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Abstract

Advances in the science of superconductivity have numerous chal-
lenges to improve old and create new technologies able to fulfil some
of world the big challenges; ranging from power applications (stor-
age and transport of clean, sustainable and reliable energy) to novel
electronic devices (energy-efficient information technologies and data
storage systems).

The individual and collective behavior of vortices (nano-tubes of
magnetic flux) in a superconductor represents one of the most rele-
vant physical aspects of these materials and it is of enormous practical
significance for applications. This has sustained the study of different
methods for engineering the vortex pinning landscape in order to in-
fer in vortex dynamics of superconductors. Within this thesis, we have
examined the impact of growth temperature on the formation of intrin-
sic pinning defects in YBayCuzO7_s (YBCO) films, grown by chemical
solution deposition with Barium-deficient solutions. A clear correla-
tion between the microstructure of the films and their superconducting
performance have been obtained. An efficient pinning landscape con-
sisting of stacking faults and associated nanostrain, naturally induced
by simply tuning the growth temperature without the need to add
artificial pinning sites. Samples grown at optimized temperature ex-
hibited exceptionally high self-field J. values and improved J.(T, H, 0)
performances.

Moreover, high-temperature superconductors, in particular YBCO
cuprates, offer unique opportunities to tune their physical properties
with multiple external inputs, thus providing the basis for realizing
energy-efficient electronic devices for information and communication
technologies (sensors, logic and memory devices). In this direction, we
have investigated field-induced oxygen doping to obtain reversible mod-
ulation of a metal-insulating transitions. The aim is to study the im-
pact of field-induced oxygen diffusion on the magnetic field and angular



dependence of critical current density, discerning the role of induced de-
fects in the switching performance. Results from transmission electron
microscopy measurements reveal that the transition to irreversible high
resistance states occurs through the formation of YBayCusO7 (Y124)
intergrowths characterized by a significant presence of oxygen vacan-
cies.

Finally, this work also focuses on pioneering a novel approach for
tuning the superconducting properties of the films known as phase
nano-engineering. This method utilizes a localized energy source ap-
plied to the material’s surface through direct laser writing to induce
property changes. The observed physical mechanism behind this is
attributed to thermally activated oxygen migration within the writ-
ten regions. Conductive AFM measurements demonstrate enhanced
surface electric conductivity consistent with oxygen enrichment in the
patterned regions. Furthermore, an enhancement of the reflectivity,
reduced critical temperature, and critical current density in the pat-
terned devices is obtained, as well as carrier density, indicative of oxy-
gen vacancies generated in the bulk.
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Motivation and objectives

The aim of this thesis is to investigate different approaches to
change and control the superconducting properties of YBCO thin films.
The first approach involves the use of low temperature thin film growth
using barium-deficient solutions through chemical solution deposition
method to improve the pinning performance of YBCO films without
the need of adding artificial pinning centres. A second approach involve
the reversible manipulation of the metal-insulating transition in YBCO
devices by field-induced oxygen doping. Finally, a third approach is
used to explore the effect of thermally induced oxygen vacancies gen-
erated though direct laser writing.

The thesis is structured in different chapters. In Chapter 1 we intro-
duce the main concepts of superconducting materials and the proper-
ties of high temperature cuprate superconductors, in particular YBCO.
We provide a short overview of vortex pinning and oxygen doping in
YBCO films. In Chapter 2 we describe the sample growth, micro- and
nano-fabrication approaches, and the used characterization techniques.

The objective of Chapter 3 is to carefully analyse the morphol-
ogy, angular, field, and temperature dependence of the critical cur-
rent density of samples grown at different temperatures by chemical
Barium-deficient solutions. Their perfomance is compared to pristine
and nanocomposite YBCO films, to elucidate the nature and strength
of pinning centres naturally induced when growing at low tempera-
tures. Also the influence of the precursor solution and growth temper-
ature on the doping level of the films will be evaluated.

The objective of Chapter 4 is to use field-induced resistive switching
effects to study the critical current density performance of YBCO films
at different oxygen doping levels. The effect of oxygen doping on the
magnetic field and angular dependence of the critical current density
may be of great relevance for the optimization of flux pinning through

vil



microstructural modification. So the critical temperature, carrier den-
sity, critical current density at different resistance levels is measured.
Here we will try to selectively tune the doping level of superconducting
tracks by applying voltage pulses under metallic gates of different ar-
eas. Transmission electron microscopy experiments will be performed
at low and high resistive states to study the generation of a large
amount of YBayCuyO7 (Y124) intergrowths with a high density of
oxygen vacancies.

The objective of Chapter 5 is to achieve tunable local modifica-
tions in the electronic properties of YBCO thin films by employing
Direct Laser Writing. The impact of laser patterning under different
conditions, such as exposure dose, on the electronic properties will be
studied by optical imaging and conductive Atomic Force Microscopy.
Low-temperature transport measurements will be conducted on pat-
terned YBCO films to obtain the critical temperature, the carrier den-
sity and dependencies on the critical current density, indicative of the
oxygen movement.
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Nomenclature

AFM Atomic Force Microscopy

APCs Artifical Pinning Centres

BHO BHfO3

BZO BaZrOg

CCs Coated Conductors

CSD Chemical Solution Deposition
CTA Conventional Thermal Annealing
EBL Electron Beam Lithogrpahy

DLW Direct Laser Writing

FH Flash Heating

GADDS General Area Detector Diffraction System
HTS High Temperature Superconductors
LAO Lanthanum Aluminate

LP Laser Power

LT Laser Time

MOD Metal Organic Deposition

NCs Nanocomposites
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PLD Pulsed Laser Deposition

PPMS Physical Property Measurement System
SEM Scanning Electron Microscopy

SFs Stacking Faults

SQUID Superconducting Quantum Interference Device
TEM Transmission Electron Microscopy
TFA Trifluoroacetate

t-SPL Thermal Scanning Probe Lithography
XRD X-Ray Diffraction

YBCO YB,Cu3zO7_,

a Power Law Index J.(H)

~ Intrinsic Anisotropy

Vess Effective Anisotropy

0 Lattice Parameter

e Nanostrain

0 Diffraction angle

Az, Penetration Length

1o Magnetic Permeability of Vacuum

&y Coherence Length

® Magnetic Flux Quantum

E, Pinning Energy

F; Lorentz Force



Fp Pinning Force

H.;; Effective Magnetic Field

H* Crossover Magnetic Field

H,,, Irreversivility Magnetic Field

H. Critical Magnetic Field

H,., Upper Critical Magnetic Field

H,., Upper Critical Magnetic Field

I. Critical Current

J. Critical Current Density

ny Charge Carrier Density

T, Characteristic Weak Pinning Temperature
T§ Characteristic Strong Pinning Temperature
T* Pseudogap Temperature

T, Critical Temperature

Vy Hall Voltage

aniso Anisotropic

iso Isotropic

sf Self-field

str Strong

wk Weak
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Chapter 1

Introduction

1.1 Superconductivity

On April 8, 1911, at the Leiden Cryogenic Laboratory in the Nether-
lands, Heike Kamerlingh Onnes and his team made a remarkable dis-
covery: the phenomenon of superconductivity in mercury. This break-
through emerged as a result of Onnes’ investigations into cryogenic
techniques aimed at achieving temperatures approaching absolute zero.
In 1908, he successfully liquefied helium, which required temperatures
only a mere 4 degrees above absolute zero.

Their research involved the examination of mercury’s electrical
properties at extremely low temperatures. Upon reaching a tempera-
ture of 4.2K (critical temperature), the electrical resistance of mercury
vanished [IH3] as can be seen in Fig[l.1] Below the critical tempera-
ture, T, (intrinsic property of superconductors) the material conducts
electricity with utmost efficiency.

In 1933, Walther Meissner and Robert Ochsfeld made anothe sig-
nificant discovery. They found that materials in the superconducting
phase, in addition to exhibiting the remarkable property of having no
electrical resistance, also possess the ability to repel magnetic fields.
When a superconductor is cooled below its transition temperature,
while subjected to an applied magnetic field, it behaves as a perfect
diamagnet and expels the magnetic field entirely [4]. This expulsion
occurs through the generation of surface superconducting electrical
currents, known as supercurrents, which effectively shield the interior
from the applied magnetic field.
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Figure 1.1: Historical graph done by H.K. Onnes of the Hg resistance as a function
of the temperature. It is easy to see the transition at 4.20K when the material
become superconductor.

This phenomenon is famously called the Meissner effect and it is
the responsible for magnetic levitation. Importantly, the exclusion of
the magnetic field from a superconductor occurs whether the material
becomes superconducting before or after the external magnetic field is
applied.

In 1935, siblings Fritz and Heinz London put forth a phenomeno-
logical “modification” to Maxwell’s fundamental equations. These ad-
justments aimed to describe the two fundamental characteristics of
superconductors: zero electrical resistance and the exclusion of mag-
netic fields [5, 6]. The first London equation says that a supercurrent
J, is freely accelerated by an applied voltage, or, in a bulk supercon-
ductor with no supercurrent or with a stationary supercurrent there is
no effective electric field E. It can be expressed as:

djs _ nge?

ot m

(1.1)

where m is the mass of the electron, e the charge of the electron
and ng; a phenomenological constant associated with a number den-
sity of superconducting carriers. Taking curl on both sides of Eq.(1.1]),
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combining it with the third Maxwell’s equation (Faradays law of elec-
tromagnetic induction) and integrating in both sides assuming the
constant of integration to be zero because of the zero resistivity in
superconductors, we get the following expression:

nse>

(Vxj)=-—-B (1.2)

which is the second London equation. It yields the ideal diamag-
netism, the Meissner effect, and the flux quantization. If it is altered
through the application of Ampere’s law then it can be turned into the
Helmholtz equation for magnetic field:

1 2
VB = —B A=) (1.3)

2 2
A2 dmnge

where ), is the London penetration depth and the solution of the
Eq.(L.3) is the following

B.(z) = Bye %/ (1.4)

According to this last equation, in the presence of an external mag-
netic field By applied perpendicular to the surface, London theory pre-
dicts that the magnetic flux decays exponentially into the bulk of the
superconductor, just as depicted in Figl.2

A Bz
Bo

A A A Ar A}

ITTf$A >

—A\—> X

0

Figure 1.2: Representation of the exponentially decay of the the magnetic flux into
the bulk of the superconductor in the x-direction.
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Despite the success of this theory in describing several aspects of
the electrodynamics of superconductivity, falls short when it comes to
determining the surface energy at the interface between the Normal
and Superconducting phases [7].

In 1950, V. L. Ginzburg and L. D. Landau introduced a phenomeno-
logical model of superconductivity. This model presented a macro-
scopic theory suggesting that, at the critical temperature, the con-
ductor undergoes a phase transition into the superconducting state.
To describe this transition, they introduced a complex pseudo wave
function ¢, which serves as an order parameter for superconducting
electrons [8, ©]. Similar to other second-order phase transitions, the
order parameter is non-zero in the ordered phase and becomes zero
in the non-ordered phase. They expressed that the free energy den-
sity of a superconductor close to the superconducting transition can
be represented as

B[

_ 2 Bp e L inw - 2 1B
o= fut ol + Gl 5o |(—ihY —2eA) v+ e (L5)

where f,, is the free energy density in the normal phase, m is the
mass of the electron, e the charge of the electron, B the magnetic field,
A the magnetic vector potential which represents the action of a con-
stant magnetic field and « and 3 are temperature-dependent parame-
ters. When you minimize the free energy concerning changes in both
the order parameter and the vector potential, you reach the Ginzburg-
Landau equations:

o= (=17 - SA) 6+ Bl = —ay (16)

2m
= i (VY — PV — A (1.7)
Js = 2m mc '

The initial equation, exhibiting intriguing resemblances to the time-
independent Schrodinger equation, ascertains the order parameter 1 in
relation to the applied magnetic field. Subsequently, the second equa-
tion furnishes information about the superconducting current. The
Ginzburg-Landau equations yield numerous substantiated findings and

4
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among these, perhaps the most crucial is their anticipation of the pres-
ence of two distinct characteristic lengths within a superconductor [10].
The first of these is known as the coherence length & which describes
the size of thermodynamic fluctuations in the superconducting phase
(description of the spatial modulation of the order parameter (1 (x)):

hQ

2m|a|

§= (1.8)

The other one is the penetration depth (analogous as London pene-
tration depth), where vy represents the order parameter’s equilibrium
value when there is no electromagnetic field present. The penetration
depth defines how deeply an external magnetic field can penetrate the

superconductor:
mp m
\ = = 1.9
\/ dpgelal \ dpoeep? (1.9)

1.1.1 Type I and type II superconductors

In terms of temperature, the two superconductor characteristic lengths,
A(T) and £(T), have the same dependence [11]:

&(T) = _ S MT) = ——— (1.10)

The Ginzburg-Landau Parameter, denoted as « and defined as
r=MA/&, serves as a distinguishing factor between two distinct cate-
gories of superconductors. The first family is the Type I supercon-
ductors and it happens when x < 1/ V2. In this case € > \ and the
penetration of the magnetic field into the superconducting material is
not energetically favourable. By contrary, if £ > 1/4/2 then we have a
Type II superconductor which means that A > ¢ and it is thermody-
namically favourable for the magnetic field to penetrate the specimen
[12]. Figll.3shows the variation of H and ¢ with A and ¢ in a normal
state / superconductor boundary.
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Figure 1.3: Variation of H(z) and ¥ (x) where depending on the magnitute of £
and \ a type-I or type-II superconductor is defined.

The Magnetic Field-Temperature (H-T) phase diagram of type I
and type II superconductors is shown in Fig[l.4] Type I materials
maintain their superconducting state only under relatively weak ap-
plied magnetic fields. Once a specific field threshold is surpassed, called
critical magnetic field, H., the material transit to the normal state.
These materials display an extremely sharp transition into a supercon-
ducting state and demonstrate “perfect” diamagnetism, meaning they
have the ability to entirely repel a magnetic field (Meissner state).

H H
Normal State . Normal State
2
H, c
Mixed State

Meissner State

Meissner State

T Type Il T

Type |

Figure 1.4: Representation of the magnetic field dependence on temperature a) in
a type-I superconductor where H,. separates the normal and the Meissner state, b)
in a type-II superconductor where a mixed state is defined between H.; and H.s.

Type II superconductors allow the penetration of magnetic fields to
some extent. Starting from the Meissner state where the magnetic field
is repeled, up to a certain critical magnetic field, H.;, where above it,
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there is the mixed state characterized by regions of normal conductivity
interspersed with areas of superconducting current forming quantized
cylindrical flux lines called vortices [5]. The mixed state exists up to
a second critical magnetic field, H.,, where above it the material con-
ducts in the normal state. This attribute allows type II SC to carry
larger currents without losing their superconductivity. This behavior
has paved the way for the use of superconductivity in high magnetic
field applications, leading to the development of magnets used in par-
ticle accelerators.

1.1.2 Vortices in type II superconductors

Type-II superconductors present an extended region in the H-T phase
diagram, called the mixed state, where magnetic field penetrate in form
of Vortices. These vortices engage in mutual interactions and have the
potential to assume various phases due to the combined effects of the
magnetic field, thermal fluctuations, as well as the pinning influence
exerted by disorder and defects within the material. Such a vortex
comprises a non-superconducting core (radius of the order of £ = 2 -
100 nm) around which superconducting current circulates (radius of
the order of A = 40 - 1000 nm), as represented in Fig. The total
flux of a vortex is the magnetic flux quantum @, that corresponds to
the minimum unit of the quantized magnetic flux (®y = 2.07 - 10'°

Tm?) [13], 14].

2A

h ng(r)

4

%

Figure 1.5: Image of a) the structure and characteristic parameters of a vortex,
b) superconducting currents around the vortex centers in the hexagonal Abrikosov

lattice [15].
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In 1957, the Russian physicist A. A. Abrikosov made a ground-
breaking prediction about the existence of vortices in type II SC [10],
17]. He accomplished this by examining solutions to the Ginzburg-
Landau (GL) equations for x > 1/4/2, specifically focusing on the
scenario where the externally applied magnetic field was just slightly
below the critical field H.,. In this region, he derived approximate
solutions reminiscent of those found in linearized GL equations [0].
These solutions unveiled the emergence of a periodic microscopic mag-
netic field distribution, oriented perpendicular to the applied field. To
be more precise, his work foresaw the formation of a periodic square
array of vortices also called fluxons [18].

At the vortex center where the magnitude of the local field is largest,
the density of superconducting electrons n, and hence the order pa-
rameter W(7) is zero. As one moves radially out from the center of a
vortex core, ng increases and the supercurrents screen a greater amount
of flux. It follows that the density of the supercurrents is greatest near
the edge of the vortex core where the screening of the local magnetic
field is at a maximum.

Outside of the vortex core, magnetic field leaks into the supercon-
ducting regions of the sample. It is worth emphasizing that Abrikosov’s
prediction of the vortex state was noteworthy because it initially did
not offer any tangible experimental evidence to confirm its existence.
He also derived the following relations between H., H.; and H:

H
Hy = —< (In(k) — 0.27) Hy = H 2k (1.11)

K

Vortices repel each other forming an ordered lattice, in order to
minimize the system total energy. In absence of defects, they arrange
in a regular array forming an hexagonal lattice, known as the Abrikosov
lattice (Fig[L.5b). Considering ay as the vortex distance, can be related
with the applied magnetic field as ag = /®o/B. In the mixed state,
as soon as the flux lines (with a normal core) start to move across
the superconductor, energy dissipation appears and it shows a non-
zero resistance. Vortices move according to a Lorentz-like Force, F,
that is perpendicular to both applied magnetic field and current, they
dissipate the energy when moving under applied currents [6, 10} T2} [19].
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1.1. Superconductivity

In order to avoid dissipation, vortex must be pinned inside the material
for technological applications, so a pinning force, Fp, opposite to the
Lorentz Force must be generated:

J.x B

- ] - i

where J. is the critical current density and is the maximum current
that can flow in the superconductor without dissipation. Below J, (F7,
< Fp), no dissipation is obtained, while above, (F;, > Fp ), a voltage
drop develops due to vortex motion. Hence, the depinning of vortices
and, with that, the upper threshold for lossless current conduction
are directly linked to the effective defect landscape that immobilizes
vortices.

Figure 1.6: Representation of the vortices motion with a Lorentz Force F, perpen-
dicular to both J and H. Also a pinning force Fp in the opposite side in order to
pin the vortices and avoid dissipation.

In general vortex pinning is due to the saving in condensation en-
ergy associated with the vortex core which arise when it is situated
within a non-superconducting inclusion (|1.13)).

oF

Ecore = JoH?E? = 2 (1.13)

The presence of vortices in type-II superconductors leads to a mag-
netic hysteresis loop(Fig), which can be used to calculate the crit-

9



1.1. Superconductivity

ical current density through non-destructive inductive measurements.
When the material is cooled below its critical temperature in zero
magnetic field (ZFC), and an external magnetic field stronger than the
lower critical field (H. ) is applied, vortices start to enter inside the
material and migrate toward the center of the sample with increasing
field strength. Due to vortex pinning, the density of magnetic flux
lines is more concentrated at the edges of the material and gradually
diminishes towards the interior creating a flux gradient (Fig{l.7p).

b Ik bbb
55 28 |

H H* 2H*

Figure 1.7: Schematics of a) the magnetic hysteresis loop with characteristic points
commented also in Fig and b) vortex penetration according to the Bean critical
state model in an infinite slab.

The Bean’s critical state model, which was introduced by C. P.
Bean in 1962, provides a macroscopic explanation for the irreversible
magnetization behavior in hard type-II superconductors [20]. Bean
proposed a simple mechanism of non-homogeneous vortex penetration
in the mixed state (H. < H < H,.), attributed to the presence of
vortex pinning in the material.

The Bean’s critical state model is characterized by a critical current
density independent of the magnetic field, with J. = constant. Consid-
ering an infinitely long cylinder, the magnetic hysteresis loop obtained
by increasing and decreasing the applied magnetic field (Fig) can
be described by the magnetic flux and current distribution depicted in
Fig[L.§ for different points indicated in the hysteresis loop.

At low applied field (F ig) vortices starts to penetrate inside
the superconductor with a constant field slope. J. is assumed to be
constant inside the sample (field gradient constant) and in the flux free
regions, where no flux gradients are present, J. = 0. When the internal

10



1.1. Superconductivity
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Figure 1.8: Scheme of the magnetic field and current profiles as a function of the
applied field of an infinite cylinder of radius R, according to the Beam model. The
associated points at the hysteresis loop are indicated in Fig@.
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field reaches the centre of the sample there is a full penetration field,
where H* = R.J.. Supercurrents are induced in the whole sample and
the magnetization saturates, M** (Fig{l.8b). The field profile reached
at this point stays constant (M**) as the magnetic field is further
increased to 2H* (Fig|1.8¢).

After this we start decreasing the magnetic field and the super-
currents invert their direction from the superconducting surface (flux
lines start to leave from the superconductor by its edges reverting the
magnetic flux gradient). The flux is trapped inside the superconduc-
tor and the current direction is determined by the slope of H;(r), if
H; > H, then we have a positive magnetization (Fig[l.8d). Finally
once the magnetic field is completely removed, all supercurrents have
changed their direction with a resulting saturated remanent magneti-

zation (Fig[L.8f).



1.1. Superconductivity

Within the framework of the Bean critical state model, where R
represents the cylinder radius and AM stands for the width of the sat-
urated hysteresis loop in the M-H curve, the critical current density for
an infinitely long cylinder can be determined by utilizing the following
expression based on the saturated magnetization value [21H23]:

3AM
J. = SR (1.14)

In the case of a real finite superconductor, the critical current den-
sity is not constant with respect to the magnetic field, as presumed
in the Bean model and moreover it becomes necessary to consider de-
magnetizing effects [24], 25], which in turn influence the penetration of
current within the sample and the profiles of the magnetic field due
to edge effects. With regard to superconducting thin films, their geo-
metric characteristics result in the internal magnetic field being nearly
identical to the external field. Consequently, when dealing with thin
samples, same equation [1.14] can be applied to ascertain the value of J.
while considering the magnetic field’s dependence on saturated mag-
netization, M (H).

1.1.3 BCS theory of superconductivity

In 1957 Bardeen, Cooper, and Schrieffer (BCS) put forth a ground-
breaking theory that elucidated the microscopic mechanism of super-
conductivity and had the capability to predict the properties of con-
ventional superconductors with quantitative precision [26, 27]. The
pivotal initial step was taken by Cooper, who demonstrated that, at
low temperatures, electrons could form pairs, named as “Cooper pairs.”

A crucial advancement toward comprehending superconductivity
involved the recognition of the existence of a band gap, separating
the charge carriers from the normal conduction state. This energy
gap aligned with the exponential temperature dependence observed in
specific-heat measurements as the temperature neared the critical tem-
perature, as documented in [28]. With rising temperature, there was
an exponential growth in the number of particles possessing adequate
energy to bridge this gap. Also is important to mention that in 1950,
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1.1. Superconductivity

C.A. Reynols and E. Maxwell observed that the transition tempera-
ture of mercury varied depending on the specific isotope used in the
sample, strongly implying the involvement of lattice vibrations, known
as “phonons,” in the phenomenon of superconductivity [29, [30].

The core of the BCS theory is that, in the superconducting state,
electrons can form pairs due to a weak interaction, a phenomenon
termed Cooper pairing. The "glue” that holds electron pairs together,
despite their Coulomb repulsion is mediated by the vibrations of the
ion lattice, as schematically represented in Fig.. According to the
BCS theory, when an electron (red dot) moves through the lattice (blue
dots), it induces a slight distortion or ripple in its vicinity due to its
attraction to the lattice. Another electron traveling in the opposite
direction is then drawn toward this disturbance, forming a connection
between the two electrons.
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Figure 1.9: Visual representation of the Cooper pair attraction.

One the electrons are coupled as Cooper pairs they condense into
the same energy level and behave like bosons, which can move coher-
ently through the lattice without any losses. The Cooper pair conden-
sate can be described by a single coherent wave function with a certain
amplitude and phase in which their collective motion is synchronized.
An energy gap, typically around several meV, is established above the
Cooper pairs, preventing their separation into normal electrons, that
would have collision interactions with the lattice responsible for resis-
tivity. For Cooper pairs to form it is essential that the lattice’s thermal
vibrations remain sufficiently small.
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1.1. Superconductivity

1.1.4 Josephson effect

After the formulation of the BCS theory, another pivotal moment in
the field of superconductivity occurred in 1962 when Brian Josephson,
at Cambridge University in the UK, made a groundbreaking predic-
tion [31]. He proposed that an electric current could tunnel through a
thin insulating or normal metal barrier, connecting two superconduc-
tors (Fig. This phenomenon, recognized today as the Josephson
effect, had profound implications [32].

SaRt

Thin insulating barrier

Figure 1.10: Scheme of a Josephson junction. A thin insulator barrier of few
nanometers separates the two superconductors (tunnel junction). The overlap of
the macroscopic wave functions allows the tunneling of the Cooper pair.

In the DC Josephson effect there is a Josephson current (supercur-
rent) that manifests itself within a tunnel barrier even in the absence
of an applied voltage. This current exhibits a sinusoidal dependence
on the disparity between the phase of superconducting waves on either
side of the barrier: I. = I sin(y), where I is the maximum possi-
ble critical current determined by the tunneling of the junction and
v the Josephson phase: phase difference of the superconducting wave
functions of the two electrodes ¢ = ¢y, - Yg.

On the contrary, in the AC Josephson effect a DC voltage V is
applied to a Josephson junction and an AC current with frequency f;
proportional to the voltage across the junction occurs [33]. The emitted
radiation at this frequency f; can be precisely measured (Eq. As
a result, Josephson junction devices have evolved into the established
standard for voltage measurement.

I, = I.sin(27 f5t + (0)) fr= % =V, -483.6-10"%*(Hz) (1.15)
0
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1.1. Superconductivity

The discovery of the Josephson effect paved the way for the devel-
opment of Superconducting Quantum Interference Devices (SQUIDs).
These are compact, highly sensitive devices that exploit tunnel barri-
ers and Josephson currents to detect magnetic fields with remarkable
precision.

1.1.5 Unconventional HTS

In 1986, Georg Bednorz and Alex Miiller made a revolutionary discov-
ery when they discovered high-Temperature superconductivity (HTS)
in layered copper-oxide perovskites at temperatures exceeding 30 K
[34]. Initially, they focused their research on materials comprising bar-
ium, copper, and lanthanum. Through meticulous adjustments in the
ratios of barium and lanthanum, they systematically altered the elec-
tron count within these compounds. Astonishingly, amidst these exper-
iments, they uncovered one particular compound that exhibited super-
conductivity at a previously unparalleled temperature. What rendered
this discovery truly extraordinary was the fact that ceramics typically
act as insulators.

Fig[I.11] shows the discovery of superconducting materials, clas-
sified in different families, and their critical temperature. The first
family discovered, conventional superconductors (represented as green
circles) can be explained by the BCS electron-phonon coupling mecha-
nism, and comprehend pure elements, alloys and composite materials.
In general this materials have low critical temperatures (7, < 30 K)
at atmospheric pressure. Recently discovered hydrogen sulfide belongs
to this family of materials, where its superconductivity appears under
extreme pressure conditions of 155 GPa and T, = 203 K [35], 36].

In the late 1970s, novel categories of superconductors emerged,
such as heavy-fermion superconductors (green starts), followed by un-
conventional High-Temperature oxide cuprates in the 1980s (blue di-
amonds). In recent times, additional unconventional superconductors
have emerged, including certain carbon-based materials like fullerides
(purple triangles) and iron pnictides (yellow squares) [37]. The cop-
per oxide compounds, referred to as cuprates, represent the foremost
group of HTS (blue diamonds in Fig.. These materials exhibit su-
perconducting properties at the most elevated temperatures, making
them exceptionally intriguing for various applications.
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Figure 1.11: Timeline of the discovered superconductors and their critical temper-
ature classified in different families of materials [37].

A shared characteristic among all superconducting cuprates is the
existence of two-dimensional planes composed of copper and oxygen,
denoted as CuO, planes, which are interspersed with charge reservoir
blocks [38§].

Regarding pairing, in contrast to the straightforward that is sym-
metric s-wave gap observed in conventional superconductors, cuprates
exhibit a d,2_,2-wave gap that is non-symmetric. In terms of dop-
ing, these substances function as antiferromagnetic Mott insulators in
their pristine, stoichiometric state (without any extra oxygen or dopant
atoms introduced).

Despite some decades of rigorous investigation, the source of high-
temperature superconductivity remains elusive. It appears that, un-
like conventional superconductivity, which relies on electron-phonon
attraction mechanisms, high-temperature superconductivity is likely
driven by authentic electronic mechanisms, such as those arising from
antiferromagnetic correlations. Some exemples of these compounds
would be HgBay,CuOy, s (Hg1201), Las_,Sr,CuOy4, TlyBayCuOg, s and
YBayCuzO7_s5 (YBCO).
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1.2. YBCO cuprate HTS

In February 2008, Hideo Hosono and his team made a innovative
announcement: the revelation of superconductivity at 26 K in an Iron-
Based Material [39] (yellow squares in Fig[l.11)). Given that elemen-
tal iron exhibits strong magnetism, the discovery of high-transition-
temperature superconductors based on iron (FeSCs) came as a com-
pletely unforeseen development.

Both cuprates and iron-based superconductors share a common
structural characteristic as layered materials. In both cases, supercon-
ductivity manifests within specific planes (CuOs in cuprates and FeAs
in iron-based superconductors). Additionally, they exhibit analogous
phase diagrams, wherein superconductivity only arises subsequent to
the introduction of electrons or holes into an antiferromagnetic parent
state through doping [40].

However, significant distinctions between them emerge. In the case
of cuprates, their parent compound takes on a distinctive identity
as a Mott insulator special kind of anti-ferromagnet characterized by
strongly correlated electrons. Conversely, in iron-based superconduc-
tors, the parent compound assumes the guise of an anti-ferromagnetic
semi-metal. Notably, hole-doped cuprates exhibit a “pseudogap” state
above T,., a phenomenon conspicuously absent in iron-based super-
conductors. Furthermore, the symmetry of the pairing wavefunction
in pnictides remains a subject of widespread debate, although an ex-
tended s-wave scenario currently holds favor.

The perplexing question of how superconductivity arises in HTS
stands as one of the foremost unsolved challenges in theoretical con-
densed matter physics, why the electrons within these crystals form
pairs remains an enigma yet to be unraveled.

1.2 YBCO cuprate HTS

YBayCuzO7_s, or Yttrium Barium Copper Oxide (YBCO) [41], is a ce-
ramic high-temperature superconductor known for its remarkable su-
perconducting properties at relatively high temperatures and magnetic
fields. Optimally doped YBCO presents an orthorhombic crystal struc-
ture forming a triple perovskite arrangement comprising CuQO, planes
oriented perpendicular to the c-axis [42, 43](Fig[1.12h).
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1.2. YBCO cuprate HTS

The CuO, planes are where superconductivity occurs as they con-
tain mobile charge carriers responsible for supercurrent flow. These
CuO4 planes, where supercurrents flow due to mobile charge carri-
ers, are separated by charge-reservoir layers containing CuO chains,
which regulate carrier density within the superconducting CuQOs, planes
[38]. Optimally doped YBCO present a critical temperature (T) of ap-
proximately 92 K. This is considerably higher than the temperatures
at which most conventional superconductors operate, making it suit-
able for practical applications where liquid nitrogen can be used as a
coolant.

a)

QY

@ Cu
o0

Figure 1.12: Sketches of a) crystal structure of YBagCuzO7_s (YBCO). In the SC
state it has an orthorombic symmetry and two CuOs planes per primitive cell, with
the oxygen atoms forming Cu-O chains along the b-axis [44]. b) £ and A for the
different orientations of the magnetic field along the crystallographic axes.

YBayCusz07_s superconducting properties are highly dependent on
its oxygen content (§ value) where its control and optimization de-
pends on the doping with different oxygen levels [43, 45]. While the
anisotropy in YBCO is less pronounced compared to other cuprate
superconductors, it still demonstrates superior conduction in the ab-
plane, where carriers are predominantly situated within the CuO,
planes, than along the c-axis. This anisotropy, arising from YBCO’s
layered structure, influences both the effective electron mass and the
characteristic lengths of vortices A and &. Therefore, the nature of vor-
tices undergoes alterations depending on the orientation of the mag-
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1.2. YBCO cuprate HTS

netic field relative to the crystallographic axes. A, and \. represent
the penetration depths for supercurrents flowing parallel to the ab-
plane and the c-axis. Concerning the coherence length, when the core
is aligned parallel to the CuO, planes or along the c-axis, the radius
of the vortex core is determined by &, and &, respectively [46], 47]

(Fig{l.12b).

The ratio between characteristic lengths at different orientations
defines the vortex anisotropy parameter 7, which is also equivalent
to the square root of the electronic mass anisotropy (Eq. This
ratio remains constant with temperature, making gamma an intrinsic
parameter unique to each material. In the case of YBCO v has a value
ranging from 5 to 7 according to the literature [47H50].

Me gab o /\c
Mab éc )\ab

Y= (1.16)

Various superconducting parameters such as the critical field (H.,)
or critical current density (J.) can be normalized into an isotropic
contribution, in accordance with the Ginzburg-Landau approximation
applicable to YBCO owing to its 3D behavior. As proposed by Blat-
ter [51], this is achieved by employing the angular dependence of an
anisotropic factor €(6). Taking into account that € is the angle between
the magnetic field and the crystallographic c-axis, then:

£(0) = \/Sin2(9) + cos?(0) (1.17)

72

1.2.1 Vortex pinning

Diverse phases manifest in the mixed state of high-temperature su-
perconductors arising from the interplay of vortex-vortex interactions,
anisotropic behaviour, various forms of disorder and thermal fluctua-
tions. The thermal energy surpasses the energy associated with vortex-
vortex interactions at high temperatures, preventing the formation of a
solid lattice. This results in a phase transition delineated by a melting
line.
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1.2. YBCO cuprate HTS

For homogeneous, pure crystals, this line represents a first-order
thermodynamic transition, while for samples with significant disorder,
it takes on second-order characteristics and delineated with the irre-
versibility line (IL). It serves as the demarcation between two regions:
one where vortex matter exhibits solid-like behavior [52] and another
where it behaves more like a liquid [53]. Despite the material main-
taining a superconducting state between IL and H.(T) with J. # 0,
vortices cannot be pinned due to their elastic properties.
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Figure 1.13: Comparative H-T phase diagram for different type of superconductors.
The solid lines represent the upper critical field H.o(T) and the dashed lines, the
irreversibility line (IL) parallel to the c-axis. Graph extracted from [54].

Values of IL and H,., for different type of superconductors are rep-
resented in Figll.13) [48, 65, 56]. YBCO (pink lines) stands out as
the superconductor exhibiting one of the highest irreversibly line /L,
making it the most promising candidate for technological applications.
Moreover, The I L can be heightened toward H,.; by introducing defects
into the system, i.e. increasing the pinning force.

As previously elucidated, in the phase diagram of a type II super-
conductor, we can observe a magnetically irreversible zero-resistance
state known as vortex solid phase and a reversible state with dissipa-
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1.2. YBCO cuprate HTS

tive transport properties called vortex liquid state. For the solid phase,
multiple glassy vortex states have been proposed and a representation
of the magnetic phase diagram is shown in Fig[T.14] For instance, in
the case of YBCO, an array of disordered vortex solid states has been
suggested, contingent upon the type and dimensionality of the defects.
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Figure 1.14: H - T phase diagram of vortex matter in YBCO, showing some of the
proposed liquid and solid vortex phases and the transitions between them.

The presence of correlated disorder, such as 2D planar defects (twin
boundaries), dimensional columnar defects and amorphous defects, is
expected to result in a Bose glass phase [57H59]. In contrast, when
subjected to isotropic weak random point disorder, such as oxygen
vacancies, impurities or electron irradiation, a vortex glass phase is
anticipated [60].

Any deviation from the regularity of the crystal lattice is recog-
nized as a defect. Specifically, for laminar type-II superconductors
like YBCO, it is crucial to distinguish defects that enhance supercon-
ducting performance through vortex pinning from those causing grain
discontinuity and a reduction in percolation currents. Given the small
vortex coherence length in YBCO (and high-temperature supercon-
ductors in general), numerous structural and atomic defects generated
during growth can serve as potential pinning candidates.
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1.2. YBCO cuprate HTS

However, it is essential to ensure complete current percolation and
grain connectivity to harness the benefits of such contributions. The
challenge lies in finding ways to control and selectively promote the
desired type of defect. After years of investigation a range of defects
has been identified in YBCO films, spanning from zero-dimensional
(0D) to three-dimensional (3D), which are represented in Fig[1.15]
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Figure 1.15: Schematic representation of different defects present in YBCO films
and nanocomposites. The pink regions represent the nanosized regions able to act
as pinning centres. The dimensionality of the pinning centres is also indicated [61].

Starting with 0D defects we have the point defects, that involve
disruptions at the atomic scale, such as interstitials, impurity atoms,
or the interchange of Y and Ba atomic sites [62], 63]. Examples of 1D
defects include dislocations and column defects (nanorods) [64H70],
while planar defects like stacking faults (SFs), twin boundaries (TBs)
and antiphase boundaries disrupt the superconducting structure in 2D
[7TIH79]. On the other hand, three-dimensional disruptions of the su-
perconducting order parameter include nanoparticles, locally strained
regions, porosity, and larger precipitates [SOH85].

Both 1D and 2D defects act as anisotropic pinning centers, pin-
ning vortices with angular-dependent forces. In contrast, 0D and 3D
defects function as isotropic pinning centers contributing equally in
all directions of the magnetic field. Isotropic and anisotropic pinning
centers make distinct contributions to the final critical current density
for different magnetic field orientations, corresponding to varying vor-
tex orientations. Structural defects are classified into two categories:
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1.2. YBCO cuprate HTS

natural defects and artificial pinning centers (APCs), depending on
whether the defect occurs naturally during growth or is intentionally
introduced through other techniques.

For instance, twin boundaries (TBs) and stacking faults (SFs) are
natural defects typically arising from strain relaxation and the shift
from a tetragonal to an orthorhombic crystal structure during oxygena-
tion. The YBCO layered structure inherently exhibits intrinsic pin-
ning along the ab-planes by confining vortices within these planes. To
optimize superconducting performance in specific ranges of the high-
temperature diagram and to make the material more isotropic, a lot
of material science research has been conducted to generate APCs, ob-
taining nanostructured YBCO or nanocomposites (NCs) films. The
final goal is to tune defect distribution, density and size in order to
optimize the pinning landscape of defects and therefore the supercon-
ducting properties [61, 68, R6HIT].

Vortex pinning depends on temperature, magnetic field intensity
and orientation. Consequently, critical current density and other su-
perconducting parameters, such as the pinning force (Fp), vary with
these physical factors. Various theoretical models aim to elucidate
the dependencies of J., with two distinct approaches proposed for the
temperature dependence concerning the pinning strength of pinning
centers: weak and strong. The method employed to distinguish be-
tween weak and strong pinning centers (PCs) relies on the distinct
J.(T) dependencies exhibited by each contribution. The weak collec-
tive pinning model [I1] characterizes the behavior of defects, leading
to a rapid decay of J.(7):

T
JOR (T ~ J%exp (——) (1.18)
To

J¥F represents the weak pinning contribution at 0 K, and T is as-
sociated with the characteristic vortex pinning energy of weak defects,
commonly observed in point defects such as oxygen vacancies with di-
mensions smaller than the coherence length. While the influence of
weak pinning sites in YBCO films is prominent at low temperatures,
the applicability of this model extends to temperatures up to 60 K and
magnetic fields up to 6 T.
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In contrast, the theory developed for vortex pinning in strongly
correlated defects [58] predicts a slower J.(T') decay:

3T2
T3

JEIT signifies the strong pinning contribution at 0 K, and T§ is
the corresponding characteristic vortex pinning energy for strong pin-
ning defects. This model successfully describes vortex dynamics in
ion-irradiated cuprate superconductors [02] and the temperature de-
pendence of critical current density in high-7,. superconductors with
strong pinning sites at intermediate and high temperatures [93] [94].

throng(T) ~ Jsérexp

C

(1.19)

The contribution of 1D and 2D PCs aligns with this strong pin-
ning schema. While the anisotropic contribution can be fitted using
eqL.19|for anisotropic correlated defects governed by strong correlated
pinning, the isotropic contribution needs a combination of weak and
strong pinning contributions for an accurate fit. Consequently, J. can
be dissected into three distinct contributions (Jio—wk = Jiso=str and
Janiso=str) = allowing analysis at different fields and temperatures to
construct H —T pinning phase diagrams indicating the relative weight
of each contribution. Thus, their simultaneous contribution will be
responsible of their final pinning performance [84) 87, [89).

1.2.2 Oxygen doping

Oxygen doping in YBayCu3zO7_;5 is a common technique used to con-
trol and manipulate the superconducting properties of the material.
It is well known that the carrier density (hole doping) can be tuned
by the concentration of oxygen vacancies in the crystal lattice. The
oxygen doping in YBCO thin films is typically controlled during the
fabrication growth process by adjusting the oxygen partial pressure and
annealing conditions. Some techniques involve post-processing, where
the material is exposed to controlled oxygen atmospheres to achieve
the desired doping level. This process is crucial in order to achieve
good superconducting properties.

Cuprate superconductors, as strongly correlated materials, present
an extremely rich phase diagram with various forms of quantum or-
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1.2. YBCO cuprate HTS

dered phases, and collective fluctuations originated from the interplay
of charge, spin, orbital, and lattice degrees of freedom[95] (Fig[L.16]).
The superconducting state (red region) occurs at intermediate hole
doping and the critical temperature follows a dome-shape dependence
where a maximum 7, = 92K is obtained for the optimally doped com-

pound (p ~ 0.16) [96, O7].
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Figure 1.16: Schematic Temperature-doping phase diagram of cuprates from [98].

The region in the phase diagram with a doping less/higher than
that of the maximum T, is the underdoped/overdoped region. At very
low doping levels (p < 0.03) the material is antiferromagnetic insula-
tor. Transitions between different phases, with dramatically different
physical properties, may be induced through external perturbations
such as temperature, pressure [99], strain, electric field [T00HI02] or

light [T03, T04].

Specifically, room temperature field-induced metal-insulator transi-
tions (MITs) can be exploited to produce non-volatile reversible switch-
ing between different resistance states for memory and neuromorphic
applications [I05]. Various mechanisms are employed to produce field-
induced resistive Switching (RS) effects in diverse materials. Examples
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include manipulating the tunnelling current in a junction by altering
the polarization direction of a ferroelectric domain [106], or the electro-
chemical metallization mechanism (ECM), where mobile cations create
or dissolve a metallic filament as they traverse a solid electrolyte [107].
Among all of them, resistive switching devices, based on strongly cor-
related oxides, appear as very promising systems since large resistance
variations may be induced by small carrier concentration modulations
driven by an electric field, enabling the stabilization of non-volatile
multilevel analogical states [108].

Although the underlying mechanisms behind the RS phenomena
are complex and dependent on the specific materials involved, in oxide
systems, the switching behaviour is often associated with the move-
ment of oxygen vacancies [I09]. This movement can manifest as a
metallic filament embedded within an insulating matrix [109], modifi-
cation of a Schottky barrier at the contact interface [110], or due to
a oxygen vacancy modulation through the material volume [ITTHI15]
(see Fig{l.17). This last mechanism, allowing a volumetric RS effect,
may be of interest for the design of three-terminal synaptic devices or
multi-terminal memristors able to mimic complex neuromorphic func-
tionalities [115].
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Figure 1.17: Different switching mechanisms for complex oxides.

Beside the restive switching effects induced at room temperature,
field-induced hole doping in YBCO films may be used to modulate
the superconducting properties of the material. In general this can be
achieved by pure electrostatic carrier modulation or through oxygen
doping. Electrostatic carrier doping refers to the modification of the
carrier concentration in a material using an external electric field, typ-
ically through a ferroelectric polarization or by using a dielectric or
electrolyte gating [IT6H122].
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1.2. YBCO cuprate HTS

This electric field can induce a change in the charge carrier concen-
tration within the YBCO material without introducing any chemical
species, although ultra-thin superconducting layers and large electric
fields must be used to observe significant carrier modulation (Fig[L.18).
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Figure 1.18: Electrostatic control of T, in ultrathin YBCO films (7 unit-cells) [T19].

In the case of electrochemical doping, the carrier modulation is
achieved though field-induced oxygen migration which may proliferate
to extended regions (hundreds of microns) using moderate voltages (1
- 5 V) [61, 115]. In this way, the superconducting critical tempera-
ture can be reversibly manipulated in thicker YBCO films by driv-
ing the system from the superconductor to the insulating state [61]

(FigL10(a)).

An alternative and promising approach for precise tuning of the
oxygen doping, and thus the critical temperature, within a single struc-
ture is the electromigration process where diffusion of oxygen atoms is

obtained with an applied current [97, 123, 124] (Fig/1.19(b)).

27



1.2. YBCO cuprate HTS
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Figure 1.19: Modulation of T in 100nm YBCO films through (a) Electric-field
induced oxygen doping (b) Electric-current stimulated oxygen migration. Figure

adapted from [123] [125].
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Chapter 2

Experimental methodology

This chapter of the thesis will describe the experimental methodology
employed in the research work. Consequently, it will provide a detailed
explanation of the growth of the analyzed samples, the patterning using
micro -and nano-lithography processes, the procedure to use various
structural and physical characterization techniques, and ultimately, the
procedure for conducting electrical transport measurements.

2.1 YBCO Thin film growth

Throughout the entire study, our focus has been on YBCO thin films,
which we fabricate through two distinct processes. Samples described
in Chapter 3 were grown using Chemical Solution Deposition (CSD),
involving Ba-deficient solutions. Conversely, the samples detailed in
Chapters 4 and 5 were grown by using Pulsed Laser Deposition (PLD).

2.1.1 Swubstrates

To obtain the samples, the initial step involves acquiring the substrates.
Since we are working with YBCO as the material, it is essential to se-
lect a substrate with a closely matching structure for achieving proper
epitaxy. The predominant choice for growing the majority of samples
has been lanthanum aluminate LaAlO3 (LAO) as the substrate. This is
a ceramic oxide characterized by optical transparency and a distorted
perovskite structure. However, in some alternative samples, strontium
titanate SrTiO3 (STO) has been employed as the substrate having also
the perovskite structure.
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2.1. YBCO Thin film growth

Both LAO and STO were obtained from Crystec (Germany) and
the dimensions were 5 x 5 x 0.5 mm with orientation (001). Before the
material deposition they have to be cleaned with acetone and methanol
in order to eliminate some dust or possible adsorbents. Afterwards, a
thermal treatment is performed, consisting on putting the substrates in
an alumina ceramic crucible inside of a quartz tube placed in a furnace.
A constant Oy flux of 0.5 L/min, a heating ramp of 15 °C/min until
reaching 900 °C, 5 hours dwell time and a cooling ramp of 10 °C/min
until room temperature, were used.

2.1.2 Chemical Solution Deposition (CSD)

Chemical Solution Deposition is a multi-step deposition technique used
for the fabrication of thin films and coatings (particularly for complex
materials like ceramics and semiconductors) that is characterized by
its simplicity, scalability, versatility and low cost. The process involves
the deposition of precursor solutions onto a substrate, followed by con-
trolled thermal treatments to convert the precursors into the desired
film or coating. CSD is advantageous for producing thin films with a
high level of compositional control and uniformity. It is commonly used
in the fabrication of materials like superconductors [126], ferroelectrics
[127], and other advanced electronic and optical materials with great
success in the epitaxial thin film growth [128-130].

The synthesis of the solutions used in this work are made with
a deficiency in the Barium salt by changing the proportions of the
reagents to 1:1.5:3 for Y:Ba:Cu salts, respectively and using the low-
flourine TFA route. In this chapter we will describe how this type of
solutions are prepared and more details on the selection of particular
solution and growh conditions will be given in Chapter 3. It is also
worth noting that the solutions have been developed following the large
background already existing in the group on the subject [131]

2.1.2.1 Solution synthesis

The starting solutions are prepared by dissolving barium and cop-
per acetates, and yttrium trifluoroacetate (low-F) with the ratio of
Y/Ba/Cu equal to 1:1.5:3 (Ba-deficient) in a mixture of organic sol-
vents consisting of propionic acid (30 %) and methanol while heating
at 30 °C. The choice of short chain carboxylates, such as acetates and
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2.1. YBCO Thin film growth

trifluoroacetates, is due to their decomposition behavior, which has
been widely studied [132]. The choice of the solvent is based on pre-
vious studies performed on YBCO samples grown with TFA solutions
[131]. It is important to note, however, that having an alcohol and a
carboxylic acid in the reaction mixture favors the formation of water
by means of an esterification reaction, which may have a detrimental
effect on its superconducting performance [133].

Thus, the solvents are smoothly evaporated until constant weight
(approximately 2.5 hours) in a vacuum rotary evaporator at 131 mbar
and with a bath temperature of 70 °C to ensure a water content less
than 0.6 %. The gelatinous textures obtained are dissolved in small
amounts of methanol and homogenized by stirring for 24 h. After-
wards, the solutions are brought to the desired concentration (1.5 M)
with additional methanol and filtered through 0.22 pm filters to avoid
impurities and guarantee homogeneity in the final solutions.

2.1.2.2 Deposition

Considering the rheological characteristics of the precursor solutions,
including wettability, viscosity, and solvent evaporation rate, the cho-
sen deposition technique is spin coating. This method allows for the
efficient and rapid creation of uniform thin films. Minimizing water
content in the precursor solution is crucial for achieving highly epi-
taxial superconducting films. Consequently, depositions take place in
laboratories with controlled atmospheric conditions, ensuring that hu-
midity is consistently maintained below 10 %.

Both the spinner and the substrate undergo meticulous cleaning
with methanol to ensure the absence of dust or external impurities in
the deposition area, as their presence could result in the production
of low-quality films. Subsequently, the cleanliness of the substrate is
examined through an optical microscope, and if necessary, the sub-
strate is re-washed. Before commencing the deposition, a nitrogen
flow is introduced into the spinner cavity to establish a low-humidity
environment and the substrate is positioned at the center of the spin-
ner’s circular platform. Following this, 20 uL of the working solution
is drawn using a Hamilton syringe and dropped onto the substrate’s
center. The spinning process is initiated to achieve a uniform dis-
tribution of the solution on the substrate. Various parameters govern
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2.1. YBCO Thin film growth

this step, including angular acceleration (6000 rpm/s), angular velocity
(6000 rpm), and spinning duration time (2 min), which are optimized
for YBCO precursor solutions. Once the spinning concludes, the sub-
strate is placed over a crucible on a hot plate (Fig set at 70 °C
to aid solvent evaporation and achieving a monolayer. Minimizing sol-
vent presence ensures a homogeneous mixture over time by preventing
liquid movements.

é

A <«— [uselutionn —>
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Substrate Substrate Substrate

Crucible

—
Figure 2.1: Skecth of the spin coating process consisting on three steps: deposition,
spinning and evaporation. Grey piece represents the sample holder in the spinner.

2.1.2.3 Pyrolysis

The initial thermal treatment is referred to as pyrolysis, involving the
decomposition of all organic compounds within the sample to create
the necessary precursors for the growth stage. Pyrolysis occurs in a
tubular furnace under a humid oxygen atmosphere. The optimized
pyrolysis process comprises distinct stages programmed into the fur-
nace (Fig.. Initially, the sample is placed in the furnace, setting a
constant flow of 120 mL/min of Oq, and initiating the program.

The furnace undergoes two warm-up ramps. First, the system is
heated to 240 °C at a constant rate of 5 °C/min. Humidification of the
atmosphere occurs when the temperature surpasses 110 °C to prevent
copper salt sublimation. It is crucial not to initiate humidification
before 100 °C to avoid water vapor condensing on the sample, which
could lead to cracks and inhomogeneities. Subsequently, the furnace
is raised to 310 °C at 3 °C/min, maintaining this temperature for half
an hour. Finally, the furnace is cooled down to room temperature at
a rate of 15 °C/min.
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2.1. YBCO Thin film growth
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Figure 2.2: Pyrolysis treatment profile.

Throughout the heating ramps, the organic components of the sam-
ple undergo decomposition. Methanol and residual propionic acid, not
completely evaporated in the rotavapor due to their boiling tempera-
tures of 64.7 °C and 141.2 °C, respectively, are eliminated. Elevated
temperatures are attained to facilitate the decomposition of propi-
onates (/~ 300 °C). The deliberate use of slow heating ramps aims
to prevent the formation of any morphological or compositional irreg-
ularities in the film, which undergoes a substantial shrinkage process
during this calcination step.

During the dwell period, decomposition occurs through low-fluorine
mechanisms [I34]. The C-F bonds of the TFA are cleaved, generating
F anions or radicals that subsequently react with the Ba?" ions present
in the mixture: F~ + Ba?t™ — BaF,. Cu?" and Y?* ions instead are
recombined forming oxides and the general pyrolysis reaction would
be: Ba(Prop)s + Cu(Prop)s + Y(TFA); 22, CuO + BaFs + Y,03 +
volatile compounds. Then the calcination process generates a homo-
geneous nanocrystalline film formed by CuO, Y503 and BaFs,, which
are the precursors of the growth step.
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2.1. YBCO Thin film growth

2.1.2.4 Growth and oxygenation

The second thermal treatment is conducted in tubular furnaces and
is divided into two phases: the growth process and the oxygenation
process. During the growth process, the sample is subjected to high
temperatures (700 °C - 810 °C) in a humid mixture of nitrogen (an inert
gas) and oxygen atmosphere. The growth mechanism remains a topic
of debate [126]. One proposed mechanism suggests a reaction between
precursor oxides, followed by the intermediate formed reacting with
the remaining precursors (from the pyrolysis step) and water vapor
to create YBCO nuclei. Epitaxial YBCO nucleation at the substrate
interface (with the c-axis perpendicular to the substrate) is ensured.
Extended periods at the growth temperature are employed to promote
the sintering process, facilitating the formation of YBCO layers.

The growth treatment involves two distinct methods. The first
method is the Conventional Thermal Annealing (CTA), established as
the standard for synthesizing YBCO layers [I35]. This method is ex-
tensively optimized to consistently yield the desired compounds. The
second method is the Flash Heating (FH), a novel treatment currently
under investigation for YBCO layer synthesis through a very fast pro-
cedure [I36H138]. This method has been obtimized during this work.

Upon the formation of the YBCO phase, an oxygenation process is
initiated. The underlying concept of this procedure is to transform an
insulating structure, specifically tetragonal YBCO (YBayCuzO7_s with
0 ~ 1), into a superconductive one, with orthorhombic YBCO struc-
ture (YBagCu3O7_s with § ~ 0), as commented in the introduction.
This transformation occurs by placing the sample in a dry oxygen at-
mosphere, leading to the occupation of oxygen vacancies in the YBCO
structure.

The CTA method involves a carefully defined temperature profile
programmed into the furnace (Fig., starting from room tempera-
ture. Initially, the sample is introduced into the system, setting a flow
of 1.2 L/min of nitrogen and 0.24 mL/min of oxygen, and initiating
the program. The furnace is then heated to the growth temperature
range (730 °C - 810 °C) at a constant rate of 25 °C/min. A wet atmo-
sphere is established when the temperature exceeds 110 °C, necessary
for decomposing the BaF, precursor at higher temperatures. Control-
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2.1. YBCO Thin film growth

ling humidity conditions is crucial to prevent water vapor condensation
on the sample.

The program maintains the growth temperature for 180 minutes.
After 150 minutes of the dwell, water vapor is deactivated, and the
atmosphere returns to a dry state. With YBCO nuclei already formed
and grown, the sintering process commences. The system is then cooled
to 600 °C at a rate of 2.5 °C/min, marking the completion of the growth
phase and the initiation of oxygenation. A flow of 0.3 L/min of dry
oxygen is introduced. The furnace is brought to 450 °C at 1.3 °C/min,
maintaining this temperature for 210 minutes to optimize oxygenation.
Subsequently, the system is cooled to room temperature at a rate of
2.5 °C/min.

Growth and
sintering

180 min
150 min 30 min
)

Oxygenation

210 min
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Figure 2.3: Conventional Thermal Annealing method profile.

The FH method involves distinct stages programmed into the fur-
nace, commencing from the growth temperature. Initially, the furnace
is heated to the growth temperature range (700 °C - 750 °C), setting
a flow of 0.6 L/min of nitrogen and 0.12 mL/min of oxygen, and al-
lowing the system to equilibrate for half an hour. Subsequently, the
sample is introduced at the furnace entrance and remains there for 1
minute, a duration believed to be sufficient for the sample to reach a
temperature of approximately 110 °C.
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2.1. YBCO Thin film growth

After this period, a wet atmosphere is established, and the sam-
ple spends another minute at the furnace entrance. Following this,
the sample is placed inside the furnace. In FH, the nucleation and
growth of YBCO are significantly faster than in CTA due to the high
temperature gradient. At this stage, the temperature profile mirrors
that of the CTA method. Once the growth phase concludes, a flow
of 0.6 L/min of oxygen is introduced, marking the initiation of the
oxygenation process.

2.1.3 Pulsed Laser Deposition (PLD)

PLD technique is very suitable for growing oxides, and compared with
other techniques is particularly useful to obtain films with complex
stoichiometry and to grow epitaxial films and heterostructures. More-
over, PLD is highly versatile to optimize the deposition conditions of
new materials, and the films can be grown in relatively fast processes.

The application of the PLD technique for YBCO thin film growth
has undergone nearly three decades of study [139, [140], demonstrating
successful results in scaling the process for the production of kilomet-
ric second-generation HT'S-coated conductors [141], 142]. Additionally,
research has been conducted to enhance vortex pinning, offering po-
tential benefits for specific applications [65], 66, [89].

The pulsed beam of an ultraviolet laser (usually an excimer) is
focused on a ceramic target placed in a vacuum chamber. The com-
bination of pulsed irradiation, high photon energy, and high energy
density can cause the ablation (etching and emission of material un-
der conditions totally out of the equilibrium) of the material. The
plasma created expands fast along the perpendicular direction of the
target (see the sketch in Figl2.4h). A substrate is placed in front the
target, and inert or reactive gases are usually introduced during the
deposition process. The prepared substrate, previously arranged, is
positioned precisely in front of the ceramic YBCO target within a vac-
uum chamber, maintaining a distance of 52.5 mm. To ensure phase
stability, the substrate undergoes heating up to 800 °C in a partial
pressure of 0.3 mbar of oxygen. This ambient gas serves a dual pur-
pose by not only ensuring phase stability but also reducing the kinetic
energy of the plume particles, facilitating a proper deposition process.
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2.2. YBCO thin film characterization

A UV window allows the laser beam to enter the chamber, and a
lens focuses it onto the YBCO target, creating a spot area ranging from
1 to 2 mm?2. The laser’s energy is calibrated to achieve a fluence of 2
J/cm?. The laser operates at a frequency of 5 Hz, and the number of
pulses depends on the desired thickness. Based on a prior calibration, a
linear relationship of 26 pulses per nanometer is established, applicable
to thicknesses within the range of 10 to 250 nm.

Upon completion of the growth process, a cooling ramp is initiated,
bringing the temperature down from 800 °C to 600 °C at a rate of 15
°/min. This cooling is performed under a partial pressure of 400 mbar
of oxygen, promoting the incorporation of oxygen into the YBCO and
yielding well-oxygenated, optimally-doped samples. Subsequently, the
sample undergoes direct cooling from 600 °C to room temperature un-
der ambient pressure. Utilizing this method, we successfully generated
samples ranging from 10 nm to 250 nm, exhibiting favorable physical
properties. The growth of these samples was carried out by the skilled
technicians at the PLD facilities within the Thin Film Laboratory at

ICMAB (Fig24p).

Excimer laser

HV or UHV chamber Substrate

Window

Figure 2.4: a) PLD system in the Thin Film Laboratory at ICMAB and b) sketch
of the PLD setup. Both images extracted from Thin Film Laboratory web page.

2.2 YBCO thin film characterization

Following the growth of the YBCO films and prior to initiating the
microfabrication process for measuring electrical properties, the films
undergo a basic characterization to ascertain the composition, crys-
tal orientation, morphology, and superconducting properties, using
non-invasive techniques such as X-ray diffraction, dc-magnetometry
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2.2. YBCO thin film characterization

or Scanning Electron Microscopy (SEM). Once the samples are pat-
terned, bridge thicknesses are presently assessed using profilometry or
Atomic Force Microscopy (AFM) to ensure precision in calculating the
critical current density J..

2.2.1 X-ray diffraction

The XRD characterization technique is widely employed to identify the
crystalline structure and orientation of samples through the diffraction
of X-ray radiation. The X-ray wavelength falls within the same order of
magnitude as the interatomic distances present in the crystal structures
investigated, typically ranging between 0.1 and 100 A. The incident
radiation interacts with the electrons within the atoms of the structure,
leading to scattering. Constructive interference occurs when the optical
path difference between the reflected beams equals an integer multiple
of the wavelength, satisfying the Bragg condition [143]:

nA = 2dsinf (2.1)

where d is the distance between crystal planes, A the wavelength of
the incident light and n is the diffraction order.

The measurements on the samples studied in this thesis were per-
formed by technicians of the X-ray Diffraction Laboratory at ICMAB,
using a 2D-XRD Bruker D8 Advance General Area Detector Diffrac-
tion System (GADDS), diffractometer operating with CuK, (Figl2.5).
This unit is equipped with a centric Eulerian cradle and a VANTEC -
500 area detector, giving the capability to handle tasks such as phase
identification and quantification, textural and residual stress analy-
sis, determination of particle size, percent crystallinity, and structural
identification.

While performing those measurements, technicians used a 6 - 26
configuration (Fig.), an angle step of 0.02 ° from 10 ° to 80 ° and
a CuK, radiation tube with A = 1.54056 A. Measurements yield a 2D
pattern that represents x (scattering angle on the y-axis) in relation
to 26 (Fig.). Subsequently, using GADDS software, y is integrated
over a specified 26 interval (typically and in our case from 20 ° to 50
°), resulting in a graph depicting signal intensity as a function of 26

(Fig2.6p).
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Figure 2.5: a) Bruker D8 Advance (GADDS) and b) sketch illustrating the config-
uration of the XRD measurements adapted from [144].

The identification of YBCO phases is accomplished by comparing
them with their tabulated 20 values. Consequently, the crystalline
structure and orientation of the layers become apparent. In the 2D
pattern, monocrystalline (epitaxial) samples manifest spots, indicat-
ing that diffracted waves have discrete directions, whereas polycrys-
talline samples display rings, signifying diffracted waves with multiple
directions. In YBCO layers, the presence of a YBCO (103) peak is
indicative of poor growth and, consequently, a non-epitaxial sample.
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Figure 2.6: Polycrystalline sample analysis showing the a) x vs 26 diffraction pat-
terns and b) intensity vs 26 diffraction graph.

For samples grown by PLD, their composition is contingent upon
both the target composition and the growth conditions. Given the
standardized nature of the growth process and the consistent use of
the same target, there is no necessity to verify the composition of
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2.2. YBCO thin film characterization

each individual sample, as the expected results have consistently been
achieved. Conversely, for samples grown by CSD, their composition is
influenced by the solution’s stoichiometry, so a X-ray diffraction mea-
surement was conducted each time the solution underwent a change.

2.2.2 SQUID dc-magnetometry

To characterize the supercondcuting performance of YBCO films be-
fore patterning, magnetic measurements were performed by technicians
of The Low Temperature and Magnetometry Service in ICMAB. Two
magnetometers were used: Quantum Design MPMS-XL and Quantum
Design MPMS-3 (Fig. The first one is a magnetometer based on
a SQUID detector that can determine extremely low magnetization
signals present in the material under study. This magnetization can
be evaluated under several conditions of external magnetic field and
temperature.

Figure 2.7: SQUIDs in the Low Temperature and Magnetometry Laboratory at
ICMAB: a) Quantum Design MPMS-3 and b) Quantum Design MPMS-XL.

The second one offers an enhanced performance of temperature sta-
bilization, magnetic field stability when compared to those exhibited
by the MPMS-XL system. This fact reduces the measurement noise,
allowing cleaner measurements for those samples with extremely low
magnetic moment. In both magnetometers, the core system consists
of a superconducting longitudinal solenoid able to generate magnetic
fields up to 7 T. The system is also able to precisely control the tem-
perature at the sample space at any value from 2 K to 400 K with a
stability condition of less than 0.1% of oscillation.
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2.2. YBCO thin film characterization

Inductive magnetic measurements are conducted using the men-
tioned SQUIDs, allowing for the examination of the electromagnetic
response of YBCO superconducting films. The sample is positioned
with the c-axis aligned parallel to the applied magnetic field, and the
operational temperature range is limited to the region where supercon-
ductivity occurs (< 93 K). Two types of measurements are executed.

In the first measurement called Zero Field Cooling (ZFC), a low and
constant magnetic field (0.2 mT) is applied to the sample at 5 K after
cooling from room temperature with no applied magnetic field, gener-
ating a specific magnetic moment (m). This moment arises from the in-
duced shielding magnetic field produced by the superconductor, which
opposes the external magnetic field. Subsequently, the temperature
is gradually increased, and the values of m(T) are recorded. Fig[2.§
shows an example of the acquired data, represented as —m/|mg|, where
my is the value of m at 5K.
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Figure 2.8: Magnetization measurements: —m/|mg| as a function of temperature
obtained for a representative YBCO film used to determine T, and AT.,.

The transition from the Meissner state to the normal state is ob-
served, and subsequently, the on-set critical temperature (7,) is deter-
mined, using a criterion of —m/|mg| = - 0.1. The experimental value
obtained for the sample shown in the figure is T, = 89.15 K. Addition-
ally, the sample’s homogeneity is assessed using the AT, parameter,
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2.2. YBCO thin film characterization

defined as the difference between —m/|mg| = - 0.1 and —m/|my| =
-0.9. A small AT, value indicates a uniform sample with a sharp tran-
sition and a well-defined T.. High-quality samples typically exhibit
AT, values below 3 K.

The second measurement (Field Cooling, FC) involves applying a
high magnetic field (3 T) to the sample at hight temperature and then
cool down to 5 K to introduce vortices into the material. These trapped
vortices generate magnetization, dependent on the applied field, result-
ing in the formation of a hysteresis loop. Subsequently, the magnetic
field is gradually removed in multiple steps. The values of m(H) are
then used to calculate J.(H) using Bean’s critical state model [21]
through equation [1.14] Fig2.9p illustrates the critical current density
as a function of the applied field, obtained for a standard YBCO film.
In a similar way, one can determine the critical current density as a
function of the temperature (Fig.), by gradually increasing the
temperature at the remanent state.

For the samples grown by PLD, analyzed in chapters 4 and 5, J.
was calculated using the formula of a disk with a diameter equal to
the sample size with eq[2.2]

J(H) = 3Ag/;(H) _ 6|MC§H)| _ 6|n;(VH)| _ 6|n;§f)| 02)

where t is the sample thickness, a = 2R the side length, and con-
sidering AM (H) = 2|M(H)| = 2|m(H)|/V.

For the samples grown by CSD (Chapter 3), we used a correction to
compensate that the precursor solution is not uniformly distributed in
the corners as it is in the center of the sample. This correction has been
previously optimized in the group to match the inductive critical cur-
rent density with the one obtained through transport measurements.
In this case we used the following equation using a corrected radius

(R) of 2.57 mm.

_ BAM(H) _ 3IM(H)| _ 3jm(H)| _ 3m(H)|

J(H =
(H) 2R R VR mR3t

(2.3)
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Figure 2.9: Critical current density as a function of the a) magnetic field at 5K,
b) temperature. Both graphs extracted from Fieed Cooling measurements in a 200
nm CSD YBCO film.

2.2.3 Profilometer

With the intention of properly calculating the critical current density,
it is important to know the thickness of our samples. To do so, we
used a Profilometer measuring a track in lithographed samples.

We used a Profilometer P16+ from KLA Tencor, located in the
cleanroom facilities in ICMAB (Fig2.10k). The P-16+ stylus profiler
is a surface metrology analysis solution that provides excellent vertical
resolution, precision, and reliability measurements. This surface anal-
ysis solution delivers automated step height analysis, surface contour,
waviness and roughness measurements with detailed 2D or 3D analysis
of topography for a variety of surfaces and materials.

The machine is equipped with a diamond tip that remains in con-
tact with the sample throughout the entire scan. Despite the expecta-
tion that this force should not impact the bridges of our devices, pro-
filometry scans were performed after completing all the necessary ex-
periments as a precautionary measure against potential damage. Typ-
ically, multiple scans at various points along the same bridge were
conducted to enhance statistical reliability. The scanning procedure is
designed such that the tip initiates the scan in an etched part, moves
perpendicularly to the bridge, traverses it, and then descends to the
etched part on the opposite side of the bridge (Figl2.10p).
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Figure 2.10: a) Profilometer P16+ from KLA Tencor located in the ICMAB clean-
room and b) surface profile of a 250 nm thick and 20 pym wide YBCO bridge.

2.2.4 Atomic Force Microscopy

Atomic Force Microscope (AFM) was used as another tool for mea-
suring the thickness of our samples, particularly for smaller geometries
due to its superior precision. Additionally, the AFM provided insights
into defects and roughness without causing any damage to the sample,
given its non-invasive nature. To ensure statistical accuracy, multi-
ple measurements were conducted in the same area (or bridge), and
other regions were examined to validate the consistency of values. In
Figl2.11], the AFM used is depicted along with an example of a 2D scan
image obtained for a sample patterned with small triangles, including
the profile of the sample along the pattern structures used to obtain
the sample thickness.

Moreover, samples studied in Chapter 5 were analyzed with Con-
ductive Atomic Force Microscopy (CAFM), located in Polifab, Po-
litecnico di Milano. It functions similarly to a standard AFM but also
captures the current passing through the tip-sample interface when a
voltage is applied between the tip and the sample holder while in con-
tact with the surface [I45]. Contrary to a typical AFM setup, CAFM
requires a conductive tip, as well as a voltage source and preamplifier
to convert the analog current signal into digital voltages readable by a
computer.
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Figure 2.11: a) Atomic Force Microscope used in ICMAB and b) scanned image of
a sample with triangle holes in the AFM with their thickness profile.

2.2.5 Scanning Electron Microscopy

For structural sample inspection we used a Scanning Electron Micro-
scope (SEM), QUANTA FEI 200 FEG-ESEM, allowing to determine
the sample morphology (Fig2.12h). The microscope is equipped with
a field emission gun (FEG) for optimal spatial resolution.

The instrument can be used in high vacuum mode (HV), low-
vacuum mode (LV) (water vapour injection), and environmental SEM
mode (ESEM). Moreover, the microscope is equipped with an Energy
Dispersive X-ray system (EDX) for chemical analysis. Image contrast
proportional to the atomic number is also available using an electron
back-scattered detector.

The conventional Scanning Electron Microscope (SEM) stands out
as one of the most valuable electron optical systems for surface imaging.
In the samples studied in Chapter 3 (with CSD), the SEM character-
ization technique is routinely employed to assess the morphology, in-
cluding porosity and crystallinity, of the surface of YBCO films grown
under different conditions. A series of images at various magnifications
(from 500% to 60000x) were acquired.
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2.2. YBCO thin film characterization

Figure 2.12: a) Scanning Electron Microscope used at ICMAB b) SEM image of a
typical YBCO sample.

2.2.6 Scanning Transmission Electron Microscopy

In some specific cases, Transmission Electron Microscopy (TEM) was
used to analyze the cross section of the films. In particular, we used
this technique to characterize some of the samples described in Chap-
ter 3, through a collaboration with Alexander Meledin (Julich, Ger-
many). In this case, High-angle annular dark-field (HAADF) images
were obtained with a FEI Titan ChemiSTEM probe Cs-corrected TEM
operated at 200 kV [146].

For samples described in chapter 4, aberration-corrected STEM
images were adquired using a JEOL JEM ARM200cF operated at 200
kV, equipped with a CEOS aberration corrector and GIF Quantum ER
spectrometer, located at Universidad Complutense de Madrid, Spain,
in collaboration with Jaume Gazquez and Mariona Cabero.

The STEM images were acquired in high angle annular dark field
imaging mode, also referred to as Z-contrast because the brightness
associated to each atomic column roughly scales with the square of
the atomic number Z [147]. The STEM specimens were prepared us-
ing a FEI Helios nanolab 650, at SEM FIB microscopy service of the
Universidad de Mélaga, Spain.
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2.3 Micro & Nano-fabrication

YBCO thin films grown by CSD or PLD were patterned in form of
different structures which where used to study their superconducting
performance. This section will outline these processes in a step-by-step
manner. While not all samples follow identical preparation methods,
we will provide a general description and specify any differing charac-
teristics. Photo-lithography is the most used technique, although for
certain cases, electron beam lithography and thermal scanning probe
lithography were also employed.

2.3.1 Photolithography

As it was mentioned, after the growth of YBCO and its subsequent
morphological and magnetic characterization, the samples were pat-
terned using optical lithography process. The method involves copying
a pre-established design from a photo-mask onto a light-reactive sub-
stance known as a photoresist on the base material. When exposed to
illumination, the photoresist undergoes a chemical modification, per-
mitting the selective elimination or preservation of material during
subsequent processing phases.

So, in general the process starts when a thin layer of photoresist is
applied by spin coating (1 in Figl2.13)) to the substrate. After that
the photo-mask, containing the desired pattern, is placed over the
photoresist-coated substrate (exposure). Ultraviolet light is then shone
through the mask, exposing the photoresist in specific areas (2). The
exposed photoresist is treated with a developer solution (3), causing
it to either dissolve (positive photoresist) or remain (negative photore-
sist) in the exposed regions. Finally you can either deposit some new
material (4a and 5a) or etch the material by (4b and 5b) that you have
in the areas that are not covered by photoresist using a lift-off process.

The main idea is to conduct transport measurements, so the struc-
tures typically take the form of bridges with a width of 10 - 100 pum
and a length of 10 - 500 pum depending on the sample and the specific
measurements to be performed. On either side of the bridge, a pair of
electrodes is placed to measure the resistance (R =V / I) or obtain
the IV curves (to obtain J.) in a 4 point configuration.
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Therefore, as seen in the scheme in Fig2.14) an electric current
is passed between the two furthest electrodes (I and /), and the

voltage is measured between the two closer ones on the bridge (V'
and V7).

Sample

SEiED cleaning

Photoresist
deposition

uv
exposure

4a lllllllll“ 3 Sadssbeiie gy
Metal “ - Photoresist N l l l l l l Etching

deposition development
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Figure 2.13: Sketch considering all the steps for a device fabrication through pho-
tolithography, also with the metal deposition and the etching processes.

Figure 2.14: Scheme of the 4-point bridge configuration used in the transport
measurements. Magnetic field is rotated in a plane perpendicular to the current to
be in a maximum Lorentz Force configuration.

Initially, we design the pattern or layout that is intented to transfer
to the film. For that we used a specialized software called CleWin) to
create a photomask with the desired pattern. This involves adapting
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2.3. Micro & Nano-fabrication

it to the area of our samples and the dimensions of the devices we
wish to study, with micrometric precision. Thanks to this software a
cif document is created that can be imported to a Microwriter which
illuminate the desired regions with ultraviolet light. Fig[2.15]shows an
example of a cif archive created using this software, where different
layers are drawn, which can be illuminated in different conditions on
the sample.

[] substrate YBCO B Metallic electrodes

—

700 pm

Figure 2.15: Example of lithography pattern or layout designed with CleWin5
where different layers are created to pattern YBCO tracks and metallic electrodes.

Once the mask has been designed it is time to go to the Clean
Room. The sample undergoes a meticulous cleaning process with ace-
tone, ethanol and isopropanol and drying it with nitrogen spray gun
to eliminate any contaminants, as a cleaner surface enhances the de-
velopment of the resist. Following this, a SHIPLEY 1813, positive
photoresist, is applied using the spin coating technique, with a drop-
per and the sample positioned within a spinner. This step takes 25
seconds, operating at an angular speed of 5000 rpm, obtaining a uni-
form photoresist thickness of 1 mm. After that the sample goes on a
hot plate for a soft-bake at 90 °C during 1 min to remove the solvents.
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The next step is to put the sample into the lithography system, in
this case, the Micro-Writer ML3 from Durham Magneto Optics Ltd
(Fig. It is a last-generation miro-writing device which incorpo-
rates high-performance laser-assisted (385 nm) technology. The sys-
tem enables a direct-writing lithography by computer-controlled optics
to project the exposure pattern (done by CleWin5) directly onto the
photoresist. Marking three corners of the sample, the software can
align it and a focus of the writing laser is performed at the center.
Subsequently, the designated pattern for transfer is uploaded, and the
remaining parameters are adjusted based on the pattern’s character-
istics. Also before the illumination some focus can be done at certain
indicated spots and a local alignment can be used to correct little mis-
alignment’s and to optimize the process.

Figure 2.16: Micro-Writer ML3 from Durham Magneto Optics Ltd available at
ICMAB clean room.

After the UV light illumination the development takes place. The
sample is introduced in a beaker full of a liquid developer, made of
tetramethyl ammonium C,HoNT diluted in water (2 %), for 1 minute.
Afterwards the sample is introduced in distilled water around 30 sec-
onds with the aim to stop the reaction. Once the sample is dried then
is checked with the optical microscope (with UV filter light) to see
if the photoresist is correctly removed in the wanted areas and if the
pattern is correct. If not, then acetone is used to remove the remaining
photoresist and we have to start again by cleaning the sample.
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After the photolithography process there are two options depending
on the purpose: metal deposition and lift-off or etching of the material.
If the goal is to achieve some metallic electrodes, then DC sputtering
system will be employed for the metal deposition (Fig. The tar-
gets used typically are gold (Au) and silver (Ag), one or another will
be used depending on the fabricated devices (this will be specified in
each chapter). The sample is affixed to the holder, and the chamber
undergo evacuation to achieve the necessary vacuum level (10¢ mbar)
and plasma conditions.

Figure 2.17: Ton Milling/Sputtering/E-Beam from TSST. The system was specially
designed to combine the three techniques in the same equipment.

In the sputtering chamber, a metal target is subjected to bombard-
ment by accelerated ions of an inert gas (Ar). The metal atoms are
expelled onto the sample, positioned at a specific fixed distance in front
of the target and during certain amount of time, with the rate already
known and calibrated. The deposited metal makes contact with the
surface of the YBCO only in the regions where the photoresist has been
exposed to UV light and subsequently developed. Once the metal cov-
ered the whole sample surface, lift-off process was performed, where
the photoresist and the metal on top of it will be gone, and the desired
electrodes will stay on the YBCO. To do so, the sample was introduced
in a beaker with acetone and submitted to an ultrasonic bath.
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2.3. Micro & Nano-fabrication

It is important to mention that before the metallic deposition, sam-
ples were introduced in a Plasma Cleaner Zepto M2 from Diener Elec-
tronics in order to remove any possible photo-resit insuring a proper
cleaning of the surface. It consists on a low-pressure plasma technology,
where the gas is excited by energy supplied in vacuum. This results in
energetic ions and electrons, as well as other reactive particles, which
constitute the plasma (in our case 1:1 mL of Oy:Ar, during 5 minutes).
After that, and before the metallic deposition, the sample was placed
into the ion-milling chamber for some seconds (10 - 20) in order remove
few nanometers of the surface material. This cleaning processes will
help to obtain better quality surfaces in the areas of metallic electrodes
and therefore improve the contact resitance.

In the case of the etching of the material, chemical or the physical
processes may be used. Physical etching is used in the ion miller lo-
cated in the same chamber as the sputtering. Under specific vacuum
conditions with the presence of an inert gas, Argon in our case, Ar
ions are generated from an ion gun and directed towards the sample,
thereby removing the material from the surface. Parameters such as
pressure, ion flow, and accelerating voltage have been optimized to
achieve a specific etching rate for different species. Argon milling was
very useful in the case of having small features to be etched or in order
to remove some parts of thin insulating material in intermediate pho-
tolithography processes performed in some samples (more details are
given in Chapter 4).

While the Ar ions may affect the photoresist, its etching rate is con-
siderably slower than that of YBCO or the other materials, providing
protection to the layer. However, collisions of Ar ions during milling
can generate heat, raising the sample’s temperature to levels that may
deoxygenate or damage the material. To mitigate this, short runs with
breaks of several minutes were implemented to dissipate the heat and
a drop of silver paint was used to adhere the sample to the holder, also
aiding in heat dissipation.

In the case of the chemical etching, the sample is immersed in di-
luted orthophosphoric acid (H3POy) for a specific duration, depending
on the concentration of the solution and the desired etch thickness.
Typically the concentration was 1:100 for H3PO4:H50O and time range
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from 5 seconds in thinner samples (10 - 50 nm) to 15 - 20 seconds for
thicker samples (200nm). As this is a highly isotropic method, it is
not suitable for very small patterns. However, it proves to be highly
effective when defining features larger than 5 um, offering simplicity,
speed, and cost-effectiveness. To stop the etching process, the sample
is then introduced into a beaker with distilled water for a few seconds.
The material (YBCO) protected under the photoresist and the resist
itself were not affected by the acid solution. Despite the sample being
small, when performing the etching it is very visual to see the change
of color from YBCO to substrate. However, optical microscopy was
used to confirm that all the material was etched away.

2.3.2 Electron Beam Lithography

In general, all the patterns required to perform transport measure-
ments were don using optical lithography. However, in some of the
samples studied in Chapter 4, where patterns of few microns or even
smaller were needed, a higher-resolution technique was necessary. This
is where electron beam lithography comes to play. The steps in e-beam
lithography are similar to photolithography, namely: mask design us-
ing software, preliminary cleaning of the sample, resin deposition, sam-
ple illumination, development process, subsequent metal deposition
and lift-off or etching of the material, and finally, the removal of the
resin and any potential metallic residues. Nevertheless, there are sev-
eral significant differences in each mentioned step.

Firstly, in the mask design, CleWinb can be used, but it is better
to use the program asociated to the SEM software which works better
and save files in gds format. Cleaning the sample can indeed be done in
the same way by applying acetone, ethanol, and isopropanol. The resin
used is different (PMMA), and therefore, the deposition conditions are
also different. PMMA (poly methyl methacrylate), a positive e-beam
resist consisting of long polymer chains of carbon atoms which comes in
various molecular weights, is applied using the spin coating technique,
with a dropper and the sample positioned within a spinner. This step
takes 1 minute, operating at an angular speed of 3600 rpm. After that
the sample goes on a hot plate for a bake at 180 °C during 1 min in
order to remove the solvents.
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Then the sample is placed into the SEM and an electron beam is
directed onto the coated sample. This beam is controlled with precision
using magnetic lenses and deflection systems. The focused electron
beam scans across the surface of the sample according to the pattern
in the mask. In this case, alignment and focus of the the sample cannot
be done in the exposure areas and neither the free movement around
the sample because the beam would expose unwanted regions.

So that, a shutter is used when the beam needs to be moved on
top of the sample. The problem is that one could be blind and do
not find the proper region where the pattern needs to be performed.
This can be solved by doing certain marks with photolithography with
well known position which can be used as a reference (red crosses in
Fig[2.18). In the case of photolithography, this process is much more
simple since one can directly image the sample with yellow light.

1.4

Figure 2.18: Example of a mask design with CleWin5 where the red crosses close
to the devices represent the marks used for the e-beam lithography alignment.

24

54



2.3. Micro & Nano-fabrication

So the steps can be the following: go to one mark, give its coor-
dinates, close the shutter, move to the next mark, open the shutter,
mark it and so on. Once the sample is already focused and aligned
then the electron beam can be exposed above the designed patterns
(bridges). After the resist exposure the development takes place. The
sample is introduced in a beaker full of a liquid developer, in this case
a mixture of MIBK (methyl isobutyl ketone) : TPA (isopropanol) with
concentration 1:3 respectively, for 1 minute. Afterwards the sample
is introduced in isopropanol for around 30 seconds to stop the reac-
tion. Once the sample is dried, optical microscopy was used to check
if the photoresist was correctly removed in the desired areas, and if
the pattern was good. If not, acetone was used in order to remove the
remaining photoresist and the sample had to be cleaned again.

2.3.3 Thermal Scanning Probe Lithography

As it will be seen in Chapter 5, a Direct Laser Writing is used to
modulate the oxygen in YBCO samples through temperature. This
was possible thanks to the NanoFrazor Explore located in Polifab, a
micro and nanofabrication facility of Politecnico di Milano, that I could
use, with the help of Dr. Edoardo Albisetti and their students.

The NanoFrazor Explore (Fig[2.19) is a nanofabrication tool that
relies on Thermal Scanning Probe Lithography (t-SPL) [148, [149].
With an ultra-sharp heatable probe tip capable of both writing and
imaging, it facilitates the creation of intricate, high-resolution nanos-
tructures efficiently. Additionally, it features a laser writer module (A
= 405 nm CW fiber laser) to expedite coarser patterning, enabling the
rapid generation of both nano- and microfeatures on the same resist in
a single fabrication step through a unified software platform.

The heated probe tip creates high-resolution nanostructures by lo-
cal sublimation of thermally sensitive resists (mainly Polyphthalamide,
PPA), so no wet development is required as the resist is removed di-
rectly. Laser writing enables fast direct resist sublimation for large-area
patterning (contact wires and pads). Thermal probe writing enables
high precision and high resolution for the critical parts of the nanode-
vice [I50]. However, in our samples, we have not deposited any resist
and the laser beam is closely in contact with YBCO films.
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Figure 2.19: NanoFrazor Explore that allows direct laser writing and thermal scan-
ning probe microscopy, located in Polifab. Politecnico di Milano.

YBCO samples are introduced in the NanoFrazor in vacuum or
N, conditions and for optimization of the process, some calibrations
were done. After that instructions are given in the software to apply
specific parameters such as power, size, time (numbers will be given in
Chapter 5). The temperature of the tip can rise up to 1200 °C and the
temperature of the laser close to the film, up to 800 °C.

2.4 Electrical transport measurements

In this section we will described the techniques used for electrical trans-
port measurements once the YBCO films were characterized and pat-
terned. So we will give details about how we connect the samples to the
sample holder, how we measure them, and the techniques, hardware
and software we used.
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2.4.1 Wire bonding

When connecting the samples to a puck (sample holder) for subsequent
transfer to the laboratory for measurements, two connection methods
have been employed. In the case of the samples from Chapter 3, Al
wires with 0.05 mm in diameter were manually connected, placing a
drop of silver paint at each end of the wire (one drop on the metallic
electrode and the other on top of the puck contacts). Care must be
taken to ensure that the silver drop only reaches the electrode and does
not spread to other areas of the sample, as it can create a short circuit.

For the other samples used in Chaper 4 and 5 the wire-bonding
technique with the Ultrasonic Wire Bonder 4526 from Kuliche & Soffa
(Fig[2.20) was used to establish connections between the electrodes
and the designated sample holder. This technique involves a needle
with an aluminum wire of tenths of microns in diameter being pressed
against the electrode and attached through ultrasound vibrations and
pressure.

The bonded wire on the sample was extended to the desired pad
on the puck and connected there using the same procedure. One can
change parameters of the bonding such as force, time and power de-
pending of the electrodes and the sample, because the attaching would
be different.

Figure 2.20: Ultrasonic Wire Bonder 4526 from Kuliche & Soffa.
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Fig[2.21]illustrates three different type of pucks equipped with var-
ious contacts that can be linked to the experimental setup (PPMS
or external voltage/current sources) using BNC connectors standard
wires. To facilitate the easy reconfiguration of the puck’s pins for mea-
surements in different regions and configurations, a switch box (fabri-
cated by previous PhD students) that interconnects between the puck
and the electronics of the PPMS or the external source-measure units
(SMUs) was used.

Figure 2.21: YBCO samples mounted and contacted on top of, from left to right,
a round ACT puck, a round resistivity puck and a rotating puck.

2.4.2 Physical Property Measurement System

Once the sample was bonded on the puck, it was mounted into the
Quantum Design Physical Property Measurement System (PPMS) in
order to perform the electrical transport measurements. The heart of
this system enables the generation of magnetic fields up to 9 T and
provides control over the sample space temperature within the range
of 1.8 K to 400 K, maintaining a stability condition of less than 0.1%
oscillation. While the system offers various measurement options, only
two: Resistivity and AC Transport were utilized.

For the resistivity option, the PPMS system is integrated with
a current source and a multiplexed voltmeter across three channels.
This configuration allows the determination of the resistance of three
samples quasi-simultaneously, employing a four-point measurement ap-
proach. Automatic and cyclical switching between samples occurs mul-
tiple times per second, facilitating the determination of the resistivity
and Hall effect of the material under investigation.
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2.4. Electrical transport measurements

In AC Transport, a waveform generator is employed to generate
driving signals utilized by the current source for producing alternating
currents. The bundled voltmeter gauges the voltage, and the acquired
signal undergoes processing through lock-in-based software. The hard-
ware is multiplexed to two channels, enabling the simultaneous mea-
surement of two samples during a single session. The associated soft-
ware is configured for measuring sample resistivity, I/V characteristics,
Hall effect and superconducting critical current.

Figure 2.22: Quantum Design Physical property measurement system (PPMS), in
this case together with the switch box and Keithley 2450.

Depending on the sample and type of measurement resistivity or
AC Transport were chosen. For instance, for Hall measurements in
uniform YBCO films (not patterned) the resistivity option is better.
On the contrary, with the aim to get I/V curves and extract the critical
current density the AC Transport option was used. But if the goal is to
measure the resistivity (resistance) or Hall effect in patterned YBCO
devices both options can be employed. The software utilized for the
PPMS measurements was provided by the manufacturer and fulfills all
our requirements. Thanks to this software various sequences given spe-
cific orders of scans in temperature, magnetic field or orientation with
determined parameters, can be created, facilitating the automation of
the procedure.
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2.4.2.1 7T, and J, measurements

The measurement of resistance as a function of temperature is con-
ducted to identify the transition from normal to superconducting states
under various applied magnetic fields. The rates of temperature varia-
tion and the acquisition of values are adjusted based on the resistance
gradient across different temperature ranges. For instance, from 300 K
to 95 K is scanned at the highest speed, using a ramp of 20 K/min and
measuring the resistance every 5 K. Near the critical temperature (7%),
the temperature ramp was decreased to 1 K/min to ensure temperature
stabilization, with resistance measurements taken at intervals of 0.2 K.
This ensures consistency in measurements whether the temperature is
increasing or decreasing.

As commented previously, the resistance values are obtained divid-
ing the measured voltage V' by the applied current /. In most of the
cases an AC current of 0.01 mA and frequency 33 Hz was applied.
Sometimes higher current was required when the signal was too low,
always with a compliance current of 0.1 A. In Fig[2.23] it is represented
the resistance of a YBCO device as a function of the temperature. The
criterion to achieve the critical temperature, T, is at the temperature
when the normalized value R / R(300K) = 1073, as marked in the

graph.
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Figure 2.23: Normalized resistance dependence on the temperature in a) linear
scale, b) log scale and showing the criterion for obtaining 7.

In the I/V curves, the measurement of voltage drop as a function

of applied current is conducted to ascertain the critical current den-
sity of our samples. The electrical current is incrementally raised from
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0 to a certain I,,,, in 256 steps. It is very important to do a pre-
vious calibration avoiding more heat, starting with low current and
then increasing it until the typical behavior of the IV characteristics is

obtained (Fig)2.24)).
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Figure 2.24: FE(J) curve of a YBCO thin film at 77 K and self field showing a
2. Inset shows the log-log representation of

critical current density of 4.7 MA /cm
the E(J) curve at 77 K and 0 T.

Ideally, as it was explained in the introduction chapter, the critical
current (I.) is defined as the maximum current that the supercon-
ductor can sustain without dissipation, but in experimental scenar-
ios, voltage drops at the nanometric scale are always measured due
to offset-measurement devices. Therefore, a criterion must be applied
to determine I.. Considering that the electric field is given by F =
V/l, and [ is the distance between voltage connections, a criterion of

10 ©V/cm was employed.

2.4.2.2 Hall measurements

The Hall effect is observed when an out-of-plane magnetic field is ap-

plied to a wire carrying charges (Fig{2.25, Due to the Lorentz force
law, which states that the magnetic force exerted on the charges is
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perpendicular to both the magnetic field and their velocity (therefore
also the electric current I), the charges are displaced to one side of the
conductor, resulting in the generation of a transverse voltage or Hall
voltage (V).

Figure 2.25: Sketch of the Hall effect with the characteristic parameters involved.

The experimental measurement of the Hall voltage allows the de-
duction of the velocity of charge carriers and their concentration. This
is because, once a stationary situation is reached, the electric force
acting on each charge balances with the magnetic force. It follows that
the Hall voltage is directly proportional to the electric current and the
magnetic field, and inversely proportional to the number of carriers
per unit volume (ng). Considering that ¢ is the thickness and ¢ is the
charge of the carriers:

IB IB
Vg = — = Ry— 2.4
= ngqt Ht ( )

Then we can define the Hall coefficient as Ry = 1/gny, so if this
last parameter is obtained by specific measurements, the carrier con-
centration can be extracted with:

1
ng = —— 25
a qRH ( )
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Hall measurements are performed in the PPMS at room temper-
ature applying a magnetic field ramp from -9 T to +9 T (sometimes
from -5 T to +5 T) along the c-axis (perpendicular to the sample) and
obtaining the resistance values using two different configurations de-
pending on the samples. For uniform samples that were not patterned,
a Van der Pauw configuration [I51] is used, so four wires are bonded
with silver paint in the four corners (example depicted in Fig{2.26a).

Then at a given magnetic field, a current is applied between two
contacts diagonally (/s4) and in the other two the voltage is measured
(Vis) (see left scheme in Fig[2.26h) and therefore the resistance can
be calculated (Ry324 = Vig / Io4). Afterwards, the same measurement
is performed but changing the configuration of the contacts (see right
scheme in Fig) and therefore Roy13 = Vas / I13. The total resis-
tance contribution can be obtained averaging the two different contact
configurations along the full field range (R = (Ri324 + Ro413) / 2)).
That way, offset contributions resulting, for instance, from contact
misalignment and sample inhomogeneities can be averaged out.

a |1 2 1 2

/ V- v2-
/4\,1 ’/

Figure 2.26: Scheme of the contacts configuration in order to calculate ng: a) Van
der Pauw for not patterned samples and b) 4-point configuration for patterned
samples.
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A linear behaviour is obtained and the slope value, that repre-
sents the Hall coefficient Ry [96] divided the thickness ¢ of the sample
(eq2.6), can be extracted. Once the Hall coefficient is obtained it fol-
lows the calculation of the ny value with the charge of the carriers ¢
thanks to the eq[2.5]

R = %B (2.6)
In the case of samples patterned with Hall voltages in a 4-point
configuration, a current between the larger and more distant contacts
(always from + to -) was applied and the voltage between the smaller
contacts was measured. In this way, two channels were obtained and
therefore the number of carriers at two different points on the bridge
(Fig) can be evaluated. In this case, the slope of the total resis-
tance can be directly obtained.

2.4.3 Source Measure Unit (SMU)

In Chapter 4, we use a contact gate to study field-induced oxygen
motion effects. In this case, resistive switching (RS) loops were in-
duced by using an external Keithley 2450 SourceMeasure Unit (SMU)
implemented at the PPMS (Fig[2.27). The external source was used
to apply votage through the gate while the PPMS cryostat was used
to measure the sample resistance under controlled magnetic field and
temperature.

USBTMC defbuffert ——— No Seript
MEASURE VOLTAGE 2-WIRE

= §-038861V - !

&

Figure 2.27: Keithley 2450 SourceMeasure Unit (SMU) implemented to the PPMS
to obtain resistive switching loops.
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2.4. Electrical transport measurements

Voltage sweeps (Fig. consisted of 100 total points, progressing
from 0 V to the desired voltage (positive or negative) and then back
to 0 V, with a compliance current of 0.1 A. The duration of the sweeps
depends on the NPLC (number of power line cycles) parameter of
the SMU, determining the integration time for power line-induced AC
noise at each applied voltage. While reducing the NPLC increases the
measurement, speed, it comes at the cost of accuracy. After testing
different values, we found high accuracy with voltage sweeps of 100
total points, total time length of 11 seconds and time per pulse of 0.11
seconds. This time could slightly increase when applying high voltages
(above 10 V).

105: T T T T T T

10* |
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10° |
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Figure 2.28: Voltage sweeps (positive in red and negative in blue) performed to
obtain the Resisitve Switching effect.
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Chapter 3

Ba-deficient solutions for
high-performance
superconducting YBCO films

HTS cuprate materials, in particular YBayCuzO;_, (YBCO), has at-
tracted most of the attention of researchers because its superconduct-
ing features make it a good candidate for the fabrication of high-current
cables and power devices based on YBCO-coated conductors [48] [152].
YBayCuszO7_, possesses exceptional capabilities to carry high critical
currents even at elevated magnetic fields, rendering it a highly promis-
ing material for high-temperature superconducting (HTS) wires.

These wires, based on second-generation coated conductors, hold
significant potential for various power applications and magnet tech-
nologies [48] [63], [153]. Additionally, there is a growing interest in high-
frequency applications driven by the escalating performance require-
ments of accelerating cavities [I54]. This interest extends to emerging
fields such as the search for galactic axions [I55] or electromagnetic
screenings in the future deployment of particle colliders [156].

To enhance the performance of YBCO under high magnetic fields
necessary for practical applications, considerable efforts have been di-
rected towards nanoengineering the defect landscape of YBCO by in-
troducing artificial vortex pinning centers [83, [84] 89]. Various strate-
gies have been proposed to introduce nanodefects in YBCO thin films
grown by different methods. One successful approach involves the in-
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corporation of non-superconducting secondary phases [I57]. In partic-
ular, for vacuum-based growth techniques like pulsed laser deposition
(PLD), chemical vapor deposition (CVD), or hybrid liquid phase epi-
taxy (HLPE), simultaneous growth of the YBCO superconductor and
secondary phases can be controlled to form self-assembled nanostruc-
tures such as columnar nanorods along the c-axis, with coherent or
semi-coherent interfaces with the YBCO matrix [89] [158]. Recent ad-
vancements have shown excellent magnetic flux pinning at 77 K with
remarkably high irreversibility fields (> 10 T) in YBCO films grown
by PLD with BayYNbOg (BYNO) [159], also BagYTaOg (BYTO), and
mixed BYNO + BYTO (BYNTO) nanorods [79, [160].

Conversely, chemical solution deposition (CSD) routes have pro-
gressed towards cost-effective production of YBCO films for various
applications [I61HI63]. In recent years, significant effort has been de-
voted to preparing CSD-based YBCO nanocomposite thin films with
a variety of nanoparticle compositions. These compositions, including
BaZrOs, BayYTaOg, Y203, BaCeOs, BaSnO3, and BaHfO3 (BHO), are
either achieved through the in-situ spontaneous segregation of nano-
metric oxide secondary phases during the YBCO conversion [84], [164] or

by adding preformed nanoparticles from colloidal solutions [137, 165,
166].

Incorporating nanoparticles substantially alters the YBayCuyOg
(Y124) intergrowth landscape [137, 166, [167], resulting in increased
nanocomposite nanostrain. These nanocomposites exhibit enhanced
isotropic pinning contributions across a broad field and temperature
region [83, [R4] 167], even approaching the irreversibility line [61], T6S].

In this chapter a Ba-deficient low-fluorine TFA route to grow YBCO
thin films, characterized as straightforward, inexpensive, eco-friendly
and high-performing, is optimized. We have carefully analysed the
morphology and the superconducting performance of these samples as
compared to pristine and nanocomposite YBCO films, to elucidate
the nature and strength of pinning centres naturally induced when
growing at low temperatures. The influence of the precursor solution
and growth temperature on the doping level of the films has also been
evaluated
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3.1. Barium-deficient solutions

3.1 Barium-deficient solutions

The technologies to grow YBCO thin films can be divided into phys-
ical and chemical methods. On the one hand, vacuum methods com-
prise the most widely studied techniques like pulsed laser deposition
(PLD) [139], physical vapor deposition (PVD) [169], and metal-organic
chemical vapor deposition (MOCVD) [I70, I71]. They require ultra-
high vacuum systems, which raise production costs and cause diffi-
culties in scaling up the length of the process. On the other hand,
representative non-vacuum methods are chemical solution deposition
(CSD) techniques, which are currently in an advanced development
stage [131), 163, 172).

The recent progress made on CSD YBCO growth and the feasibil-
ity of adapting this approach to large-scale production processes has
led this procedure to be considered as a low-cost, reliable and long-
lasting coated conductor fabrication technique. Furthermore, CSD
offers additional advantages such as an accurate control of the stoi-
chiometric composition, a high deposition speed even on large areas,
and a high homogeneity of the deposited layer, limiting the formation
of non-superconducting phases.

The most widely employed methodology among CSD growth routes
of YBCO is metal-organic decomposition (MOD) [I73], in which the
organic matrix that surrounds the metal ions is removed by thermal de-
composition. Several metal-organic salts have been successfully used:
acetylacetonates [128], acetates [I74], propionates [134], and trifluo-
roacetates [175], etc. Among them, the most widespread procedure
for YBCO deposition is the one involving trifluoroacetate (TFA) salts
[176].

However, the TFA-MOD method has several disadvantages such as
the extreme sensitivity to humidity in air and the high concentration
of fluorine in the starting solutions, which leads to a non-eco-friendly
route [I77]. Nevertheless, the presence of fluorine is essential for the
growth of the superconductor if one wants to avoid alternative routes
using fluorine-free precursors, which have BaCO3 decomposition as an
intermediate phase [I70], 178, 179]. Thus, a reduction of the fluorine
content to that strictly necessary to form BakFs, as a sub-product from
the pyrolysis was investigated [134] 180 [181].
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3.2. Patterning of YBCO films for transport measurements

The stoichiometric composition of the precursor solutions has been
proven to have a remarkable influence on the final properties of the
samples [I82]. The ratio of the metalorganic salts of Y/Ba/Cu =
1:1.5:3 (Ba-deficient) has been shown to be effective for obtaining
YBCO films with higher critical current density (J.) than that ob-
tained for YBCO layers fabricated with the standard ratio Y/Ba/Cu
= 1:2:3 [I83]. However, there is little knowledge on the mechanism of
influence of the starting solution composition on the superconductive
properties of YBCO films.

A first hypothesis links the improvement of transport properties
to a denser, more homogeneous microstructure with reduced poros-
ity and segregation of secondary phases [I84]. Moreover, the growth
temperature plays an important role on the amount and nature of the
pinning defects induced within the YBCO matrix, and the associated
pinning anisotropy and strength [140l [I85]. So, growth temperature
can be used to naturally tune the defect-pinning landscape of YBCO
films without the need to incorporate additional secondary phases.

The starting solutions were prepared by dissolving barium and cop-
per acetates, and yttrium trifluoroacetate (low-F) with the ratio of
Y/Ba/Cu equal to 1:1.5:3 (Ba-deficient). The growth processes were
carried out through two different methods: conventional thermal an-
nealing (CTA) and flash heating (FH, see section 2.1 for more details).
The idea was to study the influence of the heating ramp in the pin-
ning landscape originating within the films and, therefore, in the final
superconducting properties.

3.2 Patterning of YBCO films for trans-
port measurements

In order to be able to perform transport measurements samples were
patterned with current and voltage contacts in a four-probe configu-
ration. That means that an electric current was applied between two
big electrodes and the voltage was measured between another two elec-
trodes through a bridge. Typically, in each sample, four devices (four
bridges with the respective electrodes) were patterned (Figf3.1h), in
order to have statistic measurements and in case some of the bridges
could be damaged during measurements. To do so, photolithography
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3.3. Microstructural characterization

combined with sputtering and lift-off were used to deposit 200 nm thick
silver contacts on top of large paths which were used to apply current
(650 pm x 1750 pm) and measure voltage (785 ym x 550 pm). In
order to assure good contact resistance, samples were annealed at 450
°C during 1 h. Photolithography and wet etching were used to pat-
tern YBCO tracks of 10, 20, 30 and 50 gm width and 500 pm length.
An example of a patterned device (30 pm width) with the described
geometry is shown in Fig[3.Tp.

a)
 E

785 ym

=5 5

Figure 3.1: a) Template of the 4 patterned devices in a four-probe configuration,
b) Optical image of a device, where it can be seen the YBCO track (grey), the
substrate (black) and the four silver annealed electrodes (yellow).

b)

250 pm

3.3 Microstructural characterization

The surface morphology of the YBCO films was investigated using a
scanning electron microscope (SEM). In Fig and , SEM images
of YBCO layers grown at different temperatures using FH and CTA
methods are shown, respectively (see sectionfor growing conditions
of the two methods). As a general tendency, it can be observed that the
higher the temperature, the lower the porosity. However, several holes
can be observed on the CTA sample grown at 810 °C (Fig), gen-
erated through a temperature-induced dewetting phenomenon [186].
Regarding the samples grown with the CTA method, no ab grains are
present in the working temperature range (730 - 810 °C). Concerning
the samples grown with the FH annealing, some ab grains (identified
as elongated needles at 90° in the SEM images) are detected in the
temperature range 700 - 730 °C, and their density decreases with in-
creasing temperature. No ab grains are observed in any of the films for
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3.3. Microstructural characterization

the samples grown above 730 °C. Thus, SEM images suggest that the
minimum temperature to assure c-axis nucleation for both CTA and

FH is 750 °C.

Figure 3.2: SEM images of different samples grown with the flash heating (FH)
method at: (a) 700 °C, (b) 720 °C, (c) 730 °C, (d) 750 °C. (e) 780°C and (f) 810°C
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3.3. Microstructural characterization

Figure 3.3: SEM images of different samples grown with the conventional thermal
annealing (CTA) method at: (a) 730 °C, (b) 750 °C, (¢) 770 °C, and (d) 810 °C .

The crystallinity of the samples was studied through X-ray diffrac-
tion (XRD). Fig[3.4]shows as an example the 2D-XRD frames obtained
for an epitaxial CTA sample grown at 750 °C and an FH sample grown
at a very low temperature (700 °C) where non-fully epitaxial YBCO
was obtained. In the first case, a highly epitaxial, i.e., c-axis oriented,
YBCO film was attained, with the YBCO (001) peaks (YBCO (003),
YBCO (004), YBCO (005) and YBCO (006)) clearly identified. One
can also see a spot with less intensity that corresponds to the Ka
peak of LAO. In the case of the FH sample grown at 700 °C, shown
as an example of a non-fully-epitaxial sample, one can clearly iden-
tify the polycrystallinity of the YBCO film with two spots associated
with YBCO (102) (ab grains) and a ring associated with YBCO (103)
(random orientation).
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3.3. Microstructural characterization
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Figure 3.4: Two-dimensional XRD frames (x vs. 20) from a sample grown at 750
°C with the CTA method (left) and 700 °C with the FH method (right).

In order to better complete the XRD analysis, the integrated 2D-
XRD patterns of samples grown at different temperatures through both
the CTA and FH methods are shown in Fig[3.5

Regarding CTA samples (left column), we can see that at all four
growth temperatures evaluated (730, 750, 770, and 810 °C) we obtain
epitaxial films with c-axis YBCO (001) peaks. It should be noted that,
regardless of the growth temperature used, a very small contribution
of YoCuyO5 (with (211) and (204) reflections) can be identified, which
is consistent with the barium deficiency imposed by the stoichiometry

of the solutions.

Regarding FH samples (right column), we can see that at 730 and
750 °C we observe the same epitaxial YBCO (001) peaks as those ob-
tained for the CTA samples and also a small contribution of Y5CusOs5
(211). It is important to mention that for the FH samples grown
at lower temperatures (700 and 720 °C), apart from YBCO epitaxial
peaks we can also observe different polycrystalline reflections YoCuyOs
(211), YBCO (103) CuO (11-1) and Y203 (113), where the YBCO
(103) peak indicates a certain percentage of randomly oriented grains

(see also Figl3.4) in the films.

Fig[3.6] shows the (103) YBCO phi-scan (¢-scan) and (005) YBCO
rocking curve (w-scan) obtained for CTA and FH samples grown at

74



3.3. Microstructural characterization

20 25 30 35 40 45 50 20 25 30 35 40 45 50
el T T T T = T T T T é\
z|| s g 700°C &
100F S/\% 2] - g (g_
s =8 1l
S g2 = fa g |
g ¢ £ = o2 7|
@ 95 2 f g N
10 L FoEn g s VI
1 1 1 1 1 _ A s Sy il T o ™
100F =2 g s (134 100 £ || ¢ 2]
9 ] g sl -
g £ g 2
g
<
10F 3 i = 10
- ~ ; >
g 5' 1 1 1 1 g S — =
= glls [=—T170°C 2 =151 - g [—T130cC g
100F £(|2 g S 1134 100 2|2 & = 14
8- g S 3 = g g |-
& & % £ g g 58 g g
§ 2 %’3 s =
- 3
10 10 £
1 1 1 1 1
g |——s810°C - - _1 g 750°C
100 k HE : |3 100 = |2 g g
2 g § 2 2 2 = 9] g
= 55 8§ - ~ el g g
8g ¢ 3, &
10 25 g i g3 o
> 10F ) 3 3
[ 1 s I i i
20 25 30 35 40 45 50 20 25 30 35 40 45 50
20 (deg) 20 (deg)

Figure 3.5: Integrated X-ray diffraction patterns obtained from eight YBCO films
grown at different temperatures. The (left) panels correspond to the samples grown
with the CTA method and the (right) ones to the samples grown with the FH
method.

750 °C, which reveal the in-plane and out-of-plane texture quality of
both films (A¢ = 0.2 ° and Aw = 0.58 ° for CTA, A¢ = 0.42 ° and
Aw = 0.48 ° for FH). It should be emphasized, therefore, that films
with a fairly good texture quality and a high purity are obtained at
temperatures as low as 750 °C when Ba-deficient solutions are used.

This result is reminiscent of what has been previously observed in
YBCO films including a certain amount of Ag in their composition
where an extended growth window was identified [131], 187]. The main
reason for being able to grow c-axis oriented YBCO films at lower
temperatures in the TFA process is associated with a modified nucle-
ation behavior, very likely due to a shift of the stability line of YBCO
with Ba-poor compositions towards a lower temperature, which then
also shifts the crossover temperatures from c-axis to ab-axis nucleation

[188, [189].
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3.4. Influence of growth temperature on the superconducting
performance
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Figure 3.6: ¢-scan (103) YBCO and w-scan (005) YBCO obtained for YBCO films
grown at 750 °C with the CTA (left) and FH (right) methods.

3.4 Influence of growth temperature on
the superconducting performance

The self-field critical current density, i.e., J. measured at zero exter-
nal field (J5/), was evaluated for several samples grown at different
temperatures, Ty, to compare their superconducting properties. J(ff
values obtained as a function of T, at 5 K and 77 K for both CTA and
FH methods are represented in Fig[3.7, where certain tendencies can
be identified. First, J5/ increases with T, until the growth tempera-
ture reaches a value of 750 °C, where optimal nucleation and epitaxial
growth are already achieved (trend shown with dashed red lines). For
T, above 750 °C, the J¢/ values show an opposite trend (dotted blue
lines). In this region, the increase of J*/ with decreasing growing tem-
perature is associated with an enhancement of pinning defects as shown
in the following.
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3.4. Influence of growth temperature on the superconducting
performance

Therefore, competition between good percolation and pinning per-
formance gives us an optimal T}, of 750 °C, where very high critical
current values were obtained, with maximum values of J*/ (77 K)
= 6.6 and 6.9 MA/cm? for CTA and FH samples, respectively. The
behavior shown in the superconducting performance of Ba-deficient
samples grown at different temperatures is clearly different to the one
observed on conventional stoichiometric YBCO films. In the former a
JsI peak is observed, while in the latter J*/ increases until a plateau
of optimal epitaxial growth is reached [187].
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Figure 3.7: Self-field J. as a function of the growth temperature for samples grown
by CTA (closed symbols) and FH (open symbols) at (a) 5 K and (b) 77 K. The
wider scattering of data points at 750 °C and 810 °C comes from the fact that a
large number of samples were tested at those temperatures. Dashed and dotted
lines are provided as a guide.

It is important to note, moreover, that in order to obtain high
J57 values in the range of 5 MA /cm? with standard (non-Ba-deficient)
precursor solutions, a much higher T, (810 °C) is needed [131], 190].
We can thus conclude that Ba-deficiency solutions enable to grow very
high critical current density films at reduced temperatures of 750 °C on
LAO substrates. This seems to indicate that the percolating currents
along the low angle grain boundary network of the YBCO films are
optimized at lower temperatures in Ba-deficient YBCO films [182].

The magnetic field dependence of J. at 5 K for samples grown at
different temperatures is plotted in Fig[3.8(a). It is well-known that
the log—log plot of the J.(H) dependence of YBCO thin films shows
two different regions [72]. At low fields, where the number of vortices
is less or equal to the number of defects, there is a plateau of J. as-
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3.4. Influence of growth temperature on the superconducting
performance

sociated with the single vortex pinning regime. At intermediate fields,
where the number of vortices is equal to or greater than the number of
defects, the vortex—vortex interactions become relevant, resulting in a
decrease of J., and a collective vortex motion is governed by a power
law regime. The transition from single vortex to collective pinning
regimes is defined by the crossover field H*, which in our case was
determined at 90 % of self-field J..
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Figure 3.8: J. behavior with magnetic field for samples grown with the CTA
method (closed symbols) and the FH method (open symbols): (a) J. as a function
of the magnetic field at different growth temperatures, (b) uoH™* values determined
at 5 K as a function Tj,.

Fig[3.8b shows the uoH* values obtained for the different films as
a function of T,. Samples grown by the CTA method show a clear
trend with a continuous enhancement of pgH* by reducing the growth
temperature, indicating that more pinning centers are induced as we
decrease Tj,. In the case of FH films, although a slight enhancement
of uoH* is observed at low Ty, a clear tendency cannot be identified.
For those samples, the value of ;o™ is already very high at T, = 810
°C, thus pointing out that the higher nucleation rate of FH process
also helps to induce pinning defects within the matrix, which are not
present with CTA growth [138].

The effect of rapid annealing on the defect structure and final prop-
erties of different functional materials has also been reported [61), [191].
Fig shows the temperature dependence of J3/ for CTA and FH
YBCO layers grown at different 7. The J.(T') curves have been used
to evaluate the contribution of strong and weak pinning centers, by
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fitting their expected J.(T') dependences [58] (see section [L.2). Strong
pinning shows a smooth decay with temperature (Eq{1.19)) [11], while
weak pinning is characterized by a fast J. decay with temperature

(Bq{L.18) [83].

Fig[3.9p shows the contribution of .J. associated with strong pinning
defects at 0 K, obtained by fitting equations and in the curves
depicted in Fig[3.9h. We observe that samples grown at 810 °C show
a similar weight of strong and weak contributions (~ 50 - 60 % of
strong pinning). However, when reducing the growing temperature,
the contribution of strong pinning increases, completely dominating
the pinning landscape in samples grown at 700 °C (90 % of strong
pinning).
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Figure 3.9: a) Self-field critical current density J. values as a function of the tem-
perature for samples grown with the CTA method (closed symbols) and the FH
method (open symbols) (b) Percentage of strong pinning contribution to J. at 0 K,
determined by fitting the J.(T') curves shown in (a) with equations and

These results indicate that, as previously observed in the J.(H) de-
pendence, the growing temperature strongly affects the pinning land-
scape generated within the YBCO matrix. Considering the results
obtained in other CSD films and nanocomposites studied in the group,
an enhancement of pugH* and isotropic strong pinning contribution
can be correlated with the presence of stacking faults and associated
nanostrain [83], 137, 138, 192]. In order to elucidate the nature of pin-
ning centers in Ba-deficient films grown at low temperature we have
performed angular field dependent J. measurements at different tem-
peratures together with an advanced TEM micro-structural imaging.
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temperatures

3.5 Pinning landscape of YBCO thin films
grown at low temperatures

In this section we will study the angular magnetic field and tempera-
ture dependence of J. on patterned samples using the template shown
in Fig[3.1l We compare four YBCO films; two stoichiometric YBCO
samples (a pristine standard film (Stoich-810) and a nanocomposite
(Stoich-NC-810) both grown at 810 °C), and two Ba-deficient samples
grown by CTA (a film grown at 810 °C (LowBa-810), and another one
grown at the optimized temperature of 750 °C (LowBa-750)).

A comprehensive discussion of artificially engineered pinning sites
induced in YBCO nanocomposites with different nature and amount of
nanoparticles (BHO, BaZrO3, BayYTaOg and Y203) can be found in
[193]. In this work we aim to analyze the superconducting performance
and associated pinning landscape in pristine Ba-deficient YBCO films
grown at low temperatures. We use a stoichiometric pristine and a
typical nanocomposite film grown at 810 °C for comparison purposes.

3.5.1 Magnetic field dependence of J. at H//c

Fig[3.10]shows the critical current density as a function of the magnetic
field H//c for these four samples at 77 K, 65 K, 50 K and 5 K, in a log-
log scale. The first thing that one can observe is that the J.(H) curves
obtained for pristine stoichiometric and the Ba-deficient sample grown
at 810 °C are almost identical in all temperatures, indicative of a minor
effect of the precursor solution used. It should be noted however that
the growth temperature has a strong effect on the pinning performance.

LowBa-750 shows a smoother J.(H) dependence at all four temper-
atures, similar to what we obtain in the nanocomposite film grown at
810 °C by introducing artificial pinning centres (BHO nanoparticles).
So, we observe that efficient pinning sites can be naturally induced
within the YBCO matrix by reducing the growth temperature, with-
out the need to artificially introduce secondary phases. It should be
noted that although both Stoich-NC-810 and LowBa-750 samples show
similar performance at 77 K, 65 K and 50 K, there are crossovers of the
J.(H) curves at 0.378 T, 0.385 T and 0.287 T, respectively. LowBa-
750 shows a better self-field critical current density but a slightly faster
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J. decay with the magnetic field, indicating that different defects are
induced in the two samples.
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Figure 3.10: Critical current density values as a function of the applied magnetic
field H//c for samples: Stoich-810 (closed black dots), Stoich-NC-810 (opened black
dots), LowBa-810 (closed blue dots) and LowBa-750 (closed red dots) at different
temperatures: a) 77 K, b) 65 K, ¢) 50 K and d) 5 K.

3.5.2 Angular magnetic field dependence of J,.

Fig[3.11] shows the angular dependence of J.(0) obtained at different
magnetic fields and at 77 K, 65 K and 5 K, for Stoich-810, Stoich-
NC-810 and LowBa-750. By comparing the nanocomposite and the
pristine sample grown at 810 °C (black open and closed symbols, re-
spectively) we observe that effect of adding nanoparticles results in a
broader ab-peak (0 = 90°), attributed to the anisotropic pinning of
stacking faults and higher values of J. in the whole 6 range, with a
reduction of the anisotropy associated with the isotropic pinning of
nanostrained regions induced at the partial dislocations at different
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fields and temperatures [61), 83, 194]. The J.(6) curves obtained for
the pristine Ba-deficient sample grown at 750 °C (red symbols) show
similar characteristics than that of the nanocomposite but with even

much broader ab-peaks in all graphs.
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Figure 3.11: Angular dependence of the critical current density for samples Stoich-
810 (closed black dots), Stoich-NC-810 (open black dots) and LowBa-750 (closed
red diamonds) at a) 77 K and 1 T, b) 77 K and 3 T, ¢) 65 K 1 T, d) 65 K and 3
T,e) 66 Kand 5 T, and f) 5 K and 9 T.
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In general, in YBCO films the anisotropic pinning at H//ab mainly
comes from the interplay between intrinsic pinning and stacking faults.
The width of the J,.(0) ab-peak can be associated to the trapping angle
Or that limits the staircase regime where vortices accommodate to
the anisotropic defects with kinks and parallel segments [195] [196].
Beyond 07 vortices will be straight and take the direction of the applied
field, thus being unaffected by the correlated nature of the anisotropic
pinning. In all temperatures, LowBa-750 sample shows higher J. values
at H//c than Stoich-810 and similar to the Stoich-NC-810 sample.

Fig[3.12 shows the normalized ab-peak measured at different mag-
netic fields and temperatures for the LowBa-750 sample. Note that
the width of the peak decreases as the field increases tending to a
saturation at high fields in all temperatures.

6(° 0(°)

Figure 3.12: Angular dependence of the normalized critical current density for
different magnetic fields of the LowBa-750 sample at 90° and a) 77 K, b) 65 K, c)
50 K and d) 25 K.
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Solid lines are fits with the shape of Lorentzian peak function, with
bell shape and much wider tails than Gaussian function. It is expressed
as:

B +2A w
= T 4(x — x.)° + w?

(3.1)

where w = 207 is the full with half maximum (FWHM), A is the
Area, . is the center and yq is the offset. The FWHM has been used
to evaluate the trapping angle, 01 (see Figi3.12p).

Field dependence of the trapping angle obtained for Stoich-810,
Stoich-NC-810, and LowBa-750 at 77 K and 25 K is shown in Fig[3.13]
For both temperatures, the values of the trapping angle obtained for
Stoich-NC-810 and LowBa-750 samples are much higher than those for
Stoich-810, indicating that one can promote the formation of stacking
faults either by introducing nanoparticles in a nanocomposite film or
by reducing the growth temperature in a pristine film.

16 L 25K |

EN
T

HoH (T) HoH (T)

Figure 3.13: Magnetic field dependence of the trapping angle (f7) of different
samples: Stoich-810 (closed black dots), Stoich-NC-810 (open black dots), LowBa-
750 (closed red diamonds) at a) 77 K and b) 25 K. Dashed line is a guide to the
eye to highlight the field independent 67 region.

It is worth noting that at lower temperatures (Fig[3.13p) the pris-
tine stoichiometric sample grown at 810 °C (Stoich-810) shows a fast
07 decrease with H and becomes constant above ~ 4 T (at 25 K). Field
independent 67 can be associated with a single vortex pinning regime
mainly dominated by intrinsic pinning with a very large matching field
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[195]. Samples with a high number of staking faults (Stoich-NC-810
and LowBa-750) do not reach the 0 saturated region fingerprint of an
extension of the pinning region dominated by stacking faults.

3.5.3 Nature and strength of pinning centres

To better elucidate the nature and strength of pinning sites induced
in the Ba-deficient pristine YBCO film grown at 750 °C we analyse
the contribution of different types of defects at different regions of the
H - T phase diagram. A first classification of pinning centres may
be performed considering their temperature dependence of the critical
current density, J.(T') (see Fig[3.§l and associated text).

Another classification may be performed considering their shape.
[sotropic pinning sites, with a pinning length that does not depend on
the magnetic field orientation, and anisotropic pinning sites which are
correlated along a certain field direction. These two kinds of defects
may be identified through angular magnetic field J. measurements, by
using the Blatter scaling approach on a series of J.(0, H) curves plotted
as a function of the effective magnetic field, H¢// (eq[3.2) [51].

H ~ He() = H\/SinQ(e)
72

where 0 is the angle between the magnetic field and the c-axis and
v the anisotropy parameter.

+ cos?(0) (3.2)

By combining eq[I.18] - 3.2 and adjusting angular, field, and tem-
perature dependence of J.(H,T,#), assuming a direct summation of
pinning centres, one can determine and quantify three different pin-
ning contributions as commented in Chapter 1: isotropic-weak (I-W),
isotropic-strong (I-S), and anisotropic-strong (A-S) [90].

Fig[3.14| plot log J. versus T2 at pgH//c =1 T, poH//c =9 T and
poH//ab = 9 T. Linear fits to these plots correspond to strong pin-
ning centres (eq which control J, in the intermediate temperature
regime. At low temperatures, for H//c the J, values of Stoich-810 and
Stoich-NC-810 deviate from the linear fit below ~ 30 K at 1 T and
20 K at 9 T pointing out a region dominated by weak pinning defects
[61].

85



3.5. Pinning landscape of YBCO thin films grown at low
temperatures

TK) T(K) T(K)
0 316 447 548 632 707 775 0 316 447 54.8 63.2 70.7 0 316 447 548 632 707
10 \ HoH//e =1T (a) 4 HoH//e = 9T (b) h ».,.\ oH//ab = 9T (c)
RN Sy, e, e, .,
Tonte, \ Sy Pe, 0F e, - ]
- e, P ",
& e, St < . Ny < "~ -~
sz’ l.,‘. 3%\ éE’ \“‘ S, § - (NG
ES e = S = hS
= ’\" ) ~ el -~ "\Q\.
- Stoich-810 *— Stoich-810 .« S \‘
—o— Stoich-NC-810 01| [—o— Stoich-NC-810 LR 11 [“e— Stoich-810
* LowBa-750 *— LowBa-750 “\ »— LowBa-750;

. L L L L n n L L . L L L L e
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
T2 (K?) T (K?) T2 (K?)

Figure 3.14: Log J. versus T? at a) 1 T, H//c,b) 9 T, H//c and ¢) 9 T, H//ab,
measured for Stoich-810, Stoich-NC-810 and LowBa-750.

In the case of LowBa-750, the linear dependence is observed down
to lower temperatures, indicating that strong pinning centres control
the pinning performance in a wider temperature region: 5 K — 60 K
at 1 T and 15 K — 55 K at 9 T. At this low-intermediate temperature
regime, this sample shows the best J. performance. At high tempera-
tures, a fast decay of J. is obtained in all the samples due to thermal
fluctuations close to T,. As pointed out above a crossover of the J.(7T')
curves of Stoich-NC-810 and LowBa-750 is obtained at 68 K — 1 T
and 65 K — 9 T H//c which may be associated to a slightly higher
irreversibility line of the former [61].

In Figl3.15| we show the weights of the three basic pinning contri-
butions of J.(T') for LowBa-750. At intermediate fields, poH//c =1T,
the most important contribution comes from I-S pinning which can be
associated to nanostrain induced to accommodate the stacking faults
[83]. At higher fields, poH//c = 9 T, we observe that an important
contribution of I-W defects appears at low temperatures.

HoHlfe =1T () oHlle = 9T (b) woH//ab = 9T (©

40 20 30 40 50 60 70 80
T(K) T(K) T(K)

Figure 3.15: a), b), and ¢) show the temperature dependence of the weight of
anisotropic-strong (A-S), isotropic-strong (I-S) and isotropic-weak (I-W) critical
current density contributions for the LowBa-750 sample, respectively.
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These defects may be associated to Cu—O cluster vacancies appear-
ing at the intergrowths [197]. At poH//ab =9 T the A-S contribution
coming from stacking faults is clearly governing the pinning perfor-
mance.

Fig[3.16] shows cross-section HAADF STEM images obtained for
LowBa-750 at different magnifications, where we clearly observe the
presence of a huge density of stacking faults as compared with a stoi-
chiometric pristine film, where for a 200 x 200 nm? cross-section image
less than 20 stacking faults are found [61]. These images confirm that
the defects naturally created by reducing the temperature are stacking
faults.

Figure 3.16: HAADF-STEM cross sections obtained for LowBa-750 at different
magnifications. The dark horizontal stripes in the images correspond to stacking
faults (Y124 intergrowths).

3.6 Influence of the carrier density on Jc

In addition to the effect of the vortex pinning landscape, the supercon-
ducting properties of cuprates, strongly depend on the carrier concen-
tration. In particular, the critical current density can be significantly
enhanced by achieving the overdoped state due to an increase in the

condensation energy [906], 19§].
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Fig[3.17p shows the average values of the self-field critical current
density as a function of their carrier density, ngy, obtained for sev-
eral pristine stoichiometric films grown at 810 °C (four samples) and
Ba-deficient films grown at 810 °C (three samples) and 750 °C (four
samples). The ny value obtained for standard films grown at 810 °C
with stoichiometric TFA solution with J5/ ~ 4 - 5 MA /em? is the one
expected for optimally doped films ny ~ 8:10%! cm™3 [199]. Three ex-
amples of the slopes obtained through Hall measurements to calculate
ny of each type of sample, are shown in Fig[3.17h.
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Figure 3.17: a) Hall resistance as a function of the magnetic field obtained at 300
K for pristine stoichiometric films (closed black dots), Ba-deficient films grown at
810 °C (closed blue squares) and Ba-deficient films grown at 750 °C (closed red
diamonds). b) Self-field critical current density values at 77 K as a function of the
carrier density obtained for same samples.

For the films grown with Ba-deficient solution however, we observe
that the values of ngy appear at the overdoped region. Films grown at
810 °C show similar J5/ values than those obtained for standard sto-
ichiometric but slightly higher ny ~ 11-10*! ecm™3. Interestingly, Ba-
deficient films grown at 750 °C show the highest charge carrier density
with ng ~ 14-10** em~3 and large values of J*/ ~ 6 — 7 MA /em? can
be obtained. The enhancement of the carrier density, and associated
J5I | can be correlated with a high density of stacking faults, suggest-
ing that the induced disorder and nanostrain within the YBCO matrix
may enhance the oxygen diffusion thus allowing to easily achieve an

overdoped state.
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3.7 Conclusions

In this chapter, we evaluated the effect of the growing temperature
on the superconducting performance of YBCO films grown by Ba-
deficient low-fluorine solutions using two different approaches, conven-
tional thermal annealing (CTA) and flash heating (FH). The obtained
results demonstrate that in both cases, substantial improvements can
be obtained by using Ba-deficient solutions, which allow us to reduce
the growth temperature of YBCO films.

Samples grown at lower 7, show smoother J.(H) dependencies,
with higher poH* values, and strong pinning contribution, which indi-
cate that a higher density of defects is achieved in the YBCO matrix.
A good compromise between epitaxial growth, with optimized current
percolation, and pinning performance gives us an optimum 7, = 750
°C, where high self-field J, values are obtained (7 MA/cm? at 77 K).
The use of lower growth temperatures, as compared with stoichiomet-
ric YBCO films, may be also helpful when growing on top of technical
substrates, preventing chemical reaction with substrate buffer layers.

The pinning performance of Ba-deficient samples grown at low tem-
perature (750 °C) has been characterised through transport measure-
ments and compared with a standard pristine film and a nanocomposite
with BHO nanoparticles grown at a higher temperature (810 °C). The
results show that by reducing the growth temperature very high self-
field critical current density values are obtained with smooth J.(H)
dependences similar to those obtained in nanocomposites.

By measuring the temperature, field, and angular dependence of
J. we have found that a highly effective pinning landscape is induced
in the films grown at 750 °C mainly associated to the formation of a
large number of stacking faults, observed by TEM images. Moreover,
those films show very high values of J*/ which may be associated to a
large carrier concentration at the overdoped state.

Consequently, the use of Ba-deficient solutions showing a large c-
axis epitaxial YBCO growth window appears as a very appealing way
to tune both the pinning landscape and the carrier density of YBCO
pristine films and thus maximize their superconducting performance.
It is worth pointing out that the addition of nanoparticles in the YBCO
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matrix not only generates pinning due to induced stacking faults and
the associated strain but it is also possible to achieve a synergetic
effect, with additional pinning coming from small nanoparticles [137,
200]. Thus, the combined effect of Ba-deficient precursor solution, low
temperature growth and the addition of small nanoparticles may boost
the pining performance of the films.
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Chapter 4

Electric field-induced oxygen
doping in YBCO films

Today advances to store and analyse massive information offer huge
opportunities and unprecedented benefits in business, healthcare, se-
curity, or society, but require to explore novel technologies for infor-
mation storage and processing in a sustainable way. Among many
different approaches, strongly correlated oxides are particularly inter-
esting materials for emerging electronic devices due to their rich phase
diagram with transitions between competing phases showing dramati-
cally different electronic and magnetic properties [95].

In particular, metal-insulator transitions (MITs) can be exploited
to induce a non-volatile reversible switch between different resistance
states induced by an electric field [I05]. In simple terms, resistive
switching (RS) devices based on strongly correlated oxides display
significant resistance variations caused by small carrier concentration
modulations driven by an electric field, enabling the stabilization of
non-volatile multilevel analogic states [108].

Although the underlying mechanisms behind RS phenomena are
complex and dependent on the specific materials involved, in oxide
systems, the switching behaviour is often associated with the move-
ment of oxygen vacancies [I09]. This movement can manifest as a
metallic filament embedded within an insulating matrix [109], modifi-
cation of a Schottky barrier at the contact interface [I10], or due to a
homogeneous switch through the material volume [TTTHIT4].
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Particularly interesting is the modulation of the non-volatile MIT in
cuprate superconductors YBayCuzO7_s (YBCO) where both the nor-
mal state resistance and the superconducting critical temperature can
be reversibly manipulated in confined active volumes by field-induced
electrochemical oxygen doping [I15, 125] or electromigration effects
[97, 123, 124, 201]. Fine-tuning of the oxygen doping through volt-
age pulses of electric current allows to explore the electrical transport
properties of complex phases appearing in the doping phase diagram
of cuprates [97,, 123 [125].

In this work, we use field-induced resistive switching effects to study
the critical current density performance of YBCO films at different
oxygen doping levels. The effect of oxygen doping on the magnetic field
and angular dependence of the critical current density may be of great
relevance for the optimization of flux pinning through microstructural
modification [43, [96] [198]. Here we are able to selectively tune the
doping level of superconducting tracks by applying voltage pulses.

Moreover, YBCO films of different thicknesses are studied to see
the contribution of the critical temperature, the pseudogap tempera-
ture and their corresponding oxygen doping. It is important to analyze
these parameters to try to complete, enhcance, and understand more
all the phases involved in the phase diagram of cuprate superconduc-
tors.

The effect of field-induced oxygen doping is studied by measuring
the critical temperature, carrier density, and critical current density at
different doping levels. Transmision electron microscopy experiments
performed at low and high resistive states indicate the generation of a
large amount of YBayCuyO7 (Y124) intergrowths with a high density
of oxygen vacancies. A clear correlation between the microstructure
with the magnetic field and angular dependencies of the critical current
density is obtained.
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4.1. Oxygen doping in YBCO films of different thickness

4.1 Oxygen doping in YBCO films of dif-
ferent thickness

In this first section, we will analyze YBCO layers of different thick-
nesses by measuring the critical temperature and the carrier concen-
tration ny. Epitaxial YBayCuzO7_s (YBCO) thin films of thicknesses
of 10 nm, 15 nm, 20 nm, 30 nm, 50 nm, 100 nm, and 250 nm were
grown by pulsed laser deposition (PLD) on (001)-LaAlO3 (LAO) single-
crystal substrates. Substrates were heated up to T' = 800 - 810 °C,
with an Oy partial pressure of 0.3 mbar during the deposition and
a fixed target-substrate distance of 52.5 mm. A high fluence laser
(around 2 J/cm?) working at a frequency of 5 Hz was used. During
the cooling ramp, we increase the P(O3) in the chamber in order to
obtain well-oxygenated samples. The thickness of the film is mainly
determined by the number of pulses considering 26 pulses for 1 nm
and checked in the profilometer. For these samples, we obtained the
mentioned thicknesses using 260, 390, 520, 780, 1300, 2600 and 6500

pulses, respectively.

YBCO devices were patterned with specially designed contact paths
depicted in Fig[l.4 and explained in detail in the next section. First,
the resistance dependence on the temperature was measured using the
4-point configuration method. Figure[4d.1]shows the linear and log-scale
normalized (at 300 K) mentioned dependence for each thickness.
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Figure 4.1: a) Linear and b) log-scale normalized resistance as a function of tem-
perature from different thickness samples ranging from 10 nm to 250 nm.
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4.1. Oxygen doping in YBCO films of different thickness

As the thickness is reduced we clearly see that the linearity of the
values from 100 K to 300 K is also reduced. Besides, the transition to
the superconducting state is sharper and narrower as the thickness is
increased, meanwhile for the 10 nm sample this transition is broader.

We chose a criterion of T, when R / R(300K) = 1073, as explained
in section [2.4L The carrier concentration at 300 K for these samples
was obtained through Hall measurements as commented in the same

section in Chapter 2. Graphs showing the relation of T, and ny for
different thicknesses, ¢, are displayed in Fig[d.2]
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Figure 4.2: a) thickness dependence of the critical temperature, T, (black squares,
left axis), and carrier density ngy (red dots, right axis). b) T, vs. ngy for samples
of different ¢.

A clear trend is observed where T, decreases with decreasing the
thickness. Samples with ¢ = 250nm, 100nm are optimally doped sam-
ples with T, ~ 90 K. As we reduce he thickness we observe that both
T. and ny decrease reproducing the superconducting dome expected
for underdoped samples (Fig. It should be noted that values of
T, close to 80 K are obtaned for samples of 15 nm indicating a very
good epitaxial growth. Samples with 10nm are highly underdoped (ng
= 2.72 -10*' cm™3) showing low values of T, = 52.8 K.

The obtained thickness dependence may be related with the strain
induced through the substrate, which would be higher as the thickness
is reduced, meanwhile dislocations and other growth defects generated
in the film could relieve this strain [202],203]. For the thinnest film, the
low T, obtained can also be due to a lose in the interlayer coupling [204]
205]. In addition, epitaxial strain may contribute to cation disorder
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and cause a T, decrease that would not be present in well-annealed
bulk material.

Another parameter that we can extract from the previous mea-
surements is the pseudogap temperature, 7. Considering the phase
diagram of cuprate superconductors, it represents the crossover line
between the pseudogap region and the still poorly understood strange
metal phase (see Fig. Since the latter one is characterized by
a linear dependence of the resistance versus temperature, 7™ can be
inferred by the departure from the linear R(7") behavior [206], that
means the temperature at which the behaviour loses linearity starting
at 300 K .

In Figl4.3h it is shown the linear normalized resistance dependence
with the temperature for two different thicknesses (10 nm and 250 nm).
As commented before, thicker samples, that have higher T, values, have
more linearity between 100 K and 300 K (fitted lines). Therefore the
extracted values of T are higher for thinner samples, as it is expected
for underdoped samples.
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Figure 4.3: a) Linear normalized resistance as a function of temperature from
different thickness samples. Added lines shows the linear behaviour where T* can
be extracted. b) Phase diagram for YBCO showing the values of T, and 7%, as a
function of ng.

Fig[d.3p shows the values of T, and T* obtained for samples of
different thickness as a function of ny to get the Temperature-Doping
phase diagram of the films which is in qualitative agreement with the
expected for cuprate films (Figl.16)).
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4.2 Device fabrication

YBCO devices of different thicknesses were patterned with specially
designed contact paths enabling the modulation of oxygen doping in a
localized parts of a track through a gate contact (G in Fig).

YBCO

Substrate

Figure 4.4: a) Schematic representation of the measurement configuration. Gate
contact (G) used to induce the switching effect is depicted in yellow. b) and c)
Optical images of a YBCO device with uniform gate covering the whole YBCO
track.

Photolithography combined with sputtering and lift-off were used
to deposit 200 nm thick silver contacts on top of large paths which were
used to apply current (A; and Ay of 500 pm x 850 pm) and measure
longitudinal and transverse voltage (Ay, A3, As and Ag contacts, of
250 pm x 300 pm). To ensure good contact resistance, samples were
annealed at 450 °C for 1 h. Photolithography and wet etching were
used to pattern YBCO tracks of different dimensions, typically width
w ~ 10 - 30 pym and length [ = 100 pum. After the patterning, 50 nm
thick small silver contacts (By, Bs) of 100 pm x 100 gm were deposited
by sputtering and lift-off.
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Finally, a gate contact (G) was deposited on top of the YBCO
track. Figs{d.4b,c show optical images of one of the measured devices
with a top gate of 100 pm x 100 pm.

Additionally, we fabricated gates with different areas by using two
different approaches. The first one is by using lines of different dimen-
sions directly sputtered on the track. In order to contact this lines we
used 100 pm x 100 pm contacts sputtered at both sides of the track,
as shown in Figll.5] To avoid damaging of the small central patterns,
bounding of the sample was performed at this two connected silver
patterns on top of the substrate. As this patterns were done by pho-
tolithography we had a resolution limitation and the minimum width
of the lines was 5 um.

Figure 4.5: Optical images of YBCO devices with different patterned Ag gates on
the YBCO track. Dimensions of the lines were 5 pm and 10 pm.

The second approach was by adding an intermediate insulating
mask of Al,O3 of 30 nm which was patterned by Electron Beam Lithog-
raphy, with an array of dots of the desired dimension (Fig.. A top
50 nm silver contact of 300 yum x 100 pm was deposited by sputtering
on top of the patterned Al,Oz. In this way, silver only contacted with
YBCO in the holes of the insulating layer. Silver was also deposited
on the substrate so lateral contacts were used to avoid damaging of
the patterned insulating buffer layer while bounding the sample.
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YBCO track

Substrate

Figure 4.6: Scheme of gate preparation using an insulating AloOs mask on the
YBCO patterned device.

Different geometries were patterned in the insulating mask by EBL
such as dots, triangles or lines. Figs[d.7Th—e show scanning electron
microscopy images of Al,O3 masks patterned with those geometries of
different dimensions. Figld.7f shows patterned lines, the image was ob-
tained before the insulating film deposition, so it shows the developed
resist pattern. The objective of writing these different designs was to
see the effect of the area and shape on the switching performance.

Figure 4.7: SEM images of Al;O3 masks patterned with a) dots of d = 300 nm, b)
dots of d = 1 pm, c¢) dots of d = 2.5 pum, d) triangles of | = 300 nm, e) triangles
of I =1 pum and f) resist lines of w = 2 pum separated 1 pm.
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4.3 Gate modulation of the RS effect

We first study the resistive switching performance of the YBCO devices
at room temperature by applying voltage pulses at gate G by using
one of the lateral contacts B; or By (Figi.4h) to measure the gate
resistance in a two-point configuration, R%. Fig[4.8h shows several RC-
V' curves obtained in different devices by changing the size of the gate
contact. Non-volatile bipolar resistive switching behaviour is found
where a transition from a low resistance state (LRS) to a high resistance
state (HRS) occurs by applying a negative voltage. The system can be
reversibly switched back to the LRS by applying positive voltage.

The main mechanism responsible for the resistance change is the
oxygen doping modulation (tunning of ¢ in YBayCuzO7_5) through
field-induced oxygen diffusion [125]. The obtained hysteresis loops are
asymmetric with a higher voltage needed to drive the system from the
LRS to the HRS than that required to go from the HRS to the LRS, as
theoretically predicted considering an asymmetry in the oxygen motion
[125]. Tt is also observed that in general, a progressive resistance change
from HRS to LRS is obtained when oxygen is incorporated into the
system while a fast transition is produced by oxygen migration.
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Figure 4.8: Bipolar resistive switching loops of YBCO devices. a) R%-V charac-
teristics of YBCO devices with different gate area. Arrows show the voltage sweep
direction in one of the hysteresis loops. b) Evolution of HRS and LRS, obtained
measuring at 0.1 V, as a function of the contact area. Error bars correspond to
variations of resistance state after different hysteresis loops.
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4.3. Gate modulation of the RS effect

It should be noted that the hysteresis is strongly increased by de-
creasing the gate area as expected for a volume metal-insulating tran-
sition homogeneously occurring below the gate [125]. A very high
resistance ratio up to 10° can be obtained in devices with a gate area
of 40 pm? with a relatively low operation voltage ~ 2-3 V (Fig).
This ratio, particularly important for memory applications, should be
further increased by reducing the gate dimension at the nanoscale.

As commented in the device fabrication section, two approaches
were used to reduce the area of the gate. We show several normalized
RS loops obtained using both methods in Fig[f.9 They look very
similar and both show the expected area dependent behavior.

It is worth mentioning that in the case of using an insulating
mask patterned by EBL one can reach higher resistive switching ratios
(~10°) since low areas could be patterned. Although a clear trend with
the contact area have been obtained, no clear differences were detected
by using gates patterned with different shapes.

104 T T & T T 105
a)

b)
Gate area

Gate area

RS/ RS(LRS)
=
RS /RS(LRS)

Figure 4.9: Bipolar resistive switching loops, normalized at the LRS obtained for
YBCO devices with gates of different areas a) patterned on top of the track and
b) using an insulating mask.

Fig. shows three consecutive RV hysteresis curves, to illus-
trate the reversibility characteristics of the switching effect.
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4.4. Gate modulation of the YBCO bridge resistance
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Figure 4.10: Three consecutive Resistive switching loops measured for a sample
with a micrometer gate

4.4 Gate modulation of the YBCO bridge
resistance

An important advantage of generating volume metal-insulating transi-
tion homogeneously occurring below the gate is the possibility to design
multi-terminal transistor like-devices where the gate may be used to
modulate a drain-source channel. In this section we will evaluate the
gate-induced resitance change of a YBCO bridge at 300 K, by using a
4-point configuration (Figld.11h). To do so, voltage pulses were applied
at the gate G by using a lateral contact B. Changes in the resistance
below the gate after each pulse where tracked by using A; and A4 to
inject the current and measuring voltage between A, and As.

In Figld.12h we show an example of the percentage change in resis-
tance values across the bridge, after the application of several positive
and negative voltage pulses. The resistance variation is determined
using eq[4.1] where R,, represents the resistance after a specific voltage
pulse, and R; denotes the initial low state resistance measurement.

AR = @ x 100 (4.1)
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4.4. Gate modulation of the YBCO bridge resistance

Figure 4.11: Optical images of a YBCO device fabricated with a) one track and
one gate, and b) different tracks with several gates.

Fig) shows the switching obtained for a device with one sin-
gle gate. We observe clear and reproducible reversible changes in re-
sistance when applied voltages of different polarities. Positive pulses
drive the system to the LRS while negative pulses produce a switch
to the HRS. Variations of 22 % are obtained by applying +4 V. 30 %
with 8 V and up to to 47 % with 12 V.

a) %

b)
40

40 =
20] 1 ] 0
10 40
0 d g
8 20

g
4 0
I I 5
A IR (N P P

N

8 1 l

Time (a.u.) Time (a.u.)

4R (%)

V(v)

Figure 4.12: Percentage of variation of the resistance R measured with a 4-point

configuration after different gate voltage pulses a) one channel device, in b) two
channel device.
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4.4. Gate modulation of the YBCO bridge resistance

Fig[4.13] shows a schematic representation of gate-induced oxygen
motion in a device with one gate. When a positive pulse is applied, an
accumulation of negatively charged oxygen ions (green) occurs under
the gate G. To compensate, positively charged oxygen vacancies (red)
are diffused to the sides (it is expected to have a higher accumulation
of oxygen vacancies in the direction of the electrode used to switch the
gate, B). Therefore, the value of the 4-point resistance R measured
below the gate (depicted with black dashed lines) decreases.

LRS | i i
drain o B source
—
! 1
| R !
V-
HRS | | I
drain Gate B source
—— .|
R

Figure 4.13: Sketch illustrating the redistribution of oxygen and oxygen vacancies
in a YBCO device when applying positive (top) and negative (bottom) voltages
to a gate using an external electrode B. Red and green represent regions in HRS
and LRS respectively. Dashed lines show the region evaluated by 4-point contact
configuration.

In a reversible way, when a negative pulse is applied to the gate,
oxygen vacancies (red) are accumulated under the gate and oxygen
ions diffuse at both sides of the gate. The possibility to completely
switch the whole volume below the gate would depend on the applied
voltage and the YBCO thickness.

Fig) shows the switching performance obtained in a device
with two gates (Fig). In this example the resistance of two
bridges are tracked by applying current from C; to C4y and measur-
ing the voltage between C5 and Cg or Cy and C3. A complementary
switching behaviour is observed with one of the bridge going to the
HRS and the other one to the LRS and vice-versa.
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4.5. Gate modulation of the SC performance

Reversible changes in the resistance in both bridges are obtained
with variations of 45 % applying +5 V indicating that the oxygen
can be reversibly displaced through the channels. Fig[.14] shows a
schematic representation of oxygen motion in a two-gate device illus-
trating the oxygen and oxygen vacancy regions generated below each
gate by applying voltage pulses of different polarities.
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- "
drain G source
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1 1 :
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..- i 1 1
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Figure 4.14: Sketch illustrating the redistribution of oxygen and oxygen vacancies
in a YBCO device when applying positive (top) and negative (bottom) voltages
between two closely gates (G; and G3).Red and green represent regions in HRS
and LRS respectively, which thickness is in relation with the percentage of change
of the resistance.

4.5 Gate modulation of the SC perfor-
mance

In order to elucidate the effect of field-induced oxygen doping in the
superconducting properties, we have measured the critical tempera-
ture, and the magnetic field dependence of the critical current density,
J., at different resistance states (doping levels), and correlate it with
microstructural changes induced by the switching process. To do so,
voltage pulses were applied at 300 K on patterned YBCO films of dif-
ferent thicknesses, using a large gate contact of A = 100 ym x 100 pm
covering the whole track (Fig[t.4b,c). After each switch we measured
the change in the volume resistance and carrier density of the track
using transversal and lateral voltage contacts (As, Az, As and Ag in

Fig.
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4.5. Gate modulation of the SC performance

4.5.1 Impact of field-induced oxygen doping on 7.

Fig. shows that a systematic decrease of 7, and increase of Hall
resistance, R, (decrease of the carrier density, ny) is obtained when ap-
plying successive negative voltage pulses to the 50 nm sample inducing
transitions to different HRS levels.

a) 1 b) 10°
e gt  re= i T
T i
0.75 Vot 107y o ."f
’ Puises Voltage e s 3
g 9 Pulses e e
S T S 102 .
S A S
g_, 0.5 !‘ e Pristine %2—
~ ,":" ~ 1073
x iy ©
0.254
; 1044
I
0 T T T T 10
50 100 150 200 250 300 40
T (K)
c) 1 - d)
Voltage P 90
Pulses
0.5 80
, /{..
a et < 70
3858 1
N P ?'\M =
x et = 5
i .’:, o 60 |5
054 . oA & ® 50nm
o . o 504 I A 100nm
‘.. ® 250nm
A4S . , ; 40 : . ; ;
-10 -5 0 5 10 0 2 4 6 8 10
ot (T) ny (10%'/cm®)

Figure 4.15: Critical temperature and carrier density at different oxygen doping
levels. (a) Linear and (b) log-scale normalized resistance as a function of tem-
perature, for a 50 nm sample at the pristine LRS and after several consecutive
voltage switches at -1.8 V, -2V, -25V, -3V, -4 V and -5 V. (¢) Evolution of the
Hall resistance vs magnetic field at 300 K with the applied voltage switch. (d)
Superconducting critical temperature, T,, as a function of the carrier density, ny,
obtained for YBCO tracks of different thickness at the LRS (closed symbols) and
after applying several negative voltages switches at different HRS (open symbols).
Green squared points correspond to samples shown in (a—c).

From the sharp and narrow superconducting transition obtained in
the pristine state, we were able to deoxygenate the sample through
voltage pulses, obtaining broader transition and therefore, a reduction
of the critical temperature values. Figl.I5(d shows T, as a function
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4.5. Gate modulation of the SC performance

of ny for samples with different thickness in the pristine LRS state
(closed symbols) and after being switched to different high resistance
states (open symbols).

A continuous modulation of the carrier density to different under-
doped states and associated T, reduction is observed for the thinnest
sample (¢ = 50 nm). Many different resistance levels may be obtained
by changing the applied gate voltage as it can be clearly observed in
the different green open squares (50 nm). As expected, the variation
obtained for thicker samples is much lower since in this case not all the
track thickness under the gate has been switched to the high resistance

state [125].
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Figure 4.16: Evolution of a) Hall Resistance vs. applied magnetic field and b)
longitudinal resistance as a function of temperature for a 100 nm YBCO sample
at the pristine LRS and after several consecutive voltage switches. c) and d) Same
as a) and b) but with a 250 nm sample. Insets in b) and d) are the same plot but
in log-scale.
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4.5. Gate modulation of the SC performance
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Figure 4.17: a) Linear normalized R as a function of T from different oxygen doping
levels of the 50 nm sample. Added lines show the linear behavior where T* can
be extracted. b) phase diagram for YBCO adding the values of T, and T* from
different oxygen doping levels of 50 nm, 100 nm, and 250 nm samples.

The corresponding T, and Hall resistance, R, plots obtained for the
100 nm and 250 nm thick samples are shown at Fig}d.16| where we can
closely see that the change obtained is lower than the observed in the

thinner sample (Fig{d.15a-c).

Subsequently, we extract from the R(T) measurements the pseudo-
gap temperature, T*. Fig[.17 shows the normalized resistance varia-
tion with the temperature for three different oxygen doping levels of
the 50 nm sample, including added fitted lines to obtain T*. Fig[.17b
shows T, and T™ obtained for the 50, 100 and 250 nm samples switched
at different doping levels, to generate the phase diagram of switched
samples that faithfully reproduce expected for cuprate films (Fig|l.16)).

4.5.2 Impact of field-induced oxygen doping on J,.

The fine control of the oxygen content with the switching voltage allows
us to perform a systematic study of the critical current density in
the YBCO track, at different resistance states. Figs[4.18h,b show the
magnetic field and angular dependence, respectively, of J. for a 100 nm

sample at the pristine state and after being switched to three different
HRS.

Starting from a pristine LRS we switch the sample to HRS-3 by
applying -4 V. A very strong decrease of J. of more than one order
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4.5. Gate modulation of the SC performance

a) b)

00040,

—e—LRS
HRS-1

—eo— HRS-2
—e— HRS-3

0.01 T T T 0.01 T T T T
0.001 0.01 0.1 1 60 90 120 150 180

1oH (T) 0(°)

Figure 4.18: Field and angular dependence of the critical current density. a) J.(H)
and b) J.(0) curves were measured at 1 T H//c, 85 K, for a 100 nm sample at
three different oxygen doping states c¢) J.(H) curves shown in a) normalized at the
value of self-field, Jf. d) J.() curves shown in b) normalized at the maximum
value of peak at H//ab (6 = 90 °).

of magnitude is observed. The track can be partially recovered to
intermediated high resistance states by inverting the voltage polarity
(HRS-2 @ 3 V and HRS-1 @4 V), although the system cannot be
reversibly switched back to the initial LRS.

The changes in J.(H) and J.(0) at different doping levels can be
better appreciated in the normalized plots shown in Figs{4.18c and
[4.18, respectively. Overall, we observe a smaller magnetic field decay
of J. with an associated shift of H* (crossover field determined at 90
% of self-field J..) to higher fields, and a broadening of the H//ab peak
by switching the sample to HRS. The same trend is observed at 77 K

(Figid.19).
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Figure 4.19: Field and angular dependence of the critical current density. a) J.(H)
and b) J.(0) curves were measured at 1 T H//c, 77 K, for a 100 nm sample at
two oxygen doping states c¢) J.(H) curves shown in a) normalized at the value of
self-field, Jf. d) J.(6) curves shown in b) normalized at the maximum value of

peak at H//ab (6 = 90 °).

Fig shows the normalized ab-peak measured at different doping
levels at 77 K and 85 K. As discussed above, the width of the peak
increases by switching the sample to HRS levels. Solid lines are fits

with a Lorentzian peak function (eq)3.1)).

The evolution of the J&/, H* and Af with the reduction of the
oxygen doping level at both 77 K and 85 K are depicted in Fig[d.21]
Overall we observe a decrease of the critical current density values and
an enhancement of the crossover field and trapping angle values, by
switching the sample to progressively higher resistance states.

It should be noted that J. can be switched to intermediate reversible
high resistance states, HRS™", if oxygen-depleted states are induced
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Figure 4.20: Angular dependence of the normalized critical current density at 90 °
and 1 T H//e, for a 100 nm sample at different oxygen doping levels. Solid lines
are Lorentzian fits with Af full with half maximum. a) at 77 K and b) at 85 K.
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Figure 4.21: Dependence of the superconducting performance with oxygen doping
level. Evolution of (a) self-field critical current density, J5/, (b) crossover magnetic
field, H*, and (c) width of the H//ab peak, A8, by reducing the oxygen doping
level through gate voltage pulses.

by applying lower voltage pulses. For instance, after applying -2 V, J.
can be drecreased from 1.8 MA/cm? to 1.5 MA/em? (black to green
dots in Fig and after +2 V, initial J. values can be recovered
(from green to red). In order to obtain reversible changes however, the
modulation of .J. may be kept below 20 % , and the modulation of pgH
around 20 %.

In order to elucidate the defects that produce a change in the J. per-
formance at the HRS, the microstructure of the YBCO layer was stud-
ied using scanning transmission electron microscopy (STEM) in com-
bination with electron energy-loss spectroscopy (EELS). Figs. ,d
show a Z-contrast image of a YBCO track in the LRS and HRS, re-
spectively. Both images show an epitaxial and coherent YBCO layer
as well as dark stripes running parallel to the (001) YBCO plane.
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Figure 4.22: a) Critical current density dependence with the magnetic field in
log-log scale, b) Same as a) but normalized values at self-field, ¢) Evolution of J,.
after being switched to different irreversible HRS using high voltage pulses (red
symbols), and reversible HRS™®" at low voltage pulses (blue symbols), d) shows
the same as c) but with the evolution of poH.

These planar defects are the well known as YBayCusO7 (Y124)
structural defects, which consist of an intergrowth of an extra Cu-O
chain layer inserted into the YBCO [207]. It should be noted, that
the sample switched to the HRS presents a higher density of Y124
intergrowths, especially at the uppermost region of the layer. Indeed,
close to the surface of the film there is an around 40 nm thick layer
of pure Y124 phase, which is absent in the YBCO layer when it is in
the LRS. Insets in Figs[4.23h,d show atomic-resolution images of the
highlighted regions, in which the arrows point at the double Cu-O
chain.

We also studied the electronic structure of the YBCO layer at high
and low resistance states by means of EELS. Figs[4.23p,c,e,f show the
Cu L and the O K edges at the LRS and HRS, respectively, acquired in
different regions of the YBCO layer. Notice the different fine structure
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4.5. Gate modulation of the SC performance

or shape of the center peak (535 eV) of the O-K edge, or the different
L3 /1.2 intensity ratio of the Cu L-edge when the YBCO layer is found
at different resistance states. These differences are consistent with the
presence of a higher concentration of oxygen vacancies and reduced
Cu atoms in the HRS, which is also consistent with a larger number of
double Cu-O chains, and therefore more reduced Cu atoms [197, 208)].
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Figure 4.23: Microstructural defects. (a) Z-contrast image of a 100 nm YBCO
track at the LRS, (b) Cu L-edge, and (c¢) O K-edge acquired at different regions
of the pristine track. (d) Z-contrast image of a YBCO track switched to the HRS
after applying a voltage pulse of -4 V. (e) Cu L-edge and (f) O K-edge at the HRS
acquired at different regions of the track. Insets in (a,d) show a high-resolution
Z-contrast image of the regions marked in red.

TEM results indicate that the field-induced transition to the HRS
occurs due to the formation of Y124 intergrowths with a high density of
oxygen vacancies, which can be clearly correlated with the obtained su-
perconducting performance. A shift of H* to high fields together with
a broadening of the H//ab peak observed when the sample is switched
to the HRS (Fig is typically obtained in YBCO nanocomposites
with a large amount of Y124 intergrowths induced by the presence of
randomly oriented nanoparticles [61], 131] (see Chapter 3).

The formation of these large number of defects might be responsible
for the non-reversible switching performance obtained when the sys-
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4.6. Conclusions

tem is driven to a very high oxygen-depleted state. According to our
previous works, reversible effects are obtained when oxygen diffusion
can be reversibly controlled homogeneously tuning the sample doping
[115 [125]. Irreversible effects, which may be associated to the presence
of defects or inhomogeneous distributions of oxygen vacancies appear
when thermal effects start to be important [123, 124]. Indeed, ther-
mal defect nucleation at large applied voltages, producing irreversible
resistivity changes, have also been obtained in perovskites [209].

4.6 Conclusions

We have studied the effect of field-induced metal insulating transition
in YBCO devices on both the normal resistance state and supercon-
ducting performance. Our results demonstrate that reversible gate
resistive switching effects, with very large resistive ratios up to 10°,
can be obtained by applying moderate voltage pulses of 2—4 V using
micrometric gate contacts.

Multiple gates can be used to change the resistance (local oxygen
doping) between a source-drain channel in a reversible way. The move-
ment and redistribution of oxygen vacancies within the channel, and
thus its resistance, may be controlled by the device geometry, gate
position, and bias voltage. A large design flexibility can be obtained
by changing the switching performance of different gates, thus offering
the possibility to locally adjust the conductance response in different
regions of a YBCO bridge.

Gate voltage pulses have been used to tune the oxygen content of
YBCO tracks and strongly manipulate the associated superconducting
properties, including critical current temperature, carrier density and
critical current density. A temperature-doping phase diagram with the
critical temperature (7.) and pseudogap temperature (7*) of samples
switched to different under-doped levels have been generated, repro-
ducing the one expected for cuprate films.

The fine control of the oxygen content have been used to perform a
systematic study of the superconducting properties of samples at dif-
ferent doping levels. Reversible changes in the superconducting perfor-
mance may be obtained by inducing changes from a pristine low resis-
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tance state to high resistance state with moderate oxygen-depleted re-
gions. TEM measurements in agreement with J.(H), J.(0) dependen-
cies indicate that the volume switch from a pristine low resistance state
to different irreversible high oxygen-depleted high resistance states oc-
curs through formation of Y124 intergrowths with a high density of
oxygen vacancies. These results provide insight on understanding the
role of field-induced defects in field-induced oxygen doping of cuprate
superconductors.
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Chapter 5

Thermally-induced oxygen
doping in YBCO films

High-temperature cuprate superconductors offer unique opportunities
to tune their physical properties through oxygen doping modulation.
Unprecedented versatility in the design of novel device functionalities
may be achieved by exploiting the metal-insulating (MIT) transition
of these materials at micro-, nano-scale. In the previous chapter we
discussed the control of the oxygen content in YBCO films by means of
electric-field induced oxygen diffusion. This chapter focuses on a novel
approach for the modulation of oxygen doping in YBCO films at local
scale based on thermal induced effects through Direct Laser Writing
(DLW).

Direct laser writing technology emerges as a versatile, mask-free
method for shaping, refining, and structuring perovskites [210]. De-
pending on the irradiation conditions different effects can be induced,
such as laser annealing, laser ablation, or laser-induced defects. More-
over, photothermal and photochemical effects, may be used to produce
direct conversion of precursors into perovskites. This leads to the gen-
eration of diverse forms of laser-induced perovskites, including quan-
tum dots, nanowires, nanocrystals, and films. Of particular note, the
exploration of laser-induced perovskites within glass substrates gains
momentum, driven by their notable attributes of high stability and
adaptability for 3D printing.
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5.1. Device fabrication

In this work we patterned YBCO films of different thicknesses by
using DLW. Direct observation of thermally-induced oxygen doping
has been explored by optical imaging [123]. Additionally, the local
surface conductivity was examined by using conductive atomic force
microscopy (CAFM). A systematic investigation was carried out to
analyze the impact of various writing parameters, such as laser power,
writing duration, focus and pixel size. The effect of thermal-induced
oxygen doping on the superconducting performance of the films was
investigated by using YBCO devices patterned with transverse and
Hall voltage contacts.

5.1 Device fabrication

YBCO thin films with thicknesses 10, 15, 20, and 30 nm were grown
via pulsed laser deposition on a LaAlOj substrates. We used the same
grown conditions and parameters described in Chapter 4. YBCO films
were patterned with eight identical devices allowing Transverse and
Hall measurements. Half of the film was kept un-patterned to allow the
optimization of sample irradiation parameters. The device’s geometry

is depicted in Fig5.1]

Substrate

Figure 5.1: Schematic representation of the measurement configuration. Red area
shows the zone irradiated with the laser.

Initially, the YBCO structure was fabricated through optical lithog-
raphy, followed by the deposition of 75-nm gold contacts (in purple).
The devices were designed with four different voltage, contacts en-
abling measurements in different configurations, and a central track of
10 pm width and 20 gm length. A 4-point configuration was used for
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5.2. Direct Laser writing in YBCO films

both transport (7. and J.) and Hall (ny) measurements. In the first
case by applying current between D; and Dy, and measuring voltage
between Dy and D3 or between D5 and Dg. In the second case apply-
ing current between D; and D4, and measuring voltage between D,
and Ds or between D3 and Dg. Sample irradiation was performed just
above the YBCO bridges (depicted in red).

5.2 Direct Laser writing in YBCO films

Sample irradiation was performed through a collaboration with Dr.
Edoardo Albisetti at Polifab, Politecnico di Milano, where I did a
2-month doctoral stay in the Engineering Physics in Nanostructured
materials and Devices group (PhyND). This section describes the op-
timization of direct laser patterning parameters.

To do so, different laser scans were performed writing pixel by pixel,
starting from the bottom of the pattern and moving horizontally from
left to right. Upon completing each line, the laser was switched off
and moved to the left part of the following line to continue the writing
procedure. The primary parameters that can be adjusted for laser
patterning include focus position (FOC), laser power (LP) and laser
time (LT). A detailed examination of the effects produced by different
laser parameters was performed for samples of different thicknesses.

5.2.1 Adjustment of the laser focus

The optimal focus position is typically determined automatically by
the software during calibration tests conducted prior to each writing
session. However, the accuracy of the software calibration is not always
the optimum one. Therefore, to ascertain the optimal value, a system-
atic study was conducted as a function of the focus position to directly
observe the effect of the laser focus on the patterning. Figl5.2] show
an optical image obtained for a 10 nm YBCO film patterned with a
series of squares drawn with different focus and laser times. A filter on
the green component of the image is applied to enhance the visibility
of the patterned areas. The effect of the laser on the film is clearly
visible with a bright intensity. This is consistent with a laser-induced
sample deoxygenation since as observed in [123] 211] higher reflectivity
indicate the presence of oxygen vacancies.
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5.2. Direct Laser writing in YBCO films

—

Figure 5.2: Optical image of YBCO with a thickness of 10 nm, displaying a grid
of laser-patterned squares, each measuring 10 x 10 pm? with LP = 300 mW,

To obtain the calibration image shown in Figl5.2 the focus position
is adjusted between -5 and 6 pum in steps of 1 um at different laser
times (50, 100, 200, and 400 ps). Variations in pattern brightness at
different focus positions are clearly visible. From this image we use the
brightest region, FOC ~ 4 pm (marked in red) for this particular test,
to start with the sample writing. The focus was aligned for all samples
before starting the irradiation.

5.2.2 Laser power and writing time

The most critical factors influencing the patterning process are the
laser power (LP) and the laser writing time, as they directly control
the amount of energy delivered to the system. In the case of the writing
time, one has to consider two parameters, the laser pulse, which refers
to the duration of the pulse for each pixel, and the pixel time, which
defines the time interval between writing adjacent pixels. In all the
experiments the pixel time was fixed at 30 pus and we changed the
duration of the laser pulse, denoted as laser time (LT).

To examine the effect of patterning at various power and time levels,
we conducted a series of line-shaped patterns of 30 ym x 30 ym on a
30-nm thick YBCO sample. Fig shows an optical image of the
irradiated sample were patterned areas are clearly visible. The laser
power was varied from LP = 75 mW to LP = 200 mW with increments
of 25 mW and we used 3 different laser times LT = 25 us, 100 us and
6400 ps. As expected the width of the patterned lines increases with
LP an LT. In the sample patterned with LP = 200 mW and 6400 us
the lines almost overlap.
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LP (mW)
200 175 150 125 100 75
Lok o : : | LT (ps)
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b } 100
6400
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Figure 5.3: Optical image depicting the laser irradiation of a 30-nm thick YBCO
sample with lines covering an area of 30 um x 30 ym. LP was varied from 75 mW
to 200 mW with LT 25 us, 100 us and 6400 us.

Conductive atomic force microscopy (CAFM) measurements were
performed in the patterned sample (shown in Fig in order to eval-
uate the surface conductivity. Results are shown in Fig[5.4. The ob-
tained CAFM image can be clearly correlated with the reflectivity
changes observe in the optical image. However, contrary to what one
would expect, the deoxygenated regions appear to be more conductive.

LP (mW)

200 175 150 125 100 75

Figure 5.4: CAFM image obtained at 1V for a 30-nm thick YBCO sample patterned
with lines covering an area of 30 pm x 30 pm. LP was varied from 75 mW to 200
mW with LT 25 us, 100 us and 6400 us.

One possible explanation of these effect could be that laser-induced
oxygen vacancies generated in the bulk induce a migration of oxygen at
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5.2. Direct Laser writing in YBCO films

the surface thus producing an enhancement of the surface conductivity
measured by CAFM. Another possibility could be that, CFAM could
produce field-induced oxygen motion (effect discussed in the previous
section) that would be accumulated at the surface.

5.2.3 Thickness dependence of laser irradiation

Laser irradiation tests were conducted on YBCO samples of three dif-
ferent thickness, 10 nm, 20 nm, and 30 nm (Fig. Although the
effect of laser writing is visible in all the samples, the brightness con-
trast increases with the sample thickness.

o NN
o e
oo N

Figure 5.5: Optical images of patterns obtained for YBCO devices of different
thicknesses, 10 nm, 20 nm and 30 nm, patterned under the same conditions as the

one shown in Fig

On the 10-nm thick sample, the patterns very difficult to be iden-
tified, often requiring a green filter to enhance the brightness (as seen
in Fig. On the contrary on the 30-nm thick sample the patterns
are clearly visible even with white light. Thickness dependence on the
sample reflectivity could be associated to the fact that the starting
oxygen doping is different in each sample. As shown in Fig[4.3] the
oxygen doping decreases by decreasing the YBCO film thickness. So,
the effect of laser irradiation seems to be lower in the samples with
lower starting oxygen content. Moreover, it could also be possible that
laser absorption could be enhanced by the thickness.
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5.3. Impact of laser patterning on the SC performance

5.3 Impact of laser patterning on the SC
performance

In order to evaluate the effect of direct laser writing on the YBCO
superconducting performance we irradiated different YBCO patterned
tracks. After laser irradiation under different conditions we measured
the critical temperature, T,, charge carrier density, ng, and critical
current density, J..

We irradiated six out of the eight devices present on the 10 nm, 15
nm and 20 nm YBCO films. Figs[5.6] [5.7/and [5.8shows a description of
the patterns performed and laser parameters used. In all the samples
we reserved two un-patterned devices for comparison purposes. The
one labeled as pristine is a device that we measured before sending the
sample to irradiation and the one labeled as unpatterned is a device
that was introduced inside the laser chamber but that was not exposed.

LP =225 mW,

D10-1 Pristine D10-5 35x 15 ym2
LP =250 mW,

D10-2 | Unpatterned D10-6 35 x 15 ym2
- LP =275 mW
LP =300 mW, ’

D10-3 | 34 20 um? lines - D10-7 1 35 x 15 ym?
- LP =300 mwW

LP =300 mW, ’

Figure 5.6: Table showing the different laser patterns irradiated on a 10 nm YBCO
film using LT = 100 ps and FOC = +5 pm.

The purple regions depicted in the figures schematically show the
patterns used. In some of the devices we completely irradiated the
tracks with different laser power (D10-5 - D10-8, D15-5 - D15-8, D20-
5 - D20-8). We also patterned tracks with lines using a fixed power
(D10-3 and D15-3) and varying the power in each line (D20-30). D10-4
and D15-4 where irradiated just on half of the track.
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D15-3 | 3 x 20 um2 6 lines D15-7 | 35x 15 pm?

LP =150 mW,

LP =175 mW,
D15-8 | 35x 15 pm?

D15-4 18 x 15 um

LP =25 mW,
D15-1 Pristine D15-5 | 35x 15 um?
LP =50 mW,
D15-2 Unpatterned D15-6 | 35x 15 um?

Figure 5.7: Table showing the different laser patterns irradiated on a 15 nm YBCO
film using LT = 100 ps and FOC = +5 pm.

o LP =100 mW,

D20-1 Pristine D20-5 | "554 15 um?
LP =125 mW,

D20-2 | Unpatterned D20-6 | 35, 15 ym?
LP =150 mW,

LP =125 mW,

D20-3 | 5 50 pm? lines

D20-7 | 35x 15 um?

Lines 22 x 1 ym
D20-4 | 100:25:175 mW
Separation 3 ym

LP =175 mW,

D20-8 | 35, 15 pm?2

Figure 5.8: Table showing the different laser patterns irradiated on a 30 nm YBCO
film using LT = 100 ps and FOC = +5 pm.

The first YBCO film that we patterned was the one of 10-nm, using
a laser power ranging from 225 mW to 300 mW. After irradiation, we
performed transport measurements and observed that the sample was
completely insulating so we decided to use lower power on the other
two films. We used powers ranging from 25 mW to 150 mW and 100
mW to 175 mW for the 15 nm and 20 nm YBCO films, respectively.

Before starting with the patterning of the devices, a preliminary
test was conducted in order to determine the focus position which was
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5.3. Impact of laser patterning on the SC performance

fixed at +5 pm for the film of 10 nm, +5 pum for the one of 15 nm and
+4 pm the one of 20 nm.

Initially, the patterned devices were examined under an optical mi-
croscope to preliminary assess the effects of laser writing. Figures
and display optical images of several of the patterned devices. Im-
ages were acquired by using a green filter to enhance pattern visibility.
Irradiated patterns, according to the used design, are visible in all of
the devices.

Figure 5.9: Optical images obtained at 50x magnification for several laser irradiated
devices in a 10 nm YBCO film.

Low-temperature transport measurements were performed on the
different laser irradiated tracks in order to study the effects on the crit-
ical temperature (7), carrier density (ng), and critical current density

(Je)-
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Figure 5.10: Optical images obtained at 50x magnification for several laser irradi-
ated devices in a 20 nm YBCO film.

5.3.1 Impact of laser-induced oxygen doping on 7,

As commented above, the 10 nm sample could not be studied since
all the devices were insulating after irradiation. Fig[5.11] shows the
temperature dependence of the resistance measured for the devices pat-
terned on the 20 nm (Fig[5.11|(a, b)) and 15 nm (Fig[5.11|(c, d)) YBCO
films. It should be noted that in both samples, the T, of unpatterned
devices is reduced as compared to the pristine ones indicating that the
the sample is slightly deoxygenated when it is introduced on the laser
chamber.

In the case of the 20 nm film, we observe that the critical tempera-
ture is strongly reduced from 75 K to 40 K using a laser irradiation of
100 mW and to 35 K using powers of 150 mW and 175 mW. The re-
duction obtained using 125 mW is highly higher to the expected beeing
30K. From these results we conclude that 100 mW is already a large
power which induces a strong T, reductions. So, we used lower power
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5.3. Impact of laser patterning on the SC performance

ranges for irradiating the 15 nm YBCO film. By doing so, a very clear
trend of T, with the power can be obtained where T, is progressively

reduced from 65 K to 30 K using power irradiation’s of 25 mW to 150

mW.
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Figure 5.11: Critical temperature in linear and log scale obtained for several devices
patterned on a 20 nm YBCO film (a,b) and 15 nm YBCO film (c,d).

Hall measurements were conducted at 300 K on the devices from the
15-nm and 20-nm thick samples in order to obtain the carrier density,

nyg. Figls.12a show T, plotted as a function of the extracted ny values.
A clear correlation of T, with the doping level is obtain reproducing the
expected superconducting dome of T, vs doping. Figls.12b shows the

same data plotted together with the values of the the pseudogap tem-
perature, T, determined from the resistance vs. temperature curves

as described in Chapter 4. Both the dependence of T, and T™* with the
carrier density follow the trend expected for cuprate films (Fig{l.16)).

It should be noted that in this case pristine samples are already in the
under doped state since we used very thin samples.
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Figure 5.12: a) Critical temperature as a function of the charge carrier density for
15 nm and 20 nm devices irradiated at different laser powers. b) Phase diagram of
T. and T™ as a function of ng obtained for different irradiated devices.

5.3.2 Impact of laser-induced oxygen doping on J,.

In this section we will analyze the effect of laser writing on the critical
current density of the 15 nm YBCO devices patterned at different
conditions.

4

a T .
) 35 ® unpatterned b) 1k : ggpﬁsvemed
f . ] ® 50 mw
3r o som p ® 100 mW
o %0 mu 0.8 ° 150mw
e ® 150 mwW
- 251
£
[$]
< 2t *,
=
- 1.5+ |
~
1+
05
0 !

T(K)

Figure 5.13: a) Critical current density dependence on the temperature for different
patterned devices. b) curves shown in a) normalized to the value of J. at 5K.

Figl5.13|shows the temperature dependence of J,. obtained for tracks
irradiated at different power, compared with an unpattterned one. A
clar dependence is observe with a reduction of self-field J. and a fast
decrease J.(T') as the laser power is increased. Very strong effects are
obtained for the devices irradiated at higher powers (100 mW, 150
mW) in agreement with a large sample deoxygenation (Figl5.11Hd).
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5.3. Impact of laser patterning on the SC performance

Fig[5.14] shows the magnetic field dependence of J., normalized at
self-field, obtained for tracks irradiated at 50 mW and 100 mW, and
an unpatterned track. Figs.14(a) and (b) show the values obtained
at 30 K and 50 K, respectively. Contrary to what we observed with
the samples with field-induced oxygen motion (see Figs ), no clear
changes in poH*, are obtained in this case. These results would indicate
that laser-induced oxygen doping does not generate the same kind of
defects than field-induced oxygen doping (stacking faults).
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Figure 5.14: Critical current density, normalized at self-field, as a function of the
applied field for different patterned devices at a) 30 K, and b) 50 K.

Finally, we study the dependence of the critical current density on
the orientation of the magnetic field. Fig[5.15show several J.() curves
measured at various temperatures for devices irradiated at different
powers. In all of the curves we observe a peak of J.(f) at 90 ° associated
to a maximum critical current obtained for H//ab. However, besides
the expected ab-peak a very surprising feature, a J.(0) plateau, is
observed below 90 °. This plateau, completely unexpected, must be
associated to the presence of some kind of laser-induced pinning centres
efficient at this particular angle orientations.

In order to better elucidate the effect of this pinning centres we have
plotted in Fig[5.16|the mid-point angle of the plateau, 4tequ, Obtained
for samples irradiated at different powers. It should be noticed that
Opiatean, 1s shifted to low values with decreasing the magnetic field and
the temperature. Moreover, sample irradiated at large power (100
mW) show lower 6putcq, values. The length of the plateau, indicated
with error bars, is very similar for all the points (~ 5-6 °).
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Figure 5.15: Critical current density dependence on the magnetic field orientation
for devices irradiated at 50 mW and 100 mW at different magnetic fields and
temperatures (10 K and 30 K).
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Figure 5.16: Values of 6p4tc,, as a function of the magnetic field for irradiated at
50 mW and 100 mW at 10K (open symbols) and 30 K (closed symbols). Error
bars represents the length of the plateau.
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Although a plateau in Op4eq, Mmay be associated to the presence
of laser-induced pinning centres in these particular directions, the ori-
gin of this pinning is not clear. Fig shows a complete J.(6) curve
obtained by increasing the rotation angle from 0 ° to 360 ° and decreas-
ing it again to 0 °. Interestingly, the plateau is not symmetric around
90 ° and it just appears (~ 30 °) below 90 ° in the positive sweep
and above 270 ° in the negative sweep. A representation of the mag-
netic field orientation at the plateau and rotation angle is depicted in
Fig[5.17] Further investigations may be performed in order to clearly
identify the origin of laser-induced pinning centres which according to
the obtained results is highly anisotropic.
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Figure 5.17: a) Critical current density dependence on the magnetic field orienta-
tion for the device irradiated at 50 mW at 50 K and puoH = 1 T. Black arrows
indicate the J. plateaus. b) Sketch of field orientation and rotation direction at
the plateau.

5.3.3 Local laser irradiation: Pattern with lines

In this section we evaluate the possibility to locally modify parts of
the track by irradiating it with lines (D15-3 in Fig., and D20-3
and D20-4 in Fig.. Fig shows the resistance vs. temperature
curves measured for devices with lines as compared with a pristine
track. We observe that in all the cases a double transition is obtained
indicating the presence of two marked regions with different 7,.. The
first transition (77) is associated to unpatterned regions and the second
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one (T3) to the regions patterned with lines. The double transition
is less marked in the 15-nm sample irradiated at 175 mW probably
because the power is too high and the two regions with different doping
are not so clearly differentiated.
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Figure 5.18: a) Resistance vs. temperature curves obtained for several devices
patterned with lines in a) linear scale and b) log scale.

Fig[5.18b shows the same data in log scale. In this graph we can
clearly see that the sample irradiated with lines at different power
(identify the presence of four different T, values (D20-4 in Fig[5.8) show
four different transitions. 77 and 75 as the samples irradiated with
homogeneous lines and T3 and T, that may be associated to regions
with different oxygen doping. These results are very interesting since
indicate that it is possible to locally modify the oxygen doping in the
sample in a very controlled way.

5.4 Conclusions

The focus of this chapter was to modify the oxygen doping of YBCO
films by using laser-induced thermal effects. Initially, the influence
of different laser parameters on the irradiation effects were evaluated.
The affected areas could be directly visualized by optical microscope
and CAFM. The brightness of the optical images could be directly
correlated with the laser patterning and the associated sample de-
oxygenation. CAFM measurements revealed enhanced surface con-
ductivity in patterned regions which should be associated to a local
oxygen accumulation at the surface.
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A systematic study performed by changing the laser power demon-
strated the possibility to modulate the critical current density (oxygen
content) of YBCO tracks. By using homogeneous sample irradiation at
different powers a temperature-doping phase diagram with the critical
temperature (7,) and pseudogap temperature (7*) of samples switched
to different under-doped levels have been generated, reproducing the
one expected for cuprate films. In the case of in-homogeneous irradia-
tion using lines we observed that different transitions can be induced,
associated to regions with different oxygen content demonstrating the
possibility to locally modify the material at micro-metric scale.

Critical current density measurements as a function of the tem-
perature, magnetic field value and orientation have been performed
in several YBCO devices irradiated at different laser powers. Mea-
surements have been used to identify the effects generated through
laser-induced oxygen diffusion. Very interesting plateaus around the
ab-peak were found in the patterned devices which should be associ-
ated to highly anisotropic pinning centres efficient at specific magnetic
field orientations.
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Chapter 6

General Conclusions

Throughout this thesis, we have investigated different methods to tune
the superconducting properties of YBCO films. The first one is by
tailoring their vortex pinning landscape through growing conditions
by using low Barium precursor solutions. The second approach is by
changing the oxygen doping in the material by field-effect oxygen dif-
fusion or laser-induced thermal effects.

Chapter 3 investigates the impact of growing temperature on the
superconducting performance of YBCO films grown by chemical so-
lution deposition using low Ba precursor solutions. These solutions,
distinguished for being straightforward, inexpensive and eco-friendly,
allow us to reduce the growing temperature of YBCO down to 750
°C. We investigated the influence of the growing temperatures on both
the microstructure and superconducting properties of YBCO films by
using conventional thermal annealing (CA) and flash-heating (FH) ap-
proaches.

A clear correlation between the growing temperature and the su-
perconducting performance of the films was obtained with improved
performances observed at 750 °C. The effective pinning landscape in-
duced in the samples grown at low temperature is associated with the
formation of a high-density of stacking faults, observed by TEM im-
ages. Moreover, those films show very high values of J/ which may be
associated to a large carrier concentration at the overdoped state. It is
worth pointing out that the combined effect of Ba-deficient precursor
solution, low temperature growth and the addition of artificial defects
(nanoparticles) may boost the pining performance of the films.
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Chapter 4 shows the potential of reversible, nonvolatile field-
induced oxygen doping for a systematic tuning of the carrier density
in YBCO films, which in turn is substantial and shows robust effects
in the bulk critical temperature and electric properties at the normal
state. We evidence that direct gating of metal-insulating transition
induced by oxygen diffusion, appears as a very appealing for resistive
switching devices in which the resistive ratio between the low and high
resistance state increases by decreasing the gate size. A ratio of 5
orders of magnitude have been achieved by using micro-metric gates.

Field-induced resistive switching effects have been used to study
the superconducting properties of YBCO films at different oxygen dop-
ing levels and thus identify the kind of defects generated. Reversible
changes in the critical temperature and superconducting critical cur-
rent density are achieved by transitioning from a pristine low resis-
tance state to reversible high resistance states with moderate oxygen-
depleted regions. Transmission electron microscopy (TEM) measure-
ments, aligned with J.(H) and J.(f) dependencies, reveal that when
large oxygen depletion is induced, various irreversible high resistance
states can be obtained with the presence of stacking faults. These
findings offer valuable insights into understanding the role of defects
induced by field-induced oxygen diffusion in the switching performance
of cuprate superconductors.

Chapter 5 is devoted to investigate the possibility to induce metal-
insulating transitions through thermal effects generated by direct laser
writing. The generation of laser-induced oxygen vacancies have been
directly visualized by an increased reflectivity in optical images. A
clear correlation of the reflectivity change with the irradiation pattern
an laser power used could be obtained. Surprisingly an enhancement of
the conductivity in the irradiated zones have been detected by CAFM
measurements that could be ascribed to a local oxygenation of the film
surface.

Low-temperature angular transport measurements have been used
to explore the pinning performance of irradiated samples. We observed
that contrary to what we found with field-induced oxygen doping, no
presence of stacking faults have been observed in the case of laser-
induced oxygen diffusion. However, very a very interesting and unex-
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pected J.(#) plateau have been observed in all the irradiated samples
which depend on the magnetic field, temperature and laser power. Fur-
ther investigations may be performed in order to elucidate the origin of
the pinning centres that create this plateau. The potential of the tech-
nique has been elucidated by designing non-homogeneous patterning
(lines) in which we could observe that different transitions could be in-
duced. This approach may be interesting for technological applications
since it offers the possibility to nano-engineer the superconducting or-
der parameter at very local scale with a very high design flexibility.

The results obtained in Chapter 4 and Chapter 5 have been used
to recreate most of the phase diagram of YBCO, covering a wide range
of doping states(Fig.. The systematic control of the oxygen content
in superconducting cuprates by means of external inputs (electric field
or laser irradiation) may be used to study their complex phase diagrams
and opens new routes for the design of superconducting devices with
improved functionalities.
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Figure 6.1: Temperature-doping phase diagram of YBCO obtained with the differ-
ent samples analyzed in this theses. Red line divides the under-doped (UD) and
over-doped (OD) regions.
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