn for eye guidance.
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Figure 6.5. Thickness dependence of critical current densities of films at 77.3 K, self field. Solid
lines are drawn for eye guidance

6.2.3 Critical current, I

In order to investigate the capability of critical current of the 2 wt% BZO doped
films with increasing film thickness, the field dependence of critical current per cm width
Ic at 77.3 K was analysed as can been seen in Figure 6.6. I values in all BZO doped films
of different thickness are much higher than the Y1 of YBCO film, and the general trend

shows an increase of I with increasing thickness over a wide range of magnetic field.

Figure 6.7 shows the I, per cm width for 2% BZO doped films as a function of
thicknesses in self-field and 77.3 K. As expected, it was found that with increasing film
thickness from 1.29 to 3.45 um, |. increases from about 200 A to 400 A, with a small
discontinuity due to sample properties scattering (possibly due to the inhomogeneity of the
superconducting phase, inhomogeneous distribution of the nanoparticles and

inhomogeneous density of defect distribution). The improvement of I with the increasing
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film thickness was also previously reported by Kang et al. [207], who found that by

increasing the YBCO+CeO, film thickness up to 4.3 um thick, I, reaches 300 A/cm width.
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Figure 6.6. Magnetic field dependence of critical current of films with thickness of 1.29 to 3.45 um
at 77.3 K. Solid lines are drawn for eye guidance.
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Figure 6.7. Thickness dependence of critical current (I;) in self-field at 77.3 K.
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6.2.4 Flux pinning force, F,

The bulk flux pinning force, F, = J. x B, for the films at various thicknesses at 65 K
and 77 K are illustrated in Figure 6.8 and Figure 6.9. The figures also include data from the
YBCO (Y1) film as a reference at both temperatures. A record value of F,, max = 5.9
GN/m?® was observed for YB2, 1.59 um-thick film at B around 1.1 T and 77 K, that is more
than four times higher than the YBCO 0.96 um thick film. A more remarkable pinning
force of Fy,, max = 21 GN/m® is found for YB1, 1.29 um thick film at 65 K in a wide
magnetic field region (from 2 to 3.2 T), that is more than four times higher than the typical

YBCO 0.96 um thick film.
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Figure 6.8. Magnetic field dependence of the pinning force Fj of YBa,CuzO07./ 2 wt% BaZrOs
films with thickness of 1.2, 1.61, 2.0, 2.2 and 2.5 um at 65 K. Y1 is a pure YBCO film for
reference. Solid lines are drawn for eye guidance.
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Figure 6.9. Magnetic field dependence of the pinning force F, of YBa,Cus07./ 2 wt% BaZrOs;
films with thickness of 1.2 um, 1.61 um, 2.0 um, 2.2 um and 2.5 um at 77.3 K. Y1 is a pure YBCO
film for reference. Solid lines are drawn for eye guidance.

6.2.5 Pinning mechanism

The volume pinning force, F,, is mainly determined by the pinning centre size
because the pinning centre size determines the total length of interacting flux lines and the

geometrical nature of the interaction [208]. In order to understand the pinning mechanism

in the studied films, the normalised flux pinning force F, /F™ at 77.3 K has been plotted
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as a function of reduced field b = B/B,,, for different thickness as shown in Figure 6.10 to

Figure 6.14. The normalising irreversibility field ( B, ) was determined using a criterion of

10° A/cm? for all films throughout this study. To further clarify the underlying pinning
mechanism, the Dew Hughes model was used. As described in section 2.3, the Dew

Hughes model proposed the pinning force density for elementary pinning forces
y= Axp(l—x)q where y is a type of pinning function, A is the numerical parameter that

reflects the weighting and p and q are parameters describing the actual type of pinning
centre. The values of p and q depend on the geometrical nature of interaction (volume,
surface and point) and the type of pinning center (normal and Ak- as explained in chapter

5).

All films from YB1 to YB5 reveal a typical curved shape and all sets of data
produce a good fit to the scaling law. The maximum peaks in pinning force are found to be
at the same position for all films, at b = 0.33. In Figure 6.10, the solid fitting curve
represents the result of a calculation using Eq. 5.1 with p = 0.5 and q = 2, which are
associated with normal surface pinning centres, and a contribution of normal point pinning
with the values of p=1and q = 2. It was found that the fitting curves from both of the
two fitting functions (p = 0.5,1 and q = 2,2) agree well with their experimental data for
film thicknesses from 1.29 (Figure 6.10) to 2.61 um (Figure 6.14). The effective pinning
mechanisms for the 2 wt% BaZrO; doped films with different thicknesses are listed in
Table 6.2. However, in the 3.45 um thick film, three different mechanisms were observed,
with values p = 0.5 and g = 2 for normal surface pinning, p = 1 and g = 2 for normal point
pinning and p = 2 and q = 1 for Ax point pinning. It was found from the fitting procedure

using the Dew-Hughes model that the pinning properties involve more than one pinning
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mechanism at the same time. There are many different pinning mechanisms active

simultaneously in high-T. superconductors [195].

To compare the difference in magnitude between normal point pinning and normal
surface pinning, the scaling parameter of A; and A, were used. The A; parameter here
refers to the normal surface pinning and A, refers to the normal point pinning. It was
found that the values of A; increase with increasing film thickness as shown in Figure 6.15.
On the other hand, the values of A; decrease with increasing film thickness. Based on the
relative ratio of A; and Ay, it is indicated that the main pinning mechanism for 1.29 to 2.61
wm films is normal point pinning, and normal surface pinning as the second mechanism.
These results imply that the 2 wt% BaZrO3; doped films have two types of pinning centre
and the magnitude of the scaling parameter of A; and A, changes with thickness. Based on
the above pinning analyses, normal point pinning is the more dominant mechanism than

surface point pinning to all 2 wt% BaZrO; doped films.
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Figure 6.10. Normalised pinning force as a function of magnetic field of the YB1 filmat 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 6.15. The solid line represents

theoretical curve by Eq. 5.1.
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Figure 6.11. Normalised pinning force as a function of magnetic field of the YB2 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 6.15. The solid line represents

theoretical curve by Eq. 5.1.
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Figure 6.12. Normalised pinning force as a function of magnetic field of the YB3 film at 77.3 K
with the scaling parameter of A;, A, and A; shown in Figure 6.15. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.13. Normalised pinning force as a function of magnetic field of the YB4 film at 77.3 K
with the scaling parameter of A;, A, and A; shown in Figure 6.15. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.14. Normalised pinning force as a function of magnetic field of the YB5 film at 77.3 K
with the scaling parameter of A;, A, and A; shown in Figure 6.15. The solid line represents
theoretical curve by Eq. 5.1.
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Table 6.2. Summary of elementary pinning force of films at various thicknesses.

Films AXP(1-x)’ Type of centre
YB1 p=05q=2 Surface normal
1.29 um p=1q9=2 Point normal
YB2 p=0549g=2 Surface normal
1.59 um p=1,q=2 Point normal
YB3 p=05q=2 Surface normal
2.04 um p=1,q=2 Point normal
YB4 p=05q=2 Surface normal
2.51 um p=1,q=2 Point normal
YB5 p=0549g=2 Surface normal
3.45 um p=1,q=2 Point normal
p=2,q=1 Point Ax
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Figure 6.15. Scaling parameter of A, A; and Az (Eq. 5.2) of YBa,Cuz0./ 2 wt% BaZrO; films at
various thicknesses.

6.3 Superconducting properties of YBa,Cu3;07../ 4 wt% BaZrO;

films
6.3.1 Transition temperature, T,

Figure 6.16 shows T, for 4 wt% BaZrO; doped films with different thicknesses
from 1.2 to 2.5 um, as determined by AC susceptibility measurements. The T, value of 91
K £ 0.2 K for the thinnest film of YB6 (1.2 um) decreases gradually as the thickness
increases, down to 87.4 K £ 0.2 K for the thicker film YB10 (2.5 xm). The exact cause of
the descrease in T, is unclear. Campbell et al. suggested that an increase of intrinsic strain
on the YBCO layer thickness with increasing volume fraction addition of Y,O3can cause

T. reduction [156]. The thinnest film (YB6) exhibits not only a higher T, but also a sharper
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transition AT , whereas thicker films have lower T, and more broadened AT , which is
around 3.4 K as seen in Figure 6.17. The transition widths AT remain at a reasonable

sharpness for film YB7 (1.6 xm), YB8 (2.0 um) and YB9 (2.2 um), which is around 1 K.
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Figure 6.16. Normalised M as a function of temperature for YBa,CuzO7/ 4 wt% BaZrO; films
with various thicknesses. Y1 is a pure YBCO film for reference.
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Figure 6.17. Dependence of critical temperature (T, onset and T, offset) on thicknesses of the films.

6.3.2 Critical current densities, J.

Figure 6.18 shows DC field dependence of the critical current densities for several
typical thicknesses (1.2 to 2.5 um) of YB (YBCO/4 wt% BZO) films, and the reference
0.96 um-thick Y1 (YBCO) film, at 65 K. It can be seen that, even if YB6 is 32% thicker
(1.2 um) than the YBCO thick film, the YBCO/ 4 wt% BZO thick film has a critical

current density of five to six times higher, within a wide range of DC magnetic fields, at 65
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K. In fact, as compared to the Y1 film of 0.96 um thickness, the YB10 of 2.5 um thick

films hada J. that is more than three times higher over a range of magnetic fields.

The Jc at 0 T field values for both YB1 and YB2 BZO films increases compared

with the undoped (Y1) film. The YB6 film has the highest J., about 4.5x10° Acm?ina0 T

field, 1.6x10° Acm?in a1 T field and 4.4x10° Acm?in a 4 T field as shown in Table 6.3.

All films with a thickness ranging from 1.2 to 2.2 um can sustain a critical current density

of more than 1.0x10° Acm?in a 1 T field. It can be seen that the J. at 4 T in all YBO/BZO

(YB6 to YB10) films are in a good range from 2.2x10° to 4.4x10° Acm™ and is nearly

three orders of magnitude higher as compared to 0.96 zm thick YBCO (Y1) film.
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Figure 6.18. Magnetic field dependence of critical current densities of YBa,CuzO7./ 4 wt%
BaZrO;films with thickness of 1.2, 1.61, 2.0, 2.2 and 2.5 um at 65 K. Y1 is a pure YBCO film

for reference. Solid lines are drawn for eye guidance.

150



Table 6.3. Summary of YBa,Cuz0,/ 4 wt% BaZrOsfilms with various thicknesses in magnetic

fieldof 1 Tand 4 T at 65 K.

Film Je at Jeat
Thickness (65K,1T) (65K, 4T)

YBCO(Y1)

0.96 um 5.1x10° Acm™ 7.7x10* Acm™
YBCO/BZO

1.2 um 1.6x10° Acm™ 4.4x10° Acm™

1.6 um 1.7x10° Acm™ 4.5x10° Acm™

2.0 um 1.4x10% Acm™ 3.7x10° Acm™

2.2 um 1.0x10% Acm™ 3.6x10° Acm™

2.5 um 8.4x10° Acm™ 2.2x10° Acm™

The magnetic field dependence of J. at 77 K for YBCO/4 wt% BZO films with
different thicknesses is compared to 0.96 xm thick YBCO film in Figure 6.19. In the entire
field range, the BZO-doped (YB6 to YB10) samples show higher critical current densities
than the undoped YBCO film (Y1). It can be clearly seen that in self-field, J. of the
thinnest YB6 (1.29 um) film is about 1.8x10° A/cm? which is higher than other films.
However, there is no significant degradation of self field J. in YBCO/4 wt% BZO films
when the thickness is increased from 1.2 to 2.0 um. These ranges of thickness show a
similar trend of J; as seen in the YBCO/2wt% BZO films in Figure 6.4. The lowest J. of

8.5x10° A/cm?in self-field was recorded for the 2.2 um thick film. On the other hand, there
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are no drastic changes in J. for the 1.2, 1.61 and 2.0 um thick films at low magnetic field.
However, there is some reduction in J evident at very low fields for the 2.2 and 2.5 pm

thick films and there appears a slight improvement at the higher fields for the 1 um range.
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Figure 6.19. Magnetic field dependence of critical current densities of YBa,CuzO7.x/ 4 wit%
BaZrO;films with a thickness of 1.2, 1.61,2.0, 2.2 and 2.5 umat 77.3 K. Y1 is a pure YBCO
film for reference. Solid lines are drawn for eye guidance.
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Figure 6.20. Thickness dependence of critical current densities of films at 77.3 K. Solid lines are
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6.3.3 Critical current, I,

Figure 6.21 illustrates the magnetic dependence of critical current (I¢) of 4% BZO
doped films with various thickness at 77.3 K. The largest I, was obtained for the 2.0 um
thick film over all magnetic fields. However, the thickest film (2.5 um) resulted in a
gradual decrease in I. over a wide range of magnetic field. On the other hand, the thickest
(2.5 um) film exhibited a notably improved I in self-field compared to other films. This
improvement can be seen in Figure 6.22 which shows the self-field I at 77.3 K as a
function of the film thickness. It can also be seen that the I, is nearly unchanged for the
films with thickness 1.29, 1.6 and 2.2 um intherange of 1 Tto 3.5 T.

The self-field I; at 77K is 337 A/cm-width for the 2.5 um thick film, 253 A/cm-
width for the 2.0 um thick film and 214 A/cm-width for the 1.29 um thick film.
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Figure 6.22. Thickness dependence of critical current, I in self-field at 77.3 K.

6.3.4 Flux pinning force, F,

The thickness-dependent flux pinning force (F,) curves are shown in Figure 6.23
and Figure 6.24 at 65 K and 77.3 K, respectively. F, has a well-defined maximum in the
mid-field region (from 2 to 3 T) at 65 K. However, the F, well-defined maximum in the
mid-field region (from 0.5 to 1.5T) at 77 K is degraded. The general trend for films is that
the overall F, increases as thickness decreases, eventually reaches a maximum, then
decreases once again as can be easily seen in both temperatures. Fp, max = 19.3 GN/m? is
nearly twice higher for the thinnest film (YB6 = 1.2 um) than Fp, max = 10.1 GN/m? for
the thickest (YB10 = 2. 5 um) film at 65 K. At 77 K, F,, max of the thinnest film (YB6)

with 4.4 GN/m® is nearly three times higher than for the thickest film (YB10).
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Figure 6.23. Magnetic field dependence of the pinning force (F,) of YBa,Cu3O7/ 4 wt% BaZrO,
films with thickness of 1.2, 1.61, 2.0, 2.2 and 2.5 um at 65 K. Y1 is a pure YBCO film for
reference. Solid lines are drawn for eye guidance.
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Figure 6.24. Magnetic field dependence of the pinning force (F,) of YBa,Cu3O7/ 4 wt% BaZrO,
films with thickness of 1.2, 1.61, 2.0, 2.2 and 2.5 um at 77.3 K. Y1 is a pure YBCO film for
reference. Solid lines are drawn for eye guidance.

6.3.5 Pinning mechanisms

The flux pinning force has been analysed in 4 wt% BaZrOz;doped films in order to
study the aspect of the pinning mechanism. The Dew-Hughes model is a direct summation
model of elementary pinning proposed by a general equation as used before (Eq. 5.1) for
the normalised pinning force density where the parameters p and q depend on the specific

characteristics of pinning centre. In Figure 6.25 to Figure 6.29, the scaling normalised flux

pinning force F,/F™at 77.3 K is plotted as a function of reduced field b =B/B,, for
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films with different thicknesses. Figure 6.25 shows the multi-elementary pinning
mechanisms appeared in the 1.2 um (YBG6) film with the best fits for normal surface (p =
0.5, g = 2), normal point (p = 1, q = 2) and Ax point (p = 2, g = 1). This curve also

indicates that F /F ™ has a maximum peak at b = 0.5 which is in good agreement with

the Dew-Hughes model prediction for Ax point pinning (where Ax represents a change in
the Ginzburg-Landau parameter (k) due to change in T). This Ax point pinning becomes
dominant compared to other pinning mechanisms (normal point and normal surface),
which is in good agreement with the value scaling parameter of A; being larger than other
values of A; and A3 as seen in Figure 6.30. The multi-elementary (normal point, normal
surface and Ax point) scaling pinning mechanisms were observed also in films with other
thicknesses (1.61 um to 2.2 um). These are evident from the solid line fit of the p and g
values to the experimental data (see Table 6.4). The normal point pinning mechanism is the
most dominant in these films (YB7 to YB9). The Ax point pinning mechanism only gives

minor contributions as the lower scaling parameter values of Az can be seen in Figure 6.30.

It was found that the maximum peak of F,/F™ shifted from h = 0.5 to 0.33 with the
increase of film thickness from 1.61 um (Figure 6.26) to 2.2 um (Figure 6.28).

For the thickest film YB10, (2.5 um) only two pinning mechanisms resulted from
the fit (the solid curve in Figure 6.29 calculated from Eq. 5.1): normal surface pinning (p =
0.5, g = 2) and Ax volume pinning (p = 2, q = 1). The pinning mechanism in this film is
totally different from other films mentioned before. It was also found that the normal

surface pinning for YB10 is the dominant mechanism, which is indicated by the peak

position of F /F ™ having a maximum at b = 0.2. The result is in good agreement with
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the scaling parameter (Figure 6.30) values, A; (normal surface) being larger than A, (Ax

volume) calculated from Eq. 5.2

Table 6.4. Summation of elementary pinning force of films at various thicknesses.

Films AXP(1-x)’ Type of centre
YB6 p=05q=2 Surface normal
1.2 um p=1,q=2 Point normal
p=2,q=1 Point Ax
YB7 p=05q=2 Surface normal
1.61 um p=1,q=2 Point normal
p=2,q=1 Point Ax
YB38 p=05,q9=2 Surface normal
2.0 um p=1,q=2 Point normal
p=2,q=1 Point Ax
YB9 p=05q=2 Surface normal
2.2 um p=1,q=2 Point normal
p=2,q=1 Point Ax
YB10 p=0549g=2 Surface normal
2.5 um p=1,q=1 Volume Ax
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Figure 6.25. Normalised pinning force as a function of magnetic field of the YBG6 film at 77.3 K
with the scaling parameter of A;, A; and A; shown in Figure 6.30. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.26. Normalised pinning force as a function of magnetic field of the YB7 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 6.30. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.27. Normalised pinning force as a function of magnetic field of the YB8 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 6.30. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.28. Normalised pinning force as a function of magnetic field of the YB9 film at 77.3 K
with the scaling parameter of A;, A; and A; shown in Figure 6.30. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.29. Normalised pinning force as a function of magnetic field of the YB10 film at 77.3 K
with the scaling parameter of A;, A, and Az shown in Figure 6.30. The solid line represents
theoretical curve by Eq. 5.1.
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Figure 6.30. Scaling parameter of A;, A; and A; (Eq. 5.2) of YBa,Cu3O7.4/ 4 wt% BaZrO; films at
various thicknesses.
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6.3.6 Frequency dependence of critical current density J.; pinning

potential

Figure 6.31 shows the AC field amplitude dependence of the out-of-phase
susceptibility response of the 1.2 um thick BZO doped film YB6, at 77.3 K and poHpc = 4
T, for 10 frequencies f between 47 and 9997 Hz equally distributed in a logarithmic scale
(47, 85.26, 154.66, 280.56, 508.94, 923.22,1674.7, 3038, 5511 and 9997 Hz). The curves
x” (hy) shift towards higher AC field amplitudes with increasing frequency (i.e. from left
to right in Figure 6.31, the curves correspond to the frequencies listed above). From
calculations of Brandt [209] on the flux penetration in superconductors with one dimension
much smaller than the other two (disks, squares, stripes) in a perpendicular configuration
(suitable for thin films with magnetic field perpendicular to the film surface), it is shown
that the position h” of the maximum y”(hs) is related to the critical current density

governed by Equation 6.1.

J.=—, 6-1
where d is the film thickness and o is a constant between 0.8 and 0.9 that depends
slightly on the geometry (disks, squares, stripes). As can be seen from Figure 6.31, h” and
hence J. are frequency-dependent due to the different time scale of the thermally-activated
flux creep that is the main dissipation mechanism at this temperature and in this range of

dc magnetic fields.

Figure 6.32 shows the frequency dependence of J., Jc vs. In(fo/f), where fy is a
macroscopic attempt frequency of about 10° Hz [59], at 77.3 K and several DC fields in the
two films (YB6 and Y1), calculated from equation 6.1 with h™ determined experimentally

from the y”(ha) curves and o = 0.8. It should be noted that the experimental window in
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which J. can be estimated in this way is limited by the experimental range of both AC field

amplitudes and frequencies.

From the frequency (time) dependence of critical current density the
pinning potential can be estimated. Experimental data from this study could not be well
described by neither the power-law current density dependence of the pinning potential
from the weak collective pinning theory [28] (that worked very well in the case of Tl-based
thin films in moderate magnetic fields [48]), nor the linear Anderson-Kim’s [210]. Instead,
as can be seen in Figure 6.32, the data are very well described by a straight line in a double

logarithmic plot:

InJ, =a—b|n{%). 6-2

The above dependence is consistent with a logarithmic dependence of the effective
pinning potential on the current density, as proposed by Zeldov and co-workers based on
magneto-resistivity [212] and current-voltage characteristics [213] measurements on
YBCO thin films, and explained theoretically [214] by a potential well having a cone-like

structure exhibiting a cusp at its minimum and a broad logarithmic decay with distance:

U, =U, |n[37), 6-3

where J° is a “critical current” at which the effective pinning potential Ues
approaches zero (cross-over between flux creep and flux flow). It can be proven that, by
using Eq. 6.3 for the current dependence of effective pinning potential, Uy can be related to
the slope b in Eq. 6.2 of the experimental data (complete derivation is given in the

Appendix):

U, = kBT(1+%) 6-4
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Figure 6.32 shows the values of the pinning potential (Up) calculated from the
slopes in Figure 6.31 making use of Eq. 6.4, in K (kg = 1), at 77.3 K and several DC fields,
for the two thick films. It can be seen that the average pinning potential of the 1.2 um-
thick BZO doped film (YB6) is higher and, even if the increase does not seem impressive,
the exponential dependence of dissipation (Eqg. 6.5 in Appendix) implies a much lower
dissipation caused by thermally activated flux creep in the film with artificial pinning

centres induced by BZO.

0.0003
© ]
Q 0.0002 ®
>
e
Q
= 0.0001

o _
) l’LoHDc =4T
f between 47 and 9997 Hz
0.0000 T T T T T T T 7T | T T T T T T T T |
0.1 1 he 10

hac (Oe)

Figure 6.31. AC field amplitude dependence of the out-of-phase susceptibility response of the YB6
1.2 ym film, at 77.3 K and 4 T, for ten AC field frequencies between 47 and 9997 Hz. The arrow
indicates the position (h*) of the maximum in x”(hy) for 9997 Hz, used to estimate the frequency-
dependent critical current density, as described in the text.
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Figure 6.32. Frequency dependence of critical current densities of the two thick films (YB6 and

Y1)at77.3Kandin 3, 4, and 5 T, respectively. Full lines are linear fits in a double-logarithmic
scale. Y1 is pure YBCO.
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Figure 6.33. Pinning potentials at 77.3 K and in DC magnetic fields of 3, 4, and 5 T of the two
thick films, in K (kg = 1), estimated from the slopes of the curves in Figure Figure 6.32, and Eq. 6.
Lines are for eye guidance.

6.4 Microstructure analysis of YBa,Cu;07.,/ 2 wt% BaZrO;

films

6.4.1 XRD analysis

Figure 6.34 shows the 6-26 diffraction pattern of the 2 wt% BZO doped films with
high diffraction intensity for films with different thicknesses. In these patterns, the major
peaks correspond to the (00I) reflections of the YBCO phase, which indicates that the
YBCO film has a strong c-axis texture. The strongest peak with the highest intensity,

located at 20 = 46.6° belongs to the (006) peak. It can be seen that the BZO phase, which is
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visible in the XRD at 20 = 43.2° is represented by the (200) peak. It can be seen from these
XRD scans that (003) and (006) peaks of the films overlap with STO substrate peaks
because of very similar inter-planar spacings. There are no other film peaks present except
the holder peak at 26 = 11.2°. The BZO (002) peak value width increases with inreasing

film thickness. More quantitative analyses of long range lattice ordering made from the

broadening A w of the <005> rocking curve need to be done as suggested by Gauzzi et al.
[222].

The oxygen deficiency, ¢, of all films can be confirmed from the intensity ratios of
(005) and (004) peaks where 1 (005)/1 (004) < 20 gives ¢ < 0.1. All of the 2 wt% BZO
doped films have 1 (005)/I (004) < 17, indicating a variation of YBCO c-axis constant. In
YBL1 film with thickness of 1.29 xm, the main (005) peak gives a c-axis = 1.162 nm, a
value close to the theoretical value. A higher value of c-axis, which is 1.164 nm for the

thicker film (YB3) was observed.

Although for the pure YBCO, a large variation of c-axis parameter means a large
deviation from the optimum oxygen content, this is not the case in nanostructrued YBCO
when variations in c-axis parameter results from the internal stress induced by

nanoinclusions [215].
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Figure 6.34. Typical XRD patterns of YBa,Cu3O7/ 2 wt% BaZrO; films with thickness of (a) 1.29
um, (b) 1.59 um, (c) 2.0 um, (d) 2.51 um and (e) 3.45 um.
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6.4.2 SEM morphologies

In order to investigate the decrease of J. for YBa,Cu3O7.x/ 2 wt% BaZrO; films
with increasing film thickness, the morphological properties of films were analysed by
scanning electron microscopy (SEM). Figure 6.35 to Figure 6.39 illustrates the surface
morphological evolution of 2 wt% BaZrOs; films as a function of film thickness at different
magnification. The 1.29 um thickness film, YB1, shows a dense, quite smooth surface,
irregular pores and reasonable grain connectivity. The submicron pores are about 300 nm
for film YB1 with 1.29 um thickness and increases regularly to about 1000 nm for the 3.45
um-thick YB5 film. It can be seen that the shape of the pores is quite different in all films.
For thicknesses between 2.65 and 3.45 um, the density of submicron pores in 2 wt%
BaZrO; films is more or less a constant. Comparison of all these films can be seen in

Figure 6.40.

The supercurrent flow is significantly reduced due to the development and the
coarsening of grain boundaries, and possibly an increased porosity [217]. Zhou et al. [217]
also suggested that at sufficient thickness current flow will be eventually limited by
microstructure imperfections such as rough grain boundaries, voids, cracks, etc, which

increase with thickness.
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Figure 6.35. SEM images of YB1 with 1.29 um thick film, taken at magnifications (a) 5000x, (b)
10 000 x, (c) 15 000 x and (d) 20 000 x
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Figure 6.36. SEM images of YB2 with 1.59 um thick film, taken at magnifications (a) 5000, (b)
10 000x, (c) 15 000x and (d) 30 000x
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Figure 6.37. SEM images of YB3 with 2.0 um thick film, taken at magnifications (a) 5000x, (b) 10
000x, (c) 15 000x and (d) 30 000x
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Figure 6.38. SEM images of YB4 with 2.51 um thick film, taken at magnifications (a) 5000x, (b)
10 000x, (c) 15 000x and (d) 20 000x
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Figure 6.39. SEM images of YB5 with 3.45 um thick film, taken at magnifications (a) 5000x, (b)
10 000x, (c) 20 000x and (d) 35 000x
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Figure 6.40. SEM images of YB1 to YBS5 films at various thicknesses.
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6.4.3 EDS analysis

The EDS results of the elemental composition ratio of the YB1 YBa,Cu3O7.x/ 2
wt% BaZrOs) film (Figure 6.41) in weight percentage are shown in Table 6.1. From the
EDS analysis it can be seen that the Zr concentration is around 1.2 wt. % and a bit smaller
compared to the 2 % in the nominal value. The values obtained here is slightly lower from
nominal values could be lead by two factor. The value obtained here is slightly lower from
the nominal value because of two possible factors. One factor is because the composition
value is not identical within the limited amount of analysis. The other factor is
agglomeration of the fine particles and the inhomogeneous distribution during and after the
formation of Y123 grains [221]. There are no other impurity traces in the film and the

analysis confirms that all the elemental compositions are in correct ratio.

Figure 6.41. SEM-EDS spectrum position of YB1 film.
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Table 6.5. Quantitative elemental analysis of YBL1 film obtained by EDS analysis from SEM-EDS
spectrum as seen in Figure 6.41.

Element | Weight%  Error %

0] 19.44 1.7
Cu 24.86 2.1
Y 14.97 1.9
Zr 1.19 1.0
Ba 39.55 3.4

6.4.4 TEM analysis

TEM is the most important technique to determine the formation of nano rods or
nano particles of BZO phase in the YBCO film. TEM images were taken at high
resolution as shown in Figure 6.42 taken from film YB1. It should be noted that this TEM
study was only performed for selected films only. A BZO nano-rods (marked by white
arrow) structure can clearly be seen with width 5-10 nm along the c- axis in the YBCO
matrix. Scattered BZO nano-particles (marked by red arrow) in the YBCO matrix were
also detected. All of these nano rods and nano particles have not appeared on pure YBCO
film as shown on Figure 6.43. These microstructural results are evidence of potential
artificial BZO flux pinning centres and are consistent with the observed enhancement of J.

in these doped YBCO films.
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Nano-particles

STO

Figure 6.42. TEM image of cross-sectional area inside YB1 film. The c-axis direction is shown in
the right corner.

STO

Figure 6.43. TEM image of cross-sectional area inside Y (Pure YBCO) film. The c-axis direction is
shown in the right corner.
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6.4.5 EBSD mapping analysis

EBSD was applied to identify BaZrO; crystals incorporated in the matrix of
YBa,Cus07.5. The BaZrOs file for EBSD analysis was created from high-resolution XRD
data taken from the deposited films that reveal exact lattice parameters of BaZrOs;
necessary for the analysis of Kikuchi patterns in EBSD. Due to small planar size of
BaZrO; inclusions (typically 5 to 10 nm as found by TEM) and low percentage of
incorporated BaZrQOs, this crystal phase is expected to be seen as isolated pixels on high-
resolution EBSD maps. In identifying this phase, large differences in crystal lattices of

cubic BaZrO3 and orthorhombic YBa,CuzO-.5 were relied on.

Additionally to identifying BaZrO3;, EBSD maps provide useful information about
crystallographic orientations of all phases on the surface of YBa,Cu3O7.5 + 2 wt% BaZrO3
films. The spatial distributions of the phases (YBa,Cu3O+.; and BaZrO3) of particular
orientation are mapped by different colours based on theoretical analysis of the measured
diffraction patterns. The EBSD scan of YBL film is presented in Figure 6.44. The mapping
analysis was performed to evaluate the distribution of 2 wt% BaZrOs3 phase in the film. The
first map shown in Figure 6.44(a) is the so-called image quality map at 200,000
magnifications with a scale of 200 nm. The image quality is not relatively good as the
magnification images are too large but this is the best way to optimize the mapping in this
scale. Figure 6.44 (b) shows the detected 1.6% content of BaZrO3 phase in pink colour. It
is evident that the BaZrOs; nano particles are randomly distributed with reasonable
percentage of detected BaZrOs; in this film deposited from YBa,Cu3O7.5 + 2 wt% BaZrOs;
target. The third map of Figure 6.44 (c) is the phase map in which the YBCO-123 phases

of different orientations are shown in red and blue (not all YBa,Cu3O7.5 is perfectly
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oriented with c-axis perpendicularly to the surface of the film) and the BaZrO; phase in

green. The black hole appearing at the bottom left of this photo is porous area of the film.

(@) (b)

Sample Normal

(©)

Figure 6.44. EBSD of BaZrO; mapping of 2 wt% BaZrO; (YB1) film (a) the image quality, (b) the
BaZrO; phase in pink, (c) the YBCO phase in red and blue
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6.5 Microstructure analysis of YBa,Cus;07.,/ 4 wt% BaZrO;

films

6.5.1 XRD analysis

The results of XRD patterns for the 4 wt% BZO doped films show that only (00I)
peaks are present (Figure 6.45) with high diffraction intensity for films at different
thicknesses. This is similar to what has been observed for 2 wt% BZO doped films in
section 6.4.1. This indicates that all these films have only c-axis orientation and well
textured although weak 110 peaks 20 = 34.2° were obtained on YB7 and YB9. These
weak 110 peaks 20 = 34.2° are not detectable on other films. The formation of this weak

YBCO (110) peak is believed to be a nucleation problem during deposition.

The (001) and (002) peaks of STO substrate coincided with the (003) and (006)
peaks of YBCO.The highest intensity peaks, located at 26 = 38.6° and 46.6°, are the (005)
and (006) peaks. The BZO (200) peaks, which are detected in the XRD at 20 = 43.2° are
similar to the 2 wt% BZO doped films (Figure 6.35). It seems that it is hard to find any
difference in the four XRD pattern films with different thicknesses and different wt %

BZO content.

YB6 and YB7 films have the intensity ratios of (005) and (004) peaks where |
(005)/1 (004) < 19, showing a variations of c-axis constant. In the YB8 to YB10 films,
where the thickness is relatively thick, the main (005) peak give a c-axis = 1.162 nm, close
to the theoritical value. The extra broadening of the (005) peaks on this film was also
observed. It can be concluded that the (005) peaks become broader when the film thickness

is thicker.
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Figure 6.45. Typical XRD patterns for of YBa,Cus0,.x/ 4 wt% BaZrO; films with thickness of (a)
1.2 um, (b) 1.61 um, (c) 2.0 um, (d) 2.2 um and (e) 2.5 um.
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6.5.2 SEM morphologies

SEM images for the 4 wt% BZO doped film surface for various thicknesses
are presented in Figure 6.46 to Figure 6.50. All of these films have microcrack-free
surfaces and are formed by c-axis oriented grains. The surface of the smooth c-axis
oriented film is quite dense for the YB6 film as can be seen in Figure 6.46. It should be
mentioned that the submicron pores size in the thinnest 4 wt% BZO doped film surface
(Figure 6.46) at high magnification is not comparable to the 2 wt% BZO doped film
surface (Figure 6.35). However, differences in submicron pores morphologies are clearly

noticeable in thicker films.

The submicron pore diameters remain nearly constant over the 2.0 and 2.2
wm film thicknesses and a range of 300 to 400 nm in each sample. It was observed that the
shape of the pores is quite different for the thickest YB10 film with 2.65 um. Above 2.65
wm film thickness, the films show a gradual microstructure transition (Figure 6.49) from
well connected grains to segregated grains, which may have weaker grain connectivity, as
shown in Figure 6.50. This significant microstructure degradation is similar to that reported
by Zhou et al. [217], when the thickness approaches 3.6 um. They also said the current
carrying ability from the part of the film beyond 6.5 um is significantly reduced, indicating
a ‘dead layer’ above this thickness. The ‘dead layer’ is associated with the top surface of
the film that carries little or no current due to the greatly deteriorated local microstructure

[95]. Comparison of all these films can be seen in Figure 6.51.
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Figure 6.46. SEM images of YB6 with 1.2 um thick film, taken at magnifications (a) 8500, (b) 17
000x, (c) 30 000x and (d) 43 000x
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Figure 6.47. SEM images of YB7 with 1.6 xm thick film, taken at magnifications (a) 5000x, (b) 10
000x, (c) 15 000x and (d) 22 000x
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Figure 6.48. SEM images of YB8 with 2.0 um thick film, taken at magnifications (a) 5000x, (b) 10
000x, (c) 15 000x and (d) 25 000x
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Figure 6.49. SEM images of YB9 with 2.2 um thick film, taken at magnifications (a) 7500x, (b) 10
000x, (c) 15 000x and (d) 23 000x
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Figure 6.50. SEM images of YB10 with 2.65 um thick film, taken at magnifications (a) 5000x, (b)
9 500x, (c) 15 000x and (d) 30 000x
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Figure 6.51. SEM images of YB6 to YB10 films at various thicknesses
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6.5.3 EDS analysis

To investigate the elemental concentration in the BZO doped films, EDS analysis
was performed on one of the best films YB6 (1.2 um) which has the highest J.. As seen in
Table 6.6, the resulting chemical composition for Zr is around 1.5 wt. %. The
compositional analysis shows a Zr concentration smaller than the nominal value. It may be
caused by the gathering of the fine particles of BZO between grains. This is similar to what
has been observed for 2 wt% BZO doped films. Further investigation and analysis need to

be done by using electron backscattering diffraction, EBSD.

iSpectrum 7

3pm ! Electron Image 1

Figure 6.52. SEM-EDS spectrum position of YB6 film
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Table 6.6. Quantitative elemental analysis of YB6 film obtained by EDS analysis from SEM-EDS
spectrum as seen in Figure 6.52.

Element Weight %  Error %

@) 15.87 15
Cu 26.68 2.2
Y 14.54 1.6
Zr 1.54 1.0
Ba 41.37 3.5

6.5.4 TEM analysis

Figure 6.53 shows a cross-sectional TEM image of the 4 wt% BaZrO; doped YB6
film with a thickness of 1.2 um. The BaZrO3nano-rod (marked by white arrow) structures
are much more clearly observed in the YBCO film. The BaZrO3; nano-rods are visible as
long dark features of a width of about 5-10 nm. The dense BaZrO3 nano-rods align along

the c-axis of YBCO (marked by arrow). The dense nano-rods are not clearly observed in 2

wt% BaZrO; doped film in Figure 6.42. This result agrees with a study of Atura et al.
where the density of the BaZrOs; nano-rods was confirmed to increase with increasing

BaZrO; content in the ablation target [216].
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Nano-rads

Figure 6.53. TEM image of cross-sectional area inside YB6 film. The c-axis direction is shown in
the right corner.

6.5.5 EBSD mapping analysis

In order to investigate the phase distribution, the film surface of YB7 was scanned
at 200,000 magnifications with a scale of 200 nm. The mapping analysis has been
performed to analyse the distribution of the 4 wt.% BaZrOs in the film. The first map

shown in (a) is a so-called image quality map.

Figure 6.54(b) presents the BaZrO3 phase distribution map in pink with a content of
3.6 %. This result reveals that the BaZrO5; phase distribution is close with the nominal

value of 4 wt.%.
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Figure 6.54. EBSD of BaZrO3; mapping of 4 wt% BaZrO; (YB6) film (a) the image quality, (b) the
BaZrO; phase in pink, (c) the YBCO phase in red and blue
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6.6 Summary

According to the results discussed above there is a clear enhancement of J; and F,
between BZO doped and pure YBCO films. A decrease of T, was discovered for both BZO
doped films compared to the pure YBCO film. The above results disclose that, in terms of
Jc in magnetic field performance, BZO affects the flux pinning at different temperatures
and fields. It has been shown that the 2 wt% BZO are more beneficial to the flux pinning
force at high temperatures and low thickness. The results also show that the thicker films

can maintain their J. very well especially at higher fields up to 3.6 T.

Since for many applications the important parameter is the critical current in
applied fields, it should be noted that with increasing 2 wt% BZO doped film thickness
from 1.29 to 3.45 um, I also continuously increases from 200 to 400 A at 77.3 K. The
maximum F,, value in this study reaches 21 GN/m® at 2.8 T and 65 K. This enormous F,
value is achieved by the enhancement of J. according to the effective pinning centres.
From AC susceptibility measurements it is found that the frequency-dependent critical
current density is also significantly increased in the YB6 1.2 um thick film grown from the
4 wt% BZO doped target, and the above mentioned dependence is linear in a double-
logarithmic plot, which is consistent with a logarithmic dependence of pinning potential on

the current density.

On the other hand, the surface of the 4 wt% BZO doped film has bigger grains in
comparison to the fine grains of the 2 wt% BZO doped films. This is another factor that
can limit the J.. It is interesting to examine the film’s thickness dependent behaviour on

the critical current density since both crystallinity degradation and structural roughness
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have been considered to be factors that might cause the critical current density to decrease

with increasing thickness [217].

Scaling of the flux pinning force based on the Dew-Hughes model has been
established in this work. By using this method, the flux pinning mechanism in BZO doped
films can be investigated more systematically and accurately. For example in high T
superconductors, there may exist several different multi-elementary pinning mechanisms.
A remarkable improvement of the pinning force, F,, is seen for both 2 wt% BZO and 4

wt% BZO films, presumably caused by multi-elementary pinning mechanism.

The Dew-Hughes pinning analysis shows that normal point and normal surface
pinnings contribute for the thinnest 2 wt% BZO doped film. The normal point pinning
becomes the dominant mechanism to enhance flux pinning in the 2 wt% BZO doped films
and seems to mainly arise from the defects introduced due to BZO doping. These normal
point defects are thought to develop from the non-superconducting state caused by BaZrO3;
doping to the YBCO superconducting layer. However three different pinning mechanisms

(point Ax, normal surface and normal point) were found for the 4 wt% BZO doped films.

From the EBSD mapping analysis, the distribution of 2 wt.% and 4 wt.% of
BaZrO; are quite decent with 1.6 % and 3.6 %, respectively. It is evident that the BaZrO;

nano particles are in a random distribution with good ratio.
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Chapter 7

Conclusions and Future Work

7.1 Introduction

Thin films of the high temperature superconductor YBa,CuOy; offer potential
applications in the fabrication of superconducting electronics and large current carrying
power engineering wires and tapes. Since the superconducting properties of YBa,Cu3O7
(Y123) films are very sensitive to the deposition conditions, the values of T. are highly
dependent on several important conditions, such as the laser energy (E), oxygen pressure
(Op), substrate temperature (Ts), distance between target and substrate (D), annealing
oxygen pressure (Og) and cooling time (cooling rate) (C;). Proper combination of these

conditions could lead to high quality films. It is found that T of 780° C, E ~ 218 mJ/pulses,
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D; about 55 mm, O, 450 Torr and C;8°/min are the optimum condition in making good
films with T of 91 K . The XRD results have revealed 100 % (00l) orientation. The
highest J. gives values of 2.8 MAcm™ in self-field and 0.8MAcm™ at 1 Tesla at this
condition. In situ high temperature annealing carried out immediately after the deposition
with optimum oxygen pressure and cooling rate is proven to be effective to obtain high T,

and J..

From the microstructure observations by SEM analysis at different annealing
oxygen pressures, the presence of white spots with maximum diameter of approximately
0.5 umis typical in all areas of these films. It is likely that these particles originate from the
targets. However, the white spots become less frequent for the films with O, of 450 and
650 Torr. Films with high annealing oxygen pressure (optimised condition) exhibit
droplets with a granular surface. Spherically shaped features and irregular pores with sizes
of 150-350 nm can also be seen. All the AFM images of films exhibited a clear texture of

growth islands.

The surface roughness of the YBCO films is mainly affected by the growth
temperature and the oxygen pressure [176]. The smoothest root mean square (RMS)
roughness of the film shows the minimum value of approximately 2.403 nm for the film
grown at T, of 780° C with average height of 17.28 nm. All the grains seem to be well
connected. From the surface morphology by AFM at different deposition temperatures, the
apparent trenches between growth islands are irregular with various dimensions for films
with different deposition temperatures. The deepest trenches were found for the film

deposited at 820° C.

In this work a method in introducing artificial pinning centres has been approached,

which is proven to be successful in the nanotechnology of pinning centres: distributing a
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secondary phase in the film by modifying the target composition. Three target
compositions have been used: YBCO with 1% Gd,Ba;CuWOy (2411W) nano-phase
inclusions and nano-crystalline YBCO doped with 2 and 4% wt BaZrO3 (BZO). All of the
obtained optimised conditions have been used to grow all the films relating to the effect of

Gd2411 and BZO additions on the flux pinning that are summarised in the followings.

The YBa,Cu3O7«/ Gd, Ba;,CuWO3; films grown on STO single crystal substrates
revealed a significant enhancement in the critical current density at temperatures exceeding
50 K compared to pure YBCO films. This impressive enhancement of J; in high fields is
due to the artificial pinning centres induced by the Gd,Ba,CuWO;, nano-inclusions.
However, as the film thickness increases above 1 um, a significant reduction of J. was
observed in all Gd2411 films which become even lower than the J. of 0.96 um-thick pure
YBCO film. From XRD analysis, there is no evidence to indicate the presence of
Gd2411W since the amount of Gd2411W phase is very small, unlike the case in which
XRD indicated the presence of Y2411Nb phase in a composite film with a much larger

amount (15 mol%) of secondary phase [200].

The magnitude of the flux pinning force (F,, max) increases as the film thickness
decreases because of the contribution of the strong-pinning interface layer. F,, max = 1.77
GN/m? is more than two times higher for the thinnest film YG1 (0.78 um) as compared
with Fp, max = 0.51 GN/m? for the thickest film YG6 (2.65 um). The peak in Fp shifted to
higher magnetic fields as the thickness was increased. This is possibly due to different
pinning mechanisms that dominate at different thicknesses in YBa,CuzO7./Gd;
Ba,CuWO3, films. The enhancement in the flux pinning force in the YBa,Cu30O7./Gd,
Ba,CuWO; films (compared with the pure YBCO film) can be explained as a result of the

presence of Gd,Ba;CuWO;;, nano-inclusions in the intergrain regions. This in turn causes
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the increase of intergrain contact surface [193] (decreasing the intergrain resistance) and
increases the number of flux pinning centres due to the presence of Gd,Ba;CuWO;;
particles in the intergrain regions and results in an enhancement of J. even in the presence

of higher magnetic field.

The model of Dew-Hughes is a direct summation model of the elementary pinning
forces and predicts many forms of pinning types. The Dew-Hughes model is used because
there are various pinning mechanisms acting concurrently in YBCO film and it is
important to find the dominating one. The position of the peak in the pinning force, Fy,
dependence on the reduced field is at b = 0.2 for the thinner films (0.78 xm and 0.96 xm),
meaning that normal surface pinning centre is dominant. This is also supported by the
larger value of the scaling parameter A; as compared with A,. The results of pinning force
scaling in the Dew-Hughes model for the thicker films (1.29 um to 2.65 um) show that Ax
point pinning is the dominant pinning mechanism. In this case, the source of Ax point
pinning could be from the small-scale variations (n) of T.. Several researchers found

evidence for oT, or Ax point pinning mechanism in Pr-doped YBCO and (K,Ba)BiOs

single crystal film [197]. Several possible explanations for this behaviour have been
proposed: a minority secondary superconducting phase with a slightly lower critical
temperature appears to form during the PLD growth process due probably to the
substitution of compatible atoms between YBCO and 2411W (Gd with Y, as suggested
also from EDS analysis). This phase may provide some additional pinning centres of 6T,-

type, in addition to those associated with the Gd2411W nano-inclusions.

For the YBa,Cu307../BZO films, it is found that there is a clear enhancement of J.
and F, between BZO doped and pure YBCO films. A decrease of T, was discovered for

both BZO doped films compared to the pure YBCO film. In terms of J. in magnetic field
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performance, BZO affects the flux pinning at different temperatures and fields. It is shown
that the 2 wt% BZO are more beneficial to the flux pinning force at high temperatures and
low thicknesses. The results also show that the thicker films can maintain their J. very well

especially at higher fieldsupto 3.6 T.

Since for many applications the important parameter is the critical current in
applied fields, it should be noted that with increasing thickness of the 2 wt% BZO doped
film from 1.29 to 3.45 um, I also continuously increases from 200 A to 400 A at 77.3 K.
The maximum F,, value in this study reaches 21 GN/m® at 2.8 T and 65 K. This enormous
Fp value is achieved by the enhancement of J. according to the effective pinning centres.
From AC susceptibility measurements it is found that the frequency-dependent critical
current density is also significantly increased in the YB6 1.2 um thick film grown from the
4 wt% BZO doped target, and the above mentioned dependence is linear in a double-
logarithmic plot, which is consistent with a logarithmic dependence of pinning potential on

the current density.

A remarkable improvement of the pinning force, Fy, is seen for both 2 wt% and 4
wt% BZO films, presumably caused by multi-elementary pinning mechanism. The Dew-
Hughes pinning analysis shows that normal point and normal surface pinning contribute
for the thinnest 2 wt% BZO doped film. The normal point pinning becomes the dominant
mechanism to enhance flux pinning in the 2 wt% BZO doped films and seems to mainly
arise from the defects introduced due to BZO doping. These normal point defects are
thought to develop from the non-superconducting state caused by BaZrO; doping to the
YBCO superconducting layer. However three different pinning mechanisms (point Ax,

normal surface and normal point) were found for the 4 wt% BZO doped films.
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7.2 Recommendations for future work

It is recommended to undertake further researches in the following areas based on

observations regarding the theoretical and experimental results.

To ensure that the highly energised particles hit more closely and precisely
perpendicular to the substrate position during the laser ablation, some modification on the
substrate stage holder needs to be done. Modification of the stage holder with some
mechanical adjustable positions will allow greater flexibility in positioning the substrate on
the x and y axes during the deposition. It should save time and improve the deposition

procedure in order to grow better quality epitaxial films.

This study has shown that a small amount of 1 mol % Gd,Ba;CuWOy (the ‘2411’
phase) addition in Y;Ba,Cu3O7.; films improves the Jc and flux pinning force values in
films with several different thicknesses. Y1Ba,Cu3O7.5/ Gd,BasCuWOy has drawn great
attention since they are known to possess good flux pinning centres. Further work should
be focused on modifying the percentage addition of Gd,Ba,CuWOy. By adding various
percentages of Gd,BasCuWO, phase in YBCO, the correlation between superconducting
properties and density and type of nano-addition can be deduced. Further TEM would be

of interest to study the effect of thickness on the Gd,BasCuWOy phase in the YBCO film.

Further AC susceptibility measurements on the frequency-dependent critical
current in fields parallel to the c-axis and on the pinning potential can be measured on
other 2 wt% BZO-doped films at different thicknesses. It would be interesting to examine
the film’s thickness dependent behaviour on the effective pinning potential, Uy, to obtain a

better understanding of this dependence.
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Other important features, which determine the formation of nano-rod or nano-dot
within 2 wt% BZO-doped films and 4 wt% BZO-doped films at different thicknesses, are
worthy of study. Formation of nano rods or nano dots and its evolution in YBCO film
films can be studied by TEM and EBSD. Further detailed work on cross sectional TEM
analysis for 2 wt% BZO-doped films and 4 wt% BZO-doped films at different thicknesses

would also be useful for microstructure analysis.

The orientation of the crystalline grains within Y;Ba,CuzO7.5 films with nano-
inclusions could affect their current-carrying capability. As a result, the microstructures of
these films are of great interest to be further studied. Several researchers have observed
that growth on a (001)-type surface of a reasonably lattice-matched substrate (such as
SrTiO,) promotes an epitaxy at the interface in which the c-axis of Y;Ba,Cu3Or; is
perpendicular to the substrate surface [218-220]. However, in the thicker films, 90°
boundaries always occur, bringing about a transition to a region in which the a or b axes of
the film are perpendicular to the substrate and the c-axis lies parallel to the surface. The
understanding and control of orientation development in these films thicknesses would be

worthy of investigation.
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APPENDIX

t

EqQ. (4.1) can be rewritten asinJ =1InJ, —b In(t j where t is the time, to = fo™ and Jp is the

0

critical current density in the absence of thermally-activated flux creep, or

t -b
J :JO[EJ : oy

In an inductive circuit, the voltage V is proportional to the time-derivative of the

current[28], and, from eq. (1), is given by

dJ t e
Voo —=—bJ t} — ) 2
oc at olo (toj 2

In the thermally-activated flux creep regime, the dissipation (voltage) is proportional to the
probability of flux jumping over the pinning barrier:

Ueﬁ

voce fe 3)

From egs. (2) and (3), replacing Ues from eq. (5), one has:

U
—(b+1) * * _kBi?l— * —E
- bJOtol(tiJ =C exp{— E—% In(%ﬂ =CexpsIn [JTJ = C(‘]T] 4)
0 B

Introducing the current density J from eqg. (1), the above equation becomes:

¢ ~(b+1) 3 —ku—OT ¢ —b;—‘_’r
wsly) -{5) ) ®
0 0 0

For eq. (5) to hold for any value of the variable time, it is necessary that the exponents of

(t/to) in both sides are equal, hence Ug/kgT = 1+1/b.
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