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Abstract

High temperature superconductors, especially cuprates, in the form of
coated conductors have the potential to be part of the next technological revo-
lution due to unchallenged, extraordinary superconducting properties. Oxy-
gen plays an essential role in these cuprate high-temperature superconduc-
tors, where superconductivity is governed by hole doping.

In this thesis we have intensively studied all oxygen involved processes,
from the initial incorporation of oxygen into the YBa2Cu3O7–δ structure and
related mechanism, up to the influence of oxygen doping on the supercon-
ducting properties. A deep understanding of each particular step is not only
interesting from an academic point of view, but also necessary in the optimi-
sation and improvement for any commercial production line.

Using in situ electrical conductivity relaxation and in situ X-ray diffrac-
tion measurements we have analysed oxygen exchange kinetics in YBCO thin
films. A broad variety of samples and microstructures, obtained by differ-
ent growth methods, cation substitution, nanocomposites, variations in thick-
ness and substrate, have been studied. Our studies reveal different influ-
ences of macroscopic and microscopic strain on activation energies for oxy-
gen exchange. In this work silver was found to be an excellent catalytic agent
for oxygen incorporation, by providing a catalytic alternative reaction path,
which enabled faster oxygenation kinetics and lower oxygenation tempera-
tures. Further, we have successfully identified the rate determining step (RDS)
of oxygen exchange kinetics in silver coated YBCO thin films, which we have
found to be the recombination of oxygen ions with surface vacancies.

The thorough use of electrical in situ measurements in combination with
ex situ analysis techniques as XRD, STEM, SEM, electrical resistivity, Hall and
magnetisation measurements enabled us to study the effects of thermal treat-
ment parameters on the surface chemistry and bulk microstructure of YBCO
thin films. On one hand, we have identified the formation of stacking faults al-
ready during low temperature annealings. On the other hand, a deactivation
of surface exchange kinetics was found for non-silver coated films, resulting
in significantly slower oxygen incorporation with increasing annealing time.
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Surface coating dependent degeneration rates point towards a modification
of the RDS upon silver coating of YBCO thin films.

We have not only studied the incorporation of oxygen in great detail,
but also its effect on the doping state of the cuprate material. The influence
of oxygen partial pressure, oxygenation temperature and oxygenation time
on the charge carrier density and normal/superconducting physical prop-
erties was intensively studied. We have prepared highly overdoped YBCO
thin films grown by PLD with record-high critical current densities reaching
90 MA/cm2 at 5 K and self-field, reaching a third of the depairing current den-
sity. The doping state was analysed by the use of temperature dependent re-
sistivity, Hall and mobility measurements, as well as XRD and critical temper-
ature measurements. By using a two band model for the electrical transport
of electrons and holes, we have obtained a temperature independent charge
carrier density. We have demonstrated a linear correlation between the charge
carrier density and the critical current densities in the overdoped state, thus
evidencing the powerfulness of these studies for the enhancement of super-
conducting properties of YBCO thin films.
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Chapter 1

Introduction

The discovery of superconductivity more than one century ago immediately
awakened high expectations on ultra high magnetic fields, believed to be out
of any technological reach, and dissipation free transport of electric power.
The realisation of these dreams, however, was hold back for many years due
to fundamental superconducting and material specific limitations.

The development of low temperature superconducting wires in the sec-
ond half of the 20th century, made from NbTi and Nb3Sn, paved the way to
first superconducting magnets, pushing the limits of magnetic applications
and still being a key technology nowadays for scientific (NMR, high energy
physics) and medical (MRI) purposes.

A new era of superconducting research and development was heralded
by the discovery of high temperature superconductivity three decades ago,
also known as the Woodstock of Physics. For the first time the fascinating state
of superconductivity was observed at temperatures above the boiling point
of liquid nitrogen, a cheap and superabundant coolant, creating vast expec-
tations on a technological revolution. This early stage enthusiasm was soon
replaced by the challenging reality of obtaining brittle ceramic, superconduct-
ing materials in the desired form of wires and tapes.

A first generation of HTS wires, based on a powder-in-tube process (BSCCO
tapes), advanced wire technology but did not yield exceptional advantages.
However, the outstanding superconducting performance of the REBCO (RE=Rare
earth elements) material class attracted the attention of many researches world
wide and resulted in the development of so-called coated conductors (CC).
This 2nd generation (2G) of HTS tapes requires the epitaxial deposition of RE-
BCO on a metallic substrate over long lengths - a never seen challenge in
material science, research and development.

Major improvements have been made within recent years to tackle the
most critical issues, as the uniform textured deposition of nano-structures in
kilometres length (a desired correlation over twelve orders of magnitude!), a
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drastic increase of the homogeneity of the thin films and its thickness, a nano-
engineered pinning landscape via the introduction of artificial pinning sites
and mainly a lowering of the production costs (€/kA/m) by the development
of different deposition techniques (CSD, MOCVD, PLD).

The advent and commercialisation of high temperature superconducting
materials can have a major impact on our modern urban societies. Current
and near-future progress in the production of CCs has the possibility to boost
moonshot projects as the next fusion reactors beyond ITER, dissipation-free
transmission of electricity in a superconducting grid of renewable energy sys-
tems, light and highly efficient engines for electrical aviation and new trans-
portation technologies as levitating trains. As we are on the abyss of loosing
the fight against climate change the potential of superconducting technology
is indispensable.

Superconductivity in YBCO is governed by hole doping into the CuO2-
planes via the oxidation of the crystal. This so-called oxygenation process
is the last fabrication step in the production of YBCO and the main subject of
this thesis. A high oxygen content in the YBCO layer is a prerequisite for its
exceptional and unrivalled superconducting properties, such as the highest
achievable critical current densities and upper critical fields. The optimisa-
tion of the oxygenation process requires a fundamental understanding of the
oxygen incorporation mechanisms into the structure, comprising surface ex-
change kinetics and bulk diffusion. Other than stoichiometric effects of heat
treatments on the microstructure and the chemical composition of the sur-
face, as the formation of microstructural defects, or surface cation segregation,
must be understood as well to enable the production of high quality coated
conductors with homogeneous properties over long lengths (>1 km). A thor-
ough understanding of the oxygenation process opens the door to reach the
overdoped state of the YBCO phase diagram. This phase is very promising to
allow further enhancement of the superconducting properties of YBCO close
to the limits of the depairing current, where the fundamental state of charge
pairing is destroyed.

In summary, this thesis is organised as follows:

• Chapter 2 introduces the fundamental concepts of superconductivity
and physical chemistry of oxygen exchange kinetics in oxide materials.

• Chapter 3 describes experimental methodologies, comprising sample
production and preparation techniques and measurement methods used
throughout the thesis to characterise normal state and superconducting
properties of the derived samples.
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• Chapter 4 shows the results on our study of oxygen exchange in pristine
and silver coated YBCO, elucidating the rate determining step of silver
coated YBCO thin films and the influence of different microstructures
and strain on the oxidation mechanism.

• Chapter 5 concentrates on the stability of YBCO under both oxidation
and reduction conditions, modifications of the microstructure during
thermal annealings and long term chemical stability of the surface.

• Chapter 6 summarizes our efforts on reaching the overdoped state of
the YBCO phase diagram by means of different oxygen treatments and
analyses the doping dependence of superconducting properties.
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Chapter 2

Fundamental Concepts

2.1 Superconductivity

Superconductivity (SC) is a low temperature phase with extraordinary electri-
cal and magnetic properties. The superconducting state was first discovered
by the Dutch physicist Heike Kamerlingh Onnes in 1911 in highly pure mer-
cury [1]. Below a certain material dependent temperature, the critical tem-
perature Tc, the material loses its electrical resistivity and exhibits perfect dia-
magnetism, expelling all magnetic field from its interior. The latter is called
Meißner-Ochsenfeld effect [2] and is essential to make SC a thermodynamic
phase. The superconducting state is confined by a critical temperature, a criti-
cal current density and a critical external magnetic field. Upon exceeding any
of these parameters superconductivity is destroyed.

Superconductivity arises due to a lower Gibbs free energy G of the SC
state as compared to the normal state (NS). The energy difference in zero field
is the so called condensation energy and defines the thermodynamic critical
field µ0Hc:

Ec(T) = GSC(0, T)− GNS(0, T) = −µ0H2
c (T)
2

V, (2.1)

with the vacuum permeability µ0 and the volume V of the superconductor.
As we will see later Ec is of essential importance for the transportation of dis-
sipation free currents. The origin of this phase transition can be explained
within the BCS theory, postulated by Bardeen, Cooper and Schrieffer in 1957
[3] for low-temperature superconductors. The energy of the system is low-
ered by the pairing of free electrons of opposite spin and wave vector, a so-
called Cooper pair, which is subject to a weak attractive interaction with the
lattice (electron-phonon interaction). Due to the pairing mechanism former
fermionic particles can condensate into a bosonic-like, degenerated ground
state, forming a macroscopic, phase coherent quantum state. As a result of
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the condensation, a superconducting gap ∆ opens in the energy spectrum of
the superconductor.

Normal resistivity is caused by scattering of electrons into higher energy
states by impurities in the lattice. Due to the SC gap no free states are avail-
able in the range of the scattering energy around the Fermi surface, effectively
suppressing any electrical resistance. The thermodynamic limit for resistance
free current flow is the so called depairing current, whereupon the kinetic en-
ergy of the charge carriers exceeds the binding energy of the Cooper pairs 2∆.
However, dissipation free current transport in real superconducting materi-
als is limited already before by the motion of magnetic flux lines, as will be
discussed in section 2.1.3.

2.1.1 Superconductors in external magnetic fields

In the superconducting state, external magnetic field is expelled from its inte-
rior by the circulation of shielding currents at the surface of the SC. Within the
magnetic penetration depth λ the applied field drops exponentially to zero.
On the other hand local variations of the Cooper pair density (or rather the so-
called order parameter ψ) are limited by the coherence length ξ. Both physical
quantities, λ and ξ, are material dependent and were introduced within the
phenomenological Ginzburg-Landau theory in 1950 [4].

Superconductors can be classified by the ratio of these two parameters, the
Ginzburg-Landau parameter κ, into type-I and type-II superconductors via:

κ =
λ

ξ

{
κ < 1/

√
2: type-I SC

κ > 1/
√

2: type-II SC
(2.2)

which determines the behaviour of the SC in an external magnetic field. This
can be understood by looking at the surface energy σns at the interphase of
the superconducting and normal phase. Near the interface the condensation
energy and the exclusion energy Eb, required to expel the magnetic field from
the interior of the SC, are competing. Depending on λ and ξ the energy dif-
ference ∆E = Eb + Ec ∝ σns is either positive or negative.

The magnetic penetration into a superconductor is shown in Fig. 2.1. In
type-I superconductors, where the coherence length is much larger than the
magnetic penetration depth, Eb rapidly increases to its maximum value, while
Ec builds up over a broader region, as schematically shown in Fig. 2.1(c).
Thus, the surface energy σns is positive and the system tends to minimise this
boundary as it requires energy to generate a S-N interphase. The SC remains
in the Meißner-state until the external magnetic field exceeds the critical field
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FIGURE 2.1: Schematic representation of the magnetic pene-
tration depth λ and the superconducting coherence length ξ
at the interphase of a normal region and (a) a type-I and (b)
a type-II superconductor and corresponding variations of the
energy landscape in (c) and (d), respectively, with the exclu-

sion energy Eb and the negative condensation energy Ec.

Hc, whereupon superconductivity vanishes. Most superconducting elements
are of type-I.

Type-II superconductors are in the Meißner-state, showing perfect dia-
magnetism only below a rather small magnetic field, the so-called lower crit-
ical field µ0Hc1. Above µ0Hc1 it becomes energetically preferential for the
system to let quantised magnetic flux vortices penetrate the superconducting
specimen. This can be understood by much shorter coherence lengths of type-
II superconductors. Therefore the condensation energy reaches its full value
in close proximity to the boundary and σns becomes negative (see Fig. 2.1(b)
and (d)). The gain of σns overcompensates the loss of condensation energy
due to the normal core of the vortex, making it energetically more stable. This
phase is called mixed-state or Shubnikov-phase.

Each flux line carries a so-called flux quantum φ0 = h/2e = 2.07 · 10−15 Tm2,
generated by a superconducting current flowing in a plane perpendicular to
the field direction. Superconductivity in the mixed-state is preserved until
an external field exceeds the upper critical field µ0Hc2, which can reach very
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conductivity
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Fermi liquid

p

T
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FIGURE 2.2: Schematic T-p phase diagram of the cuprate fam-
ily with many different phases, as AF-ordering (below TN),
superconductivity (Tc), the pseudogap region (T*) and the
(marginal) Fermi liquid phases. TAF, TS, TCh, TSC indicate the
onset temperatures of antiferromagnetic, spin, charge and su-

perconducting fluctuations. Adopted from [10].

high fields (>100 T). High µ0Hc2 fields are a fundamental requirement for large
technical applications of superconductors.

2.1.2 High temperature superconductors

The discovery of high temperature superconductivity (HTS) in 1986 by Bed-
norz and Müller [5] in BaxLa5–xCu5O5(3–y) marks the advent of the renais-
sance of superconductivity research. Soon after in 1987, the first compound
with a superconducting transition above liquid nitrogen temperature was an-
nounced: YBa2Cu3O7–δ with a Tc of 93 K [6]. In the following years HTS
was found in many compounds and different material classes, as cuprates
with its most promising candidates Bi2Sr2CaCu2O8 (Bi2212) [7] and YBCO
and iron-based materials [8].In recent years a major step towards potential
room-temperature superconductivity has been made by the discovery of HTS
in sulfur hydride systems with Tc = 203 K [9]. So far, all known high temper-
ature superconductors are of type-II, where the mixed state mainly governs
the H − T phase diagram. The Shubnikov-phase therefore is of extraordinary
importance for the technological use of HTS.

While low temperature superconductivity can be sufficiently explained
within the framework of BCS theory, there is still no clear conclusion on the
mechanism of HTS in its entirety. Cuprate superconductors exhibit a very rich
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FIGURE 2.3: Orthorhombic structure of YBa2Cu3O7–δ indicat-
ing the CuO-chain in b direction and the two CuO2-planes per

unit cell.

and complex phase diagram, as schematically shown in Fig. 2.2. It is widely
believed that the understanding of the intricate normal state above Tc will pro-
vide a clue to the origin of HTS [11, 12], especially the so called pseudogap is
of very special concern. Superconductivity in cuprates arises upon charge
doping into Mott insulators [13], where strong Coulomb repulsion of elec-
trons leads to an antiferromagnetic insulating state (even though a half filled
energy band crosses the Fermi surface, as e.g. the Cu d orbitals in cuprates).
At low doping a pseudogap opens in the energy spectrum of the charge car-
riers around the Fermi energy, similar to the superconducting gap, however,
at higher temperatures. Above the pseudogap, a marginal Fermi liquid phase
evolves with unusual metallic properties (strange metal). At very high dop-
ing, cuprate superconductors can be described within the Fermi liquid theory.
The critical temperature has its maximum at optimal doping. At lower dop-
ing (underdoped regime) Tc decreases with decreasing doping. This might be
caused by phase fluctuations of the superconducting order parameter rather
than the breaking of the Cooper pairs, due to low carrier densities, i.e. see
[14]. On the other hand, in the overdoped regime Tc decreases with increas-
ing doping possibly due to the decrease of the superconducting gap [15].
There are many different attempts trying to explain HTS, e.g. by linking the
origin of superconductivity to charge density waves [16], competing order pa-
rameters and d-density wave order [17, 18] or to spin fluctuations [19]. How-
ever, there is no theoretical model yet combining the many various experi-
mental results.
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Data reproduced from [21] with permission.

YBa2Cu3O7–δ: Crystal structure and oxygen non-stoichiometry

YBCO, as part of the REBCO (RE=rare earth) material family, is one of the
most promising materials for the commercial breakthrough of HTS, with its
high critical temperature and record high critical current densities up to very
high magnetic fields. The YBCO structure consists of an oxygen deficient
triple perovskite cell and is shown in Fig. 2.3. The atomic arrangement of
perovskites is based on a cubic structure of the formula ABX3, with positive,
metallic cations A and B in the centre and the corners of the cube, respectively.
The negative charged, non-metallic anions X are located in the centre of the
twelve edges.
The stacking sequence of YBCO ab-planes is Y-CuO2-BaO-CuO-BaO-CuO2-Y,
with two CuO2-planes and one CuO-chain in b-direction. CuO2-planes are
found in all cuprate SC and are thought to be the key for superconductivity
in this material class, while the separating spacer layers and especially the
CuO-chains are known to serve as charge reservoir. There is a strong covalent
bonding between the partly occupied Cu 3dx2−y2 orbital and the O 2px and O
2py orbitals and charge transfer between the CuO planes and CuO2-planes is
linked via the apical oxygen between the plane and the chain [20].

The oxygen content of YBa2Cu3O7–δ can vary between 6 and 7. The oxygen
deficiency 7− δ corresponds to the oxygen content in the CuO-chains, which
are empty at O6 and fully filled at O7 [22]. Electron holes are created in the
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p orbitals of oxygen. YBCO is subject to a phase transition depending on the
oxygen content. If δ > 0.65 the compound exhibits a non-superconducting,
tetragonal symmetry. Upon filling oxygen into the chain sites the b-parameter
of the unit cell increases, while a gets compressed and the material becomes
orthorhombic, showing superconductivity for δ < 0.6. The phase diagram
of the oxygen non-stoichiometry as a function of oxygen partial pressure is
shown in Fig. 2.4(a). In Fig. 2.4(b) we have extracted the oxygen content as
a function of temperature for two different pressures, as they will be used as
standard conditions in Chapter 4.

The temperature dependence of the oxygen stoichiometry can be qualita-
tively understood by thermodynamic considerations. The free enthalpy G of a
real crystal consists of the two ideal components, the static bonding and vibra-
tional enthalpy of the perfect crystal, Gperfect, and a configurational, entropic
component (Gcfg < 0) [23]:

G = Gperfect + Nd

(
∆dg + kBT ln

Nd

N

)
︸ ︷︷ ︸

Gcfg

, (2.3)

with the number of defects Nd (e.g. vacancies) and the total number of crys-
tals sites N. The term ∆dg accounts for changes in the bonding and vibra-
tional contributions due to defects. Gcfg enables the existence of point defects
at equilibrium at finite temperatures. The equilibrium defect concentration is
defined by the temperature dependent minimum of G, which is seen to in-
crease with increasing temperature.

The layered structure of YBCO causes a strong anisotropy of normal-state
and superconducting properties and is typically expressed by the anisotropy
parameter γ:

γ =
ξab

ξc
=

λc

λab
=

√
mc

mab
=

µ0Hab
c2

µ0Hc
c2

, (2.4)

with the coherence lengths, London penetration depths, effective electron masses
m and critical field Hc2 in the ab-plane and in c-direction. Typically in YBCO
one finds γ = 5− 7, thus there are huge differences between the upper critical
field Hc2 for fields applied parallel or perpendicular to the superconducting
CuO2-planes.

Due to a very small coherence length in HTS materials (ξ is of the order
of 1 nm) and d-wave superconducting pairing symmetry, high angle grain
boundaries strongly decrease superconducting performance [24, 25]. There-
fore, epitaxial growth is a prerequisite for any application of cuprate super-
conductors. Commercial production of YBCO superconducting tapes is based
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on the so called coated conductor architecture. The superconducting layer is
deposited on a metallic substrate with several epitaxial buffer layers on top to
match the cell parameters of YBCO [26].

2.1.3 Vortex pinning in YBCO

As we have seen above, type-II SC are characterised by a new phase, the
mixed state, where the free energy of the total system in an external field can
be lowered by the penetration of quantised magnetic flux (vortices). The vor-
tex has a normal core (|ψ| = 0), therefore the system loses the condensation
energy related with the volume of the core. In a perfect, defect-free SC the
vortices are driven by an applied current due to a Lorentz-like force ~FL. The
moving normal core of the vortices causes an electric field and therefore en-
ergy dissipation in the material.

As any crystal has defects, which are non-superconducting, the system
can regain the condensation energy of the vortex core by placing the flux line
in the defect, resulting in a force ~FP of opposite direction to ~FL. This effect is
called vortex pinning and is essential for bulk current densities.
As long as |~FL| < |~FP|, vortices are pinned and DC currents can flow dissipation-
free through the superconductor. The critical current density Jc is reached,
when the Lorentz force density equals the pinning force density:

~fL = ~Jc × ~B = −~fP. (2.5)

At higher currents, magnetic vortices are getting unpinned, spontaneously
flowing through the material. This state is called flux-flow regime with Jc = 0.
However, superconductivity is preserved until the applied current reaches the
so-called depairing current Jd, where electrons have enough kinetic energy
to break the condensation into Cooper pairs (the kinetic energy exceeds the
superconducting gap 2∆). Within the Ginzburg-Landau theory the depairing
current Jd can be written as [27]:

JGL
d = φ0

1
23/2πµ0λ2(T)ξ(T)

, (2.6)

with the temperature and material dependent magnetic penetration depth
λ(T) = λ(0)/

√
1− t4 and coherence length ξ(T) = ξ(0)

√
(1 + t2)/(1− t2),

the flux quantum φ0, the vacuum permeability µ0 and the reduced tempera-
ture t = T/Tc.

The maximum pinning effect can be achieved by defects of dimension
∼ 2ξ with a similar density as the vortices and a maximum condensation
energy. There are many different kinds of defects present in YBCO. One can
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sort the various defects by means of their dimensionality. Natural crystal im-
perfections as oxygen vacancies and interstitial atoms are 0D, while edge and
screw dislocations are 1D defects. Twin and grain boundaries are two dimen-
sional pinning sites, while nanophases are 3D volume defects.

Artificially introduced defects, via the embedding of nanoparticles, self-
assembled columnar nanorods during growth, or irradiation can significantly
improve pinning properties of YBCO.

The layered structure of cuprates leads to an additional, intrinsic pinning
contribution, specially for magnetic fields parallel to the CuO2-planes, due to
suppressed superconductivity in between the CuO2-planes (d-wave SC).

At high temperatures flux pinning is weakened by thermal fluctuations
within the material. As different defect types are governing the pinning at
different temperatures, nano-engineering of HTS material can customize fun-
damental superconducting properties to the required working conditions, as
e.g. high fields at low temperature for magnet applications, or high tempera-
tures and low fields for current-carrying technologies.

2.1.4 Bean critical state model

In a reversible, defect-free type-II superconductor in the mixed state, magnetic
vortices arrange in a homogeneous hexagonal lattice to minimise repulsive in-
teractions between the flux lines. However, in most type-II SC we find defects,
where vortices are pinned, resulting in a hysteresis of the magnetisation pro-
cess. This remanent magnetisation was first explained within the Bean critical
state model, as described in the following [28, 29].
We will assume an infinite cylindrical superconductor with radius r in an ax-

ial external magnetic field, a field independent critical current density Jc(B) =
const and we will neglect thermally activated movement of vortices. In the
Meißner phase, superconductors exhibit perfect diamagnetism, with µ0H =
−µ0M. However, above Hc1 magnetic flux lines penetrate the superconductor
from the edges, reducing the magnetisation. Due to pinning, a field gradient
inside the specimen will build up, as shown schematically in Fig. 2.5(a) for
three different fields. This gradient induces locally a current, equivalent to
the critical current Jc (critical state). As we assume Jc = const, the field decays
linearly inside the superconducting material. The penetration depth of vor-
tices is field dependent and at H = H∗ the field fully penetrates the sample
and the saturation reaches its saturation. Upon further increase of the applied
field (as long as Ha � Hc2), the field gradient stays the same (hence the mag-
netisation), but the vortex density increases.

When the external field is reduced, vortices leave the specimen first at the
edge, reversing the gradient as indicated in Fig. 2.5(b). When the external
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FIGURE 2.5: Bean model to explain remanent magnetisation
of type-II superconductors: field distribution above supercon-
ducting sample upon (a) increasing and (b) decreasing exter-
nal field µ0Ha. (c) Schematic representation of magnetisation
process of real, irreversible type-II SC, with indicated field dis-
tributions at certain points in the M−H diagram. Reproduced

from [30].

magnetic field is reduced to zero, a magnetisation due to pinning remains
within the superconductor. The maximum magnetisation Msat is reached,
when the field has initially exceeded 2H∗.
Figure 2.5(c) shows schematically the magnetisation process of a irreversible
superconductor. The trapped field, corresponding to the magnetisation is in-
dicated in orange in the field distribution sketches.
Opposite to the classical magnetisation, where M arises from microscopic cur-
rents due to electrons orbiting the atomic nuclei, in a superconductor M is
generated by a macroscopic current flowing inside the sample.
The calculation of the Jc for cylindrical specimen is the simplest case. Never-
theless, it can be performed as well for thin film geometries1. With the defini-
tion relation of the magnetisation M of the full sample in an external magnetic
field

µ0M =
1
V

∫
B(V)dV − µ0H (2.7)

and Ampère’s law with the field ~B in z-direction and the current flowing
within the xy-plane

∇× ~B = µ0~J, (2.8)

1In cuboid shaped samples the actual current density varies with the polar coordinate ϕ.
J(ϕ) varies between J(ϕ) = Jc for ϕ = 0 ° and J(ϕ) = Jc cos(45°) ≈ 0.7Jc for ϕ = 45 ° along the
diagonal.
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we can assess the critical current density to

Jc =
6M

d
Acorr =

6m
d3t

Acorr, (2.9)

with d being the side length of the squared sample of thickness t. We have
introduced a correction factor Acorr accounting for variations in thickness of
the sample at the edges and demagnetisation effects. Acorr was obtained by
calibration with electrical transport measurements.
The Bean model has been extended by several authors (e.g. see [31]) to account
for the field dependence of the critical current density in real superconductors.

2.2 Reaction chemistry and transport phenomena: gen-
eral considerations

In many oxides the oxygen content of the material is crucial to physical (e.g.
structural, electrical, superconducting) and chemical properties. Understand-
ing the fundamental processes behind the in- and excorporation of oxygen
into the material structure is a very important topic in many different branches
of physics and materials sciences and of great technological relevance. Many
electrochemical devices are based on this process as e.g. mixed conducting
solid oxide fuel cells (SOFC) cathodes, gas sensing devices, oxygen perme-
ation membranes and memristors based on resistive switching [32, 33]. The
central equation of this process, the oxygen reduction reaction (ORR) can be
simply written in the Kröger-Vink notation2 as:

1
2

O2 + VO → O×O + 2h , (2.10)

with the oxygen vacancy VO and the occupied oxygen crystal site O×O. In
contrast to its apparent simplicity, the significance and complexity of the ORR
for solid state ionics has started to be understood only in recent years.

The process of oxygen exchange can be divided into several steps and
ranges from the adsorption of oxygen molecules on the surface to chemical
diffusion into the bulk, which will be discussed in detail below. Stoichiometric
changes can be triggered by a change of an external thermodynamic parame-
ter as for example the total pressure P, the oxygen partial pressure P(O2), the
temperature T, or an applied electric field. We will start with an introduction

2In the Kröger-Vink notation electric charge is given relative to the specific crystal site,
which is indicated by lowered letter. × indicates neutral charge, and ′ correspond to sin-
gle positively and negatively charged sites.
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into basic methods of defect chemistry necessary to describe and understand
the ongoing processes, as outlined in [34] and then discuss the specific reac-
tions relevant for the oxygen exchange in YBCO. Very helpful introductions
into the field of solid-gas interactions can be found in the standard works of
P. Atkins [35], J. Maier [23] and elsewhere [36, 37].

A reversible, heterogeneous reaction can be written as

A(x1) ⇀↽ B(x2), (2.11)

describing the conversion from A to B and the simultaneous translation from
x1 to x2. The reaction affinity is generally given by differences in chemical po-
tentials between A and B, as any system tends to minimise its free energy. The
corresponding net reaction rate is defined as the difference between forward
and backward reaction rates

⇀

< and
↼

< and we can write the mass action law
as:

< =
⇀

<−
↼

< =
⇀

k[A(x1)]−
↼

k[B(x2)]. (2.12)

Here we have used the definition of the forward/backward reaction rate via
the corresponding reaction rate constants

⇀

k and
↼

k and reactant and product
concentrations [A] and [B]. The forward and backward rate constants are
thermally activated and can be generally written as:

⇀

kin = k0 exp

[
− ∆

⇀

G
kBT

]
(2.13)

and
↼

kout = k0 exp

[
− ∆

↼

G
kBT

]
, (2.14)

where k0 depends on the oxygen partial pressure and
⇀

G and
↼

G are the accord-
ing energy barriers. In our considerations we neglect any additional driving
force coming from non-vanishing internal electric fields.

If our model reaction (2.11) is in equilibrium the net reaction rate < van-
ishes and we can define the equilibrium constant as

Keq(< = 0) ≡
⇀

k/
↼

k =
[B]
[A]

. (2.15)

If the modification of a thermodynamic variable (e.g. T or P(O2)) causes only
a slight deviation out of equilibrium the reaction rate can be approximated by
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FIGURE 2.6: (a) Schematic representation of a process, where
the chemical potential of oxygen µO drops only over a single
step, thus the rate determining step (step II, RDS) of oxygen
exchange. Precedent and subsequent steps (step I & III) are in

quasi-equilibrium.

the equilibrium exchange rate <0 [38]:

<0 =

√
⇀

< ·
↼

< =
√

⇀

k [A]eq ·
↼

k [B]eq. (2.16)

A commonly taken assumption is that one single step is limiting the over-
all exchange rate of oxygen between the ambient and the bulk. This step
is generally referred to as the rate determining step (RDS) as schematically
shown in Fig. 2.6 for a three step process (I - III), where step II is the RDS.
The only significant drop of the chemical potential µ occurs across the RDS,
while precedent and subsequent steps are in quasi-equilibrium. The first step
to enhance the oxygen exchange rate of a material, as desired in many differ-
ent applications, is the identification of the RDS. In a second step one must
find a possible alternative reaction path, as e.g. via catalysis.

In the following we contemplate a stoichiometric change initiated by a
change in the oxygen atmosphere. We investigate the elementary mechanisms
involved in the transformation of the oxygen molecule into a lattice oxygen
atom. The discussion will be limited to the exchange of molecules and atoms
between the solid and the gas phase and inner-bulk diffusion. The formation
and motion of interfaces and structural changes, other than of stoichiometric
nature, will be neglected for simplicity. These aspects will be discussed at a
later stage in this thesis (Chapter 5).
The presented order follows the reaction scheme outlined in [36], modified
for the case that all charges are provided by the formation of holes. The or-
der of the relevant reaction steps might be altered and steps might be com-
bined or further divided [39]. However, in the framework of the performed
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Reaction mechanism Rate equation
Step 0 O2(x1) ⇀↽ O2(x2) Atmosphere change

Step 1 O2 ⇀↽ O−2 + h Physi- and chemisorption∗ (2.17a)

Step 2 O−2 ⇀↽ O2−
2 + h Ionisation∗ (2.17b)

Step 3 O2−
2

⇀↽ 2O− Dissociation∗ (2.17c)

Step 4 O−(x1) ⇀↽ O−(x2) Surface diffusion (2.17d)

Step 5 2O− + 2VO ⇀↽ 2O×O + 2h Incorporation (2.17e)

Step 6 O×O(x1) ⇀↽ O×O(x2) Bulk diffusion (2.17f)

TABLE 2.1: Relevant transport and reaction mechanisms of
the process of oxygen incorporation into YBCO. All charges
for the oxidation of oxygen are provided by the formation of
holes. Steps marked with ∗ are expected to be enhanced upon

coating with a catalyst.

analysis we will stick to this structure. Furthermore, YBCO exhibits rather
high changes in stoichiometry as a function of the oxygen partial pressure
compared to other oxides as for example SrTiO3−x. Therefore, defect-defect
interactions must be taken into account, while the framework of ideal defect
chemistry only treats randomly distributed, non-interacting elementary de-
fects [40]. A coupling of ionised oxygen with neighbouring copper ions is
expected. The majority of doped holes are localised in the CuO-chains, while
only a fraction is available as free charges in the CuO-planes [40].

All relevant transport and reaction mechanisms are enlisted in Table 2.1
and schematically drawn in Fig. 2.7. Step 0 describes the change in oxygen
partial pressure above the sample. This step depends on the experimental
setup (chamber geometry and total gas flow) and can technically be assured
to be comparatively fast. In Step 1 physical and chemical adsorption of oxy-
gen molecules onto the free surface of the specimen are combined. Adsorp-
tion mechanisms will be discussed in section 2.2.1, followed by an analysis of
the surface coverage Θ in section 2.2.2. Step 2 is the ionisation of the oxygen
molecule by the formation of a hole in the YBCO surface layer, which is fol-
lowed by Step 3, which is the dissociation of O2−

2 into charged oxygen ions.
The diffusion of oxygen at the surface of the specimen to find an oxygen va-
cancy is described in Step 4. Step 5 is the recombination of an O ion with a
vacancy of the surface layer, accompanied with a charge transfer to reach the
bulk oxidation state of O2− = O×O. The last step (step 6) is the chemical diffu-
sion of oxygen in the bulk, along and across interfaces (e.g. grain boundaries)
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FIGURE 2.7: Schematic representation of the oxygen exchange
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bulk diffusion. The relevant steps are (1) chemisorption, (2)
ionisation, (3) dissociation (4) surface diffusion, (5) incorpora-
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as outlined in detail in section 2.2.3. Electrical neutrality within the material is
guaranteed by simultaneous diffusion of electrical and ionic defects, as elec-
trons, holes and oxygen vacancies.
The reaction and transport steps 1-5 are mechanisms related to the surface,
while step 6 is of purely bulk nature. The steps 1-3, marked with ∗, might be
enhanced by a catalyst [41, 42].

We can write the reaction rate <i(T) for each step (i = 1, ..., 6) with the cor-
responding temperature dependent defect concentrations (in squared brack-
ets) and reaction rate constants

⇀

ki(T),
↼

ki(T). In the case of YBCO we need to
consider oxygen, oxygen vacancy and electron hole concentrations, as they all
considerably change with oxygen partial pressure. In the following we will
omit the explicit temperature dependence of all quantities. If we assume that
the particular step i is the RDS, preceding and succeeding steps are in equilib-
rium and can be expressed via their equilibrium constants Kj 6=i via Eq. (2.15).
This assumptions yield the equations 2.17(a-f) for each of the steps being con-
sidered the RDS. Additionally we have calculated the pressure dependence of
the corresponding equilibrium reaction rate <0

i using Eq. (2.16), as discussed
below.
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<1 = P(O2)
⇀

k1 −
1

K2K3K5

[O×O]2[h ]4

[VO ]2
↼

k1

<0
1 ∝ P(O2)

(1+4nh+2nO−2nV)/2
(2.17a)

<2 =
K1

[h ]
P(O2)

⇀

k2 −
1

K3K5

[O×O]2[h ]3

[VO ]2
↼

k2

<0
2 ∝ P(O2)

(1+2nh+2nO−2nV)/2
(2.17b)

<3 =
K1K2

[h ]2
P(O2)

⇀

k3 −
1

K5

[O×O]2[h ]2

[VO ]2
↼

k3

<0
3 ∝ P(O2)

(1+2nO−2nV)/2
(2.17c)

<4 = k4
(
[O−](x1)− [O−](x2)

)
= k4

(√
K1K2K3

[h ]2
(x)
√

P(O2)−
[O×O][h ]√

K5[VO ]
(x′)

)
<0

4 ∝ P(O2)
(0.5+nO−nV)/2

(2.17d)

<5 =

√
K1K2K3

[h ]2

√
P(O2)[VO ]

⇀

k5 − [O×O][h ]
↼

k5

<0
5 ∝ P(O2)

(0.5+nV+nO)/2

(2.17e)

<6 = k6

(
[Ox1

O ](x)− [Ox2
O ](x′)

)
<0

6 ∝ P(O2)
(0.5−2nh+nV+nO)/2

(2.17f)

For surface diffusion and bulk diffusion processes, activation energy barri-
ers

⇀

G and
↼

G are the same (see Eq. (2.13) and (2.14)) and therefore reaction rate
constants are equal for forward and backward reaction. Thus, the equilibrium
constants become Ki = 1 for i = 4, 6. Note, that the implicit dependence of <i
on the oxygen partial pressure of step 1-5 will enable the analysis of the RDS
in section 4.4.

The P(O2) dependences of the equilibrium reaction rates <0
i are given as

a function of the individual defect pressure dependences, where the P(O2)
dependences for YBCO bulk defects are given by: [O×O] ∝ P(O2)nO , [h ] ∝
P(O2)nh and [VO ] ∝ P(O2)nV for lattice oxygen, electron hole and oxygen va-
cancy concentrations. While it is reported that the pressure dependencies of
the defect concentrations decrease from 1/2 at very low oxygen partial pres-
sures to below 1/4 when approaching 1 bar [43], the different exponents are
assumed to be linked via nh = nO = −nV [44, 45].
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FIGURE 2.8: Schematic draft of two types of surface interac-
tion: (a) physisorption: interaction due to polarization of the
molecule and induced image charges on the surface and (b)

chemisorption: chemical bondings via charge transfer

2.2.1 Adsorption onto the surface

Two main mechanism of adsorption can be distinguished by their effect on
the electronic structure of the gas molecules (see Fig.2.8):

• Physical adsorption (physisorption):
the adsorbate is bonded to the surface via an attractive but weak Van der
Waals force (Ephys = 0.2 eV/molecule). The dipole-dipole interaction is
caused by a transient shift of the electron densities of the molecule and
the formation of image charges on the surface due to the polarization. In
a simple model it can be described with a valence electron e− hopping in
one dimension, normal to the surface, around a positive ion [46]. There
is no charge transfer between the adsorbent and the adsorbate.

• Chemical adsorption (chemisorption):
charge transfer and/or new formed hybrid orbitals between the surface
and a molecule create strong chemical bonds. Its concept is compara-
ble to covalent or ionic bonding of molecules. The involved enthalpies
are usually higher than in the case of physisorption (Echem = several
eV/molecule) and equilibrium separations are shorter. The rearrange-
ment of e−-shells can lead to dissociation, which requires two empty
nearest-neighbour sites at the surface.

The interaction of a molecule with the solid surface with distance r can be
approximated using the Lennard-Jones potential. The Lennard-Jones poten-
tial is the superposition of a fast decaying repulsive r−12 term (Pauli repul-
sion) due to the overlap of electron orbitals and a long range attractive van
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FIGURE 2.9: Potential energy as a function of the distance be-
tween the surface and a gas molecule modelled by a Lennard-
Jones potential (a) red dashed line for the case of chemisorp-
tion, black solid line for physisorption (b) Red solid line shows
the case where physisorption (black dashed) is a precursor

state for chemisorption (red dashed)

der Waals force proportional to r−6:

V(r) = 4ε

{( r0

r

)12
−
( r0

r

)6
}

, (2.18)

with the potential depth ε and a characteristic length r0, which is correlated to
the position of the minimum of the potential via rmin = 21/6r0. Figure 2.9(a)
shows typical potential shapes for physisorption (black line) and chemisorp-
tion (red, dashed line). In case of dissociative chemisorption the molecule is
dissociated into its constituents. The potential is therefore shifted to approach
the dissociation enthalpy Ediss at large distances. The physisorbed state of-
ten serves as a precursor state to a stronger bonded, potentially dissociative
chemical adsorbed state (Fig. 2.9(b)). The potential energy barrier Ea between
those two states can be referred to the initial increase of the bonding length
of the impinging gas molecule before it gets fragmented into its constituents.
Depending on the sign of Ea one can distinguish between activated Ea > 0
and non-activated Ea < 0 chemisorption.

2.2.2 Surface coverage

The surface coverage Θ is defined as the fraction of occupied sites with respect
to the total number of adsorption sites available, assuming a complete mono-
layer. The rate of change of Θ can be expressed with two terms, one related to
adsorption and the other to desorption. The surface coverage increases due
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FIGURE 2.10: Langmuirs isotherm surface coverage θ as a
function of oxygen partial pressure at different temperatures.

to adsorption with the rate constant
⇀

k(T)ads, proportional to the number of
vacant sites and the partial pressure P(O2). On the other hand desorption de-
creases the number of occupied sites proportional to the number of adsorbed
species and the desorption rate constant

↼

k(T)des. The total change reads

dΘ(T)
dt

=
⇀

k(T)adsP(O2)
[
1−Θ(T)

]x
−

↼

k(T)des

[
Θ(T)

]x
. (2.19)

In the case of an exchange process involving single atoms, x in Equation (2.19)
is equal unity. For dissociative adsorption of a diatomic molecule the proba-
bility for both atoms to find a vacant site is proportional to [1 − Θ]2, thus
x = 2. Any variation of the net coverage due to chemical oxygen in- and ex-
corporation and resulting stoichiometric changes in the crystal are neglected
in this simple model.

For a dynamic equilibrium situation with no net exchange the rate Equa-
tion (2.19) transforms to Langmuir isotherms

Θ =
(KP(O2))

1/x

1 + (KP(O2))
1/x (2.20)

with the equilibrium constant K =
⇀

kads/
↼

kdes. This simple model assumes a
constant adsorption energy, independent of the surface coverage. More so-
phisticated approaches, as the Freundlich and Horikoshi-Temkin isotherms
take into account a non-constant binding energy dependence on the coverage
[47–49].



24 Chapter 2. Fundamental Concepts

Figure 2.10 shows the Langmuir isotherms for different temperatures. The
fractional surface coverage Θ increases with decreasing temperature. After a
change of partial pressure, e.g. from high to low P(O2) as indicated with the
black arrow, a new equilibrium coverage has to be established. This process
is limited by the adsorption and desorption rate constants and might be the
RDS.

So far electrostatic effects have not been considered. The P(O2) depen-
dence of the oxygen surface coverage of charged adsorbates has been pro-
foundly studied by Fleig, Merkle, and Maier [50]. Negative ad-ions cause
a positive polarisation within the surface layer leading to a surface poten-
tial step χ. This potential step depends on the different ionic surface species,
which are present on the oxide surface, as O−ad, superoxide O−2,ad and peroxide
O2−

2,ad. The final surface coverage can be calculated if a predominant specie is
assumed. If the majority specie is O−ad and the materials hole concentration is
P(O2) dependent, the surface coverage reads [50]

Θ = KO2
ad

√
P

ah
exp

(
− eχmaxΘ

kBT

)
(2.21)

with the equilibrium constant KO2
ad
= exp

[(
µ0

O2
/2− µ0

O−ad
− µ0

h

)
/kBT

]
, χmax

as the surface potential step at maximum coverage (Θ = 1), and an additional
parameter ah considering changes in the hole concentration and formation of
ionic point defects, e.g. oxygen vacancies. Further complication might arise
due to the influence of surface step and grain boundary densities on the sur-
face coverage [51, 52].

2.2.3 Bulk diffusion

Bulk diffusion (or generally speaking any diffusion mechanism) is the pro-
cess of balancing differences in concentrations leading to a homogeneous dis-
tribution of matter due to thermal movement of atoms. This process is of
purely statistical nature. Differences in concentration c over time and space
are linked by Fick’s second law, the diffusion equation

∂c
∂t

= ∇ (Dchem∇c) . (2.22)

The empirical diffusion coefficient Dchem is directly linked to the mean square
displacement of atoms due to Brownian motion [53].
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FIGURE 2.11: Fisher model of chemical diffusion in a material
with regions of different diffusivity, as e.g. grain boundaries.

One distinguishes between different diffusion mechanism, depending on
the number and type of particles and crystal sites participating in the pro-
cess. Most relevant are direct and indirect interstitial and vacancy diffusion
mechanism [54]. In the first case an interstitial atom jumps from its position
to the closest interstitial site. This process causes only a small and temporary
displacement of nearby lattice atoms, making it energetically favourable. It is
quasi independent of the crystals defect concentration. The indirect interstitial
(interstitialcy) mechanism is based on the replacement of a lattice atom, which
becomes the new interstitial. The vacancy mechanism is based on vacant crys-
tal sites diffusing through the crystal by neighbouring atoms jumping into the
vacancy.

Grain boundaries are well known regions of high diffusivity and provide
fast exchange paths [54]. The Fisher model provides a mathematical descrip-
tion of grain boundary diffusion by considering areas with different chemical
diffusion coefficients Dchem [55]. This is schematically shown for a single GB
in Fig. 2.11, with high grain boundary diffusivity compared to bulk diffusion
Dgb � Db. Atoms diffuse along grain boundaries in z and leak into the bulk
along the x and y direction, enhancing the overall diffusion process [56]. The
same approach will be used in section 4.3 to analyse the influence of perco-
lation currents on conductivity relaxation measurements. Additionally grain
boundaries were found to have significant influence on the surface exchange
rates, providing areas with higher surface exchange coefficients [52, 57].
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Theoretical model for the analysis of electrical relaxation measurements

Changes in the oxygen stoichiometry of YBCO are triggered by changing the
oxygen partial pressure and therefore the standard chemical potential of oxy-
gen on top of the surface. This will lead to a gradient of the chemical potential
within the sample its surface and the YBCO bulk. As the electrical conductiv-
ity σ is sensitive to the oxygen content, the relaxation process causes changes
in σ, which are experimentally accessible. The transients of the electrical con-
ductivity can be modelled by Fick’s second law (Eq. (2.22)).
For a first order chemical reaction one can always write for the rate of change
[58, 59]:

< =
dc
dt
≡ d∂c

dt
= −k∂c. (2.23)

The affinity for this reaction is a deviation from the thermodynamic equilib-
rium concentration ∂c = c∞ − c, as the process is limited by the chemical
reaction rate constant k. This chemical reaction is the source of particles for
the diffusion process at the solid-gas interface. Using Fick’s first law for the
diffusion flux J, we can write the Neumann boundary condition to solve the
diffusion equation (2.22) in one dimension as:

J = −Dchem
dc
dx

∣∣∣∣
x=l

= kchem∂c, (2.24)

with the bulk diffusion coefficient Dchem, the film thickness l and the chemical
surface exchange constant kchem. The concentration c is a function of time t
and position x: c = c(x, t). For simplicity we use c = [O×O] for the oxygen
concentration in the following. We assume no oxygen exchange at the film-
substrate interface and therefore:

J = −Dchem
dc
dx

∣∣∣∣
x=0

= 0, (2.25)

which is equivalent to the case of a thin film with a thickness of 2l and the
same physical boundary conditions at x = l and x = −l [60]. With the bound-
ary conditions (2.24) and (2.25) and an initial homogeneous oxygen concentra-
tion c0, we can solve the diffusion equation (2.22) by the standard technique of
Laplace transformation. The exact analytical solution is given by (see p. 60ff
in [61]):

c(x, t) = c∞ − (c0 − c∞)
∞

∑
n=1

2δ cos (βnx/l)
(β2

n + δ2 + δ) cos βn
e−β2

nDt/l2
, (2.26)
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with βn being the n’th positive root of the transcendental equation [62]

β tan β = δ. (2.27)

and
δ =

lkchem

Dchem
. (2.28)

As electrical measurements do not provide spatial resolution we are only
interested in the average oxygen concentration as a function of time, which
we obtain by integrating Eq. (2.26) over the film thickness. The averaged time
dependent solution reads:

c̄(t) =
1
l

∫ l

0
c(x, t)dx = c∞ − (c0 − c∞)

∞

∑
n=1

2δ tan βn

βn (β2
n + δ2 + δ)

e−β2
nDt/l2

. (2.29)

As δ � 1 for a bulk diffusion controlled process and δ � 1 for surface
limited reactions, the main contribution to the sum in Eq. (2.29) comes from
the first term [61]. Using the 1st degree Taylor expansion of the tangent in
Eq. (2.27) and Eq. (2.29) (tan x ≈ x) and

(
β2

n + δ2 + δ
)
≈ 2δ, the solution of

the diffusion equation can be approximated by:

c(t)− c∞

c0 − c∞
' e−t/τ, (2.30)

with a single saturation time τ = l/kchem for surface controlled processes. The
same result is obtained for diffusion limited processes with τ = l2/(2π2Dchem),
where the exponential has a pre-factor of (8/π2) [63]. If changes in P(O2) are
not too large, we can assume a linear relationship between the transients of
the oxygen content and the film conductivity [43, 64]:

σ− σ∞

σ0 − σ∞
= e−t/τ. (2.31)

In the case of two parallel diffusion/reaction channels, one generally assumes
a second relaxation process with a different relaxation time (see Eq. (4.1)).





29

Chapter 3

Experimental Methodologies

In this chapter a brief description of all experimental techniques used in this
work will be given. The sample growth and preparation techniques are intro-
duced in the sections 3.1 - 3.2. Samples are intensively studied using SQUID
magnetometry, electrical measurements and X-ray diffraction techniques as
described in 3.3, 3.4 and 3.5, respectively. The chapter is closed with the dis-
cussion of the home built in situ set-up for high temperature ECR measure-
ments in section 3.6.

3.1 Deposition techniques of YBCO thin films

Physical properties of YBCO, as zero resistance up to strong magnetic fields,
makes this material highly interesting for many different fields of applica-
tions. It has been shown that the angle between grain boundaries has ma-
jor influence on macroscopic critical current densities. The supercurrents de-
crease exponentially with the grain boundary angle [65], due to charge locali-
sation and suppressed d-wave pairing [24]. Therefore highly textured YBCO
must be achieved. Several different physical and chemical deposition tech-
niques have been developed and adapted for the growth of epitaxial super-
conducting films on single crystal and coated metallic substrates.

Commonly used techniques comprise pulsed laser deposition (PLD), sput-
ter deposition, molecular beam epitaxy, thermal co-evaporation (all physical
vapour deposition techniques), and chemical routes as chemical vapour de-
position, liquid phase epitaxy and chemical solution deposition (CSD). The
recently developed CSD transient liquid assisted growth (TLAG) method is
another highly promising candidate for future superconducting tape produc-
tion.

In the following two sections the PLD and CSD techniques will be dis-
cussed, as used in this work to obtain highly textured, epitaxial thin YBCO
films. Films with good physical properties, as a critical temperature of around
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90 K and high critical current densities (above 2 MA/cm2 at 77 K) are achieved
with both methods.

3.1.1 Sample growth via CSD trifluoroacetates route

Major benefit of this chemical route is its capability of depositing films at at-
mospheric pressure, making it a very cost effective method compared to ex-
pensive vacuum-based technologies. High performance and scalability have
been shown [], making it an appealing alternative to already available com-
mercial tape production lines.

The frontier of knowledge on CSD based on the use of trifluoroacetate
solution and metal organic precursors has been pushed for many years by
this research group. The description given here will closely follow the review
of Obradors et al. [66].

MO-solution, deposition and pyrolysis

Starting point of any CSD route is a stable solution containing the stoichio-
metric amount of required metals for the final film. The precursor solution is
based on trifluoroacetate salts dissolved in an alcoholic solvent as ethanol or
methanol. A high purity solution is a requirement for good superconducting
properties of the resulting layer.

The solution is deposited on a single crystal substrate by spin coating.
The thickness and metallic concentration of the deposited layer determines
the final film thickness. Another technique used in the group is the recently
developed Ink-jet printing methodology which has certain improvements as
high reproducibility, increased maximal thicknesses and reduction of solution
waste.

The substrate is required to have a small in-plane lattice mismatch with the
YBCO structure to allow defect-free, c-axis oriented growth. Films are grown
on (100)-oriented SrTiO3 and (100)-oriented LaAlO3 squared single crystal
substrates with a side length of 5 mm. Before the deposition substrates are an-
nealed to 900 °C in an oxygen flow of 0.5 l/min to remove carbon-containing
impurities and form terraces with the height of single unit cells. These terraces
facilitate the nucleation of YBCO seeds in the next step of the synthesis.

The toxic component of fluorine is necessary to avoid the formation of
BaCO3, which decomposes only at very high temperatures. Instead the in-
termediate solid precursor BaF2 is formed. There is ongoing research on re-
ducing or eliminating the amount of fluorine necessary to synthesize YBCO
to lower detrimental environmental effects.
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Organic constituents are burned during the pyrolysis step at relatively low
temperatures around 310 °C. A clear understanding of the ongoing decompo-
sition processes is necessary to avoid negative strain releases, like buckling
and cracking due to strong shrinkage and mass loss during pyrolysis. The
optimization of parameters, as the heating ramps, firing temperature, oxygen
and water pressure allows to grow homogeneous and epitaxial films.

Residual porosity is caused by fast gas escape during the decomposition
stage. The mechanically unstable structure facilitates the formation of pores.
These pores are thought to be highly important as diffusion path for oxygen
during oxygen.

Nucleation and growth

At high temperatures the YBCO is nucleated and grown. During a fast heating
ramp (25 °C/min) to 810 °C different intermediate phases are formed, limited
by their formation kinetics. The Ba1−xYxF2+x phase decreases its Y content
from x ≈ 0.35 after the pyrolysis to 0 at growth temperature and immediately
Y2O3 is formed. The following reaction was identified to be the primary path
for YBCO to be formed:

3CuO + 2Ba(OxFy)2 +
1
2

Y2O3 + 2yH2O −→ YBa2Cu3O7−δ + 4yHF (3.1)

The nucleation starts with many individual single seeds, which grow and
coalesce to a continuous layer. YBCO can nucleate in different crystalline
orientations, such as [001], [100] and [103], which have similar nucleation
enthalpies. Obvious difficulties arise if heteroepitaxial YBCO layers are de-
manded. Therefore many process parameter have to be precisely controlled to
achieve highly c-axis oriented films. The growth and nucleation rates depend
among others on the temperature, oxygen partial pressure and water pres-
sure. It has been shown that increased growth rates of TFA assisted growth
decrease final film properties.

Thin layers grown within this there were typically 200 - 250 nm thick,
highly c-axis oriented and exhibited current densities of 2 - 6 MA/cm2.

Oxygenation

The oxygenation of YBCO is a complex process. Many steps are involved in
the incorporation of oxygen into the structure to obtain good superconducting
properties as explained in section 2.2. Here the standard oxygen process is de-
scribed as used for many years within the group. After the growth the sample
is slowly cooled to the dwell temperature for the oxygenation, typically 450
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or 550 °C. When the temperature falls below 600 °C the oxygen partial pres-
sure is increased to 1 bar. After a dwell of 210 min the sample is cooled with
10 °C/min to room temperature in an oxygen flow of 0.12 l/min.

3.1.2 Sample growth via pulsed laser deposition

The process of pulsed laser deposition is a physical vapour technique working
in a low pressure environment. PLD can be used to grow epitaxial thick films
of high quality. Its broad flexibility makes it a highly interesting fabrication
method. An overview of this and other deposition techniques can be found
in [67].

A high energy pulsed laser beam locally heats a target of the desired mate-
rial. The short wavelength of the laser limits the interaction of the photons to
free electrons of the target. These excited electrons subsequently interact with
phonons leading to a sudden increase of temperature and an explosive re-
moval of atoms from the surface layers. This material evaporate into a plasma
plume, formed of neutral and charged particles. These particles are subse-
quently deposited on a substrate, which is mounted on a heater parallel to the
material target. Using this technique monolayers, thick films and complex
multilayer systems can be produced. High fabrication and maintenance costs
for the laser and vacuum system are the main drawback of this deposition
method.

The targets used were produced by Oxolutio SL and consist of pressed and
sintered, stoichiometric YBCO powder.

Stable YBCO can only be formed in a certain region of the oxygen par-
tial pressure P(O2)- temperature phase diagram. The working pressure of the
PLD technique is usually in the order of 10−1 mbar. To provide fast diffusion
of the deposited adatoms on the substrate, the temperature of the heater is
set close to the YBCO stability line on the high temperature side of the phase
diagram. The process parameters strongly determine essential steps as the
nucleation, phase formation and film growth. The parameters used for the
deposition of YBCO films on single crystal substrates are shown in Table 3.1.
The final thickness of the film is determined by the number of laser pulses
during growth (under the conditions used: 26 pulses ∧= 1 nm). After the de-
position the film was cooled immediately by switching off the heater. In the
standard process oxygen flux is turned on below 600 °C and the pressure is
raised to 1 bar to reach high Tc and Jc values.
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T (°C) 800
P(O2) (mbar) 0.3
f (Hz) 5
Fluence (mJ) 97

TABLE 3.1: Parameter used for the growth of YBCO films us-
ing the Pulsed Laser Deposition method

3.2 Sample preparation techniques

Samples have been prepared for several types of measurements using pho-
tolithography and sputtering processes. A brief introduction will be given in
the following.

3.2.1 Photolithography

A photolithography process allows the precise patterning of thin layers into
desired geometries or to deposit additional surface cover layers in certain
structures. Therefore a thin layer (≈ 1 µm) of positive photo-resist is de-
posited by spin coating onto the clean sample surface. To dry out the resin
and remove organic content in the resist the film is baked for one minute at
100 °C. A digital prepared mask is transferred to the sample using a Micro-
Writer from Durham Magneto Optics LTD located in the clean room facility of
ICMAB. The pattern is written with a UV laser with spot widths of 0.6, 1
and 5 µm. The exposed sample is chemically developed for one minute. In
this step the photo-resist is removed from the irradiated areas, while in the
other areas the photo-resist still covers and protects the underneath YBCO.
The sample is now readily prepared for further steps as silver deposition or
etching.

Etching the YBCO layer, e.g. into tracks for transport measurements (see
section 3.4.3), is done in diluted phosphoric acid (1:100 H3PO4) for several sec-
onds. The reaction is stopped with distilled water and immediately after the
sample is dried with nitrogen gas. At the end the remaining resist is removed
by immersing the sample into acetone in an ultrasonic bath for some seconds.

3.2.2 Sputter deposition

Sputtering is a process of thin film deposition via ion bombardment on a tar-
get material. Emitted atoms are subsequently deposited on the sample/substrate.
Many different classes of materials as simple metals, alloys and complex ma-
terials can be deposited via sputtering.
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Ag Pt
p (mbar) 0.1 0.02
U (V) 350 400
I (A) ∼0.1 0.02

TABLE 3.2: Parameters for argon pressure and voltage as used
during sputter deposition and typical current values

An electron beam ionises an inert gas producing highly energetic particles.
These ions are accelerated towards the target. They bomb the surface and
transfer their momentum and energy to the atoms within the first layers. A
cascade of collisions is set off. Atoms near the surface with an energy greater
than the binding energy get emitted into the half sphere above the target.
Since sputtering is due to momentum transfer and atoms are not extracted
out of the target by thermal evaporation, also materials with high melting
point can be deposited. Momentum transfer can be optimized to increase the
sputter yield by choosing a sputtering gas with an atomic weight similar to
the target material.

In this work an argon DC sputtering system from TSST is used to deposit
silver and platinum layers of thicknesses between 20 and 100 nm on top of
YBCO samples. Standard parameters of Ag- and Pt-deposition are shown in
Table 3.2.

3.3 SQUID magnetometry

Sample properties as the critical temperature Tc and critical current Jc(T, µ0H)
can be assessed using magnetometry. The evaluation of the measured magne-
tization is based upon the Bean critical state model introduced in section 2.1.4
in the previous chapter. All magnetic measurements have been conducted
in a Quantum Design MPMS XL-7 SQUID magnetometer equipped with a
superconducting solenoid magnet with a maximum field of 7 T and 0.01 %
of field non-uniformity. The operational temperature lies between 1.9 and
400 K. Magnetization measurements are in general fast and non-destructive
measurements with low consumption of liquid helium. The broad range of
possible measurement temperatures and magnetic fields is an additional ad-
vantage over transport measurements, which are limited due to very high
critical current densities at low temperatures and low fields.

The set-up consists of a second order gradiometer with three pick-up coils
along the axial direction of the magnet. The samples are mounted perpen-
dicular to the applied magnetic field. All measurements are performed using
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FIGURE 3.1: Magnetisation measurements using a SQUID
magnetometer: (a) magnetisation measurement at 5 K, a 4-
quadrant loop is performed to fully magnetize the sample as
indicated with the black arrow lines. (b) the sample in Meiss-
ner state is warmed up in an applied field of 0.2 mT, all mag-
netic field is expelled out of its interior; the black lines indicate

the transition width and Tc,onset is labelled

the Reciprocating Sample Option (RSO). In this option the sample is periodi-
cally displaced in vertical direction (with a small amplitude of typically 3-
10 mm) within the gradiometer. This movement is detected as an oscillating
AC-signal in the SQUID sensor. The frequency of the sample movement was
set to 4 Hz and each measurement point consists of 25 cycles. The current gen-
erated in the pick-up coils varies linearly with small variations in the position.
The magnetic moment is automatically computed by the SQUID software via
a linear fit through all repeated cycles.

Compared to direct current SQUID magnetometry the reciprocating sam-
ple technique has increased sensitivity, due to less influence of field inhomo-
geneities and thus caused reversals of the magnetization close to the surface
and less relaxation of the trapped magnetization profile due to shorter mea-
surement times.

3.3.1 Jc(µ0H, T) measurement

To calculate critical current densities using the Bean model [28, 29] one needs
to measure the irreversible magnetic moment mirr of the saturated m−H hys-
teresis loop. Saturation is reached by sweeping the magnetic field through all
four quadrants as shown in Fig. 3.1 (a) for a standard m(H) measurement.
Starting at zero applied field, the field is increased to +5 T and subsequently
reversed to -5 T following the numbers I - III in the Figure. For full saturation
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also at small positive fields the µ0H is increased from -5 T to +0.3 T (IV). For
µ0H > 0 the irreversibility moment can be calculated using

mirr(µ0H) =
1
2
(mdec(µ0H)−minc(µ0H)) , (3.2)

with the magnetic moments measured with decreasing and increasing applied
magnetic field.

To measure the temperature dependence of the total magnetisation, the
sample is fully magnetised at 5 K with a loop to +3 and -3 T and then slowly
warmed up at zero field. In this case mirr is assessed only from the branch of
increasing magnetic field (at 0 T).

The critical current densities as a function of temperature and applied
magnetic field Jc(T) and Jc(µ0H) can be calculated using the equations given
in section 2.1.4.

3.3.2 Tc measurement

To measure the critical temperature the sample is zero field cooled. At the
starting temperature (usually 10 or 50 K) a small magnetic field of 0.2 mT is
applied. The sample is now in the Meissner state and fully expels the external
magnetic field from its interior. The sample is continuously warned up with
0.5 K/min while the magnetisation is being measured. Above Tc the diamag-
netic signal of the sample vanishes as shown in Figure 3.1 (b). Tc is defined
as the temperature where the measured signal drops below 1e−7 Am2. The
transition width ∆T is defined by 10 and 90 % of the magnetisation m0 extra-
polated to 0 K, as it is indicated with dashed vertical bars in Fig. 3.1.

3.4 Low temperature electrical measurements

Electrical measurements at low temperatures have been performed using a
Physical Properties Measurement System (PPMS). The sample is fixed on a sam-
ple holder using adhesive copper tape to ensure good thermal contact. Elec-
trical contacts are made with a conductive silver paint from RS components
and Ag wires onto the sample surface. To improve the electrical contact four
small silver contacts of 400×400 µm2 with a thickness of 100 nm have been de-
posited by argon sputter deposition at the corners of the surface. After placing
the sample inside the sample chamber, the system is purged and pumped to
low pressures to avoid any damage on the system and the sample. The sys-
tem is cooled using liquid helium and allows measurements in a temperature
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range from 2 to 400 K. A superconducting magnet enclosing the sample cham-
ber can operate at fields up ±9 T.

Electrical measurements allow to obtain key physical parameters of a su-
perconducting material as the transition temperature Tc, the resistivity ρ(T),
the charge carrier density nH(T) and the charge mobility µ(T), giving insight
into the physical properties of the superconducting state. Measurements are
carried out with an applied current of 100 µA in AC mode, which means that
the direction of current is inverted once per measurement.

3.4.1 Van der Pauw measurements

Van der Pauw has shown that the resistivity of a sufficiently two dimensional,
simply connected sample can be measured by attaching four contacts on the
edge of the specimen [68, 69]. While this technique is valid for any arbitrary
shape without holes, the case of a squared sample will be discussed, as used
in this work. The resistance RAB,CD is defined as the voltage drop between D
and C per applied current through the contacts A and B. Analogously RAB,CD
is defined by permutation of the contacts. For the labelling of the contacts see
Fig. 3.2. Van der Pauw’s theorem states that the following expression holds
for thin films with resistivity ρ and homogeneous thickness t:

exp
[
−πt

ρ
RAB,CD

]
+ exp

[
−πt

ρ
RBC,DA

]
= 1 (3.3)

To calculate the sample resistivity ρ, Equation (3.3) can be transformed into
Eq. (3.4) using R± = RAB,CD± RBC,DA and a function f (R+, R−) only depend-
ing on the measured resistances:

ρ =
dπ

ln 2
R+

2
f (R+, R−) (3.4)

The approximate solution of the function f (R+, R−) for R+/R− ≈ 1 is given
by

f (R+, R−) ≈ 1−
(

R−

R+

)2 ln 2
2
−
(

R−

R+

)4 (
(ln 2)2

4
− (ln 2)3

12

)
(3.5)

3.4.2 Hall measurements

Hall measurements are based on the Hall effect, discovered by E. Hall [70] in
1879. Electrical point charges q in an external magnetic field ~B experience a
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A
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D

I
V

Method Configuration

Resistivity
VCD IAB
VAB IBC

Hall
VAC IBD
VBD IAC

FIGURE 3.2: Schematic of a sample with an electrical contact
in each corner to measure resistivity using the van der Pauw
technique; the table lists the two configuration used to average

for resistivity and Hall measurements

Lorentz force ~FL perpendicular to their direction of velocity ~v

~FL = q(~E +~v× ~B) (3.6)

resulting in a deviation from the ideal straight path through a material. Due to
their different sign, electrical positive and negative charges will be separated
inside a current-carrying conductor to different sides. Any excess charge on
one side creates a transverse electric field which opposes further charge sepa-
ration and leads to a new equilibrium situation. In many materials the poten-
tial difference UH between the two faces is proportional to the driving current
I, the perpendicular magnetic field component B and material dependent Hall
coefficient RH:

UH =
RHBI

t
, (3.7)

with the film thickness t. The sign of RH is determined by the type of the
charge carrier (electrons or holes) and its absolute value is related to the num-
ber of charges. For a p-type conductor with a single type of determinant
charge carriers (holes), one can write:

RH =
1

qnH
(3.8)

with the elementary charge q = 1.602 · 10−19 C and the charge carrier density
per unit volume nH. As for many different material classes, Equation (3.8)
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FIGURE 3.3: Hall effect measurements: (a) sweeping magnetic
field at constant temperature to extract RH from the linear
slope of the Hall voltage and (b) in the case of vanishing volt-
age offset at zero field, the temperature dependence of RH(T)
can be measured with a single temperature sweep at a con-

stant applied field (3 T).

is used to calculate the charge carrier density nH of YBCO, even though the
validity of this equation is at its limits.

For every point in the (µ0H, T)-diagram, the Hall voltage is measured in
two configurations as indicate in the table of Fig. 3.2 and averaged to consider
any electrical offset due to sample inhomogeneities and/or resistive contribu-
tions within the contacts. The magnetic field is swept between -9 and 9 T at
constant temperature (see Fig. 3.3(a)). The Hall coefficient is extracted from
the slope of the linear Hall voltage respond RH = t

Iµ0

dUH
dH . In the case of a

vanishing voltage offset at zero magnetic field over all temperatures, the tem-
perature dependent Hall coefficient RH(T) can be calculated from a single
temperature sweep at constant applied field using Equation (3.7). A typical
temperature dependence measurement at 3 T is shown in Fig. 3.3(b).

3.4.3 Electrical transport measurements

To obtain the critical current density Jc of a superconducting sample, electri-
cal transport measurements can been performed using the standard four point
technique. This method allows the characterisation of the critical current den-
sity of thin films as a function of temperature, field, and the orientation of the
field in respect to the c-axis of the material: Jc(T, µ0H, θ).

YBCO exhibits very high Jc values and therefore high currents would need
to be applied to drive the superconductor into an energy dissipative state. To
enable transport measurements samples have to be patterned to bridges with
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widths of 10 - 100 µm. To avoid local heating and guarantee good electrical
contacts an annealed interlayer of silver is necessary to obtain measurements
of good quality.

3.5 X-ray diffraction measurements

X-ray diffraction techniques are very useful tools to obtain structural informa-
tion of crystalline materials. Different methods can be used to probe chemical
composition and defect structure, in-plane and out-of-plane parameters, film
epitaxy and crystallite orientations, strain state and thickness of the film. In
this work mainly two diffractometers are used: a Bruker D8 Discover with a
monochromatic X-ray source and a SIEMENS D5000.

Diffraction measurements are based on the constructive interference of an
electromagnetic wave, scattered by a periodic, long-range ordered structure,
e.g. parallel planes of atoms. The wavelength of x-ray beams is of the same
order of magnitude as interatomic distances in crystals, therefore they can be
used for diffraction between atomic planes. The angles, where constructive
interference produces a diffraction peak, is given by Bragg’s law

nλ = 2dhkl sin θ (3.9)

where n is a positive integer, λ the wavelength of the incident X-ray beam, θ
the angle between the surface and the incident wave and dhkl the distance be-
tween two planes under consideration. The interplanar spacing for a system
with orthorhombic symmetry reads

1
d2

hkl
=

h2

a2 +
k2

b2 +
l2

c2 (3.10)

with the unit cell parameters a, b, c and the crystallographic direction [hkl].

3.5.1 c-parameter measurement

The out-of-plane cell parameter c is determined by measurements with θ− 2θ
configuration. Using this geometry the diffraction vector ~q is always perpen-
dicular to the surface plane since the incident angle of the beam ω is kept half
of the detector angle 2θ. A typical pattern is shown in Figure 3.4. The (00l)
YBCO peak family and the substrate peaks (h00) are clearly resolved with
high intensities.
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FIGURE 3.4: High resolution θ − 2θ XRD measurement of a
YBCO thin film on a LAO substrate. (00l) YBCO peak family
is labelled above peak, substrate peak labels are placed to their

right side

Substrate a (Å) (100) (200) (300) (400)
LaAlO3 3.791 23.438 47.959 75.143 108.795
SrTiO3 3.905 22.754 46.472 72.567 104.192

TABLE 3.3: Unit-cell parameters for STO and LAO substrate
used to calculate diffraction angles. (200) reflections are used

for sample calibration in θ − 2θ measurements.

Calibration and post correction

The (200) substrate peak is used to calibrate the measurement for both, LAO
and STO substrates. The substrate cell parameters are listed in Table 3.3, along
with the corresponding diffraction angles. While for STO literature values
have been take, the LAO cell parameter was refined from a powder diffraction
measurement using the Rietveld technique.

A post correction is performed to minimise the error in the 2θ position.
Therefore all substrate peaks are fitted and their offset to the expected position
is corrected by a polynomial of second degree. This correction is applied to
the whole spectrum.
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FIGURE 3.5: (a) Fitting procedure for the (007) YBCO peak; a
linear background is fitted to the data in the visible area ex-
empt between the two blue dashed bars; the peak itself is fit-
ted to a pseudo Voigt within the area of the two black bars (b)
Extrapolation of the c-parameter using Nelson-Riley criteria

Peak fitting

A key step of the analysis of diffraction measurements is the precise fitting of
the peaks. This is done by using a home written fitting routine for gnuplot.
Often, peaks cannot be simply described by a purely Lorentzian or Gaussian
curve. Therefore the Voigt function is frequently used as a better approxima-
tion of real XRD patterns. This function is a convolution of a Lorentzian and
a Gaussian. In the present fitting routine a pseudo Voigt function is used to fit
the peak shape. It reads

I (2θ − 2θ0) = Imax [ηl (2θ − 2θ0) + (1− η) g (2θ − 2θ0)] (3.11)

and is the sum of a normalised Lorentzian l and normalised Gaussian g,
weighted by the Lorentz fraction η. While precision is not significantly com-
promised, the computational effort is strongly reduced by using a pseudo
Voigt instead of a Voigt profile. Up to four scalable fit parameters are used,
corresponding to the position of the peak 2θ0, its maximum intensity Imax, the
Full Width Half Maximum (FWHM) and the Lorenz fraction. The exact fitting
steps are as following (see also Fig. 3.5 (a)):

1. A region of the full XRD spectrum is chosen, confining a single peak

2. Initial values for peak height and position are defined by the point with
maximum intensity Imax and the corresponding 2θ0 value. Additionally,
an initial FWHM is defined by the closest points to 1/2Imax on the left
and right side of the peak
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3. A linear background is fitted to both sides of the peak, while the area of
4 FWHM around Imax is excluded from the fit

4. The linear background is subtracted from the spectrum

5. A pseudo Voigt function is fitted within the range of usually 2 FWHM
around the peak

6. Step 5 is repeated with refined values for Imax, 2θ0 and an adopted fit
range to the new peak position

In case of the SIEMENS diffractometer a non-monochromatic source is
used and the Cu K(α2) line has a strong contribution. Therefore an additional
pseudo Voigt profile has to be added in the fitting procedure. The position of
the peak must be fixed to the corresponding peak position of the Cu K(α1)

2θ0,kα2(2θ0) = 2 arcsin (λkα2 /λkα1 · sin(2θ0/2)) (3.12)

Evaluation of the c-parameter

Two methods have been used to evaluate the out-of-plane lattice parameter:

Bragg condition When using Bragg’s condition for several (00l) peaks and
plotting l over corresponding 2 sin(θ)/λ values, the c-parameter can be
calculated as the slope of a linear regression.

Nelson-Riley Several systematic errors decrease with increasing incident an-
gle and would vanish at 2θ = 180 °. Thus various extrapolation methods
have been proposed since the early stage of XRD diffraction to dimin-
ish the influence of systematic errors and calculate cell parameters at
the highest possible angle. The best extrapolation was obtained using
following function [71]:

1
2

(
cos2(θ)

sin(θ)
+

cos2(θ)

θ

)
. (3.13)

An example for an extrapolation to obtain the c-parameter as the inter-
cept at x = 0 is shown in Figure 3.5 (b). Only peaks with l ≥ 6 are used
for the fitting.

3.5.2 Nanostrain analysis

Local, inhomogeneous deformation of the crystallite structure leads to the oc-
currence of nanostrain ε. This form of strain can be evaluated using a method-
ology developed by Williamson and Hall [72]. It correlates the increasing
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broadening of the coherent XRD reflections with the increasing reflection an-
gle:

β2 cos2(θ) =
λKα

L
+ 16ε2 sin2(θ) (3.14a)

β cos(θ) =
λKα

L
+ 4ε sin(θ), (3.14b)

where the different contributions to the broadening add up quadratically, as
for the case of the convolution of Gaussian peak profiles (Eq. (3.14a)), or sim-
ply linear, if the peaks a defined by a Lorentzian profile (Eq. (3.14b)). β cor-
responds to the experimental broadening of the (00l) Bragg peaks, corrected
by the instrumental broadening, λKα is the wavelength of the Cu Kα radiation
and L is the height of the crystallite. The nanostrain ε can be obtained by a
linear fit in a plot of βx cosx(θ)) vs. sinx(θ), with x = 1, 2 for Lorentzian or
Gaussian peak shapes, respectively.

3.6 In situ high temperature ECR measurements

Electrical conductivity relaxation (ECR) measurements are a very useful tech-
nique to measure reaction and transport kinetics of a solid material. Therefore
the evolution of conductivity with time due to changes in external parameters
as temperature and atmosphere is recorded. It provides insight into funda-
mental processes and one can obtain materials properties as the surface ex-
change constant kchem and the chemical diffusion coefficient Dchem. It is an in
situ analysis method and has a rather simple set-up, low measuring costs and
a broad range of possible working temperatures. Measurements can be per-
formed in vacuum, and different low and high pressure atmospheres. ECR
measurements are of integral type and typically do not provide spatial reso-
lution.

There are several other techniques to analyse solid state exchange reac-
tions, such as in situ X-ray diffraction, thermogravimetry and secondary ion
mass spectroscopy. The latter method allows to measure frozen-in profiles
with spacial resolution. Optical adsorption spectroscopy is an example for an
in situ method with spatial resolution.

Mainly three different driving forces are used in oxygen exchange experi-
ments. To distinguish the nature of exchange one denotes kδ and Dδ in case of
chemically driven exchange due to change in partial pressure, k∗ for isotope
exchange in 18O tracer experiments and kQ for electrochemically overpotential
driven measurements.
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3.6.1 Measurement set-up

The ECR measurement set-up is home build and is made up of a furnace, an
electrical set-up for the ECR measurements and a system to control the at-
mosphere inside the furnace. The whole set-up has been revised and main
improvements as the automation of the whole process has been made dur-
ing this work. The measurements are controlled and recorded by a LabView
program via serial and GPIB connections.

Furnace

The furnace is of cylindrical shape with a bore of 30 mm in diameter in ax-
ial direction. A glass tube of 22 mm diameter inside the furnace bore is en-
closed between the gas control unit on the entrance side and a two gas bub-
bler system on the exit to avoid gas exchange with environment. An exter-
nal power unit controls the heating via a Eurotherm 902 Thermocontroller.
The maximum heating rate is about 80 °/min while cooling is limited to 5-
15 °/min above 300 °C (see the cooling characteristics for different tempera-
tures in Fig. 3.6). The standard heating rate used for ECR measurements is
10 °/min from room temperature to the first dwell temperature.

Atmosphere control

On the entrance side three gas mass flow units (one of 3 ml/min, and two of
0.6 l/min) enable different oxygen partial pressures P(O2) by mixing O2 and
N2 gases with purity above 99.995 %. The atmosphere is changed between dry
and wet gas and different P(O2) by switching electro-valves with a digital re-
lay. The standard total gas flow used is 0.6 l/min at atmospheric pressure.
Partial pressures of oxygen between 1 bar and 10−5 bar (pure N2) can be es-
tablished.

Sample holder and sample mounting

The sample holder consists of three thin ceramic bars with two holes each
for wiring purposes, mounted on a metallic plug. The central one is used
for a K-type thermocouple with copper leads, providing the furnace temper-
ature close to the sample position. Thick silver wires of 0.25 mm diameter are
inserted into the holes of the other two bars and fixed at the end of with a
high temperature silver paint from CDS Electronique. After manufacturing
the sample holder these contacts were initially dried out at 800 °C.

Thin Ag wires of 0.125 mm are wrapped around theses contacts and fixed
with silver paint in the corners of the samples surface. Typically silver contact
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FIGURE 3.6: Furnace cooling characteristics with gas flow; a)
b) Maximum cooling rates depending on last dwell tempera-

ture

pads between 20 and 100 nm were sputtered before onto the sample to guar-
antee good electrical contact. Before mounting the sample, it was cleaned for
several minutes in acetone in an ultrasonic bath and dried with dry air or
nitrogen gas.

Electrical measurement set-up

Electrical conductivity is measured using the van der Pauw method. A cur-
rent of ±100 µA is applied using a Nanosourcemeter. The voltage drop is mea-
sured by a Keithley Nanovoltmeter 2182. The integration time of the A/D
voltage converter is 20 ms to allow fast read out rates with good noise per-
formance. While any electrical offset, e.g. due to thermal gradients, is consid-
ered by current reversal, no permutation of the voltage and current contacts is
made. In general the material investigated is rather homogeneous, therefore
measuring two Van der Pauw configurations is not absolutely essential, but
to add this feature is recommended for a further update of the set-up. Time
resolution is limited to 1 sec due to the slow read out of the furnace tempera-
ture and heating parameters and to guarantee a stable current supply during
the voltage measurement.
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Chapter 4

Study of YBCO oxygen kinetics
via in situ electrical conductivity
relaxation measurements

Normal state electrical and superconducting properties of YBCO crucially de-
pend on its overall oxygen content. The importance of oxygen for cuprate
high temperature superconductors (HTS) as hole dopant was realised soon
after its discovery and research has been ongoing since [22, 63, 73].

Oxygen kinetics in YBCO has been studied by many different authors and
techniques (for a thematic review see e.g. [74]). However, a fundamental and
complete understanding of the ongoing processes in the oxygen exchange of
YBCO thin films is still missing in literature. In recent years vast effort has
been undertaken in finding materials for intermediate solid oxid fuel cells
(SOFC), where high electronic and ionic conductivity, and oxygen exchange
kinetics are required [75–78]. We have transferred this knowledge and have
applied methodologies, developed for the analysis of oxide materials for cath-
odes in SOFC, to YBCO.

In this chapter a general analysis of oxygen exchange kinetics using elec-
trical conductivity relaxation (ECR) measurements will be presented and the
rate determining step of oxygen exchange will be identified. We will study
the influence of surface coating and effects of different YBCO microstructures,
due to different growth techniques, embedding of nanoparticles, calcium dop-
ing and internal macroscopic strain introduced by substrate lattice mismatch
in reduced film thicknesses.

In the following the terms oxidation, or in-diffusion will be used to de-
scribe the process of oxygen incorporation into the YBCO structure due to an
increase of oxygen partial pressure (forward reaction). Further, reduction and
out-diffusion refer to the release of excess oxygen (excorporation) due to a
new, lower oxygen chemical potential, achieved by decreasing P(O2) (back-
ward reaction).



48
Chapter 4. Study of YBCO oxygen kinetics via in situ electrical

conductivity relaxation measurements

Two electron holes per oxygen are doped into the structure. Therefore
the charge carrier density of the p-type conductor increases with the oxy-
gen content O7−δ, as does the conductance. An accompanied change in va-
lence state of copper (Cu1+, Cu2+ and Cu3+ are observed in Y1Ba2Cu3O7−δ)
ensures charge neutrality within the unit cell [79]. From the bulk phase di-
agram a phase transition to the tetragonal phase (δ > 0.65) is only expected
for T ≥ 600 °C within the pressure range of operation (compare with YBCO
phase diagram on page 10) [21, 80]. However, a transition within different or-
thorhombic phases is expected and hence emerging effects as oxygen ordering
[81].

4.1 Introduction into ECR measurements of YBCO thin
films

Electrical conductivity relaxation (ECR) measurements are a very useful tool
in obtaining information about the process of oxygen exchange of a mate-
rial with atmosphere. Therefore the evolution of the samples conductivity is
recorded over time during the transition from an initial to a final equilibrium
state, induced by a jump in oxygen pressure at constant temperature. In the
following we will introduce the necessary methodology to perform and anal-
yse ECR measurements.

4.1.1 ECR experimental procedure

The specimen is mounted onto a sample holder and electrically contacted us-
ing a high temperature silver paint and silver electrodes. For measurements
the sample is placed and sealed inside the furnace, as outlined in section 3.6
and the evolution of the films conductance is recorded during the whole mea-
surement process. A typical temperature profile used to study the kinetics
of YBCO is shown in Fig. 4.1. The measurement is usually started at 600 °C
or 650 °C and sequentially reduced in steps of 25 or 50 °C. The initial heating
rate is set to 10 °/min. The cooling rate is 5 °/min and 3 °/min above and
below 450 °C respectively, to avoid deviations from the programmed profile.
Every temperature dwell consists of three segments. The initial phase of sev-
eral minutes serves to stabilize the temperature and equilibrate the sample to
the new conditions. In a second and third phase the oxygen partial pressure is
switched from 1000 mbar to 5 mbar and reverse, respectively. Therefore initial
and final point of each dwell is in an oxygen rich atmosphere, as is the heating
segment.
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FIGURE 4.1: Standard temperature profile of in situ measure-
ment, starting at high and going to low temperatures. At ev-
ery temperature dwell the oxygen partial pressure is changed
from high (red) to low (blue) and back to high. Temperature
changes are always performed in high P(O2), but background

colour is omitted for better clarity of the individual dwells.

While the measurement setup allows to establish any oxygen partial pres-
sure between 0.01 mbar and 1 bar, the standard low P(O2) is set to 5 mbar to
balance the trade off between sufficiently big steps in oxygen concentrations
(changes in conductance) and reasonable short saturation times, as will be
discussed in the following sections.

As oxygen diffusion and exchange at the surface are thermally activated
processes, the dwell time is increased at lower temperatures to compensate
slower oxygen kinetics. At high temperatures (600 °C) the low and high P(O2)
phases are typically 30 min, while at lower temperatures the times are in-
creased up to several hours.

Different start and end temperatures, step intervals and dwell times re-
sult in a broad variety of different total annealing times among all measured
samples. The influence of annealing time and inversion of the measurement
direction (starting at low temperatures and subsequently increasing tempera-
ture) and arising complexities will be discussed in the next chapter.

4.1.2 Results and Discussion of ECR measurements

The evolution of conductivity for a standard 250 nm thick pristine CSD film
is depicted in Fig. 4.2. The atmosphere is indicated by background colouring
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ing steps in P(O2) at different temperatures. Corresponding

temperature profile is shown on top.

whereupon red and blue imply high and low oxygen partial pressure, respec-
tively. At the beginning of the measurement at high temperatures saturation
can be reached in short times, while at low temperatures and after long an-
nealing times equilibrium values are not reached within the duration of the
experiments. The spikes in conductance between the dwells are due to the
increase of conductance with lowering the temperature, as it is the increase at
the end of the measurement, when the sample is cooled to room temperature.

Each segment can be analysed individually and the time evolution of its
conductance can be fit to the solution of the diffusion equation (see section 2.2.3)
using two exponential terms:

G(t) =
[

ae−t/τ1 + (1− a) e−t/τ2
]
· (G0 − G∞) + G∞, (4.1)

with saturation times τ1 and τ2, a weighting factor a and the initial and final
equilibrium conductances G0 and G∞. The two relaxation times are commonly
assumed to correspond to different regions of the surface with independent
exchange rates [82, 83]. The data is fitted using Gnuplot’s least-squares fit
routine. One example each, for the oxidising and reducing case, is shown
in Fig. 4.3(a) and (b), respectively. When the atmosphere is electronically
switched, the segment time is automatically set to zero. An initial fit value for
G0 is chosen by the average of the first five measured points of each segment.
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FIGURE 4.3: Time evolution of conductance of 250 nm CSD
YBCO at 550 °C after a change in oxygen partial pressure: (a)
the process of oxygen incorporation can be well described
with a single exponential term while (b) oxygen loss in the
structure needs to be modelled using two parallel exchange
mechanism. The deviation ∆G of measured data and fits is

shown on top.

These first seconds are not yet affected by the switching, since the respond
time of the system is longer. The fitting process of two parallel exponential
decays is more delicate to errors. Therefore sometimes it is necessary to feed
the routine with starting values for G∞ and τ1 from a single exponential fit.

As shown in Fig. 4.3(a) and typically found in this thesis for the case of
oxygen incorporation, one single saturation time linked to a single process, is
sufficient to describe the evolution of G(t). No further accuracy is gained by
the second exponential term. In this case a in Eq. (4.1) is either very close to
unity or the resulting difference of the two saturation times is smaller than the
fitting error (τ1

∼= τ2).
On the other hand, the reduction process cannot be sufficiently modelled

by a single process, as can be seen in Fig. 4.3(b). Using a two τ fit model
results in high fit accuracy and accurate saturation values for G∞(t → ∞).
In the upper panel of Fig. 4.3(a & b) the deviation ∆G(t) = G(t) − GF(t),
between the measured conductance G(t) and the fit values GF(t) for one and
two exponential terms is shown.
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The temperature dependence of the saturation times is shown in Fig. 4.4(a)
for both, the out- and in-diffusion process. The time to equilibrate the sam-
ples conductance increases exponentially with decreasing temperature, as ex-
pected for a thermally activated process. In case of oxygen reduction a shift
from one exchange mechanism to a second parallel mechanism is observed, as
seen in the temperature dependence of the weight parameter a in Fig. 4.4(b).
In some cases the further analysis can be facilitated by introducing an effective
saturation time τeff

τeff = aτ1 + (1− a) τ2, (4.2)

which is the weighted arithmetic mean value of the two separate saturation
times. Its temperature evolution is depicted in Fig. 4.4(c). At high tempera-
tures it is very close to τout

1 , while it shifts to τout
2 at lower temperatures. While

for the analysis of activation energies it is necessary to consider both contri-
butions separately, τeff is useful in the comparison among different samples of
the same thickness.

As can be seen in Fig. 4.4(c), in-diffusion saturation times are shorter than
effective out-diffusion relaxation times. This asymmetry is unexpected for
purely bulk controlled diffusion and is an indicator that surface exchange re-
actions play a crucial role in YBCO thin films. This matter will be subject to
detailed discussion in section 4.4.
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The analysed samples are thin films grown on single crystal substrates.
Thus, we consider only the top surface participating in the exchange process,
which is reasonable as the thickness is much smaller than the top surface di-
mensions of the thin film. We assume a constant oxygen stoichiometry of the
substrate and therefore no oxygen exchange effects at the film-substrate inter-
phase. The measured saturation times are related to the total amount of oxy-
gen ions being exchanged. If the rate determining step is one of the processes
associated to surface exchange, the saturation time τ depends on a reaction
rate constant related to the oxygen exchange at the surface and the thickness
of the sample. The thickness independent parameter in quest is the so called
chemical surface exchange coefficient and it reads:

kchem =
t
τ

, (4.3)

with the sample thickness t. It is shown in Fig. 4.5(a) in an Arrhenius plot,
which reveals information about the effect of temperature on the chemical
reaction rate constant. Using an Arrhenius equation in the form of

kchem = k0e−Ea/kBT (4.4)

with the Boltzmann constant kB and a pre-exponential factor k0 with the units
of a velocity, one can obtain the activation energy Ea of the process by fitting
(see Appendix A.1 for details). The activation energy is the minimum kinetic
energy required for reactants to form the reaction product and corresponds to
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the slope in a log-lin plot. The exponential term is called Boltzmann factor and
gives the probability of the reaction to occur. The pre-exponential factor k0 is
the theoretical surface reaction rate constant at 1/T = 0. Arrhenius equations
for reactions are typically valid only within a small temperature range. In
fluid chemistry k0 is considered the total rate of collisions independent of their
energy, while kchem is the number of collisions per time leading to a reaction
[35].

The extracted activation energy in the range of 475 °C until 600 °C for oxy-
gen incorporation is 3.4 eV, which is considerably higher than for the reverse
process of oxygen reduction, with an activation energy of 2.2 eV for both of the
two parallel mechanism (τ1 and τ2, Fig. 4.5(b)). The values found are signifi-
cantly higher compared to literature, usually reported to be around 1 eV. Even
thought there are methodological differences, as different temperature ranges
[84], assumed proportionality between time evolution of the oxygen content
and resistance, rather than conductance [85] and different film growth tech-
niques [86], an increase by a factor 2 - 3 is not expected solely by different
methodologies. Additional, in several studies exchange kinetics were anal-
ysed in the aspect of diffusion limitation, also resulting in lower activation
energies [64, 87].
This issue will be discussed again in Chapter 5, taking into account a deacti-
vation of the surface exchange rates due to degenerative effects.

In summary we have shown that ECR measurements are a useful tool to
investigate oxygen exchange kinetics of YBCO and its activation energies and
presented a first sign, that incorporation of oxygen is limited by a surface
reaction.

4.2 Surface coating with silver: Introducing a catalytic
effect

In the typical multilayer architecture of second generation HTS coated con-
ductors, the REBCO layer is terminated with a thin layer of silver (<1 µm).
The Ag coating is protecting and stabilising the underlying superconducting
thin film and serves as a diffusion barrier for the surrounding copper stabi-
lizer. Additionally, silver is known to present a catalytic effect for the process
of oxygen exchange [42]. The deposition of silver on the surface before oxy-
gen loading is the most used method by wire manufactures. We here want to
study its effect on the oxygenation process.

We have deposited silver on the YBCO surface by sputter deposition. Pho-
tolithography is used to prepare a mask on the sample surface prior to silver
sputtering. Different mask geometries (shape, size and number of Ag pads)



4.2. Surface coating with silver: Introducing a catalytic effect 55

E

ΔEa,catalyst

ΔEa

Reaction coordinate

(a)

5 mm

70
0 

µ
m

30
 µ

m

20 µm

(b)
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surements.

have been tested to enable resistivity measurements in the normal state of
YBCO without short-cutting through the silver coating. The finally used pat-
tern is drawn in Fig. 4.6(b) which did not influence electrical measurements,
allowing a proper determination of the normal state resistivity and charge
carrier density of YBCO. The mask consists of four squared electrodes in the
corners with a side length of 700 µm for good electrical contact for ECR mea-
surements. Additionally, all over the sample small squares (30×30 µm) are
arranged, resulting in a coverage of the surface with silver of about 40 %.

4.2.1 Possible influences of silver coating on oxygen exchange ki-
netics of YBCO films

The coating with silver of the pristine YBCO surface could influence several
parameters. Oxygen can be adsorbed on silver and diffused along the surface
as O2, or through the silver bulk to the YBCO layer in the form of oxygen ions
O2−. Also the triple phase boundary (TPB) of Ag, YBCO and the atmosphere
could lead to modified surface kinetics [88]. The oxygen molecule might be
ionised by an electron provided by silver and dissociated in close vicinity to
the catalyst, while the resulting oxygen ion is directly absorbed into the YBCO
surface layer, as observed for other oxides [89]. The possible influences of
silver coating under consideration are the following:

• Modification of adsorption rate and density:
Silver coating could lead to an increase of the sticking probability and
the adsorption site density. A higher density of possible adsorption sites
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for oxygen and therefore more particles participating in the reaction in-
creases the exchange rate of surface related mechanism (as adsorption,
ionisation, dissociation, surface diffusion and incorporation; see step 1-5
in Table 2.1).
The sticking probability can be expressed by the ratio of the rate φads of
adsorbed gas particles at the surface to the rate of all impinging molecules
at the surface φtot: s = φads/φtot(100− θ). The factor (100− θ) is the
probability that the adsorption site is not filled for a given surface cov-
erage θ. φtot can be obtained from Maxwell-Boltzmann gas theory and
reads φtot =

1
4 Pv̄/(kBT), with the average particle velocity v̄, the pres-

sure P, Boltzmann constant kB and temperature T. The adsorption rate
φads is a material parameter that depends on the surface termination.
Thus, s can be increased by surface coating with a material with higher
φads.

• Catalytic effect of silver for oxidation reactions:
Catalysis is the acceleration of a chemical reaction due to the participa-
tion of an additional substance of very minor proportion. A catalytic
material provides a new reaction path with a lower activation energy
but the same educt and product. A schematic draft of a catalysed re-
action is shown in Fig. 4.6(a). Transition metals, as Ag, Au and Pt are
catalytically active for the process of oxygen dissociation [90] and often
used in the catalysis of redox reactions. In the case of catalysed oxy-
gen adsorption, an electron is transferred from the silver 5s orbital to
the anti-bonding π∗ O2 orbital. This charge transfer weakens the chem-
ical bonding of the O2 molecule resulting in a chemically adsorbed state
and a lowered activation energy for the process of dissociation. There-
fore, catalytic activity of silver might enhance the oxygen exchange steps
1-3 (adsorption, ionisation and dissociation), as listed in Table 2.1 on
page 18.

• Surface protection and stabilisation:
A surface coating can protect the YBCO layer from environmental detri-
mental factors, as e.g. reactivity with the atmosphere and air moisture
[91]. Further it might prevent the contamination of grain boundaries
and generally the surface from impurities, which might cause a modifi-
cation (degradation) of oxygen exchange kinetics, as discussed in Chap-
ter 5. Additionally in the production of REBCO coated conductors Ag
coating is used as electrical and chemical stabilizer to avoid interfa-
cial reactions with the surrounding Cu coating, which is necessary as
quench protection layer [92].
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4.2.2 Exchange kinetics of Ag coated YBCO thin films analysed by
ECR measurements

To understand the influence of silver coating on oxygen exchange, ECR mea-
surements were repeated with CSD YBCO 250 nm thick films with an Ag layer
of 100 nm on top. The evolution of the samples conductance due to changes
in oxygen partial pressure is measured from 600 °C down to 350 °C in steps
of 25 °C. The in situ conductance is shown in Fig. 4.7. Saturation is reached in
very short times and down to very low temperatures. Even at low tempera-
tures as 350 °C, oxygen can be removed and incorporated into the structure in
reasonable times. These results are in strong contrast to the ones found for the
case of pristine YBCO films (see Fig. 4.2).

The saturation times of a pristine sample and one with a silver coated
surface are compared in Fig. 4.8(a) in a semi-log plot. At 600 °C, the first anal-
ysed temperature, the time constants for both films are very similar. With
decreasing temperatures, τ values for in- and out-diffusion for the pristine
sample strongly increase. On the other hand, the silver coated sample shows
a much weaker dependence on temperature. At low temperatures the non-
silver coated film could not be analysed because no saturation in oxygen ex-
change was obtained. In the case of silver coated samples we observe an
upwards deviation from an approximately power law T-dependence below
450 °C, demonstrating that oxygen exchange kinetics get into a slower phase.
The asymmetry between in- and out-diffusion rates is observed as well for Ag
coated YBCO films. Oxidation is faster than reduction and the time constant
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ratio τin/τout exhibits similar values as in the case of pristine YBCO, between
0.2 and 0.4. Thus, also for a silver coated YBCO sample the rate determining
step is a mechanism related to surface exchange reactions (see section 4.4).
One can define a characteristic thickness tc as the ratio of the chemical diffu-
sion coefficient and the surface exchange coefficient:

tc =
Dchem

kchem
. (4.5)

Typically exchange kinetics are limited by surface reactions if tc � tfilm and by
bulk diffusion if tc � tfilm. Using the empirically found relation for Dchem(T)
reported in [93]

Dchem = 0.033 exp
[
−1.24

kBT

]
, (4.6)

with the Boltzmann constant kB in eV/K and the film thickness tfilm, one
can obtain an upper limit for kchem for a surface limited process: kmax =
Dchem/tfilm. kmax is drawn in Fig. 4.9(a) (red line). The measured surface ex-
change coefficient is at least one order of magnitude smaller then the upper
limit, confirming the assumption of a surface limited process even in the case
of silver coated YBCO.

The saturation conductivities σ∞ ∝ G∞ for pristine and Ag coated samples
are shown in Fig. 4.8(b). Open symbols correspond to the fit values (t→ ∞) of
the reduction (5 mbar), closed symbols to the oxidation process (1000 mbar).
It is worth noticing that until 525 °C the temperature dependence of σ∞,in for
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both samples is very similar, while saturation times already differ by more
than one order of magnitude. This means that the same oxygen content can
be reached in the temperature range of 525 - 600 °C for both samples, though
the kinetics are very different . Below 525 °C, saturation is not reached for the
pristine film and the uncertainty in the determination of σ∞ increases. The
saturation conductivity for a silver coated sample increases almost linearly
with decreasing temperature until the last measured point at 350 °C for oxi-
dation and reduction, respectively. The absolute difference between σin and
σout remains similar between 350 and 600 °C. Therefore we expect no phase
transition to the tetragonal phase within the analysed (p,T) range.

The conductivity of YBCO is known to scale over a broad temperature
range with T−1, as it is common for many metallic conductors. In the studied
samples this dependency is typically observed below 300 °C and almost down
to the critical temperature Tc.
After the last dwell step at 350 °C, the sample is cooled down to room tem-
perature in oxygen rich atmosphere. Below 300 °C the linear dependence of
the resistivity on T (ρ = 1/σ ∝ T) is fitted with a straight line (not shown).
In Fig. 4.8(b) the extrapolation of this fitted data is shown by the double bro-
ken light blue line. Above 450 °C the saturation conductivity deviates down-
wards from the extrapolation and therefore decreases faster than expected for
a metal. This is understood by the decrease of the equilibrium overall oxygen
content with increasing temperatures and the corresponding decrement of the
charge carrier density.
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The evaluation of activation energies for both films is presented in Fig. 4.9.
For temperatures above 450 °C Ea is reduced by approximately a factor 3 for
YBCO upon silver coating for both processes, the incorporation of oxygen
into YBCO (full bars), and its release (patterned bars). In case of the silver
coated sample, a second linear regime is found below 450 °C with a higher
activation energy (see Fig. 4.9(a & b)). This result will be discussed in detail
in the following section.

4.2.3 Analysis of two activation energy regimes caused by parallel
exchange mechanisms

If two different processes participate in the oxygen exchange, the overall ex-
change coefficient can be assumed in a first approximation to be the sum of
the particular rates k1 and k2 of the involved mechanisms:

k(T) = k01e−Ea1 /kBT︸ ︷︷ ︸
k1

+ k02e−Ea2 /kBT︸ ︷︷ ︸
k2

, (4.7)

with the individual activation energies Eai and pre-exponential factors k0i [54,
94]. The mechanism with lower Ea will start at lower temperatures to be active
and is expected to provide the main reaction path at low T. With increasing
temperature the second process will start contributing. In this intermediate
temperature range, the parallel activity of two processes causes a deviation
from linearity in an Arrhenius plot. At higher temperatures, the second mech-
anism will become more and more important, resulting in the return to a lin-
ear dependence with a different (higher) slope. This is schematically drawn
in Fig. 4.10(a), using Eq. (4.7) with Ea1 < Ea2 and k01 < k02 . The dashed line
would correspond to the measured kinetics. This behaviour is commonly ob-
served in diffusion limited systems, where the predominantly contribution
changes from grain boundary diffusion to bulk diffusion.

In Fig. 4.10(b) the fractional quota for each mechanism is presented. The
weight shifts with increasing temperature from the process with lower activa-
tion energy to the one with higher k0 at elevated temperatures. In the case that
one process has the smaller EA and a higher k0, it will indisputable provide
the main reaction path over the full temperature range.

The presented data of the measurements is contrary to these considera-
tions. At 450 °C a relatively sharp kink is observed in the Arrhenius plot for
the Ag sample, with a higher activation energy at lower temperatures (see
Fig. 4.9(a)). This downwards bending is observed for both, oxidation and re-
duction. Thus, it is not assumed to be correlated with a shift in the weight a
in the two τ model (see Eq. (4.1)) used for the evaluation of the out-diffusion
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mechanism. Thus, the observed behaviour cannot be explained by two active
parallel processes over the full temperature range.
Similar behaviour was found in a study of YBCO polycrystalline bulk spec-
imen and thin films, where bulk diffusion is thought to be the limiting step
[87]. It was proposed that the deviation to a lower activation energy is due to
the lower equilibrium oxygen content at higher temperatures. An increased
oxygen vacancy density causes an enhancement of the oxygen diffusion rate,
additional accelerated by an increase of the lattice parameter c. This expan-
sion in volume decreases the energy necessary to temporarily displace the
crystal atoms during the jump of a diffusing atom from one site to the next.
In the presented case, where surface exchange is proposed to be the rate lim-
iting reaction, an alteration in the surface coverage of charged ions could be
responsible for the change in the activation energy.
Two different linear regimes of activation energy were as well observed for the
oxygen transport through silver by several authors ([95, 96], and references
therein for other materials), due to different control mechanism of oxygen
transport, possibly trapping. The observed activation energy E was ascribed
as the sum of the trap energy ET and a thermal activation energy Ea. Higher
activation energies at lower temperatures were attributed to a change in ET,
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causing a higher efficiency of traps, such as vacancies and interstitial impuri-
ties. However, in the next chapter we will be able to explain these results by
taking into account surface degradation effects.

In this part it was shown, that silver exerts significant influence on the oxy-
gen exchange kinetics. This was ascribed to its catalytic activity. YBCO films
coated with silver have strongly increased exchange rates over the full anal-
ysed temperature range and decreased activation energies compared to pris-
tine samples. This was found for both, oxidation and reduction processes.
The fact that the modification of the surface leads to an enhancement of ex-
change kinetics is another evidence that oxygen exchange in YBCO is limited
by surface reactions. The asymmetry between in- and out-diffusion rates is
kept upon silver coating. Therefore we conclude that bulk diffusion is still
much faster compared to surface exchange kinetics enhanced by silver.

4.3 Environmental high temperature XRD analysis of YBCO
exchange kinetics: a comparative study to ECR

XRD analysis is highly bulk sensitive and a fully integral technique. We have
therefore performed in situ XRD measurements at elevated temperatures and
under different atmospheres to proof the validity of ECR measurements and
provide complementary information about the investigated YBCO thin films.
Two XRD sessions of several days were performed at the Institut Català de
Nanociència i Nanotecnologia (ICN2). These measurements were carried out
in collaboration with Dr. Jessica Padilla and Dr. José Santiso from ICN2, with
proactive support of short term research assistant Alex Gomez.

ECR measurements do not provide spatial resolution. Thus possible im-
plications may arise if sample inhomogeneities lead to spatial variations in
the chemical diffusion coefficient Dchem and a heterogeneous oxygen content
distribution within the sample. If the method is not fully integral but only
sensitive to some parts of the sample, the interpretation of the extracted data
would have to be modified. Two phenomena are being discussed in the fol-
lowing, which might influence the measured relaxation times using electrical
measurements:

• Percolation currents:
Electrical percolation is the movement of electrons through a porous or
inhomogeneous material, with zones of different resistivity. The grain
boundary network in YBCO, even if grains are all c-axis oriented, might
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reduction processes.

provide a percolation path altering the results for reduction and oxida-
tion measurements.
Grain boundaries are considered high diffusivity paths for oxygen with
a higher diffusion coefficient than bulk. Thus, the oxygen content in
grain boundaries might adapt faster to changes in P(O2) than the overall
bulk. A schematic of the percolation phenomena is depicted in Fig. 4.11(a).
In the case of oxygen incorporation, the higher diffusion rate of grain
boundaries may cause a network of well oxygenated, low resistive paths
along the grain boundaries. The resistivity of the grains changes re-
tarded. A reduction process may then cause the loss of oxygen first in
the grain boundaries, resulting in a high resistive grid. The grains re-
main longer in a low resistance state. An asymmetry might be found for
the oxidation and reduction, which could affect the measured relaxation
times of the different processes in different direction.
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A simple 2D model has been designed to analyse the effect of perco-
lation currents, containing two grains, interconnected and surrounded
by a network of grain boundaries, see Fig. 4.11(b), with the resistivities
ρ(t)grain and ρ(t)grain boundary. We consider grains of squared shape with
the length l surrounded by grain boundaries with a width of l/20. The
circuits equivalent resistance as a function of time is simulated. The time
evolution of the inverse resistances (≡ conductances G) of the grains and
the grain boundaries are assumed to follow an exponential decay, with
two different time constants τG and τGB, while we assume the same ini-
tial and final values: ρ(t)grain = ρ(t)grain boundary for t = 0 and t = ∞,
with initial and final conductances as typically observed in the mea-
surement. We have analysed several cases with τGB being between 3
and 100× faster than τG, but we have not obtained significant differ-
ences between these scenarios. A simulation is shown in Fig. 4.11(c),
normalised to initial and final conductance values, with τG = 50 min
and τGB = 5 min.
A fast initial change in the normalised conductance due to a small τ
of the grain boundaries is observed, followed by a long tail with only
small variations in G over time, caused by the slower equilibration of
the grains. After 30 min the normalised G(t) yields about 10 %. Only in
the intermediate region, differences between in- and out-diffusion are
observed, where the reduction is slightly faster (assuming same bulk
diffusion rates and no surface exchange). Both processes can be well fit
using a two τ model as in Eq. (4.1). The fitted relaxation times are within
an error of less than 5 % to the initial values fed to the simulation if τGB
is sufficiently larger than τG.
In a first approximation, this excludes that any grain boundary effect is
responsible for the asymmetry observed, which in fact has been ascribed
to surface exchange kinetics in the previous section.

• Ionosorption model:
In the field of metal oxide gas sensors the ionosorption model is often
used to describe their gas sensing properties [97]. The chemical adsorp-
tion of oxygen leads to a coverage of different charged species (O−, O2−,
O−2 ) at the surface. A space charge layer is formed in close proxim-
ity to the surface. For several p-type materials it is observed that the
carrier density of the majority charge increases due to the trapped elec-
trons from the valence band in the surface. This accumulation of charges
causes a decrease in resistivity.
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(a) (b)

FIGURE 4.12: (a) Measurement setup used for in situ XRD
measurements and (b) sample holder with mounted sample,
contacted with four electrodes for simultaneous ECR measure-

ments.

The dimension of the space charge region can be estimated using the De-
bye length λD, which scales proportional to

√
T/nH, with the tempera-

ture T and the charge carrier density nH. A high coverage of ionosorbed
oxygen species is observed on p-type materials [98]. Thus a possibly
continuous low resistance percolation path at the surface of the film
might cause a parallel resistor model. In this case the low resistance
path is mainly determining the total resistance.
Optimally doped YBCO exhibits a comparatively high charge carrier
density, so fluctuations in local charge densities are screened within
short distances. On the other hand the charge carrier density nH is re-
duced by up to 2-3 orders of magnitude during the performed oxygen
exchange measurements. A space charge layer could be formed during
the out-diffusion measurement which might affect the symmetry of in-
and out-diffusion processes.

Subsequent a study using environmental high temperature XRD measure-
ments is presented. This in situ technique allows to detect stoichiometric
changes by following the XRD pattern of a thin film. This method is highly
bulk sensitive and is not expected to be influenced by the above mentioned
phenomena. Thus in situ XRD measurements can be used to test the validity
of ECR measurements as shown in the following two subsections.
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4.3.1 Analysis of XRD in situ measurements

In situ X-ray diffraction measurements are performed using an X’Pert PRO
MRD diffractometer from PANalytical, equipped with a 1D detector form PIX-
cel and a domed hot stage model from Anton Paar. The setup is shown Fig. 4.12.
A monochromatic Cu Kα1 source is used. The 1D detector has 255 channels
aligned in 2θ direction with a resolution of about 0.01 °. Therefore a range of
2.51 ° can be simultaneously measured. A graphite dome is used to seal the
sample chamber from environment. Different atmospheres above the sample
were established using a flow of 0.5 l/min of either dry air (21.0 % O2), or a
mixture of nitrogen and oxygen for low P(O2) atmospheres. A detailed de-
scription of the setup and experimental methodology can be found elsewhere
[99].

With a 1D detector, variations in 2θ peak positions can be directly observed
and correlated to changes in the average cell parameter. For the in situ mea-
surements the (006) reflection of YBCO is chosen due to its high intensity and
proximity to the (200) substrate reflection, which is used as a reference in con-
trol scans. The tail of the LAO reflection is negligible. The scanned 2θ range
is set to 44.5 ° - 47 ° and the resolution in time is about 10 sec per scan. From
previous ex situ measurements with a fully deoxygenated sample in pure N2
gas flow, a maximal peak shift of less than 0.5 ° is expected and considered in
the chosen 2θ range.

For the study of oxygen kinetics by XRD we have used a 250 nm thick
CSD YBCO film coated with a silver layer of 100 nm. Relaxation measure-
ments were performed at temperatures between 600 and 400 °C. The oxygen
partial pressures used were 5 mbar and 210 mbar for reduction and oxida-
tion, respectively. The latter is the maximum possible P(O2) in this setup, and
therefore lower in comparison to the standard high P(O2) of 1 bar used ECR
measurements in our setup.

At the beginning and end of every temperature dwell a control scan was
performed recording a wider 2θ range, including the LAO (200) and YBCO
(007) reflections to ensure correct alignment and detect potential phase changes.
Additional control scans were performed before and after the whole tem-
perature process. The initial control scans at room temperature and 600 °C
are shown in Fig. 4.13(a). From this two measurements the thermal expan-
sion coefficient of the LaAlO3 substrate a-lattice parameter is obtained to be
9.8·10−6 K−1, which is close to the reported one of 8.8·10−6 K−1 [100]. The
shift in the c-parameter of YBCO is bigger and about 0.21 Å, compared to
0.02 Å for LAO. The thermal expansion coefficient of YBCO is reported to be
about 13·10−6 K−1, for thin films as well as bulk material [101–103]. From the
presented measurements an expansion coefficient of 32·10−6 K−1 is obtained,
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FIGURE 4.13: (a) Control scan at 20 °C and 600 °C, including
the (006) and (007) YBCO reflection and the LAO substrate
peak (200) and (b) Gaussian fit of XRD pattern within the 2θ

range of the 1D-detectors to calculate the c-parameter.

which is more than twice the purely thermal expansion coefficient. This ad-
ditional expansion is expected due to the loss of oxygen during annealing in
dry air atmosphere at elevated temperatures. From the bulk phase diagram
at 600°C and 0.21 bar of oxygen, one would expect an oxygen content of the
YBCO film of about O6.65 [21, 80].
A recent study reported that α shows only a very weak dependence on oxygen
stoichiometry [104]. Thus, it is reasonable to assume that the reported YBCO
thermal expansion coefficient is valid within the analysed temperature and
YBCO oxygen stoichiometry range and one can calculate the corresponding
c-parameter at room temperature from the measured one at 600 °C, cT2 , using:

cT1 =
cT2

1 + α(T2 − T1)
= 11.798, (4.8)

with cT2 = 11.887 and T1 and T2 being 20 and 600 °C, respectively. With the
relation between the c-parameter and the oxygen content reported in [105,
106], one can assess the oxygen content of the annealed sample at 600 °C to be
O6.50, which is slightly lower than the one expected from the phase diagram.
This discrepancy might be explained by either a thermal expansion coefficient
α(O7−δ), depending on the oxygen content (7− δ), or a systematic error in
the evaluation due to the used reference values. The estimation of the oxygen
content will be more thoroughly addressed at the end of this section. The
given results for YBCO are based on the evaluation of the (006) and (007)
reflections, which are found to be very similar.
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FIGURE 4.14: (a) Time evolution of YBCO (006) peak at 600 °C.
Changes are induced by variations in the oxygen partial pres-

sure. (b) Extracted c parameters from the 2θ scans in (a).

During the following in situ measurements, only the (006) reflection was
recorded. Each individual scan of the peak is fitted with a Gaussian as shown
in Fig. 4.13(b). From the 2θ position of the reflection the c-parameter is calcu-
lated using Bragg’s law c = λ

2 sin θ l.
The time evolution of the YBCO (006) reflection at 600 °C due to changes

in the atmosphere is shown in the upper graph of Figure 4.14. The colouring
of the different lines corresponds to the time. Smooth transitions between two
stable positions are observed. In Fig. 4.14(b) the extracted c-parameter values
are depicted and the switches in atmosphere are indicated.

The atmosphere is switched first from an oxygen rich to an oxygen poor
one. The crystal structure expands due to the loss of oxygen and the reflection
shifts to lower 2θ values. The c-parameter changes from 11.89 Å to 11.93 Å, a
relative expansion of 0.34 %. The new equilibrium state is reached within min-
utes. The time evolution of c can be modelled by an exponential law with a
certain relaxation time τ with c(t) ∝ e−t/τ. Similar to ECR measurements,
the out-diffusion process can be better modelled using a second parallel ex-
ponential decay, taking into account the observed small drift after the initial
big change in c.

The black broken line in Fig. 4.14(b) is the extrapolation of the initial unit
cell parameter. A small shift to higher values is observed with subsequent
alternating steps in P(O2). The same is detected for the reduction process,
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FIGURE 4.15: Dependence of integrated peak area of YBCO
(006) reflection on external P(O2) at 600 °C.

but the change is less significant. Similar phenomena are reported, e.g. for
La2NiO4+δ thin films [99, 107], where this irreversibility was attributed to ef-
fects at the film-substrate interface and partial decomposition under N2 atmo-
sphere.

The dependence of the integrated peak area on the P(O2) is shown in
Fig. 4.15. The area decreases by a factor of about 2.7, upon switching to a
low oxygen atmosphere at 600 °C. This is caused by a change of the crystals
structure factor due to overall modifications of the electron density along the
unit cell, mainly by the removal of oxygen in the chain sites. This influence of
oxygen doping on interatomic distances, bond lengths and electron distribu-
tion within the unit cell was studied ex situ and reported in detail previously
[108, 109]. For all analysed temperatures, a drop in the integrated peak area
of a factor 2-3 is observed, but no clear temperature dependence was found.

Several isotherms are measured to extract the temperature dependence
of relaxation times with the aim to compare it with in-house ECR measure-
ments. Such a comparison is shown in Fig. 4.16(a) for normalised conductance
G(t) and c(t) parameter values at 500 °C. While the out-diffusion pressure of
5 mbar was the same in both measurements, the in-diffusion pressure was
limited to 0.21 bar for XRD and to 1 bar for ECR measurements.
Small differences in the time dependence between ECR and XRD measure-
ments are detected for oxygen in- and excorporation at 500 °C, with the elec-
trical measurement being the faster one. For the normalisation of X (repre-
senting G and c) of the in-diffusion process shown in Fig. 4.16(a), X0 and X∞
are swapped for clarity (representing 1− exp [−t/τ] instead of exp [−t/τ]).
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FIGURE 4.16: Comparison of XRD and ECR kinetic measure-
ments of Ag coated CSD YBCO samples performed in differ-
ent setups: (a) normalised conductance G and c-parameter
values for an out- and in-diffusion process at 500 °C; for in-
diffusion X0 and X∞ in normalisation are swapped for bet-
ter representation: (X(t) − X0)/(X∞ − X0). (b) Arrhenius
plot and (c) extracted activation energies for oxidation mea-
surements. (d) Estimated oxygen content for YBa2Cu3Oy from
in situ c-parameter measurements compared to expected bulk

values from the phase diagram.

Bigger differences between the two measured samples are observed in an
Arrhenius plot for the oxidation process, shown in Fig. 4.16(b). The XRD mea-
surement reveals the same general trend, with a kink around 500 °C and two
activation energy regimes, but significant changes in the exchange rates can be
observed. The extracted activation energies for the oxidation of silver coated
samples are shown in Fig. 4.16(c). At high temperatures XRD measurements
show a 50 % lower activation energy, while at low temperatures Ea obtained
for both techniques are about 2 eV.
At this point it is not clear, whether the observed differences in exchange rates
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and Ea arise due to different setup characteristics, such as the gas flow above
the sample, which is influenced by the total gas flow and the sample chamber
geometry, microstructural differences in the measured samples or real differ-
ences in the sensitivity of the measurement techniques. The different oxygen
partial pressures for the oxidation process are not thought to be the main rea-
son, since same trends are observed for the reduction process, where 5 mbar
are used in both measurement setups. Though, as shown in section 4.4.3, the
step size in P(O2) might affected the Ea and a contribution to the observed
differences cannot be excluded.

We have analysed the oxygen content as a function of temperature and
pressure. Therefore, as described in the beginning of this section, we have
projected the measured c-parameter to room temperature using Eq. (4.8), as-
suming the thermal expansion coefficient α to be independent of the oxygen
content. With the corresponding room temperature c-parameter, the doping
level of the sample can be calculated using the empirical equation:

p = 9y + 1.5 · 109y6, (4.9)

with y = 1 − c/c0 and c0 = 11.925 Å, which was found in [105] for 30 nm
thick YBCO films. A similar formula was reported previously for YBCO single
crystals, with different pre-factors [106]. The estimated doping in turn is used
to assess the oxygen content using Fig. 4.17, reproduced from [106].

The analysis of the oxygen content of the thin film is shown in Fig. 4.16(d)
and compared to bulk phase diagram values from literature [21]. Open sym-
bols correspond to low, full ones to high P(O2), respectively. We observe the
expected trend of increasing oxygen content with decreasing temperature, but
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measured values deviate up to 0.15 from the reported values. For the incor-
poration process a deviation towards lower oxygen content Oy than expected
from bulk, is observed at high T (the measured c-parameter is larger than ex-
pected from bulk). For reduction (open symbols) a similar trend is seen but
with a deviation at low T.
We note, that the empirical formula used to estimate the doping, was obtained
for 30 nm thick YBCO films. As it will be shown in section 4.6.1, for such thin
films, macroscopic strain induced by lattice mismatch of the layer with the
substrate causes a decrease of the oxygen content and therefore an increase
of the c-parameter. This could introduce a systematic error in the evaluation
of the oxygen content. Additional errors could arise from an oxygen content
dependent thermal expansion coefficient α(δ) and artefacts due to a smaller
thermal expansion of the substrate.

We can summarize the presented in situ XRD measurements that we found
very similar trends for oxygen exchange kinetics as compared to electrical
conductivity measurements, including similar time constants and different
activation energy regimes. The observed differences in absolute values could
arise due to the differences in the ECR and XRD measurement setups. To
exclude this factor we have performed simultaneous measurements as de-
scribed in the following section.

4.3.2 Simultaneous ECR and XRD in situ oxygen exchange mea-
surements

To perform both, ECR and XRD measurements simultaneously, a sample is
glued with silver paint to a silicon wafer, which is then mounted to the hot
stage. Prior four thin silver electrodes with a length of several centimetres
are fixed to the corners of the sample using high temperature silver paint and
dried out over night in a dry box. The wires are then connected to the con-
tacts provided inside the XRD sample chamber in a delicate preparation step
(see Fig. 4.12(b)). The chamber contacts are embedded into a thin aluminium
ring, which is fixed in between the hot stage and the sealing graphite dome,
blocking measurements at low angles.

Kinetic measurements are performed at 550, 500 and 475 °C. Before a cur-
rent is applied, an initial P(O2) cycle is measured using only x-ray diffraction
technique. Subsequent a current of 100 µA is applied for simultaneous ECR
measurements, with positive, negative and zero bias. The resolution in time
is about 1 s for the ECR technique and 10 s for XRD. Applying a small cur-
rent to the sample does not lead to any change in the measured c-parameter
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FIGURE 4.18: (a) XRD scan without (1st cycle) and with ap-
plied current (2nd) for ECR measurements at 550 °C. (b) & (c)
Comparison of simultaneous XRD and ECR kinetic measure-
ments: Normalised in situ data for conductance G and the lat-
tice constant c at different temperatures for reduction and oxi-

dation, respectively.

(see Fig. 4.18(a) where at the beginning of the second cycle a current is ap-
plied). Rather a small shift in saturation values of c is observed as previously
in Fig. 4.14(b) due to some irreversibility of the process.

The main findings of the simultaneous measurements are shown in Fig. 4.18(b)
and (c), where the normalised conductance G and c-lattice constant are com-
pared for the process of oxygen excorporation and incorporation, respectively.
At all three temperatures investigated the time dependence of c and G is
very similar, respectively. Therefore, it is concluded that both techniques are
equally bulk sensitive and fully integral, excluding the influence of percola-
tion currents due to grain boundaries or spatial inhomogeneities of the diffu-
sion coefficient and surface related effects. Therefore the observed asymmetry
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between in- and out-diffusion exchange rates can be excluded to be an artefact
of the measurement process.

4.4 Rate determining step of YBCO oxygen exchange ki-
netics

The loading of oxygen into the YBCO structure is an important step in the
fabrication of long length coated conductors. The understanding of the ongo-
ing processes is necessary to optimize the final oxygen content and conductor
properties for operations. For oxygen in- and excorporation one can distin-
guish between mechanisms related to the surface and to the bulk.
In the field of mixed ionic-electronic conductors (MIEC), which are widely
used as cathode material in solid oxide fuel cells (SOFC), the oxygen exchange
is subject to intensive research for more than a decade [34, 110, 111]. There is a
broad consensus that a mechanism related to the surface is limiting the oxygen
exchange rates for thin oxide films [37]. Historically within the YBCO com-
munity mainly bulk diffusion was considered as the rate determining step
(RDS), which holds for single crystals with low defect concentrations [74, 85,
112]. Already at the early stage of YBCO thin film production several authors
proposed that surface exchange processes have to be taken into account [113,
114], but only in the following decades its overall importance for YBCO be-
came clear [63, 82].
As it was shown in previous sections, an asymmetry for in- and out-diffusion
rates indicated the significance of surface exchange mechanisms, as did the
enhanced exchange rates due to surface modifications by silver coating. In
section 2.2 we have introduced all relevant transport and reaction mecha-
nisms under consideration (see step 0-6 in Table 2.1 on p. 18). The oxygen
partial pressure above the sample can be changed sufficiently fast in our set-
up, so that step 0 can be excluded to be the RDS. In the following we will
present a study to determine which of the remaining steps 1-6 is the RDS of
silver coated CSD-YBCO thin films.
We have used Ag coated films to shorten measurement times and enable the
analysis of oxygen exchange also at low temperatures. As we will see in
Chapter 5, silver coating effectively changes the RDS. Therefore all conclu-
sions from this section are valid only for Ag coated YBCO thin films.
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4.4.1 Bulk vs. surface: the importance of surface reactions for YBCO
oxygen exchange kinetics

In the analysis of oxygen exchange one generally distinguishes between sur-
face and bulk related mechanisms. In a first step we assume that oxygen in-
corporation from the gas phase into the bulk (far from the surface) consists of
only two elementary steps:

• Surface mechanism: Firstly, simplified within one single step, the di-
rect incorporation of oxygen into a vacancy (including dissociation and
charge transfer by oxidation) into the first atomic surface layer [39]:

1/2O2 + VO ⇀↽ Ox
O + 2h (4.10)

• Bulk diffusion: Secondly, the diffusion of atomic oxygen within the
bulk, along and across internal interfaces (neglecting corresponding holes,
as electrical conductivity is high):

Ox
O(x) ⇀↽ Ox

O(x′) (4.11)

If one assumes that surface reactions are much faster than bulk diffusion, the
first layer below the surface is quasi instantaneously balanced to any change
in atmosphere. Due to the fact that for diffusion processes

⇀

k =
↼

k ≡ k, the
problem reduces to a concentration gradient across the bulk of the material
with the net reaction rate:

< = k ([A]− [B]) = k∆c (4.12)

In this case the incorporation and release of oxygen corresponds to the exact
same process, but with flipped sign of the concentration gradient dc

dx , corre-
sponding to Fick’s first law [115]:

j = Dchem
dc
dx

(4.13)

with the net diffusion flux j. Therefore, no difference in the measured satura-
tion times between oxygen in- and excorporation is expected. This assump-
tion still holds even if the diffusion coefficient Dchem depends on the vacancy
defect concentration, when measured with a fully integral method. Addi-
tional effects, e.g. as measurement artefacts due to percolation currents were
already excluded in the previous section from contributing to an asymmetry.
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FIGURE 4.19: Observed asymmetry of reduction and oxida-
tion processes of Ag coated 250 nm CSD film: (a) normalised
conductances at 400 °C reveal differences in time evolution, (b)

ratio of saturation times for different temperatures.

To confirm that the RDS is a surface mechanism we look specifically at
the exchange rates of the oxidation and reduction process in a two step, bi-
nary oxygen pressure measurement, where the pressure is changed between
P(O2)high and P(O2)low, as described above. One can normalise the measured
conductance using Eq. (4.1) to its initial and final values to obtain a clear plot
of the time evolution. This is done for a silver coated, 250 nm thick CSD film
in Fig. 4.19(a) for a reduction process with an initial pressure of 1000 mbar
and a final pressure of 5 mbar and the subsequent oxidation, with the reverse
change in pressure, as depicted in the inset of the graph. Oxidation is faster by
a factor of≈ 3 compared to reduction, with τin = 9.3 min and τout

eff = 26.4 min.
For a single rate controlled process the intersection of the data with the dashed
horizontal line at 1/e ≈ 37 % defines the saturation time τ.

A typical example of the ratio of the relaxation times of oxidation and re-
duction as a function of T is shown in Fig. 4.19(b). For the case of out-diffusion
the effective saturation time is used. The ratio is far below unity for all inves-
tigated temperatures. The deviation from unity can only be explained if the
RDS is linked to an elementary step within the surface, as their reaction rates
depend on the oxygen partial pressure via the surface coverage, as discussed
in detail in section 2.2. Differences in the forward and backward Gibbs free
enthalpies

⇀

G and
↼

G of e.g. dissociation and recombination of O2 (step 3) or of
vacancy formation and annihilation (step 5) could contribute as well to the
asymmetry between oxidation and reduction rates. Additionally the activa-
tion energies of the different steps might be pressure dependent and there-
fore the rate determining step itself might change in the analysis at different
pressures. We will address this issues in the next section. However, we can
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conclude here that bulk diffusion (step 6) is not the RDS in YBCO thin films,
which is in agreement with enhanced reaction rates upon surface modifica-
tions (Ag coating).

4.4.2 Origin of oxidation and reduction reaction rate differences

At the beginning of this chapter we have shown that oxidation is faster than
the reverse process, the reduction (kin > kout), even though activation energies
were lower for out-diffusion as compared to in-diffusion (Ea,out < Ea,in), as de-
termined in section 4.1. In the previous section we argued that any asymmetry
in activation energy and reaction rates can only be related to surface exchange
reactions and we were able to exclude step 6 to be the rate determining step.
Remaining possible candidates for the RDS are step 1-5, comprising all surface
processes of adsorption until incorporation into a vacancy.

In this section we will address the three possible origins for the asymmetry
of oxidation and reduction that can be inferred from differences in Eq. (2.13)
and Eq. (2.13) for both processes:

(a) differences in the pressure dependence of surface exchange coefficients
for oxidation kchem,in and reduction kchem,out due to a different surface
coverage

(b) differences in the forward and backward free enthalpies
⇀

G and
↼

G and
pre-exponential factors

⇀

k0 and
↼

k0.

(c) different rate determining steps for in- and excorporation because the
activation energies of the particular steps depend on oxygen pressure.

Case (a): To analyse the influence of the surface coverage on surface re-
action rate constants we have performed a new type of in situ experiment,
where the pressure is changed between three values (1000, 5 and 0.01 mbar) in
4 steps. The procedure of these ternary measurements is schematically drawn
in the inset of Fig. 4.20(b). The P(O2) is lowered from 1000 mbar in two steps,
first to 5 mbar (I↓) and then to 0.01 mbar (II↓). Subsequently, the pressure is
raised to 5 mbar and then to 1000 mbar (II↑ and I↑, respectively). In this ex-
periment one can extract in- and out-diffusion kinetics in the case of the same
coverage Θout = Θin by comparing I↓ and II↑.

The conductance as a function of time for a ternary P(O2) measurement
at 450 °C is shown in Fig. 4.20(a) for a 250 nm thick CSD-YBCO (Ag) film.
The background colouring indicates the different oxygen atmospheres. One
can observe that I↓ saturates faster than II↓, as well as I↑ reaches equilibrium
in shorter time compared to II↑.Thus, for oxidation and reduction processes
reaction rate constants are higher at higher final oxygen pressures.
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FIGURE 4.20: 3-step (ternary) pressure measurements at
450 °C for 250 nm CSD-YBCO (Ag) film: (a) G as a function

of time; atmosphere is switched from A
I↓→ B

II↓→ C
II↑→ B

I↑→ A,
with A=1000 mbar, B=5 mbar, C=0.01 mbar as indicated with
different background colouring. (b) Normalised G for oxi-
dation (red) and reduction (blue) process with final P(O2) of
5 mbar; dashed red line corresponds to oxidation at 1000 mbar,

as indicated in the inset.

Plow Phigh Pfinal τin/τout

0.01 1000 5 3.1
1 100 10 2.4±0.4
10 1000 100 2.6

τin

τout

Phigh

Pfinal

Plow

TABLE 4.1: Tertiary P(O2) measurements with different final
pressures at 450 °C; all pressures are given in mbar.

To highlight this finding we compare the normalised conductances for the
case of oxidation (red lines) with final pressures of 5 mbar (II↑) and 1000 mbar
(I↑) in Figure 4.20(b). The oxygen incorporation process is substantially slower
if performed at lower oxygen partial pressure. The same is found for the
process of oxygen excorporation (comparison not shown). These results con-
firm that the different oxygen surface coverages in binary measurements con-
tribute to the observed asymmetry between in- and out-diffusion, as in-diffusion
saturation times are obtained at higher pressure than out-diffusion relaxation
times.

Case (b): We focus now on the oxidation and reduction process with the
same final pressure of 5 mbar II↑ and I↓, respectively (solid lines in Fig. 4.20(b)).
In both cases the process is triggered by a jump in P(O2) of about 2 1

2 orders of
magnitude.
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Under this conditions we find that the reduction process is significantly faster
than oxidation.

The oxidation saturation time τin is about 15 min, while τout,eff ≈ 5 min
for reduction. The ratio τin/τout,eff is given in Table 4.1 and it is compared
to results of ternary measurements with different step sizes in pressure (all at
450 °C). Independent of the initial and final partial pressure and therefore hole
and vacancy concentrations, it is found that the reduction process is about a
factor 2.5 - 3 faster than oxidation at 450 °C.
Equivalent to the discussion in section 4.4.1, no difference in reaction rate con-
stants is expected for any diffusion limited process, which is only based on
variations in concentration of one particular specie. The fact that we find
an asymmetry for oxidation and reduction surface reaction rate constants
(kchem,in 6= kchem,out) at the same final pressure, allows us to exclude the mech-
anism of surface diffusion of oxygen ions (step 4 in Table 2.1) to be the rate
determining step in Ag coated YBCO.

We conclude that the reduction process is significantly faster than oxida-
tion if measured at the same oxygen pressure at 450 °C. This asymmetry goes
beyond the typically observed differences strongly governed by changes in
the coverage and it is directly linked to different forward and backward free
enthalpies

⇀

G and
↼

G and pre-exponential factors k0. Forward and backward
reaction rate constants can be written as

⇀

kin =
⇀

k0 exp

[
− ∆

⇀

G
kBT

]
(4.14)

and
↼

kout =
↼

k0 exp

[
− ∆

↼

G
kBT

]
. (4.15)

Differences in
⇀

kin and
↼

kout at the same P(O2) might arise due to different chem-
ical barriers

⇀

G and
↼

G for adsorption to and desorption from the surface, O2
dissociation and recombination and in- and excorporation into/from the lat-
tice structure of oxygen ions, respectively.

Case (c): Further we have studied if the activation energies of the oxi-
dation and reduction process depend on the oxygen partial pressure itself.
Therefore we have performed ternary measurements, as shown above in Fig. 4.20(a),
at several temperatures. The resulting surface exchange coefficients are shown
in an Arrhenius plot in Fig. 4.21(a) for the two oxidation steps at 5 mbar and
1 bar, with activation energies of 0.9 eV and 0.8 eV, respectively. That the Ea
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FIGURE 4.21: 250 nm Ag coated CSD-YBCO film: (a) Arrhe-
nius plot of oxidation processes at final pressures of 5 mbar
and 1 bar, extracted from ternary measurements at different
temperatures and kchem for reduction at 5 mbar. (b), (c) & (d)
Multi-step P(O2) measurement: (b) Schematic of the experi-
mental procedure for the analysis of the pressure dependence
of the reduction process. (c) Arrhenius plot for reduction pro-
cesses at different atmospheres and (d) corresponding activa-

tion energies (bars) and k0 values (diamonds, right scale).

is the same (within the errors) for both oxidation processes indicates that the
RDS does not vary within the analysed pressure range. In the field of chemical
solution reactions, collision theory interprets k0 as the total number of colli-
sions per time. Only the fraction exp [−Ea/kBT] (probability factor) of k0 leads
to a reaction [35, 116]. Correspondingly, the increase of k0 can be linked to the
increase of surface coverage and the resulting gain of particles participating
in the exchange process. The reduction process at 5 mbar is drawn as well in
Fig. 4.21(a), with an activation energy of 0.5 eV. The different energy barriers
for oxidation and reduction at the same final pressure of 5 mbar demonstrate
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that forward and backward reactions have not the same Gibbs energies, as
anticipated above.

The pressure dependence of Ea for the case of reduction was analysed
in a multi-step P(O2) measurement as shown schematically in Fig. 4.21(b),
where the pressure is decreased from the same initial pressure of 1 bar to var-
ious lower ones. The surface exchange coefficients kchem for out-diffusion
processes at different oxygen atmospheres are shown in Fig. 4.21(c) in an
Arrhenius-type plot. At any given temperature the surface exchange coef-
ficient kchem increases with increasing oxygen partial pressure.

The extracted Ea and k0 values are shown in Fig. 4.21(d) as a function of
the oxygen pressure. The activation energies of the reduction process below
1 mbar are about 0.8± 0.1 eV and above approximately 1.1± 0.1 eV. This val-
ues are by a factor 2 higher than generally observed for Ag coated CSD films
of comparable thickness. This is expected to be due to the long measurement
duration of this kind of measurement, as increased activation energies were
found as well for oxygen incorporation. This issue will be addressed in Chap-
ter 5. However, the important result is that the observed variation in Ea over
P(O2) is small, thus we assume that the same RDS is limiting the oxygen ex-
change within the analysed pressure and temperature ranges. On the other
hand, the pre-exponential factor k0 strongly increases with increasing P(O2)
(right scale in Fig. 4.21(d)). This again shows the crucial importance of the
surface coverage Θ for the process oxygen exchange, as previously concluded
for case (a).

Only in the simplest case of Langmuir-type adsorption for non charged
particles, the adsorption energy does not depend on the surface coverage,
and therefore on P(O2) [47–49]. As we generally assume that charged ions
play a crucial role in the overall exchange process, we would expect a pres-
sure dependence of the activation energy in the case that adsorption is the
rate determining step. However, we do not observe such a dependence of Ea
on the pressure, for neither oxidation nor reduction. This indicates that ad-
sorption (step 1) is comparatively fast and does not limit the overall oxygen
exchange reaction, as we will confirm in the next section.

We complete this section with the analysis of the temperature dependence
of the equilibrium constant Keq(T)

Keq(T) =
⇀

kin(T)
↼

kout(T)
∝

τout(T)
τin(T)

. (4.16)
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FIGURE 4.22: Van ’t Hoff representation of equilibrium con-
stant Keq obtained at 5 mbar to extract standard enthalpy

change of oxygen exchange reaction.

The equilibrium constant at 5 mbar is shown in Fig. 4.22 in a semi-log plot
over the inverse temperature (van ’t Hoff plot). We find that below approxi-
mately 525 °C reduction is faster than oxidation, thus Keq < 1 and vice versa
at higher temperatures. This is caused by different activation energies and k0
values for the process of oxygen in- and excorporation. At low temperatures
reduction is faster, because it is governed by a lower Ea. At high temperatures
the kinetic energy of a sufficient amount of particles is high enough to surpass
the activation energy barrier. Thus the pre-exponential factor k0 becomes the
determining parameter, which is higher for the case of oxidation.
The temperature dependence of the equilibrium constant Keq can be expressed
by the standard enthalpy change ∆H via the van ’t Hoff equation [117]:

d
(
ln Keq

)
d(1/T)

= −∆H
R

, (4.17)

with R being the ideal gas constant. H is extracted by a linear fit from the van
’t Hoff plot in Fig. 4.22. We observe an increase of Keq with increasing T, thus
the underlying reaction is an endothermic process with ∆H ≈ 0.6 eV > 0.
Therefore the process of oxygen incorporation adsorbs energy in the form of
heat. The fact that Keq crosses 1 means that oxidation is either faster or slower
than reduction depending on the temperature.

We are ready now to conclude on the origin fo the asymmetry of oxida-
tion and reduction rates. In the binary electrical conductivity relaxation mea-
surements, we conclude that the main contribution comes from the surface
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coverage, which strongly depends on the oxygen partial pressure. With in-
creasing pressure the surface coverage increases, leading to faster exchange
rates. This can explain the difference in the saturation times observed in bi-
nary measurements, where reduction relaxation times are assessed at lower
P(O2) than oxidation relaxation times. A second contribution comes from dif-
ferent free enthalpies and pre-exponential factors k0 of the RDS for forward
and backward reaction rates. This allows us to exclude surface diffusion (step
4) to be the RDS, as in any diffusion process forward and backward activation
energies are identical.
Finally, from the multi-step measurements, we can conclude that the RDS
does not change in the analysed temperature and pressure ranges, within the
accuracy of our experiments.
In summary, case (a) and (b) contribute to the asymmetry of oxidation and
reduction, while case (c) was not observed.

4.4.3 Analysis of the pressure dependence of reaction rates of YBCO
thin films

Up to this point we were able to exclude the transport mechanisms (step 0, 4
and 6 in Table 2.1) to be the RDS of oxygen exchange in silver coated CSD-
YBCO thin films. Also the adsorption reaction (step 1) was found implau-
sible to govern the overall oxygen exchange. To identify the RDS among
the remaining candidates we thoroughly study the pressure dependence of
the involved kinetics by P(O2) multi-step measurements. In these isother-
mal measurements, P(O2)low is varied over several orders of magnitude while
P(O2)high is kept constant and vice versa respectively, as schematically shown
in Fig. 4.24(c) and Fig. 4.25(b).
The following analysis can be performed due to the fact that the RDS does
not vary within the investigated pressure range, as we have shown in the last
section.

Reaction rates far from equilibrium

If a single step is rate determining, the analysis of the reaction rate < can pro-
vide further insight to the physicochemical origin of the RDS. In this section
we will follow the methodology for the analysis of reaction rates developed
by Merkle and Maier in [36]. We recall that the net reaction rate < can be
generally written as:

< =
⇀

<−
↼

< =
⇀

kin [A]−
↼

kout [B] . (4.18)
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FIGURE 4.23: Evaluation of initial reaction rate for Ag/YBCO
of 250 nm at 500 °C for a reduction process. <|t≈0 is obtained

by a linear fit of the experimental data below 15 %.

If the equilibrium is disturbed by large changes in the oxygen partial pressure,
the reaction rate < is determined in the beginning of the relaxation process by
either the forward reaction rate < ≈

⇀

< =
⇀

kin [A] in the case of a jump to
higher P(O2), or by the backward reaction rate < ≈

↼

< =
↼

kout [B], when the
partial pressure is lowered. In this initial phase one can assume the defect
concentrations to be similar to the original concentrations of the preceding
equilibrium state. Thus, one can write the initial reaction rate <|t≈0 for a
forward (oxidising) step as:

<|t≈0 ≈
⇀

< =
⇀

k · (P(O2))
n [O×O]x

eq [h ]yeq [VO ]zeq , (4.19)

with the reaction rate constant
⇀

k of the RDS and the initial educt equilibrium
concentrations of oxygen ions, electron holes and oxygen vacancies. For a
decrease in pressure (backward/reduction reaction) the initial reaction rate
<|t≈0 can be expressed as:

<|t≈0 ≈
↼

< =
↼

k ·
[
O×O
]x

eq [h ]yeq [VO ]zeq . (4.20)

The initial reaction rates <|t≈0 of experiments based on large P(O2) changes,
can be extracted from the initial slope of the conductance G(t):

<|t≈0 ∼
dG(t)

dt

∣∣∣∣
t≈0

, (4.21)

where we obtain dG(t)/dt from fitting (G(t)− G∞)/(G0 − G∞) < 15 % by a
straight line, as exemplarily shown in Fig. 4.23.



4.4. Rate determining step of YBCO oxygen exchange kinetics 85

10-4

10-3

 0.1  1

ℜ
| t

=0
 (

m
in

)

P(O2)high (bar)

500 °C

550 °C

(a)

10-4

10-3

 0.1  1

ℜ
| t

=0
 (

m
in

)

P(O2)high (bar)

500 °C

550 °C

(b)

5 mbar

50 mbar

100 mbar

200 mbar

500 mbar

1000 mbar

Time

Step: I II III IV V
(c)

 10

 100

 0.01  0.1  1

G
∞

 (
m

S
)

P(O2) (bar)

500 °C

550 °C

(d)

FIGURE 4.24: Pressure dependence of initial reaction rate of
250 nm CSD-YBCO (Ag): (a) Forward reaction rate <|t≈0 for a
series of large upward P(O2) jumps from same low pressure of
5 mbar at 500 and 550°C, (b) backward reaction rate for a set of
large downward jumps in P(O2) to the same final pressure and
(c) schematic of measurement procedure: red (blue) arrows in-
dicate forward (backward) reactions. (d) Dependence of equi-
librium conductance on oxygen pressure of 250 nm thick Ag-

YBCO.

We start with the analysis of a series of large upward jumps to various
higher pressures from the same initial low P(O2) , as schematically shown
with red arrows in Fig. 4.24(c). For all upwards jumps from the same initial
pressure the pre-equilibrium defect concentrations are kept constant and the
pressure dependence of Eq. (4.19) reduces to <|t≈0 ∼ P (O2)

n.
If we look at the reaction rate equations (2.17a-f), we see that the explicit pres-
sure dependence n is either 1 if the determining mechanism involves molec-
ular oxygen of any charge (O2, O−2 , O2−

2 , step 1-3), or n = 0.5 for a RDS only
containing atomic oxygen (O−, O×O, step 4-6).
The experimentally obtained pressure dependence of <|t≈0 for a silver coated
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250 nm thick CSD YBCO film is shown in Fig. 4.24(a). We find n = 0.54 for
T = 500 and 550 °C, very close to n = 0.5, indicating that only atomic oxy-
gen is involved in the RDS of oxygen incorporation. In our analysis above
we have shown that the transport steps 4 and 6 are not limiting the overall
oxygen exchange process. Therefore we can conclusively identify the incor-
poration of oxygen ions into vacancies (step 5) to be the rate determining step
of Ag coated CSD-YBCO thin films.

We have performed as well the reverse analysis for reduction, as schemat-
ically shown with blue arrows in Fig. 4.24(c). This experiment consists of
various large jumps to the same final low P(O2) . The obtained initial re-
action rates are shown in Fig. 4.24(b). We find n = 0.19± 0.03 for 550 °C and
n = 0.36± 0.04 for 500 °C for large jumps to the same final pressure of 5 mbar.
If we assume that forward and backward reaction are limited by the same
mechanism, namely step 5, we can write the pressure dependence for large
downward jumps using Eq. (2.17e) as:

<|t≈0 ≈
↼

< ∝
[
O×O
]

eq [h ]eq ∝ P(O2)
nO+nh (4.22)

with the defect pressure dependencies nh and nO for holes and incorporated
oxygen and thus n ≡ nO + nh. The pressure dependences for holes and oxy-
gen are expected to be linked via nh = nO [45].
We can obtain the pressure dependence of holes by analysing the saturation
conductance at different pressures, as shown in Fig. 4.24(d), due to the fact
that G ∝ σ ∝ [h ] in p-type conductors, as YBCO. For the presented sample
we find nh ≈ 0.15± 0.03 for T = 500 and 550 °C, while generally we obtain
values between 0.15 and 0.2 in our experiments. From reported defect models
for YBCO one would expect nh ≤ 0.25 at comparatively (high) oxygen partial
pressures [40, 118], reasonable close to our results.
If we compare now the experimentally obtained pressure dependence of the
initial reaction rate n with the P(O2) dependence of holes nh, we indeed find
that n ≈ 2nh = nO + nh holds within the accuracy of our measurements.

For the sake of completeness we have additionally analysed the pressure
dependence of the steps 1-3, where we obtain n = 4nh and n = 3nh for
step 1 and 2, respectively. These relations do not hold for the experimen-
tally obtained values of nh ≈ 0.15 and the averaged <|t≈0 P(O2) dependence
n̄avg ≈ 0.28. Therefore step 1 and step 2 cannot account for the RDS. The pro-
cess of dissociation (step 3) exhibits the same P(O2) dependence as step 5, and
thus cannot be distinguished using this approach.

To persuade the reader of the validity of the methodology using initial re-
action rates we show a series of large downward jumps from the same initial
high P(O2) . The dependence of <|t≈0 on P(O2) is shown in Fig. 4.25(a). For
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FIGURE 4.25: (a) Pressure dependence of initial reaction rate
<|t≈0 for large downward steps to the same final P(O2) of
silver coated 250 nm CSD-YBCO at 600 °C. (b) Schematic di-
agram for multi-step measurement with constant initial/final

high P(O2).

a series of atmosphere changes from 1 bar to various lower P(O2) (reduction),
<|t≈0 is found to be constant. This result is expected as the initial hole and
vacancy concentrations are the same for all downward jumps and

↼

< does not
explicit depend on the P(O2) (see Equation (4.20)).

Reaction rates close to equilibrium

In this section we analyse the equilibrium reaction rate <0. Deviations from
equilibrium are triggered by small jumps in oxygen partial pressure. We can
analyse the equilibrium reaction rate<0 for small perturbations in P(O2) using
[38]:

<0 =
√

⇀

kin [A]eq ·
↼

kout [B]eq ∝

√
1

τin

1
τout

, (4.23)

with the saturation times of in- and out-diffusion processes. The reaction rate
of each particular step in the process of oxygen in- and excorporation is linked
to a certain pressure dependence, as given in Equation 2.17 for each relevant
mechanism. By comparing the experimental pressure dependence with the
calculated one we can provide a second method to identify the RDS and verify
the analysis performed above for reaction rates far from equilibrium.

The P(O2) dependence of <0 of Ag/YBCO triggered by small P(O2) steps
is shown in Fig. 4.26(a). We observe a power-law dependence of <0 over 2
orders of magnitude in pressure, with <0 ∝ P(O2)n and n = 0.35 and 0.26 for
450 and 550 °C, respectively. With increasing step size of the change in oxygen
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nh Step 1 Step 2 Step 3 Step 5
0.15 1.1 0.95 0.8 0.25
0.25 1.3 1.1 1 0.25

TABLE 4.2: Pressure dependence of <0 considering the par-
ticular mechanism is the RDS for different hole concentration
pressure dependencies nh ([h ] ∝ P(O2)

nh ). We have used
nh = nO = −nV.

partial pressure, the assumption of proximity to equilibrium is no longer valid
and a deviation from a power law dependence can be seen in Fig. 4.26(a).

We have calculated the pressure dependence of <0 for two different pres-
sure dependencies nh of the hole concentration ([h ] ∝ P(O2)nh), as listed in
Table 4.2, with nh = nO = −nV as assumed in reported defect models for
YBCO [44]. nh ' 0.15 corresponds to the value obtained in this work (see
Fig. 4.24(d)), while nh = 0.25 is the literature value [118]. However, in both
cases the measured pressure dependence n of <0 is very close to the one cal-
culated for step 5 and far from the expected dependencies for the other steps.
Thus, we conclude that step 5 is the RDS, as we have found in our analysis of
reaction rates far from equilibrium.
Mosleh, Søgaard, and Hendriksen have performed a detail analysis of many
different possible reaction mechanism containing between one and four el-
ementary steps and different types of charges [39]. Our calculations are in
very good agreement with their results for a process, where all charges are
provided by the formation of holes in the valence band (see mechanism 12
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and 13 in Appendix C in [39]), as e.g. they obtain a pressure dependence of
1/4 < n < 1/2 for the step of oxygen incorporation into a vacancy.

This result confirms that the RDS of oxygen incorporation for Ag/YBCO
thin films is the last charge transfer to reach the ionisation state of the bulk
with accompanied recombination with an oxygen vacancy.

In this section we have shown evidence, that oxygen exchange kinetics of
silver coated YBCO are strongly influenced by the surface coverage of ad-
sorbed oxygen ions and are therefore determined by a surface related ex-
change mechanism. In- and out-diffusion relaxation times increase with de-
creasing pressure, linked to a decrease in oxygen coverage. In a binary oxygen
pressure measurement, oxidation is faster than reduction due to the higher
coverage Θ at all investigated temperatures. If reduction and oxidation re-
action rates are analysed for the same final pressure, reduction is found to
be faster at low temperatures, while oxidation is faster at high temperatures.
This temperature dependence is understood to be due to different activation
energy barriers and k0 values of the two processes. From this asymmetry at
the same pressure, surface diffusion (and in general any diffusion process)
can be excluded of being the RDS as diffusion has the same activation energy
Ea for forward and backward reaction.

We have further shown that the rate determining step must only consist of
atomic oxygen. The analysis of the reaction rates close to equilibrium <0 and
the initial reaction rate <|t≈0 far from equilibrium at different temperatures
consistently leads to the conclusion that oxygen in- and excorporation for thin
YBCO films coated with Ag is limited by the last elementary step related to
the surface (step 5), consisting of charge transfer and oxygen incorporation
into a vacant oxygen site within the crystal lattice.

Also for the case of non-Ag coated YBCO films a surface related mecha-
nism limits the overall oxygen exchange. At the end of Chapter 5 we will be
able to conclude on the RDS of pristine YBCO.

4.5 Microstructural influences of different growth tech-
niques on oxygen exchange kinetics

The research on HTS coated conductors is driven by various requirements for
different applications, operating either at high T and low magnetic fields, at
intermediate temperatures and fields or at low T and high magnetic fields. Re-
searchers follow numerous approaches to improve superconducting proper-
ties for these conditions by e.g. the implementation of artificial defects of var-
ious dimensionality to pin magnetic vortices at different temperatures, or by
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cation substitution to increase self-field critical currents by increasing the con-
densation energy. We will analyse the influence of several such approaches
on the oxygen exchange kinetics, as modifications of the microstructure might
have crucial impact on the oxygenation process.

Bulk diffusion in YBCO single crystals was found to be up to 106 times
faster in the superconducting CuO2 planes along the ab-direction than per-
pendicular to it in c-direction [119]. Therefore it is assumed that diffusion
along the (00l) direction is bypassed by high diffusivity channels as grain
boundaries and via pores [74, 104]. Different growth techniques cause varia-
tions in the microstructure affecting the amount of pores, grain size and grain
boundary density, etc. We remind that surface reactions were found to be the
rate determining step of oxygen exchange in pristine Ag and non-Ag coated
YBCO thin films. However, a modification of the microstructures could po-
tentially decelerate bulk diffusion in YBCO. Therefore we have investigated
samples with e.g. decreased pore densities, or high numbers of YBa2Cu4O8 in-
tergrowths due to incorporated nanoparticles in the Y123 structure. On the
other hand, bulk modifications can propagate to the surface and change the
surface composition, topology and roughness. This changes could modify the
oxygen exchange at the surface, especially as grain boundaries and other de-
fects at the surface are believed to be highly active in the process of oxygen
exchange [57].

In the following sections results of in situ ECR measurements for samples
with different microstructures are presented. These microstructural variations
were obtained by cation substitution, embedding of nanoparticles and/or dif-
ferent growth techniques, as a flash heating process, a pore-free CSD approach
using fluorine free precursor solutions and a pulsed laser deposition method
(PLD).

4.5.1 Oxygen exchange of calcium doped Y1–xCaxBa2Cu3O7–δ

The substitution of yttrium with calcium is known to increase the charge car-
rier density within the CuO2 planes and therefore it is an interesting approach
to reach the overdoped region of the YBCO phase diagram. Calcium is gener-
ally found in the divalent state Ca2+, while the valence state of yttrium is Y3+

in YBCO [120]. The extra charge introduced by Ca doping is partially screened
by an increased oxygen vacancy density which comes along with the modifi-
cation of the microstructure [121, 122]. With increasing calcium content, the
critical temperature is reported to decrease rapidly [123], which is compensat-
ing the beneficial effect of additional charges and thus increased charge carrier
densities for high operation temperatures (77 K).
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FIGURE 4.27: (a) GADDS analysis of 20 mol% calcium doped
sample and (b) evolution of nanostrain with increasing dop-

ing.

Within this thesis YBCO films with a calcium content of 5, 10 and 20 mol%
in respect to yttrium were produced. Therefore a specific amount of calcium
acetate from SIGMA ALDRICH is dissolved in the stoichiometric YBCO pre-
cursor solution and stirred over night. The deposition via spinning, pyrolysis
and growth are not modified from the standard fabrication process for pris-
tine YBCO as described in Chapter 3. Since Ca is added to the stoichiometric
YBCO solution, the excess of yttrium is expected to form yttrium oxide Y2O3.
This phase is stable within the YBCO matrix and is thought to be a preferential
artificial pinning site up to a certain extend [124].

The epitaxial texture of the calcium doped thin layers is verified using a
general area-detector diffractometer system (GADDS), a two-dimensional X-
ray diffraction system. In Fig. 4.27(a) a typical scan is shown for a 20 mol%
calcium doped sample in a range of 17.8 - 52.4° and 56 - 125° for 2θ and χ,
respectively. The YBCO reflections have a peaked intensity distribution, no
rings in χ are observed, confirming the epitaxy of the nanolayer.

The nanostrain ε is evaluated using the Williamson-Hall methodology as
described in section 3.5.2. Values for samples containing different amounts of
calcium are shown in Fig. 4.27(b). The distortion of the matrix through excess
Y2O3 leads to an increase of the measured nanostrain, as typically observed
due to the incorporation of nanoparticles [125]. This has been associated to an
increase of stacking faults.

The samples physical properties at low temperatures are analysed using
SQUID magnetometry and electrical measurements, as shown in Fig. 4.28.
The critical temperature drops from around 90 K for pristine YBCO to below
80 K, for the 20 mol% Ca-doped samples, as expected from literature for Ca-
doped YBCO [126, 127]. The average charge carrier density is only slightly
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FIGURE 4.28: Dependence of low temperature physical prop-
erties on Ca x in Y1−xCaxBa2Cu3O7−δ: (a) critical temperature
and charge carrier density nH(300 K), (b) critical current at 5 K.

increased for low calcium doping, but does not exceed the mean variation of
pristine films and decreases above 10 mol%. The critical current density at 5 K
is preserved up to 10 mol% and strongly decreases for higher calcium doping.
The relatively low Jc values shown for the pristine films are far below the
maximum currents reached in this thesis and generally for thin films grown
by CSD (about a factor 2 lower), but they are the ones obtained in pristine
YBCO during the period, when Ca-doping was studied. The exact reason is
not known but the origin is thought to be one or several of the detrimental
factors as high humidity, high water content in the precursor solutions, lower
purity of metalorganic precursor, etc.

Oxygen incorporation of Ca doped YBCO studied by ECR

In- and out-diffusion kinetics are studied between the temperature range of
650 and 400 °C. Oxygen was removed from the structure by exposing the cal-
cium doped sample to an oxygen partial pressure of 5 mbar. The reverse pro-
cess of oxidation is obtained in a 1 bar atmosphere. The measured surface ex-
change rates are shown in an Arrhenius plot in Fig. 4.29(a). As in our previous
studies we find that oxygen incorporation is faster than reduction. The oxida-
tion process has an activation energy of 0.91±0.03 eV. In case of reduction, two
parallel processes are active, with saturation time τ1 and τ2 as shown with full
and open triangles. They exhibit similar temperature dependences but differ
in about one order of magnitude in absolute values. At 500 °C both contribu-
tions show a kink to a higher activation energy at lower temperatures. For
the high temperature regime Ea reads 0.66 eV (0.52 eV) for the process with
the relaxation time τ1 (τ2), while at lower temperatures it increases to 1.10 eV
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FIGURE 4.29: (a) Arrhenius plot for 10 % calcium doped sam-
ple and (b) activation energies for pristine and calcium doped
YBCO thin films for the high temperature regime (450-600 °C).

(1.27 eV). The activation energies for Ca doped films are significantly lower
than for pristine YBCO films (Ea,in = 3.4 and Ea,out = 2.2 eV), as shown in
Fig. 4.29(b).

We compare the effective out-diffusion saturation times of a pristine YBCO
film, a YBCO layer with a silver surface coating and a calcium doped sample
in Fig. 4.30(a). At 600 °C all three samples have similar reaction rates. When
decreasing the temperature, the calcium sample follows the trend of the silver
coated one, showing a weaker temperature dependence and much smaller
time constants at low temperatures. Calcium doping and the accompanied
changes in the microstructure and strain landscape, grain size, surface mor-
phology, e.g. allows to exchange oxygen down to 400 °C.

Saturation conductivity values are shown for the in-diffusion process in
Fig. 4.30(b) for a Ag coated pristine film and non-Ag coated 10 and 20 mol%
calcium doped YBCO layers. A very linear dependence of σin

∞ on temperature
is observed for all three samples. As discussed in section 4.2.2, the deviation
from metallic behaviour (σ ∝ T−1) is caused by changes in the oxygen stoi-
chiometry. While calcium doping has a strong effect on the exchange kinetics
(Fig. 4.30(a)) and corresponding activation energies (Fig. 4.29(b)), the temper-
ature dependence of the equilibrium oxygen content (Fig. 4.30(b)) does not
show significant dependence on the microstructural modifications, similar to
the case of pristine and silver coated YBCO.

In summary the substitution of yttrium by calcium did not yield a signifi-
cant increase in charge carrier and critical current densities. We address this to
the lack of optimisation of the pyrolysis and growth process for stoichiometric
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FIGURE 4.30: (a) Semi-log plot of out-diffusion saturation
times of a 10 mol% calcium doped sample in comparison to
non-Ag and Ag coated pristine YBCO. (b) Saturation conduc-
tivity of the oxidation process for Ag coated pristine and non-

Ag coated 10 and 20 mol% calcium doped YBCO.

Y1–xCaxBa2Cu3O7–δ which was beyond the framework of this thesis. However,
we have shown that the oxygen incorporation is favoured for Ca doped thin
films, an advantageous prerequisite for further research.

4.5.2 Oxygen kinetics of YBCO CSD nanocomposite thin films

The embedding of nanoparticles into the YBCO crystal structure grown by a
CSD methodology, was found to be a promising route to push the supercon-
ducting limitations of in-field applications. Higher critical current densities in
external magnetic fields can be obtained by introducing pair-breaking regions
into the superconductor, which effectively pin magnetic vortices within their
normal state volume [125, 128, 129]. Many approaches haven been studied
for successful implementation of nanoparticles [130–133]. Several parameters
must be precisely controlled to fully exploit their potential, as particle size,
shape, density and distribution to avoid issues as coarsening, segregation and
reactivity, etc.

Nanocomposite (NC) YBCO films were grown under different routes by
Dr. Pablo Cayado and Dr. Ziliang Li during their PhD studies and NC sam-
ples were generously provided by them for further analysis. Two approaches
were followed to obtain stable nanoparticles within the YBCO matrix. In
the first, nanoparticles are spontaneously segregated and formed during the
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growth process of YBCO, while in the latter preformed nanoparticles of de-
sired amount and size are added and stabilized in the precursor solution. De-
tailed discussions can be found in the theses [134, 135] and in literature [136,
137].

In the following we will analyse a nanocomposite film obtained by sponta-
neous segregation with a composition of 5 mol% BZO + 6 mol% BYTO (NC 1)
and a film with 20 mol% preformed BZO nanoparticles of 5-6 nm (NC 2 FH).
The latter was grown using a flash heating process with a much faster heating
ramp (20 °/s), which avoided nanoparticle coarsening in a large extend. All
percentages are given in respect to 1 mol of yttrium. The studied nanocom-
posites were coated with a patterned 100 nm layer of silver on the surface.

Oxidation time constants at different temperatures are shown in Fig. 4.31(a).
For comparison the saturation times of a non-silver coated and a silver coated
pristine YBCO layer are drawn too. As in the case of calcium doping, the mod-
ification of the microstructure leads to an acceleration of oxygen exchange ki-
netics, especially for NC 2 FH. The temperature dependences of NC 1 and the
pristine YBCO film with Ag coating are very similar down to 450 °C. Below
425 °C much higher kinetics are observed for the nanocomposite films.

We have calculated activation energies in the range of 450 - 600 °C for all
presented samples, as shown in Fig. 4.31(b) for the case of in-diffusion. The
silver coated pristine YBCO film has a similar Ea as NC 1. For the flash heated
sample NC 2 we obtain an ever lower activation energy of 0.44 eV.



96
Chapter 4. Study of YBCO oxygen kinetics via in situ electrical

conductivity relaxation measurements

To conclude, nanocomposite YBCO thin films do not only exhibit preferen-
tial pinning behaviour but also show excellent oxygen exchange kinetics, with
very low activation energies. Low activation energies and fast exchange ki-
netics at low temperature are a prerequisite for low T oxygenations, necessary
to maximise the oxygen content within the structure.

4.5.3 Oxygen incorporation into porous-free CSD YBCO obtained
by a fluorine free growth process

The most widely used growth technique of YBCO via chemical solution depo-
sition is based on trifluoroacetate (TFA) solutions. During the growth process
some toxic fluorine is released. Thus, a highly desired goal for the synthesis of
YBCO using a chemical solution route is to decrease the necessary amount of
fluorine in the precursor solution. Therefore, a new methodology is being de-
veloped within the SUMAN group avoiding the use of trifuloracetates based
on a novel transient liquid assisted growth technique, which enables ultra fast
YBCO growth rates up to 100 nm/s, making it extraordinarily interesting for
R-2-R production.

Owing to the fact that in this technique the YBCO crystallisation is based
on a liquid-solid reaction, very porous free layers are obtained. It is not the
intention of this thesis to compare the different CSD methods, but to explore
oxygen kinetics from very porous free films, taking into account that porosity
has always been ascribed as one of the best channels for oxygen diffusion. At
the time of the analysis of these samples, this novel growth technique was
being optimized. The analysed fluorine free samples were grown by Dr. Laia
Soler and Júlia Jareño within their PhD studies and generously provided for
further study.

From bulk YBCO studies it is well known, that diffusion along the ab plane
is faster by orders of magnitude than along the c direction [138]. Any kind of
defects thus are expected to provide the main path of diffusivity normal to the
surface. Among grain boundaries, porosity is thought to play an important
role for oxygen diffusion in c-direction. SEM images of the surface of a TFA-
CSD and a fluorine free sample are shown in Fig. 4.32. Pores are exemplary
marked with red circles in both images. In the case of the FF-CSD sample
porosity is strongly reduced.

In Figure 4.33(a) the temperature dependence of the surface exchange co-
efficient for the incorporation of oxygen is shown. Two different samples
obtained by a fluorine free growth process are compared with two standard
TFA-CSD films. The sample FF Ag, marked with triangles, was grown with
a fast heating ramp of 20 °C/s at a P(O2) of 10 mbar. This sample is epitaxial
and has an onset critical temperature of about 90 K but less than 1 MA/cm2 at
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77 K. The sample FF∗ was grown using a low P(O2) route, where the pressure
is increased after reaching growth temperature, so that the previous forma-
tion of undesired phases at lower temperatures is prevented. This sample has
a Jc(77 K) of 2.3 MA/cm2. FF∗ shows very similar exchange rates as the pris-
tine TFA film. Although the porosity is strongly reduced, bulk diffusion is
still faster than the surface exchange rates. Thus overall exchange kinetics are
not altered significantly. The activation energy for FF∗ is about 3 eV, similar to
3.4 eV for pristine TFA-CSD YBCO, as shown in Fig. 4.33(b).
The exchange kinetics of the Ag coated fluorine free CSD film grown by the
temperature route (FF Ag) are accelerated in respect to silver coated standard
CSD-YBCO (Ag/YBCO) and comparable to strained nanocomposites. Gran-
ularity is still a major issue in the growth of fluorine free YBCO and causes
decreased critical current densities in these samples. On the other hand the
enhanced exchange rates are also expected to be due to granularity and gen-
erally faster surface kinetics at grain boundaries [52].
In both silver coated films Ag/YBCO and FF Ag we observe a deviation to,
by a factor 2 higher activation energies at lower temperatures (<450 °C), as
depicted in Fig. 4.33(b).

The fluorine free growth of YBCO is a highly interesting approach for the
production of HTS CCs, with its very high growth rates, potential high critical
current densities and reduced detrimental influence on environment. Pris-
tine FF CSD YBCO films show similar oxygen exchange kinetics as pristine
TFA CSD YBCO, although the pore density at the surface is strongly reduced.
Upon silver coating, exchange rates can be significantly enhanced, especially
at low temperatures. This shows that also in FF thin films low temperature
oxygenation processes are achievable with the aim to maximise the oxygen
content of the YBCO layer.

4.5.4 Oxygen exchange of YBCO deposited by PLD

Pulsed layer deposition is one of the most common growth methods in the
commercial production of HTS coated conductors and holds record critical
current values for long length tapes [131]. It is therefore an interesting can-
didate to study and compare its exchange kinetics with chemical solution de-
rived YBCO films.

Images of the microstructure with atomic resolution obtained by transmis-
sion electron microscopy show the same type of defects, i.e. stacking faults,
but the density, length and distortion induced in the CuO2-planes show clear
differences between the two growth techniques (Fig. 4.34(a) and (b)). The pris-
tine CSD film (a) exhibits strongly distorted CuO2 planes and a high density
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(b) PLD on a LaAlO3 and SrTiO3 substrate, respectively. (c)
Effective oxidation relaxation times for YBCO films derived

by chemical solution and pulsed laser deposition.

of short CuO intergrowths (stacking faults). The defect density of the PLD
layer (b) is lower with uniform planes in ab direction and only a few but long
stacking faults. These images were taken by the TEM experts of our group
Dr. Bernat Mundet and Dr. Roger Guzman.

Electrical conductivity relaxation measurements are performed at temper-
atures between 600 and 350 °C in steps of 25 °C using 200 nm thick PLD-layers.
During the isothermal annealings the oxygen partial pressure is switched be-
tween the standard pressures of 1 bar and 5 mbar. The saturation times for the
oxidation process of selected samples are shown in Fig. 4.34(c). The pristine
PLD film shows much faster kinetics than the CSD one. The same trend is ob-
served for the case of reduction (not shown). Initially the opposite result was
expected since the modified and enhanced defect landscape of CSD films was
expected to provide a rich variety of adsorption sites on the surface and fast
diffusion paths in the bulk. Upon silver coating both growth routines exhibit
a similar temperature dependence, with the PLD having nonetheless by a fac-
tor of 2 faster rates. It is observed that in the case of PLD the influence of silver
coating is much weaker. The Ag surface layer effectively enhances exchange
rates compared to as-grown surfaces only at lower temperatures, after several
cycles of out- and in-diffusion.

The activation energy for oxygen incorporation is 1.4 eV for the pristine
PLD film, thus reduced by more than a factor 2 in comparison with pristine
YBCO grown via CSD (Ea = 3− 4 eV). On the other hand, silver coated PLD
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FIGURE 4.35: (a) Dependence of surface reaction rate constant
for oxidation on nanostrain of various sample types at differ-
ent temperatures (LTR samples with increasing strain: CSD-
TFA, FF*, FF, 10 %Ca, PLD; all samples without Ag coating)
and (b) activation energy of oxidation for the same specimen.

Straight line in (b) is a guide to the eye.

films have an oxidation activation energy of about 0.8 eV at high tempera-
tures. Further a deviation from a single Ea regime is observed below 450 °C
with an average value of about 1.5 eV. These energies are very similar to the
ones obtained for Ag coated CSD films (0.9 and 1.8 eV, respectively). In the
next chapter we will discuss some additional facts that need to be considered
when evaluating films without Ag coating, that might explain the difference
here observed between CSD and PLD pristine films. We anticipate that the
modification of the surface during annealing plays a crucial role in the evalu-
ation of oxygen exchange kinetics.

4.5.5 Summary: Role of nanostrain on oxygen exchange kinetics

We have shown that most analysed types of microstructures have improved
exchange rates compared to pristine YBCO films grown by CSD-TFA. In all
analysed films oxygen in- and excorporation is limited by surface reactions,
since out-diffusion time constants were found to be larger than for incorpo-
ration. Exchange kinetics could be enhanced upon the deposition of a thin
catalytic layer of silver on the surface.
As the surface is limiting oxygen exchange processes, purely bulk modifica-
tions caused by different growth techniques cannot account for the observed
variations of exchange rates. Modified surface composition, as different grain
boundary densities with its faster exchange rates [52, 57], and porosity are
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expected to play an important role on the exchange kinetics. A common de-
fect that we have observed in all layers, is the stacking fault, with different
degrees of density. Therefore, we have analysed the nanostrain ε, since this
is the physical parameter that is able to quantify the local distortions induced
by the stacking fault density [125]. We have analysed the nanostrain ε for
the above discussed cases and compare the surface exchange reaction rate as
a function of ε among all sample types in Fig. 4.35(a) (non Ag coated films).
We find a strong dependence of kchem on ε at an intermediate temperature of
500 °C. Exchange kinetics are significantly increased with increasing nanos-
train. This dependence is weakened with increasing temperature, as can be
seen for T = 600 °C, where only a weak dependence on ε can be observed.
This can be understood by looking at the activation energies for the same
samples in Fig. 4.35(b). The nanostrain ε effectively decreases the activation
energy of the oxidation process. At high temperatures a sufficient amount of
particles surpasses the energy barrier, where differences in Ea only play a mi-
nor role. With decreasing temperature the effect of nanostrain and lowered
activation energies become more important, resulting in the observed differ-
ences of the surface exchange rates.
Nanostrain is a measure of very local inhomogeneities in the crystal structure,
and therefore within the bulk. On the hand, surface exchange rates are lim-
ited by a surface mechanism and not by bulk diffusion. Therefore, nanostrain
must have an effect as well in the top bulk layer at the interface with the gas
phase. As we have made this analysis for non-Ag coated YBCO films, any
surface step (step 1-5 in Table 2.1) might be affected. Possible effects of nanos-
train on surface exchange kinetics might be the modification of the vacancy
volume (step 5) and/or a reconfiguration of the electronic structure of the sur-
face leading to modified adsorption, ionisation and dissociation rates (steps
1-3).

In this section we have studied the influence of different YBCO microstruc-
tures on exchange kinetics. Modifications of the microstructure were intro-
duced via Ca doping, embedding nanoparticles and the use of different growth
techniques as a TFA flash heating process, a low-porosity fluorine free CSD
route and pulsed laser deposition. In all cases we observed enhanced ex-
change kinetics. This was explained by a varied nanostrain landscape induced
by different growth techniques affecting exchange energy barriers, modifi-
cations of the surface composition and different grain boundary densities,
which are expected to severe as highly active exchange sites at the surface.



102
Chapter 4. Study of YBCO oxygen kinetics via in situ electrical

conductivity relaxation measurements

4.6 Influence of strain in YBCO oxygenation process: A
thickness dependence study

Many examples in the material class of functional oxides are found, where the
oxygen vacancy density is closely linked to the charge carrier density and thus
is crucial to e.g. electronic or ionic conduction and magnetic properties [139].
For thin films of the superconducting compound La2–xSrxCuO4–δ it was found,
that the superconducting transition temperature is correlated with the strain
state and can be enhanced or decreased by compressive or tensile strain in-
duced via substrate mismatch [140–142]. Successive investigations have been
performed to gain better understanding of mechanical stress on the energy
barriers of solid state reactions. This phenomena is called mechano-chemical
coupling and can alter reaction and diffusion kinetics due to changes in the
oxygen defect formation enthalpy and adsorption energy, the migration en-
ergy barrier and or dissociation and charge transfer barrier [143–145].

Tensile strain is often identified to decrease the oxygen vacancy formation
energy in functional oxides [146–148]. On the other side, compressive strain
is found to increase vacancy migration and formation energies in perovskite
oxides [149]. Theoretical modulations intend to explain the influence of me-
chanical stress on formation enthalpies in terms of changes in the vacancy
formation volume [148] and weakening of interatomic lattice bonds for ten-
sile strain [144]. In this section we will analyse the dependence of physical
properties and oxygen exchange rates on film thickness and related substrate
induced macroscopic strain within the lattice.

4.6.1 Thickness dependence of physical properties of PLD-YBCO
thin films

To study the influence of film thickness on physical properties and oxygen ex-
change kinetics of YBCO thin films, layers with a nominal thickness down to
25 nm were grown by Pulsed Laser Deposition (PLD). Tensile or compressive
strain is introduced into the thin film by a mismatch between the in-plane cell
parameter of the substrate and YBCO bulk material. We have grown YBCO
onto LaAlO3 and SrTiO3 single crystal substrates, as commonly used for the
epitaxial deposition of HTS materials [150]. Lattice parameters and crystal
structure of the utilised substrates are shown in Table 4.3. The mismatch is
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Substrate
Crystal system

/ structure a (Å)
Mismatch δ to bulk (%)

Strain
a b ab

LaAlO3
pseudocubic
/ perovskite

3.791 -0.86 -2.44 -1.66 Compressive

SrTiO3
cubic /

perovskite
3.905 2.12 0.49 1.30 Tensile

TABLE 4.3: Overview of crystal structure and lattice parame-
ters of the substrates used. Mismatch calculated using YBCO

bulk values a = 3.824 Å and b = 3.886 Å [22].

calculated relative to YBCO bulk with the lattice parameter abulk using1:

δ =
a− abulk

abulk
, (4.24)

with a being either the substrate or the thin film lattice parameter. The mis-
match of the substrate with the bulk defines the maximal deviation, while a
thin film is likely to exhibit an intermediate state. It is useful to introduce a
strain parameter s which defines the actual strain state of the sample

s =
δfilm

δsubstrate
=

afilm − abulk

asubstrate − abulk

{
= 100 %, fully strained,
= 0 %, fully relaxed,

(4.25)

with δsubstrate and δfilm being the mismatch of YBCO bulk with the substrate
and the thin film, respectively. For a partially strained thin film, s will vary be-
tween the fully relaxed bulk state with s = 0 % and the fully strained situation
with s = 100 %.

In-plane lattice parameters are obtained by reciprocal space maps. These
measurements were performed in the XRD facilities of ICN2 in a set of ω− 2θ
scans. The reciprocal space wave vectors Qx and Qz parallel and perpendicu-
lar to the surface are defined via

Qx =
λ

2
sin θ sin (θ −ω) (4.26)

Qz =
λ

2
sin θ cos (θ −ω) . (4.27)

1In literature δ is also defined relative to asubstrate or afilm. The here used definition indicates
the right sign for compressive (-)/tensile (+) strain and allows a straight forward introduction
of the strain parameter s.
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FIGURE 4.36: Reciprocal space map of 50 nm thin PLD-YBCO
film grown on STO showing YBCO (-309) and (0-39) and sub-
strate (-303) reflections. Fully relaxed bulk lattice constant val-
ues are indicated by vertical black lines. To the right of the
orange line the intensity is scaled with 3

√
I for better clarity of

the film peak.

YBCO peaks close to a substrate peak are chosen to allow a precise calibra-
tion of the position using the well defined substrate peak position. A two
dimensional elliptical Gaussian function is used to fit the YBCO reflections of
obtained by reciprocal space maps:

I(Qx, Qz) = I0e−(w1(Qx−Qx0 )
2+w2(Qx−Qx0 )(Qz−Qz0 )+w3(Qz−Qz0 )

2). (4.28)

The centre positions of the reflection are used to calculate the lattice parame-
ters via

a =
h

Qx0

, (4.29)

c =
l

Qz0

, (4.30)

with the Miller indices h and l.
An example is shown in Fig. 4.36 for a 50 nm thin film grown on a STO

substrate. For better clarity, to the right side of the orange line the intensity
is scaled with 3

√
I. A well defined peak for the STO substrate is observed.

The centre of the YBCO (-309) reflection of the thin film is marked with a red
straight line. The black lines indicate the fully relaxed bulk lattice constants.
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Substrate t (nm) a (Å) b (Å) δa (%) δb (%) sa (%) sb (%) sab (%)
STO 25 3.840 0.41 19.4 ≤ 19.4
STO 50 3.832 0.20 9.5 ≤ 9.5
LAO 50 3.823 3.874 -0.04 -0.31 4.1 12.7 8.4
LAO 200 3.824 3.886 0

TABLE 4.4: Evaluated in-plane parameters from XRD mea-
surements and corresponding mismatch and strain values, ob-

tained using .

The in-plane lattice parameter a of the YBCO layer is shifted towards the sub-
strate. The black ellipse indicates the contour of the fitted Gaussian, where
the intensity drops to 1/e. In the chosen ω − 2θ region the b-parameter for
films grown on STO cannot be evaluated due to the close proximity of the
corresponding reflection to the substrate peak.

The results for different substrates are presented in Table 4.4 and visu-
alised in Figure 4.37. The strain parameter s increases with decreasing thick-
ness, as tabled for STO. The relaxation of strain with thickness is also shown
in Fig. 4.37(b). The dashed line is a guide to the eye.
Additionally it is observed that an increasing difference between the in-plane
parameter of film and substrate leads to a higher strained state, as shown in
Table 4.4 for the YBCO b-parameter of a 50 nm sample on LAO (sa < sb).
The values for sab for films grown on STO are maximum values, since the
b-parameter is closer to the substrate in-plane cell parameter and therefore
expected to be less strained than a.
A 25 nm film grown on LAO was measured as well, but the intensity of the
YBCO reflection is too low for a reliable evaluation, though the right trend of
a shift towards the substrate is observed.

The Poisson effect describes the phenomena of a materials expansion per-
pendicular to the direction of compression, and vice versa for tensile stress.
Thus, changes in a and b are expected to propagate and alter the out-of-plane
lattice constant c accordingly. The c-parameter of a set of several thin sam-
ples is analysed and presented in Fig. 4.38(a). The unit cell expands a long
the c-direction for samples grown on LAO with decreasing thickness. Thin
layers deposited on STO exhibit only a very weak dependence on thickness
between 25 and 200 nm. Besides the expected c-axis contraction due to ten-
sile strain, a contrary expansion caused by lower oxygen content needs to be
considered, as we will see later. This is likely to explain the quasi thickness
independence of STO samples (destructive interference of opposite effects on
the c-parameter). The same effect of oxygen content on the c-parameter is
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FIGURE 4.37: (a) Visualisation of in-plane lattice parameters
for LAO and STO substrates, YBCO bulk and measured thin
films, grown on different substrates, respectively. (b) Maxi-

mum in-plane strain state over film thickness.

expected for films grown on LAO but in constructive superposition to the ex-
pansion due to strain.
To gain better understanding of the influence of strain on the oxygen con-
tent, the deviation of the lattice parameters a and c of the thin films from
bulk is shown in Fig. 4.38(c). To calculate the deviation ∆c = cfilm − cbulk,
cbulk = 11.695 Å is used. A compression in one direction is correlated with
an expansion in the other. The dashed line indicates a purely Poisson-like
deformation in a first order approximation for small values:

ν ≈ −∆a
∆c

, (4.31)
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FIGURE 4.38: (a) Variation of c-parameter of PLD-YBCO films
grown on different substrates with decreasing thickness, (b)
deviation from expected Poisson deformation ζ = |∆c− ν∆a|
and (c) deviation of out-of-plane over in-plane cell parameter
from bulk, ∆x = xfilm − xbulk for a and c, with abulk = 3.824 Å
and cbulk = 11.695 Å, respectively. Dashed line in (c) indicates

purely Poisson-like deformation.

with νYBCO = 0.3 [151]. All points lie above the deformation related to the
Poisson effect, which means that all measured c-parameters are larger than
expected for pure Poisson expansion/compression.
The deviation ζ from a Poisson-like deformation is shown in Fig. 4.38(b), with
ζ = |∆c− ν∆a|. ζ strongly increases for the 25 nm thick film. This superposed
expansion is caused by a change in the oxygen content, namely a loss of oxy-
gen, due to the introduced macroscopic strain by lattice mismatch with the
substrate. The equilibrium oxygen content of YBCO at constant temperature
T and pressure p is defined by the minimum of the Gibbs free energy G:

G(T, p, µi) = U + pV − TS− µiNi, (4.32)

with the internal energy U, volume V, entropy S and chemical potential µi
and particle number Ni of the ith chemical component. In the presence of
internal strain the conjugated pair pV must be generalised to the product of
the stress tensor σ̂ and the volume V multiplied by the strain tensor ε̂ [152]:

pV −→ V ∑
mn

σmnεmn (4.33)

The mechanical work pV is modified by substrate induced strain. Corre-
spondingly the minimum of G is altered leading to a change in the equilib-
rium oxygen content of YBCO.
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FIGURE 4.39: (a) Thickness dependence of critical temperature
for thin PLD films on different substrates and (b) resistivity
ρ(T) for films of different thickness on LAO and STO (broken
lines), the charge carrier density nH (1021 cm-3) at 300 K is in-

dicated for each film grown on LAO.

Indeed, low temperature measurements are in agreement with the analy-
sis of in-plane strain. With decreasing thickness a decrease in critical temper-
ature is observed (Fig. 4.39(a)). This was reported previously and described
as well due to an increase of macroscopic strain [153]. Additionally we ob-
serve an increase of resistivity with decreasing film thickness. This increase
of ρ with decreasing thickness is linked to lower charge carrier densities, as
shown in Fig. 4.39(b) for films grown on LAO and STO with continuous and
broken lines, respectively.

The (005) reflection for a 25, 50 and 200 nm thick film grown on LAO is de-
picted in Fig. 4.40(a). The data is normalised to its minimum and maximum
intensity within the shown range. An increase of the full width at half max-
imum with decreasing layer thickness is observed. The inset shows the inte-
grated peak area (I.P.A., full bars) for the three samples on a logarithmic scale.
The I.P.A., normalised to the thickness of the sample, is additionally drawn
in the inset (mesh pattern, corresponding logarithmic y-axis not shown). The
normalised I.P.A. for the 25 and 50 nm thick film is constant, while an increase
for the 200 nm sample can be observed.

The increase in FHWM can be linked to a modified strain landscape within
the sample. The nanostrain ε is shown for samples of different thickness
grown on LAO and STO in Figure 4.40(b). High nanostrain values are found
for the 25 nm thick films. With increasing thickness, ε decreases and saturates
around 0.3 %. The values for 200 nm samples are high as compared to pristine
CSD films, which are typically around 0.1 % [125]. The found dependence
on thickness is expected due to substrate induced stress and resulting strain
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FIGURE 4.40: XRD analysis for PLD thin films grown on LAO:
(a) normalised (005) reflection of layers with different thick-
ness, inset shows the integrated peak area on a logarithmic
scale (full bars) and normalised to the sample thickness (mesh
pattern) and (b) evolution of nanostrain ε with decreasing film

thickness; lines are guides to the eye.

on different length scales. Additionally, strain might be released during the
longer deposition time at growth temperature for thicker films. This could be
caused by fast atomic diffusion in the crystal lattice already during the depo-
sition process.

In summary, PLD-YBCO thin films were found to exhibit increased macro-
scopic strain with decreasing thickness due to lattice misfit with the substrate.
Tensile and compressive strain was introduced due to the growth on STO and
LAO substrates, respectively. For thicker films stress is released, lowering the
internal strain. The same trend is observed for nanostrain, which decreases
with increasing film thickness. We have seen that higher strain values cor-
relate with an increased oxygen vacancy density and therefore lower critical
temperatures and decreased charge carrier densities.

4.6.2 Thickness dependent oxygen kinetics of pristine YBCO by
PLD

We have seen that with decreasing thickness nano- and macrostrain values
raise, accompanied by a decrease of the overall oxygen content. In the fol-
lowing section we will analyse the influence of thickness on oxygen exchange
kinetics.

In Fig. 4.41(a) the in situ resistivity during the heating stage with a constant
rate of 10 °C/min in 1 bar of oxygen is shown for layers of different thickness
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FIGURE 4.41: (a) Heating ramp with peak in resistivity for
25 nm (double broken), 50 nm (full) and 200 nm (dashed line)
thick films on LAO and STO and (b) extracted peak tempera-
ture and resistivity ratio (right scale) over thickness; the ratio

for 50 nm is shifted to the right for better clarity.

on LAO and STO respectively. Below 200 °C we observe a linear increase of ρ
with temperature. Above, a strong upwards deviation is observed, resulting
in a peak between about 280 and 320 °C. The height of the peak decreases with
the thickness of the films.
The extracted peak temperatures are presented in Fig. 4.41(b). As thickness
increases, initially the peak position shifts to higher temperatures and above
50 nm it saturates at about 320 °C. Within the same thickness, the peak tem-
perature is lower for films grown on STO in respect to LAO for all studied
samples.

A peak in resistance during heating in a similar temperature range has
been observed previously by different authors and was ascribed to be due
to oxygen re-ordering within the mobile sublattice of the structure [154, 155].
The authors claimed that during such a process oxygen is slightly moved from
its initial crystal position resulting in a temporary higher disorder state and
hence additional scattering occurs, resulting in the peak in resistance.

To the right scale in Fig. 4.41(b) the ratio r of the resistivity at the peak
temperature to the initial resistivity at 50 °C is shown. The open black squares
are the average ratio values for films with the same thickness. The ratio de-
creases with increasing film thickness. This thickness dependence cannot be
explained by a simple re-ordering within the structure as this effect should be
thickness independent and homogeneous across the whole sample. We ad-
dress the occurrence of the peak to the onset of oxygen incorporation, where
oxygen initially occupies interstitial lattice sites, causing a higher disordered
state. The thickness dependence is expected as only near surface layers are
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FIGURE 4.42: (a) Surface exchange coefficient kchem for reduc-
tion process of 25, 50 and 200 nm thick films on LAO and (b)

in-diffusion kchem as a function of thickness at 450 °C.

affected. The higher strain state of thin films might additionally influence
the disorder state, thus contribute to the increase of ρ. The occurrence of this
peak, its influence on the oxygenation process and its dependence on surface
coverage and heating ramp will be discussed in more detail in section 6.1.

The oxygen exchange kinetics of YBCO thin films was found to be limited
by the surface, which means that the flux of ions through the surface is limit-
ing the overall reaction rate. This flux is proportional to the surface area but
independent of the volume underneath. On the other hand, electrical conduc-
tivity relaxation measurements are sensitive to the bulk conductivity and rel-
ative changes in oxygen concentration. The measured saturation times τ are
proportional to the volume of the sample. For comparison among different
film thicknesses, we need to use the surface exchange coefficient kchem = t/τ,
as done in the following.

We compare the surface exchange coefficients as a function of the inverse
temperature for pristine PLD-YBCO films of different thickness (25, 50 & 200 nm),
grown on LAO substrates, in Fig. 4.42(a). All three cases obey a thermally acti-
vated behaviour, with faster kinetics at higher temperatures. We observe that
the surface exchange rate kchem strongly depends on the film thickness and
increases with increasing thickness.

In Figure 4.42(b) we compare the oxidation kinetics as a function of film
thickness for films grown on STO and LAO. As in the case for reduction, oxi-
dation surface exchange rates significantly increase with film thickness in the
investigated range between 25 and 200 nm. A dependence of the kinetics on
the different strain types induced by different substrates is observed for the
25 nm films, were strain was higher, as will be discussed in section 4.6.4.
A thickness dependence study of oxygen surface exchange in LSMO by Yan
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and Salvador in [156] obtained similar results of decreasing exchange rates
with decreasing thickness. The authors proposed a model consisting of two
different surface regions, namely a native dislocation-free surface and an area
in proximity of dislocations. Defect-rich zones in the surface layer are known
to be highly active in the overall oxygen exchange mechanism [57] and are ex-
pected to have faster exchange rates than the pristine surface: kchem,dislocation >
kchem,pristine. The total exchange rate kchem can then be written as:

kchem = ADkchem,dislocation + (1− AD)kchem,pristine, (4.34)

with the area fraction AD of the surface mediated by dislocations. The en-
hanced exchange kinetics of thicker films are thus explained by an increase of
the dislocation density with increasing thickness, as dislocations are formed
in thicker films to relax substrate induced strain [156].
We propose that in YBCO thin films a similar situation is present, in agreement
with our observation that strain is released with increasing film thickness. As
the film thickness is directly proportional to the high temperature annealing
time, sintering effects already during growth might contribute to the decrease
of strain within the matrix, as e.g. by the formation of misfit dislocations.
However, the exact mechanism of strain relaxation remained unclear within
our studies.

4.6.3 Thin film exchange reactions upon silver surface coating

As in the case of CSD-YBCO films, we have as well studied the oxygen ex-
change kinetics of thin PLD layers upon silver coating. Therefore we have
prepared a new set of samples with nominal thicknesses of 25, 50, 100 and
200 nm, grown on LAO and STO substrates. The surface of the pristine films
was coated with silver by sputter deposition. The same geometry as shown
in Fig. 4.6 was used to enable electrical measurements. The thickness of the
deposited silver layer was 20 nm for the 25 and 50 nm thick PLD films and
100 nm for thicker layers.

In situ ECR measurements were performed as described in the previous
sections. Figure 4.43(a) shows the surface exchange coefficient for oxidation
for films of different thickness grown on LAO substrates for non-silver (blue)
and silver coated (orange) samples in a Arrhenius-type plot. The exchange ki-
netics of the 25 and 50 nm non-Ag samples decrease the fastest with decreas-
ing temperature. As ascribed above, a strong dependence on thickness was
found for pristine samples. We find the same trend for the case of silver coated
samples, where oxygen exchange rates are lower for thinner films. However,
we observe a more similar temperature dependence for all thicknesses, in
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FIGURE 4.43: (a) Oxidation surface exchange coefficient over
inverse temperature for pristine (blue) and silver coated (or-
ange) YBCO films of different thickness on LAO. (b) kchem as
a function of thickness normalised to kchem,200 nm values; open
(full) symbols correspond to data obtained at 600 °C (500 °C).

comparison to non-Ag pristine films. The thickness dependence is depicted
for the temperatures of 500 and 600 °C in a log-lin graph in Fig. 4.43(b). For
clarity the surface exchange coefficients of the silver (non-Ag) coated samples
are normalised to the corresponding kchem value of the 200 nm thick Ag (non-
Ag) sample at each temperature. The open and closed symbols correspond to
600 °C and 500 °C, respectively.

We observe an increase of exchange rates with thickness for non-Ag and
Ag coated films at both temperatures. In the case of silver coated YBCO the
dependence on thickness is significantly decreased for all analysed tempera-
tures: a 200 nm thick Ag coated film exchanges oxygen with the atmosphere
about 10 times faster than a layer with a thickness of 25 nm. In comparison, a
200 nm, Ag free YBCO layer has a factor 100-1000 faster exchange rates than a
non-Ag YBCO film of 25 nm.

The activation energies of Ag coated YBCO thin films obtained at temper-
atures above 450 °C are shown in Fig. 4.44. For the oxygen reduction process
we find that Ea only varies weakly with film thickness and substrate, with a
tendency to smaller energies with decreasing thickness for STO. On the other
hand, the oxidation activation energies show some dependence on thickness
and substrate. For films deposited on STO substrates we find an increase of
Ea with increasing film thickness, while for the case of LAO the activation en-
ergy decreases in thicker films.
However, major differences between films grown on different substrates are
only observed for the case of 25 nm thick films, as will be discussed in the
following.
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4.6.4 Strain influence on oxygen kinetics for 25 nm thick films

In the previous section we have shown, that macro- and nanostrain are re-
duced with increasing thickness. Additionally we have found a strong de-
pendence of surface exchange rates on the film thickness, with faster rates in
thicker films. This trend is opposite to what we would have expected from
our analysis of different microstructures in section 4.5, where we have found
that exchange kinetics are enhanced with increasing nanostrain. This alleged
contradiction was resolved by assuming a significant contribution to the over-
all exchange rate of enhanced kinetics at defected areas, resulting from strain
release.
To solely analyse the influence of macrostrain due to the mismatch with the
substrate on the oxygen kinetics, we focus here on 25 nm thick films. The oxy-
gen exchange of these strained films was analysed between 650 and 450 °C in
steps of 50 °C.

The resistivity versus temperature during the heating stage with a con-
stant rate of 10 °C/min in a 1 bar oxygen atmosphere is shown in Fig. 4.45(a).
As discussed above, a peak in ρ is observed. This peak is shifted to a lower
temperature for the film grown on STO compared to LAO (see inset). In the
exhibited example, the temperature is reduced from Tpeak, LAO = 290 °C to
Tpeak, STO = 277 °C, which is a first indicator that kinetics are changed due to
substrate induced strain.
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FIGURE 4.45: ECR measurement on strained 25 nm thick non-
Ag YBCO layers on STO and LAO: (a) resistivity during con-
stant heating period and (b) reduction (filled) and oxidation
(open symbols) saturation times as a function of temperature.

In Fig. 4.45(b) the saturation times for the reduction and oxidation pro-
cess are displayed. Tensile strained films on STO exhibit faster oxygen ex-
change rates than compressive strained YBCO on LAO over the full temper-
ature range for oxidation and reduction processes. These results are in agree-
ment with literature outlined in the beginning of this section, where it was
reported that tensile strain causes faster kinetics compared to compressive
strain. Also for 25 nm thick films in-diffusion is found faster than its reverse
process independent of the film substrate, thus a surface mechanism is limit-
ing the overall oxygen exchange.

Figure 4.46 shows an Arrhenius plot for the oxidation process and the acti-
vation energies, obtained by Power-law fits, for oxygen ex- and incorporation.
Consistently, with previous results, it is found for both substrates that the re-
duction process has a lower activation energy than oxidation. Further we ob-
tain lower activation energies for tensile strained layers grown on STO than
for compressed ones on LAO. The activation energies are reduced by about
40 % and 20 % for out- and in-diffusion, respectively. Again, the lowering of
activation energies due to tensile strain compared to compressive strain in
25 nm thick films is in agreement with reported studies on other oxides [145,
147, 148]. The pre-exponential factor k0, depicted with diamonds in 4.46(b),
is higher for oxidation than for reduction, but also varies with the substrate,
indicating that k0 is influenced as well by strain.

In this section we have investigated the influence of thickness and macro-
scopic strain on exchange kinetics and physical properties. Compressive and
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FIGURE 4.46: (a) Arrhenius plot for oxidation process of 25 nm
Ag-free PLD thin films and (b) extracted activation energies

and k0 values (black diamonds) for in- and out-diffusion.

tensile strain was introduced into thin films by lattice mismatch with the sub-
strate. We found that strain relaxes rapidly with increasing film thickness.
Strained films exhibit a decreased oxygen stoichiometry. Oxygen exchange
rates are drastically reduced for thinner films. In films of 25 nm thickness we
could observe a significant difference between tensile and compressive strain,
where tensile strain enhances oxygen exchange kinetics and lowers the acti-
vation energies of oxygen in- and excorporation.

4.7 Conclusions

In this chapter we have shown, that in situ electrical conductivity relaxation
measurements are a very useful tool to study the oxygen exchange kinetics of
epitaxial YBCO thin films. Its methodology and full integral sensitivity to the
bulk was proven by simultaneous in situ XRD measurements.
A one dimensional oxygen diffusion model, based on Fick’s second law and
a first order surface exchange mechanism was used to described the mea-
surements. The time evolution of conductivity could be well fit using a single
exponential decay in the case of oxygen incorporation, while two parallel pro-
cesses had to be assumed for the oxygen reduction mechanism. The weighted
contribution of these two processes to the overall rate changes with temper-
ature from one to the other. The physical origin of this second process could
not be identified within this work, but might be related to different areas of
the surface as grains and grain boundaries or dislocation-free and defect-rich
regions.



4.7. Conclusions 117

We have studied the dependence of the exchange rates on temperature and
oxygen partial pressure. For a standard relaxation measurement triggered by
changes in P(O2) between P(O2)high and P(O2)low, oxygen incorporation is
faster than removing O from the crystal. Based on this asymmetry found for
in- and out-diffusion processes, it was concluded, that exchange kinetics in
thin YBCO films are limited by a surface mechanism.

Further, we have found, that the coating of YBCO with silver significantly
increases exchange rates and lowers activation energies for reduction and ox-
idation. Yet, another evidence that oxygen exchange kinetics of thin YBCO
films are determined by surface reactions. We address the enhancement of ki-
netics to the catalytic activity of silver for oxygen reduction reactions, which
will be further discussed in the next chapter. The RDS is kept within the sur-
face, as the asymmetry between in- and out-diffusion rates is as well observed
for silver coated films.

While oxygen exchange rates are strongly affected by the oxygen partial
pressure due to the change in coverage, activation energies were found to
be independent of the pressure over several orders of magnitude. Therefore
it was concluded that the RDS does not vary within the analysed pressure
range.

Analysing out- and in-diffusion processes at the same final pressure (ergo
with the same surface coverage) revealed that reduction rates are faster than
oxidation rates at low temperatures. At high temperatures, oxidation becomes
faster. This temperature dependence is in agreement with lower activation en-
ergies and lower k0 values for oxygen excorporation. From this asymmetry at
the same pressure and different activation energies of oxidation and reduc-
tion, surface diffusion can be excluded of being the RDS as it is assumed to be
the same for both processes.
The analysis of the pressure dependence of initial and equilibrium reaction
rates led us to the conclusion that the last ionisation and incorporation step of
a surface oxygen ion (step 5 in Table 2.1) is the RDS for oxygen incorporation
into Ag coated YBCO thin films. This is in agreement with the result, that only
atomic oxygen is involved in the RDS.

We have studied the influence of different YBCO microstructures on ex-
change kinetics. Modifications of the microstructure were introduced via dop-
ing of Ca into the structure, embedding of nanoparticles and the use of dif-
ferent growth techniques as a TFA-CSD flash heating process, a liquid-based
CSD growth and pulsed laser deposition. Exchange kinetics were found to be
enhanced for Ca-doped YBCO, nanocomposites and films deposited by PLD.
We address this to a modified nanostrain landscape. Nanostrain was found
to mediate the activation energy of the rate determining step.
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Further we have analysed the influence of thickness and macroscopic strain,
introduced into thin YBCO films due to lattice mismatch with the substrate,
on physical properties and oxygen exchange kinetics. Maximum strain val-
ues of about 20 % were obtained in 25 nm thick films grown by PLD. With
increasing film thickness strain is released. The strained lattice was found
to influence the thermodynamics of YBCO, resulting in lower oxygen con-
tents with increasing strain values. The occurrence of macroscopic strain is
accompanied by an increase in nanostrain, which was proposed to be due
to very short growth times. In agreement with literature tensile strain was
found to enhance oxygen exchange kinetics compared to compressive strain
for the thinnest films. However, with increasing thickness exchange rates
were strongly enhanced. It is suggested that a strain relaxation mechanism
leads to a defected surface with enhanced surface exchange rates, causing
faster kinetics in thicker films. Independent of the film thickness and sur-
face coating, it was concluded that a surface mechanism limits the exchange
of oxygen with environment.
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Chapter 5

Microstructural and surface
changes in YBCO by oxygen
exchange processes

In the last chapter we have studied the overall oxygen exchange process for
YBCO with environment and we have concluded that a surface reaction step
is limiting the overall rate of oxidation and reduction processes. However, the
optimisation of the manufacturing process of HTS coated conductors requires
not only the deep understanding of the oxygen incorporation mechanism, but
the general effect of thermal treatments on the microstructure and surface of
the superconducting layer, as it will impact the superconducting properties of
the final conductor.
Therefore, as discussed in this chapter, additional sets of ECR measurements
are performed to investigate the influence of annealing history, as the depen-
dence on temperature and total annealing time, on the samples microstructure
and its surface. This analysis will allow a thorough understanding of oxygen
exchange kinetics of YBCO thin films and provide conclusions on observa-
tions made in Chapter 4, as e.g. different activation energy regimes.

5.1 Dependence of oxygen exchange process on measure-
ment history

The oxygen exchange kinetics of YBCO are analysed by changes in oxygen
partial pressure during isothermal annealings at various temperatures. Up to
now, we have followed the standard procedure of starting at high tempera-
tures and subsequently decrease the temperature, as established in preceding
works [134, 157]. The reproducibility of the measurement is usually tested
during the first dwell with repeated cycles at high temperatures and reas-
sured by the analysis of several similar samples.
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FIGURE 5.1: Thermal profile for (a) standard (T-down) and (b)
time reversed (T-up) ECR measurement. Oxygen partial pres-

sure is indicated by the different background colouring.

To analyse any kind of history dependence on the measurement, the standard
temperature profile is reversed in time, as shown in Fig. 5.1. While the two
processes are identical in terms of dwell times, the heating and cooling rates
are slightly modified. In the standard process (in the following abbreviated
as T-down) the sample is heated with 10 °C/min to 600 °C. The cooling rate
between the dwells is 5 °C/min above 475 °C and reduced to 3 °C/min due to
slow furnace cooling at lower T.
The reverse process (T-up) starts with a dwell at low temperature, typically
350 °C or 450 °C, and T is subsequently increased. The heating rates are 3
and 5 °C/min below and above 450 °C, respectively, to avoid any overshoot
in temperature. As in the standard procedure, during every dwell the oxygen
partial pressure is switched from high to low and back to high. In the follow-
ing we will analyse the influence of inverting the measurement direction in
pristine and silver coated CSD and PLD films.

5.1.1 Time reversed (T-up) ECR measurement in pristine CSD YBCO

The time evolution of the conductance G for a T-up process is presented in
Fig. 5.2(a) for a pristine CSD film with a thickness of 250 nm. The oxygen at-
mosphere is indicated by the background colouring, at which blue and red
mark low (5 mbar) and high (1 bar) P(O2), respectively. The corresponding
temperature is presented in the upper part of the graph.
We observe very fast transitions of G to the new equilibrium states. Even at
450 °C saturation is reached within minutes for a pristine YBCO layer without
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FIGURE 5.2: (a) Time evolution of conductance of 250 nm pris-
tine CSD YBCO film starting at low temperatures; correspond-
ing temperature is shown in the upper graph. (b) Satura-
tion conductivities for CSD films measured in T-down and T-
up direction (open symbols: out-diffusion, filled symbols: in-
diffusion). The ratio of conductivities shown for T-up (black

line) has the same y scale but is given in %.

Ag coating. This is in strong contrast with results of the standard ECR mea-
surements of section 4.1, where at 450 °C saturation was not reached within
hours.

The saturation conductivities σ∞ for oxidation and reduction are shown
in Fig. 5.2(b) for a T-down and T-up process. For the latter the oxidation sat-
uration values increase linearly with decreasing temperature down to 450 °C,
while for a T-normal process this trend stops below 525 °C due to slow kinetics.
The linear temperature dependence is the superposition of mainly two con-
tributions. The conductivity decreases with increasing T due to a thermally
activated increase of the phonon concentration causing increased lattice scat-
tering of the charge carriers, as expected for metallic behaviour. Secondly,
oxygen is being released from the structure with increasing temperature. A
higher oxygen vacancy concentration lowers the electronic conductivity due
to a lowered amount of free charges.

The ratio of σ∞,out/σ∞,in for the sample measured following the T-up pro-
cess, is depicted in Fig. 5.2(b) with the same scale to the left but in %. The ratio
increases with decreasing temperature. This means that the change in oxygen
stoichiometry between P(O2)high and P(O2)low decreases with decreasing tem-
perature. One can also notice that σout at 450 °C has about the same value as
σin at 600 °C. This is in good agreement with the expected equilibrium oxygen
content from the YBCO bulk phase diagram [21], wherein the phase points at
(450 °C,5 mbar) and (600 °C,1000 mbar) have an oxygen content of about O6.75.
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FIGURE 5.3: (a) Relaxation times for T-down and T-up process.
Open and filled symbols correspond to oxygen release and up-
take, respectively and (b) Arrhenius plot to extract activation

energies for the measured temperature range by linear fits.

The main contribution to the temperature dependence of G therefore must
come from the stoichiometric change of oxygen and not from the increase of
scattering. This further implies that not only the time evolution of the mea-
sured conductance is proportional to changes in the stoichiometry but also the
relative changes in conductance are proportional to the oxygen content.

The extracted saturation times for a T-down and T-up process are com-
pared in Fig. 5.3(a). The measurement directions are indicated with arrows.
We observe a strong contrast between the two measurement procedures, for
both, oxidation (full symbols) and reduction (open symbols). Relaxation times
of the T-up process are very short at low temperatures and exhibit a much
weaker dependence on temperature, as compared to the T-down measure-
ment. At 475 °C τ values are decreased by more than two orders of magnitude
upon changing the measurement direction.
The asymmetry between in- and out-diffusion saturation times is kept upon
reversing the measurement direction (starting at low T), with similar ratios
τin/τout of about 0.5. For oxygen incorporation (solid symbols) a crossover be-
tween the two measurement directions occurs between 575 and 600 °C. Only
at the first temperature at 600 °C T-down shows faster kinetics, while T-up has
shorter saturation times at all lower temperatures. The same trend is observed
for the out-diffusion process, with similar time constants only at the initial
dwell of the normal process at 600 °C.

The data is presented as well in Fig. 5.3(b) in an Arrhenius plot and ac-
tivation energies are extracted. For the T-up process we obtain Ea = 0.48
and 0.58 eV for oxygen ex- and incorporation, respectively. These values are
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strongly reduced compared to 2.2 eV (reduction) and 3.4 eV (oxidation) ob-
tained by the T-down measurement procedure.

5.1.2 Time reversed (T-up) ECR measurements in Ag coated CSD
YBCO

We have found that the direction of the measurement has a crucial impact
on the observed oxygen exchange kinetics of pristine YBCO films. Saturation
times can be decreased by more than two orders of magnitude by starting
at low temperatures. The resulting exchange rates are comparable to silver
coated films obtained by a T-down process. To better understand these results
we have repeated oxygen exchange measurements with silver coated CSD
thin films, following the T-up procedure (350 - 600 °C).

Reduction time constants for both measurement directions are shown in
Fig. 5.4(a) for silver coated films (open symbols). For comparison the pristine
samples are drawn as well (closed symbols). The two silver coated layers have
a similar temperature dependence, as does the pristine T-up film. As shown
above, the pristine T-down sample strongly deviates.

It is worthwhile to mention that at the first temperature dwell at 450 °C the
pristine sample equilibrates the fastest to a new atmosphere. Also at higher
temperatures this sample has the same exchange rates as a silver coated sam-
ple.

If we concentrate on the silver coated samples measured in different direc-
tions (open symbols), we can observe a crossover of saturation times at 425 °C.
The process starting at 600 °C exhibits shorter relaxation times at higher tem-
peratures, whereas the reverse process T-up saturates faster at lower temper-
atures. We have observed a crossover of saturation times of the two different
measurement directions for many different pairs of samples, as e.g. Ag coated
250 nm thick CSD films and silver coated thin PLD layers (25-200 nm). The
temperature of the crossing varies between 400 and 475 °C. Typically in our
measurements, the point in time of the crossover corresponds to about half
of the total measurement duration. This is a first indicator that the annealing
time has an impact on the observed oxygen exchange kinetics of YBCO, as
will be discussed in detail in section 5.3.

In Figure 5.4(b) we show the out-diffusion surface exchange rate constants
for a silver coated film (T-up process). The reduction process is fit using two
parallel processes (2τ model) at each temperature. The weight shifts from
τ1 with almost 100 % at 600 °C to about 50 % each below 500 °C. Over the full
measured temperature range a single linear activation energy can be extracted
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FIGURE 5.4: (a) Effective out-diffusion relaxation times of pris-
tine (closed symbols) and silver coated (open symbols) 250 nm
thick CSD YBCO films measured in different directions. (b)
Out-diffusion surface exchange constants (of two parallel pro-
cesses) of silver coated T-up sample. (c) kchem of in-diffusion

process for T-down and T-up.

for the out-diffusion process with Ea(τ1) = 0.69 eV and Ea(τ2) = 0.57 eV, re-
spectively. This is contrary to the T-down process, where we found two tem-
perature regimes with Ea(τ1) = 0.56 eV at high T and Ea(τ2) = 1.77 eV at
low T, where either one of the two parallel mechanism is predominantly con-
tributing, as discussed previously (Chp. 4.2.2).

The in-diffusion surface exchange rates for a T-down and a T-up process
are shown in Figure 5.4(c). As previously discussed for the T-down procedure,
we find a deviation from one single activation energy regime in the case of
the T-up measurement. However, in contrast to previous measurements, the
low temperature range exhibits the lower activation energy (Ea = 0.76 eV).
At temperatures above 500 °C a second linear activation energy regime occurs
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with higher pre-exponential factor k0 and activation energy. At high tem-
peratures both measurement procedures exhibit similar activation energies of
Ea ≈1 eV.
We would like to emphasise that in the initial phase of both processes (T-down
and T-up) we find small activation energies and subsequently we observe a
kink to higher activation energies. This is another indicator of the importance
of thermal history/annealing time.

In summary, we have found a dependence of oxygen exchange kinetics on
the measurement history. Its influence is particularly pronounced in pristine
YBCO films, but also observed upon silver coating. A crossover of satura-
tion times of the two measurement directions occurs around 425 °C for silver
coated samples, with faster kinetics at low T in T-up and at high T in T-down
measurements, respectively. Additionally we find a deviation to higher ac-
tivation energies as the time of the experiment increases, which hints to a
possible influence of annealing time.

5.1.3 Transformation of surface silver coating during annealing pro-
cesses

In the analysis of silver coated films after oxygen exchange measurements we
have observed that an initially thin and homogeneous silver layer transforms
into islands during the annealing process, similar to the dewetting effect at
solid-liquid interphases. This transformation could possibly contribute to the
asymmetry between the two different measurement directions T-down and T-
up, although it is observed as well in pristine YBCO. However, the analysis
in this section will help to understand the role of silver as a catalytic agent of
Chapter 5.3.

We have studied the transformation of a 20 nm thin silver film, deposited
on a LaAlO3 substrate, under different heat treatments, as shown in Figure 5.5.
In Fig. 5.5(a) SEM images are shown for the case of the as deposited silver
layer (initial), after an annealing for two hours at 400 °C (#1) and 600 °C (#2).
The statistical analysis of the particle size is performed using an Image J rou-
tine within an area of 29.9 µm× 25.8 µm in the centre of the surface. The initial
distribution of Ag is a homogeneous layer over the full surface. On top of this
layer a small amount of submicrometer Ag islands is accumulated.
After annealing (case #1) we find a high density of small particles with an av-
erage (maximum) diameter of 100 nm (230 nm) on top of the YBCO surface.
After a dwell at higher temperature (#2), less but bigger islands are formed
with a mean diameters of 175 nm and and a maximum particle size of 350 nm.
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FIGURE 5.5: (a) SEM images of a 20 nm thick layer of silver on
top of LAO after deposition (initial), a two hour heat treatment
at 400 °C (#1) and 600 °C (#2). Statistical analysis of (b) island
sizes from SEM images for a surface area of 29.9 µm× 25.8 µm
(continuous lines correspond to cumulative area) and (c) the

total volume of silver using a model of half spheres.

This coarsening effect is likely caused by the higher mobility of the silver par-
ticles at higher temperatures.

The distribution of the particle size is shown in Fig. 5.5(b). The continuous
lines mark the cumulative surface area of the silver particles. The total anal-
ysed surface is about 770 µm2. Hence, the fraction of surface covered by silver
is strongly reduced to about 9 % for (#1) and almost further halved to 5 % by
(#2). The Ag particles are assumed to be of half sphere shape to analyse the
total amount of silver, respectively its volume, on the surface. The volume
counts 5.7 µm3 after annealing at 400 °C and 4.9 µm3 after 600 °C, as shown in
(c). The difference could be caused by partial sublimation of silver at 600 °C.

The temperature TF, where the formation of the silver islands starts, can be
extracted from electrical in situ measurements. Therefore we have coated the
full surface of a YBCO thin film with a 100 nm thick Ag layer. Silver electrodes
are fixed to the corners of the silver coated surface.
The in situ resistance as a function of temperature is shown in Fig. 5.6(a) in
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FIGURE 5.6: (a) Resistance as a function of temperature of a
fully Ag coated YBCO film, the arrow marks the temperature
where islands are formed and a continuous current percola-
tion path only through silver is broken. (b) SEM image after
thermal treatment of initially fully covered YBCO surface with

a 100 nm thick Ag layer.

a semi-log plot. At the beginning of the measurement, the total resistance
is determined by the low resistance path through the Ag layer in parallel to
YBCO, resulting in a very low measured value until 280 °C. At this point the
continuous current percolation path through silver is interrupted. We observe
a sharp transition and above 290 °C the system starts to be sensitive to the
YBCO film.
The measurement was performed with a heating ramp of 10 °C/min. As the
formation process of islands is thermally activated and during the heating
the system is out of equilibrium, TF might be lowered to a certain extend by
reducing the heating rate. Note, the derived temperature of 280 °C is the point
where the percolation path is fully interrupted, therefore the transformation
of the full layer might start already before. As soon as the islands are formed,
the measured resistance profile follows the same trends as a pristine YBCO
sample, e.g. with a linear slope during cooling.

The resulting coverage is shown in Fig. 5.6(b) after annealing at 450 °C for
2 h. The 5× thicker initial silver coating leads to much bigger islands, as com-
pared to (#1) in Fig. 5.5(a), with an average diameter of 600 nm and maximum
particle sizes above 1 µm. Also the fractional coverage of the surface with
silver is increased to about 28 %, which is approximately 5× larger than the
ones reported before.
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Since the formation of islands happens at an early stage (during the heat-
ing ramp), it is not expected to have major influence on the further measure-
ment procedure and it is not assumed to be responsible for the detected asym-
metries of the T-down and T-up in situ process, especially as this was found as
well for pristine films. We recall that the initial coverage due to the pattern-
ing of the silver layer is about 40 %, which reduces to a final coverage of the
surface with silver to 5-10 %. We have performed ECR measurements with
thicknesses of the silver coating between 20 and 100 nm. However, no influ-
ence on the initial thickness was found on the oxygen exchange rates. Thus
we conclude that the fractional coverage does not play a considerable role
above a critical value of 5-10 %.

5.1.4 Outlook: possible mechanism giving rise to thermal history
dependence

In this section we have shown that the measurement history strongly affects
the oxygen exchange kinetics of YBCO thin films. This impact was found for
pristine and in attenuated manner as well for silver coated YBCO obtained
by different growth techniques. The following options could explain the re-
sults due to the influence of surface and microstructural changes on oxygen
exchange kinetics of YBCO:

(A) A breaking of the grain and twin boundary coherence through the thick-
ness of the film due to the formation of stacking faults (two dimensional
defect along the ab-plane) could drastically reduce the rate of oxygen
transport within the material, making bulk diffusion the rate determin-
ing step. Additionally, CuO-intergrowths can cause a modification of
the present strain landscape and the films equilibrium oxygen content.

(B) Changes in the surface due to the thermal history could lead to a modi-
fied surface exchange rate kchem, causing a variation of the overall kinet-
ics. A restructuring of the surface, cation segregation and phase instabil-
ities might change the overall composition, chemistry and morphology
of the surface.

While (B) is considered to only affect the exchange kinetics (saturation times),
(A) might alter the materials conductivity due to changes in the equilibrium
oxygen stoichiometry and defect landscape (residual resistivity). In the next
two sections 5.2 and 5.3 we will focus on the raised assumptions (A) and (B),
respectively.
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5.2 Thermally activated effects on microstructure, nor-
mal state and superconducting physical properties

We have found that YBCO oxygen exchange reaction rates are strongly af-
fected by the measurement history. This dependence might be caused by ther-
mally activated changes of the films microstructure, as the formation of stack-
ing faults. Grain and twin boundaries are considered fast diffusivity channels
for oxygen ions. The intercalation of a CuO double layer could break the twin
boundary coherence along the crystals c-direction for CSD films as demon-
strated in [158, 159], effectively slowing down oxygen diffusion. If the bulk
diffusivity Dc along c gets reduced until Dc � kchemt, with the film thickness
t, bulk diffusion becomes the RDS.

In this section we will analyse the impact of thermal treatments on the mi-
crostructure and physical properties in the normal and superconducting state.
Further we will study if modifications of the bulk can explain the observed ef-
fect of measurement history on YBCO exchange kinetics, as e.g. the rigorous
slow down of reaction rates in pristine YBCO.

5.2.1 Study of post annealed YBCO microstructure by STEM analy-
sis

In the following we will study the microstructural differences between two
200 nm thick YBCO films after oxygen exchange measurements. These films
were deposited by PLD on LaAlO3 substrates. The oxygen exchange rates of
sample Y-Td were analysed following the procedure T-down, starting at high
temperatures (600 - 350 °C), while sample Y-Tu was measured in inverse direc-
tion, going up in temperature.

The film microstructure is investigated by scanning transmission electron
microscopy. This analysis was performed in collaboration with STEM experts
of the group. The resulting STEM images are shown in Fig. 5.7(a) and (b) for
Y-Tu and Y-Td, respectively. Two YBa2Cu4O8–δ′ intergrowths (stacking faults)
are exemplarily marked with arrows in both images, which consist of double
CuO chains in between BaO planes of the YBCO structure. These defects are
well observable due to their high contrast. In both samples a high amount
of stacking faults (SF) is found with a density of 1012/cm. This is in contrast
to as grown PLD YBCO films, which exhibit a low density of intergrowths
(compare with STEM image in Fig. 4.34(b) on p. 99). These high SF-densities
are also by orders of magnitude higher than in standard CSD YBCO films
[160] and usually only observed in YBCO nanocomposites with embedded
nanoparticle concentrations [125].
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(a) (b)

FIGURE 5.7: STEM images of 200 nm thick PLD films after in
situ measurements starting (a) at low (Y-Tu) and (b) high (Y-
Td) temperature. In both samples we find a very high stacking

fault density.

The standard procedure of oxygen exchange measurements (T-down) pro-
vokes the formation of a higher amount of stacking faults with a mean separa-
tion of intergrowths in c-direction by about 2.5 nm, while the inverse process
(T-up) has a mean distance of 4 nm between neighbouring SFs along c. The
observed stacking faults of Y-Td are larger than 200 nm, extending the image
width at least on one side. On the other hand, in the case of Y-Tu short inter-
growths can be seen close to the interface with the substrate. Therefore the
mean length of the SFs seems to be shorter in this sample.

The origin of the different intergrowth landscapes of the two samples is
not clear. We assume that the formation of SFs is a thermally activated process
and favoured in the presence of a distorted matrix. Therefore in the T-down
process SFs are rapidly formed already at the beginning of the measurement
at high T and further expand during the subsequent steps at lower tempera-
tures. In the T-up process Y124 intergrowths only slowly start to form at low
temperatures and rapid development is withhold until the dwells at elevated
temperatures.

5.2.2 Bulk analysis of as-grown and post annealed films by XRD

In this section we will study the modification of the films X-ray diffraction
pattern due to thermal annealing. TEM analysis revealed a high YBa2Cu4O8
intergrowth density in post annealed YBCO films. The c-parameter of Y124
is with 13.61 Å [161, 162] larger than 11.68 Å of Y123, due to the double CuO-
chain. Thus, the (00l) peak family of Y124 bulk is shifted to lower 2θ values as
compared to Y123.
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FIGURE 5.8: XRD scan of a 100 nm PLD film previous to and
after in situ measurement: (a) full range and extracted regions
(b) and (c), with theoretical Y123 and Y124 (00l) peak positions
marked with solid and broken lines, respectively. In the post
annealed film we observe shoulders in the Y123 peaks towards

the closest Y124 reflection (marked with arrows).

The full 2θ XRD profile of a 100 nm thick PLD YBCO film grown on SrTiO3
before and after annealing (T-up) is shown in Fig. 5.8(a). For clarity the inten-
sity of the post annealed film is shifted to higher values. Both profiles show
the (00l) YBa2Cu3O7–δ reflections and the (h00) substrate peaks. No impurity
phases are detected and the XRD profile does not show coherent reflection re-
lated to the Y124 phase. Additionally, we do not observe major modifications
of the patterning after annealing, as for example the arising of new peaks or a
broad shift of certain reflections to a different angle.
However, from STEM measurement we know that a significant amount of
stacking faults is formed during post growth annealing processes. The lack
of a significant shift of the coherent reflections is opposite to some reports in
literature, where the formation of stacking faults causes severe changes in the
peak position [159, 163, 164] and the stacking fault density can be evaluated
using the Hendricks and Teller model [165].
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FIGURE 5.9: (a) Relative peak shift after annealing (left scale)
compared to the distance of the bulk Y123 and Y124 reflections
(right scale) and (b) comparison of the FWHM of higher angle

(00l) peaks before and after annealing.

The first four YBCO reflections, not overlapping with the substrate peak,
are enlarged shown in the sub-figures (b) and (c). Theoretical (00l) peak posi-
tions of the Y1Ba2Cu3O7 phase are indicated by solid vertical lines, while the
dashed lines correspond to the Y124 bulk phase. Although the Y124 structure
is not reproduced by defined peaks, an asymmetric broadening of the Y123
peaks into the direction of the closest Y124 bulk reflection is observed for all
shown peaks. The shoulders are marked by arrows.

An analysis of the peak movement for higher angle reflections is shown in
Figure 5.9(a). Due to the strong deformation respectively substrate overlap,
the low order (00l) peaks with l < 5 could not be fit properly and are excluded
from further analysis. The black circles represent the ten times magnified shift
of each measured peak position after annealing to its as grown state. The or-
ange squares (right scale) mark the distance between the theoretical positions
of the Y123 peaks and its closest Y124 neighbour. As the measured shift in
2θ (black line) follows the same trend as the difference of Y123 and Y124 bulk
reflections (orange line), we conclude that the first is heavily influenced by
the formation of stacking faults during the heat treatment. This effect inter-
ferences with the sensitivity of the c-axis to the overall oxygen content.

A general broadening of the peak shape due to thermal annealing is ob-
served for the higher angle reflections, as shown in the analysis of the full
width at half maximum (FHWM) in Fig. 5.9(b). The FHWM of the (00l) peaks
increases over the full spectrum. The peak broadening is symmetric in respect
to the peaks 2θ position. Thus it is not directly caused by the larger Y124 unit
cell (as the asymmetric shoulder for low angle reflection), but by a stronger
distorted YBCO matrix and thus increased inhomogeneous strain within the
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FIGURE 5.10: Unit cells of the orthorhombic Y1Ba2Cu3O7 and
Y1Ba2Cu4O8 phase.

microstructure. The extracted nanostrain value increases from ε = 0.28 % in
the as grown state to ε = 0.33 % after annealing.

Significantly stacking faulted YBCO layers (as observed by STEM) do not
exhibit a coherent Y124 phase in their X-ray diffraction pattern. However,
the high defect density influences the peak shape and position of the Y123
peak family. We found a shift of the (00l) YBCO reflections to the closest Y124
neighbour. In the case of low angle reflections the evolution of a shoulder on
one side of the peak is observed. Additionally the formation of stacking faults
causes an increase of nanostrain within the film.

We have found that stacking faults are formed during post growth anneal-
ing processes. The Y124 intergrowth structure contains an additional CuO
chain within its unit cell with respect to Y123. The unit cells of the Y1Ba2Cu3O7
and Y1Ba2Cu4O8 phase are shown in Fig. 5.10. It has been shown [66] that the
YBCO matrix only contains the stoichiometric amount of copper related to
the Y123 phase. Thus, the formation of stacking faults is accompanied by the
occurrence of Cu vacancies VCu, and therefore local copper off-stoichiometry
[166]. It was experimentally found by STEM studies that these nanoscaled
defects are balanced by the formation of complex point defects within the
CuO double chain [166], in the form of Cu di-vacancies. Further, it was pro-
posed and supported by density functional theory calculations, that this di-
vacancies are decorated by three oxygen vacancies, forming a stable defect
cluster. If the defect density is high enough, this might affect the overall oxy-
gen stoichiometry of the thin film.
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Additionally, in a recent study of YBCO thin films by means of several
TEM techniques, oxygen vacancies were observed for the first time experi-
mentally within the apical oxygen site position in the BaO-planes [167]. This
defect was found to be linked to the presence of Y124 intergrowths, as the
occurrence is limited to the close proximity of stacking faulted regions within
the YBCO matrix. Y124 has a larger c-parameter as compared to Y123. Thus,
Y124 intergrowths cause a local distortion of the crystal at the edge of the
partial dislocation, contributing to an increased strain state of the structure.
On the other hand the formation of oxygen vacancies in the BaO-plane was
found to reduce the c-parameter. Thus it was suggested that the system gener-
ates VO(apical) in adjacent cells of the intergrowth to compensate the mismatch
with the surrounding.

To conclude, a lowering of the oxygen concentration might be expected
with an increasing stacking fault density within the YBCO due to the forma-
tion of oxygen vacancies at different crystal sites to reduce internal strain and
the Gibbs free energy of the distorted lattice.

5.2.3 Influence of thermal treatments on normal state and supercon-
ducting physical properties of YBCO thin films

We have seen in the previous sections that during thermal annealings to mea-
sure the oxygen exchange kinetics of YBCO the microstructure is strongly
modified by the formation of YBa2Cu4O8 intergrowths. The time mirrored
processes T-down and T-up were found to cause different densities of Y124 in-
tergrowths. Further we have argued that this defect could possibly modify
the Gibbs free energy of the system, resulting in an increased oxygen vacancy
density. In this section we will investigate the influence of the two different
thermal processes on normal state and superconducting physical properties.

The charge carrier density nH of post annealed PLD films with different
thicknesses is shown in Figure 5.11. The values are averaged over several
samples grown on LaAlO3 and SrTiO3 substrates for the same thickness. We
find that the T-up process results in a higher final charge carrier density for
all thicknesses. This could be related with the last temperature dwell, which
is performed at low T for T-down and at high T for T-up. To exclude this
possibility we have performed T-up measurements, where after reaching the
last dwell at high temperature a low temperature dwell was repeated (e.g.
dwells at 350, 375,..., 600, 350 °C). However, this modified procedure leads to
the same conclusion that the T-up process results in higher charge carrier den-
sities. Thus, a lower charge carrier density nH in T-down measurements could
be linked to the higher density of stacking faults and consequent defects, as
discussed in the previous section.
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FIGURE 5.11: Charge carrier density nH of post annealed PLD
films with different thicknesses: the T-up procedure always

leads to higher nH as compared to T-down.

We will focus here on the influence of the thermal history on two samples
of 200 nm thickness, grown by PLD on LaAlO3 substrates, by comparing their
states before and after ECR measurements. On both films a patterned 100 nm
layer of silver was deposited previous to all presented measurements.
As in section 5.2.1, the kinetics of sample Y-Td were analysed following the
process T-down, starting at high temperatures and subsequently going down.
On the other hand sample Y-Tu corresponds to the process T-up. The ECR
in situ analysis of the latter sample was completed with a repeated dwell at
350 °C. Therefore, according to the YBCO equilibrium phase diagram, both
samples should be in the same state, due to the last annealing dwell at 350 °C.

The critical current densities obtained by magnetisation measurements
(SQUID), are shown in Fig. 5.12(a). Initially both samples have a Jc(5 K) of
about 35 MA/cm2 and very similar temperature dependence. After the ther-
mal treatment the critical current density at 5 K drops by about 30 % for Y-Td,
while in the case of Y-Tu Jc is reduced by less than 10 %. The performance
of the T-down sample is worsened over the full temperature range. The inset
shows the critical currents normalised to the Jc value at 5 K. Both samples in
the pre-annealed state and additionally the post annealed state of Y-Tu have
very similar dependences on temperature. Y-Td after annealing deviates from
this behaviour, revealing changes in the contributions to the critical current.
This feature is enhanced in 50 nm thick films which were annealed following
the T-down and T-up process, respectively. Their normalised self-field critical
currents are shown in Fig. 5.12(b). As well as for the 200 nm thick samples,
the temperature dependence of the initial state of both samples is very simi-
lar (continues lines). After annealing we observe strong deviation from this
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FIGURE 5.12: (a) Critical current densities for Y-Tu and Y-Td
before (continuous lines) and after annealing (broken lines);
the inset shows the Jc normalised to the value at 5 K. (b)
Normalised critical current densities of pre- (continuous) and
post-annealed (broken lines) 50 nm thick films, grown by PLD.

nH (1021/cm3) Pre-annealed Post annealed
Y-Tu 5.3 8.1
Y-Td 5.1 6.2

TABLE 5.1: Charge carrier densities of 200 nm thick PLD films
before and after thermal treatment.

temperature dependence for the T-down sample, while the temperature de-
pendence is kept for the film annealed following the T-up process. In absolute
values of Jc, T-down looses about 90 % at 5 K, while the T-up heat treatment
causes a reduction of less than 50 %.

The charge carrier densities of Y-Td and Y-Tu are given in Table 5.1. The
amount of mobile charges within the structure increases for both samples with
the different temperature treatment. As mentioned above, the T-up process re-
sults in a higher nH value. The increase of nH of sample Y-Td combined with
a decrease of Jc can be understood by looking at Tc measurements performed
by different methods. The magnetic superconducting transitions, measured
by SQUID, of the two samples are drawn in Fig. 5.13(a), where the initial as
grown states are represented by continuous lines, while the post annealed
transitions are drawn with dashed lines. The onset critical temperatures are
about 89.7 K for both as grown samples, with a transition width of about 3 K.
After the thermal treatment the transition temperature Tc is insignificantly
reduced to about 89.3 K for both samples. The main difference between the
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FIGURE 5.13: Superconducting transitions of Y-Tu and Y-Td
obtained by (a) magnetic measurements (SQUID) and (b) elec-
trical resistivity measurements. The pre-annealed state is indi-
cated by continuous lines, the post annealing one with broken

lines.

initial state and the post annealed sample and within the two different tem-
perature processes is the transition width. Especially for Y-Td the transition is
strongly broadened, with some parts of the sample becoming superconduct-
ing at temperatures as low as 50 K. The broader transition has to be correlated
with an increased inhomogeneity within the samples microstructure.
Electrical measurements to extract Tc are shown in Fig. 5.13(b). The inset ex-
pands the region around Tc, showing a very sharp transition for both films
after annealing (dashed lines). The resistivity at room temperature is slightly
decreased in agreement with higher charge carrier densities in post annealed
films.
The obvious differences in the transition widths between electrical and mag-
netic Tc measurements can be ascribed to the measurement method. The for-
mer technique measures a percolation current, bypassing non-superconducting
normal zones, resulting in sharp transitions. In the latter, some regions with
poor oxygen stoichiometry generating inhomogeneities, which cause a broad-
ening of the transition, as SQUID measurements are sensitive to the full bulk.
These defects are incoherent and distributed across the bulk and might be
related with the formation of YBa2Cu4O8−δ intergrowths and accompanied
strained regions. The broader transition of the sample Y-Td is in agreement
with a higher defect concentration as observed by STEM in section 5.2.1 for
T-down samples.

In summary, we have shown that the direction of thermal annealings has
substantial influence on normal state and superconducting properties. We
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observe the formation of stacking faults and oxygen deficient zones, resulting
in an inhomogeneous microstructure caused by thermal treatments between
350 and 600 °C in different oxygen atmospheres (P(O2)≤ 1 bar). We have pro-
posed that the mechanism leading to these transformations is thermally acti-
vated and accelerated in the presence of a distorted lattice. Therefore, mea-
surements starting at high temperature (T-down) result in a higher stacking
fault density, lower charge carrier density and stronger degraded critical cur-
rent density, as compared to the inverse process T-up, as we have observed in
our measurements.

5.2.4 Breaking of twin boundary coherence

YBCO thin films grown on single crystal substrates are typically highly twinned.
Twin boundaries (TB) consist of thin, disordered planes with increased oxy-
gen deficiency [168]. When oxygen is incorporated into the CuO-chains in b
direction, strain is generated due to the simultaneous increase of the lattice
parameter b and decrease of a [169]. TBs are generated during the tetrago-
nal - orthorhombic phase transition to release stress inside the matrix. TB are
aligned parallel to the crystal c-axis and are coherent across the whole film
thickness in pristine YBCO layers. Grain boundaries and other defect rich
regions were found to exhibit high diffusivity rates [57, 119]. Thus, TBs are
thought to play a crucial role in fast oxygen transport through the bulk ma-
terial in YBCO, as diffusion along c direction in bulk is orders of magnitude
smaller than within the ab-planes [138]. Even though c-axis oxygen diffusion
is significantly slower than along the ab-direction, it is still much faster than
surface incorporation, making the latter the RDS of oxygen exchange in YBCO
as shown in the previous chapter. In [158] it was concluded that the formation
of Y124 intergrowths, which are 2D defects within the ab-planes, breaks the
vertical coherence of twin boundaries (with a beneficial effect on the pinning
properties).

If we assume that twin boundary channels are interrupted by CuO in-
tergrowths, bulk diffusion might become the slowest, and therefore the rate
determining step for oxygen exchange. This might also explain the observed
asymmetry between oxygen kinetics measurements in two different measure-
ment directions. The transformation of the microstructure is likely a thermally
activated process, therefore its rate is enhanced at higher temperatures. If the
measurement is performed following the T-up procedure, the twin boundary
landscape of a pristine YBCO film is still intact at low temperatures, allowing
fast oxygen transport rates. On the other hand, in the T-down process, struc-
tural changes occur during the first dwells at high temperatures limiting fast
oxygen exchange at the following low temperature P(O2) cycles.
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FIGURE 5.14: TEM images of (a) post annealed PLD film and
(b) pristine CSD YBCO layer grown using a flash heating pro-

cess.

To test this assumption, we have characterised pristine CSD YBCO films
grown using a flash heating (FH) process, which were produced and provided
generously by Dr. Ziliang Li, during his PhD in our group. Samples produced
by this technique exhibit a very high density of stacking faults as shown in
Fig. 5.14. The left image shows a PLD film after long in situ measurements,
while the image to the right is the as grown microstructure of a flash heated
sample. Both samples exhibit a similar intergrowth architecture, with a high
density of long length stacking faults.

If the appearance of stacking faults causes the degeneration of oxygen ex-
change due to the breaking of twin boundary coherence, an initially stacking
faulted specimen is expected to exhibit slow oxygen kinetics at low tempera-
tures, even when the measurement is performed starting at low temperatures
(T-up).

Such T-up ECR measurement of a pristine flash heated CSD film is shown
in Fig. 5.15(a). The kinetics are analysed in the temperature range from 450 °C
up to 600 °C in steps of 25 °C. The new equilibrium state after a change in
the oxygen partial pressure is reached within very short times, already at the
lowest temperature. This very fast relaxation is kept until 600 °C.

The in- (diamonds) and out-diffusion (circles) saturation times of the FH
sample are compared to a standard pristine CSD film in Fig. 5.15(b). Both
measurements were performed following the T-up procedure and the sam-
ples were not coated with a silver layer. We find a very similar temperature
dependence of the two samples with very short relaxation times within the
analysed temperature ranges. The initially stacking faulted FH sample ex-
hibits comparable reaction rates as a pristine CSD film. Thus we can conclude
that the presence of Y124 intergrowths and the associated breaking of twin
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FIGURE 5.15: ECR measurement of a pristine FH CSD film (a)
conductivity as a function of time (oxygen partial pressure in-
dicated via background colouring); after reaching 600 °C, mea-
surements are repeated at 575 and 550 °C. (b) Relaxation times
of standard and flash heated CSD sample of oxidation (dia-
monds) and reduction (circles) measured in inverse direction

(T-up).

boundary coherence is not responsible for slow exchange kinetics. The dras-
tic deactivation observed in T-down measurements at low temperatures must
be caused by another mechanism.

As shown in Fig. 5.15(a), after reaching 600 °C, the temperature is reduced
again in steps of 25 °C and ECR measurements are repeated at 575 and 550 °C.
The first and second dwell at 550 °C are indicated with #1 and #2 and the elec-
trical conductivity relaxation data is further analysed in Fig. 5.16(a). Therein
we compare the ECR for in- and out-diffusion measurements of the two dwells
(with continuous and broken lines for #1 and #2, respectively). One can ob-
serve a drastic slowdown of the exchange rates for oxygen loading and the
process of oxygen excorporation, while the conductivity saturation values are
only slightly affected from one measurement to the other.

In Figure 5.16(b) we compare in-diffusion saturation times obtained by T-
up processes for a CSD and a FH film (starting at (1) and going to (2)). The two
T-up measurements are completed with repeated in- and out-diffusion cycles
at lower temperatures after reaching 600 °C. Repeated dwells were performed
at 575 and 550 °C in the analysis of the FH sample (3) and at 450 °C for the
standard CSD film (4).

The high contrast between T-up and T-down measurements was already
discussed previously. The interesting, new finding is the strong increase of
saturation times in the repeated cycles of the T-up measurements. This strong
upward deviation of τ after inverting the temperature cannot be related to the
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FIGURE 5.16: (a) 250 nm pristine FH CSD YBCO: G(t) of for
in- and out-diffusion at 550 °C before (continuous) and af-
ter (dashed lines) reaching Tmax = 600 °C (extracted from
Fig. 5.15(a)). (b) In-diffusion time constants for T-up measure-
ments of a FH and a standard CSD film starting at (1) and go-
ing up to (2); after reaching 600 °C measurements are repeated
at lower temperatures ((3) and (4) for FH and CSD, respec-

tively).

formation of Y124 intergrowths at high temperatures, as the initially stacking
faulted FH sample has fast kinetics at low temperatures. We therefore suggest
that a surface related process is responsible for the deactivation of exchange
rates, as will be discussed in the next section.

In this chapter we have shown that thermal treatments under different oxy-
gen partial pressures (≤ 1 bar) generate high amounts of YBa2Cu4O8 inter-
growths of long lengths, as observed with STEM measurements. The direc-
tion of the thermal history of the oxygen exchange measurements seems to
play a crucial role, as we have found different defect characteristics of the SFs,
as density and length, for a T-down and T-up process. A qualitative analysis
using XRD has revealed the influence of SFs on the XRD pattern of YBCO.
Although we did not observe coherent peaks related to the Y124 phase, a de-
formation of the Y123 reflections occurs, indicating the formation of stack-
ing faults. We have shown that measurement history has additionally strong
impact on the oxygen exchange kinetics and superconducting properties of
our thin films. Even tough the dwell time per temperature is equal, starting
at high temperatures results in a stronger reduction of critical current densi-
ties. From the presented measurements we can exclude that the formation or
presence of intergrowths in the form of stacking faults causes the significant
increase of saturation times at low temperatures in T-down processes.
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FIGURE 5.17: Profile of in situ ECR measurement to find tem-
perature, where oxygen exchange starts to degenerate, con-
sisting of several forward and backward steps in temperature.

5.3 Surface modification giving rise to irreversibility of
oxygen exchange measurements

In previous sections we have found an asymmetry between T-up and T-down
in situ measurements. This irregularity could not be explained by a modifica-
tion of the microstructure nor a transformation of the silver surface coating. In
this chapter we will study the parameter triggering the observed irreversibil-
ity and the role of deactivation of the surface oxygen exchange mechanism.

5.3.1 Temperature range of surface oxygen exchange deactivation

In the previous section 5.2.4, a decrease of oxygen kinetics was observed after
reverting the temperature at 600 °C (see Fig. 5.16(a & b)). We found a sharp
deviation to higher saturation times in repeated cycles at lower T. This finding
suggests that the underlying mechanism has a high activation energy and
deactivation of fast kinetics is caused at high temperatures.

A new set of modified in situ ECR measurements was performed to find
the temperature where the underlying phenomena noticeably affects the oxy-
gen exchange kinetics of YBCO. This experiment consists of several steps to
higher and lower temperatures (T-step measurement), which in- and out-
diffusion processes at each temperature. The temperature profile is shown
in Fig. 5.17 and the individual steps are described in the following:

I) Several initial out-/ in-diffusion cycles to ensure stability and repro-
ducibility of the measurement at 450 °C

II) Out- and in-diffusion cycle at 500 °C

III) Out- and in-diffusion cycle at 450 °C, to be compared with I)
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fusion measurements at 450 °C (250 nm CSD YBCO): (a) In
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IV) Out- and in-diffusion cycle at 550 °C

V) Out- and in-diffusion cycle at 450 °C, to be compared with I) and III)

VI) Continue until kinetics are affected

Oxygen exchange deactivation of pristine CSD YBCO at 450 °C

The history dependence of a pristine 250 nm thick CSD film is studied by a
T-step measurement, precisely step I). We have performed several cycles of
changes in atmosphere at 450 °C as shown in Figure 5.18(a), where the con-
ductance G is plotted as a function of the total annealing time. The verti-
cal bars indicate the point where the oxygen atmosphere is switched (start
of next pressure segment). During the first cycles saturation is reached very
fast, while with increasing annealing time, the process of oxygen exchange
becomes significantly slower. This can be clearly observed in Fig. 5.18(b),
where the conductance is shown over the segment dwell time. With subse-
quent P(O2) steps, thus with increasing total annealing time, the relaxation
times become substantially longer. Even with extended dwell times of each
segment, equilibrium saturation is not reached.

For each pressure segment we extracted the relaxation time constant and
plotted it as a function of the total annealing time in Fig. 5.19(a) (precisely
the annealing time tannealing at the start of the particular P(O2) segment). The



144
Chapter 5. Microstructural and surface changes in YBCO by oxygen

exchange processes

 0

 40

 80

 120

 0  200  400  600  800  1000  1200

τ
 (

m
in

)

tannealing (min)

τin

τeff,out

(a)

G
 (

m
S

)

tannealing (min)

G∞,in

G∞,out

 40

 50

 60

 70

 80

 0  200  400  600  800  1000  1200

(b)

FIGURE 5.19: (a) Evolution of relaxation times during isother-
mal annealing at 450 °C and (b) corresponding conductance
saturation values for in- and out-diffusion of a pristine 250 nm

CSD YBCO sample.

relaxation times strongly increase with advancing annealing time. The ex-
change rate of the excorporation process decreases significantly faster. After
an annealing of 1000 min τeff,out is about 25× larger than its initial value, while
τin increases from 1 min at the beginning to about 45 min.
The evolution of the saturation conductance for in- and out-diffusion, ob-
tained by fitting the results of Fig. 5.18(a), is shown in Fig. 5.19(b). Notice
that we do not observe any influence of the annealing time on the films sat-
uration conductance. However, we have found a strong reduction of surface
limited oxygen exchange rates with increasing annealing time, while bulk de-
termined conductance is unaffected. This leads us to the assumption that the
origin of degeneration of oxygen exchange kinetics is lying within the surface.

Oxygen exchange irreversibility of pristine PLD YBCO investigated by T-
step measurements

So far we have only analysed step I) of a T-step measurement. In Fig. 5.20(a)
we present the results of the full analysis of a 200 nm pristine PLD film consist-
ing of 5 steps [I-V)]. Oxidation (circles) and reduction (diamonds) saturation
times are drawn on a logarithmic scale as a function of tannealing. The temper-
ature profile is shown on top, with the labelling of the individual steps.

First we focus on the coloured symbols (blue and red), which correspond
to saturation times measured only at 450 °C. As in the case of CSD-YBCO we
see a strong increase of relaxation times, τ with the annealing time tannealing.
The yellow line corresponds to a quadratic fit (in a lin-lin plot) of the in-
diffusion saturation times of step I) at 450 °C: τin = a · t2

annealing + b, with
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FIGURE 5.20: T-step measurement of 200 nm PLD YBCO film:
In- (circles) and out-diffusion (diamonds) saturation times as a
function of total annealing time at 450 °C (coloured symbols),
and 500, respectively 550 °C (black symbols); yellow line in-
dicates quadratic fit τin ∝ t2

annealing. (b) Oxidation saturation
conductance at 450 °C, τ values at intermediate temperature
steps are omitted. The corresponding temperature profile is

shown on top in (a) and (b).

scaling parameters a and b. The τ values of phase III) and V) follow the ex-
trapolation of the quadratic trend. Thus, it does not seem that the higher tem-
peratures during phase II) and IV), and the heating and cooling stages have
additional impact on the deactivation of the oxygen exchange rates. There-
fore we conclude that the main parameter causing the deactivation of surface
reactions is the annealing time, an ageing effect.

The black symbols are relaxation times at 500 and 550 °C, corresponding
to step II) and IV), respectively. Relaxation times τ(tannealing < 350 min) at
450 °C are smaller than those obtained at higher temperatures. This implies
that thermally enhanced kinetics at higher temperatures can not surmount
oxygen exchange deactivation caused by ageing.

The evolution of the in-diffusion equilibrium conductance G∞,in at 450 °C
is shown Figure 5.20(b). Points at higher temperatures are omitted. As pre-
viously found in the case of CSD films, the saturation conductivity basically
remains unchanged in phase I), with G∞,in ≈ 146 mS. A significant decrease in
conductance is observed after step II) and IV), where the temperature is raised
to 500 °C and 550 °C, respectively.

The decrease of conductivity of YBCO at 450 °C, after annealings at higher
T, can be related to two different phenomena: either the depletion of available
charges in the conduction band (or rather free electron holes in YBCO), e.g.
as accompanied by stoichiometric changes due to the increase of the oxygen
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vacancy concentration or by the introduction of defects and impurities into
the lattice structure. However, both effects are expected to be bulk related
and should not be linked to the degradation of the oxygen surface exchange
rate.

In this section we have described the occurrence of two different effects
taking place during post growth thermal annealings. The first phenomena is
related with annealing time. This ageing effect strongly degrades the capabil-
ity of pristine YBCO films to exchange oxygen with environment. Already at
450 °C a substantial adverse effect was observed. Incorporation and excorpo-
ration reaction rates are affected and saturation times approximately increase
proportional to t2

annealing. A second mechanism observed seems to modify the
electronic bulk properties and is related with changes in electrical conduc-
tance after changes in temperature. The observed decrease of the electrical
conductance might be related with stoichiometric changes of oxygen and/or
the formation of defects within the film.

5.3.2 Influence of oxygen partial pressure

We have shown that oxygen exchange kinetics degrade with annealing time
at constant temperature in alternating oxygen atmosphere. In this section we
will address the role of oxygen partial pressure on the deactivation of ex-
change rates to identify if high or low P(O2) atmosphere is the responsible
for the slow down of oxygen kinetics. We will consider a third possibility as
well, namely that the actual change of P(O2) (and corresponding microstruc-
tural modifications) is the origin of the detrimental effect.

The influence of low and high oxygen partial pressure is analysed by an
experiment as shown in Fig. 5.21(a), referred to as single cycle (sc) in the fol-
lowing. The CSD YBCO film is heated in 1 bar of oxygen and annealed for
10 hours at 450 °C. The conductance is constant during this stage. Subsequent
the atmosphere is changed to a low P(O2) of 5 mbar for 2 h and back to 1 bar.
During the low P(O2) segment saturation is not reached within two hours.
The back transition in oxygen rich atmosphere occurs faster and equilibrates
at the same conductance value as the initial state before the cycle.

The saturation times for oxidation and reduction of this single cycle (open
symbols) are shown in Figure 5.21(b) and compared to relaxation times from
multiple P(O2) changes. The latter were obtained in step I) of a T-step experi-
ment (see e.g. Fig. 5.19(a)) and will be referred to as multi cycle (mc).

At first we compare relaxation times of these two measurements regarding
the number of changes of the atmosphere (cycles). Therefore we look at the
first cycle of the (mc) experiment. For example, we obtain in the initial cycle
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FIGURE 5.21: (a) Single cycle ECR measurement of 250 nm CSD
film at 450 °C after long initial annealing in high P(O2). (b)
& (c) Comparison of oxidation (red) and reduction (blue) re-
laxation times of single cycle (open) and multi cycle (full sym-
bols) measurements as a function of (b) annealing time and (c)
rescaled annealing time to account different detrimental im-

pact of low and high P(O2) atmospheres.

for the case of out-diffusion τmc ≈ 3 min and τsc ≈ 30 min, see Fig. 5.21(b).
When the first atmosphere change is performed after an annealing of 10 h (sc),
the relaxation times are much longer as compared to the initial cycle of the
(mc) experiment.
Thus, we can conclude that the annealing time (before the first cycle) itself has
a strong deactivating effect on oxygen exchange kinetics. Further, microstruc-
tural changes within the bulk induced by changes in the P(O2), as variations
in length of lattice parameters, increase/release of stress, e.g., can be excluded
to be the main source of the degradation.

If we compare the two experiments with respect to the total annealing time
(at tannealing = 600 min), the film with multiple cycles in atmosphere exhibits
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longer relaxation times than the single cycle sample, e.g. for the case of out-
diffusion we find τmc ≈ 90 min and τsc ≈ 30 min. However, in this case τ
values are of the same order of magnitude. At this point, both films were an-
nealed for the same time (600 min) and we have seen above that the number of
cycles is not the main source for the deactivation of exchange rates. Therefore
we will consider in the following that high and low P(O2) have different detri-
mental influences on the exchange kinetics, to explain the differences between
the saturation times of the (mc) and (sc) experiments.

We can write the total annealing time tannealing as the sum of the preceding
pressure segments i with length ti at high and low P(O2):

tannealing = ∑
i

(
ti,Phigh + ti,Plow

)
= tPhigh + tPlow , (5.1)

with tP being the cumulative dwell times of the particular atmosphere. To
account for a pressure dependent impact on the degradation, a rescaled time
is introduced with the weighting parameters a and b:

tscaled = a · tPhigh + b · tPlow (5.2)

The trivial case of a = b = 1 corresponds to graph shown in Fig. 5.21(b). The
weights a and b are tuned until in- and out-diffusion time constants fall onto
the same line for both measurements:

τsingle cycle(tscaled) = τmulti cycle(tscaled). (5.3)

This is shown in the lower plot of Fig. 5.21(b), with a = 1 and b ≈ 3.5, lead-
ing to a reasonable well collapse. b > a might suggest, that low P(O2) has a
more destructive influence on the oxygen exchange kinetics. This simple ap-
proach is only thought to point out the possible various influences of different
atmospheres and to be a starting point for further research.

The final conductance at 450 °C is not affected by the interim change in
oxygen partial pressure as can be seen in Fig. 5.21(a). On the other hand,
conductivity and charge carrier density nH at room temperature and critical
current densities at 5 and 77 K are decreased by about 15-20 % after thermal
annealing compared to their original values. XRD 2θ measurements were per-
formed before and after the in situ measurement. A shift to lower angles,
as depicted for the (005) reflection in Figure 5.22(a), is observed for all (00l)
peaks, caused by the expansion of the c-parameter. Additional to the shift
in position a shoulder occurs around 39.2 °, which we were able to correlate
to the formation of Y124 intergrowths. The evaluation of the nanostrain is
shown in Fig. 5.22(b). A subtle increase of the nanostrain ε from 0.14 to 0.18 %
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FIGURE 5.22: XRD analysis of 250 nm CSD film before and
after single cycle measurement at 450 °C: (a) (005) YBCO re-
flection and evolving of shoulder at 39.2 °and (d) evaluation

of nanostrain.

is found after the thermal treatment. The origin is very likely the strained re-
gion associated to the edges of the Y124 intergrowths.
These measurements show that stacking faults can already be generated at in-
termediate temperatures as 450 °C as a thermally activated process. The films
final conductance is invariant to preceding changes in atmosphere and is not
sensitive to the amount of structural deformations induced by the Y124 inter-
growths generated.

To summarize, annealing in high and low oxygen partial pressure was found
to detrimentally influence exchange kinetics. This finding is of relevance as
it affects the possibility to properly re-oxygenate pristine YBCO after certain
manufacturing steps causing a loss of oxygen, as e.g. during the fabrication
of superconducting joints. Additionally, we found trace of the formation of
stacking faults at low temperatures as 450 °C and long annealing times by
means of XRD measurements, while in situ conductivity measurements are
not sensitive to the formation of this defect at least at those densities.

5.3.3 Surface modifications during annealing

In the previous sections it was shown that oxygen kinetics of pristine films are
dramatically reduced with increasing annealing time, while the film conduc-
tance G is invariant to the history of changes in atmosphere (at constant T).
While the conductance is predominantly governed by the bulk, the exchange
kinetics are surface limited. This suggests, that the origin of the deactivation
effects on exchange rates lies within the surface.
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FIGURE 5.23: T-step measurement with Ag coated CSD film
(a) G(t) with indication of atmosphere, (b) segments from
phase I) put on top of each other, the colour of each lines corre-
sponds to the annealing time. (c) Saturation times over anneal-
ing time (in colour for 450 °C and black for higher T during

phase II), IV), VI)). (d) Equilibrium conductances at 450 °C.

T-step measurements are repeated using silver coated YBCO, as shown
for a 250 nm CSD film in Fig. 5.23(a). Phase I) consists of ten reduction and
oxidation cycles. In the phases II), IV) and VI) the sample is heated to 500,
550 and 600 °C, respectively, with dwells at 450 °C in between. Already at first
sight it is obvious that the evolution of G with annealing time strongly differs
upon silver coating, as compared to T-step measurements of pristine YBCO.
Saturation is reached within short time for all cycles, even after more than 20 h
of annealing.
The data of phase I) is also presented in Figure 5.23(b), as a function of the
elapsed time since the last change in atmosphere. The line colours correspond
to the total annealing time.
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We find only small variations in the electrical conductivity relaxation mea-
surements over more than 10 h of annealing time. This is in strong contrast
with previous measurements on pristine YBCO films (compare with Fig. 5.19(a)).

The relaxation times as a function of the total annealing time are shown in
Fig. 5.23(c). The coloured symbols correspond to measurements at 450 °C, the
black ones to the intermediate phases II), IV) and VI) at 500, 550 and 600 °C,
respectively. One can observe a small increase of τ at 450 °C with time but the
deactivation of the exchange mechanism is strongly retarded.

Upon increasing the temperature (black symbols), τ values decrease, as
expected for a thermally activated process. Using the time constants of the
phases I)-VI) obtained at different T (450 - 600 °C), activation energies can
be calculated using an Arrhenius plot (not shown), obtaining 0.73 eV and
0.45 eV for oxidation and reduction, respectively. This numbers are in rea-
sonable agreement with values found for a T-up process (Ea,in = 0.6 and
Ea,out = 0.48 eV).

The saturation values G∞ at 450 °C are shown in Fig. 5.23(d). Small varia-
tions are seen during phase I), but bigger changes occur after heating to higher
temperatures. G∞,out increases by about 20 %. This could be ascribed to a
lower amount of oxygen being released from the structure during reduction.
On the other hand the increase in conductance could be the result of oxy-
gen ordering at elevated temperatures as reported elsewhere [170, 171]. G∞,in
increases after going to higher temperatures, which is in contrast to pristine
films, where a decrease was observed (as shown in Fig. 5.20(b)). However, the
measured variation is limited to a few percent of its initial value.

The evolution of saturation times with annealing time is compared in a
semilog plot in Fig. 5.24 for a pristine (full symbols) and a silver coated (Ag,
open symbols) YBCO film. We observe remarkable differences between the
two samples. The initial saturation times are fairly similar, with the Ag sam-
ple having a factor two shorter τ values. After annealing for 650 min this
factor is boosted to about 35. The relaxation times of the silver sample in-
crease linearly (τAg ∝ tannealing) over the full time range, while for the pristine
film an approximately quadratic increase (τpristine ∝ t2

annealing) is observed for
the case of oxidation. The dashed lines represent a linear/quadratic fit for the
Ag coated/pristine film for oxidation saturation times, respectively (note the
representation in a semi-log graph). Two different time dependencies suggest
that different mechanism cause the deactivation of oxygen kinetics.

This remarkable finding demands to question the role of silver. As it was
described in the previous chapter (section 4.2), the initial fractional coverage
of silver on the surface due to patterning adds up to about 40 %. The forma-
tion of Ag islands during heat treatments causes a further shrinkage, resulting
in a coverage of about 10 % of the total surface.
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FIGURE 5.24: Saturation times of several P(O2) cycles at 450 °C
for pristine (full) and silver coated (open symbols) 250 nm

CSD film.

If silver is thought to serve as a protection layer, the final coverage seems very
low for such drastic influence on the evolution of the exchange kinetics. A
more plausible explanation incorporates the catalytic activity of silver com-
bined with chemical instability of the surface as discussed in the following
section.

5.3.4 Oxygen exchange deactivation model and the role of silver

In solid oxide fuel cells deterioration (ageing) effects on oxygen exchange at
elevated temperatures under different atmospheric conditions were recently
under investigation, as it remains a main issue for many cathode materials
[172–175]. The surface composition has a very important role in the oxy-
gen exchange of surface limited reactions. Surface sensitive techniques as
X-ray Photoelectron Spectroscopy (XPS) [176, 177], Secondary Ion Mass Spec-
troscopy (SIMS) [178, 179] and Low-Energy Ion Scattering (LEIS) [175, 180]
are used to characterise the chemical composition of the surface and the first
atomic layers underneath. Degeneration might be caused by insufficient phase
stability (surface decomposition) and cation segregation. In the presence of
alkaline earth metals (as for example barium) a source of contamination and
poisoning of the SOFC could be the formation of hydroxides and carbonates
at operation temperature in contaminated atmospheres. An enrichment of
rare earth cations close to the surface was found e.g. for Nd2NiO4+δ [172] and
La2NiO4+δ [181] after annealing under oxygen exposure. The durability of
conventional cathodes of SOFCs and its oxygen reduction reaction activity
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FIGURE 5.25: Schematic electrical analogue of oxygen ex-
change reactions (A⇀↽B⇀↽C) in YBCO consisting of two ele-
mentary steps in series: surface degradation causes decrease
of exchange rates (increase of resistance) with time. (#1): Oxy-
gen exchange in pristine YBCO is limited by step RM1, exhibit-
ing a fast degradation rate. (#2): Silver coating on the YBCO
surface changes the RDS to RM2 by providing an alternative

reaction path RAg bypassing RM1 in parallel.

were found to be enhanced by the modification of the surface. Using alkaline
earth metal free cathode materials as a catalyst improve the overall perfor-
mance because of their good oxygen exchange capability, high stability and
capability of resistance against poisoning with contaminants [173, 182, 183].

To the best of our knowledge there is no literature on a deep study of
the restructuring of the YBCO surface due to post-growth annealings under
different atmospheric conditions.

In the preceding sections we have observed that Ag affects the deacti-
vation rate of oxygen kinetics. We propose the following model to describe
the overall influence of silver on the susceptible oxygen exchange kinetics of
YBCO. Without compromise we can simplify our model for oxygen exchange
at the surface by combining the involved processes into two elementary mech-
anism called M1 and M2, involving the different processes discussed in Chap-
ter 2 and analysed in Chapter 4. M1 will comprise oxygen adsorption, ioni-
sation and dissociation (step 1-3 in Tab. 2.1), while M2 defines the incorpora-
tion of oxygen into a vacancy (step 4). The latter is the rate determining step
(RDS) in silver coated YBCO thin films, as we found in Chapter 4. We use an
electrical analogue and ascribe a resistance RMi to each mechanism, assuming
RM1 > RM2 > RAg. The resistances are connected in series, as the reactions
are successive. A graphical visualisation of this model for the case of pristine
YBCO is shown in Fig. 5.25(#1). The slowest process (equivalent to the highest
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FIGURE 5.26: Schematic electrical analogue of oxygen ex-
change reactions of hypothetical case that initially RM2 > RM1.
As M1 and M2 have different deactivation rates, a kink is ob-
served in the determining resistance (as indicated by the black

dashed line).

resistance) is limiting the overall process1. Thus, oxygen exchange in pristine
YBCO is limited at all time by RM1, as will be elucidated below.
The case of silver coated YBCO is shown in Fig. 5.25(#2). Silver provides an
alternative catalytic reaction path RAg for mechanism M12. The activation en-
ergy for the alternative reaction is lower, therefore RAg � RM1. As these two
processes run in parallel, the reaction A⇀↽B is determined by the faster mech-
anism RAg. Therefore the overall reaction A⇀↽B⇀↽C is limited by RM2 for the
case of silver coated YBCO.

The intrinsic exchange activities of YBCO degrade with time and the degra-
dation rate differs for each mechanism. We consider a much faster degrada-
tion rate for M1 compared to M2, as shown in the schematic R(t) diagram
in Fig.5.25. The only partially coverage of the surface with silver does not
serve as a protection layer to avoid chemical damage of the YBCO surface,
but it provides a fast and highly active alternative reaction path for oxygen
exchange. This model correctly explains the observed differences between
pristine and silver coated YBCO (as shown in Fig. 5.24), as the greatly reduced
deactivation rates in the latter and the different time dependencies of the two
types of samples (linear in Ag coated and quadratic in pristine YBCO).

If initially pristine YBCO is limited by M2 as well, we would initially have
RM1 < RM2. Therefore we would expect a kink, when the determining mech-
anism changes, as shown in Fig. 5.26 due to different deactivation rates. This

1This is a general assumption in the field of physical chemistry [34]. However, a simple
electrical analogue lacks a clear representation of this characteristic (compare with section 2.2).

2As mentioned in section 4.2, we only contemplate adsorption, ionisation and/or dissocia-
tion of oxygen to be enhanced by silver, all combined in process M1 in the present considera-
tion.
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FIGURE 5.27: Analysis of T-up measurements: (a) In-diffusion
saturation times of pristine and Ag coated YBCO starting at
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dashed bars for 400 and 500 °C.

is not observed in our experimental data (see Fig. 5.24). Additionally, we find
saturation times in Ag coated films by about a factor 2 smaller and the onset
temperature of oxygen incorporation is reduced upon silver coating, as dis-
cussed in Chapter 6.1.3. All these facts indicate a change of the RDS upon Ag
coating.

Now, we will apply our considerations to T-up measurements on a pris-
tine and silver coated CSD-YBCO film, as shown in Figure 5.27(a). Saturation
times of the Ag coated sample decrease with increasing temperature, as de-
scribed above. A similar trend is observed for the pristine film, with exception
of the first two measurement points at 350 and 375 °C. We find faster relax-
ation at lower temperature: τin(350 °C)< τin(375 °C). This clearly contradicts
the expected behaviour of a thermally activated process. Lower τ values at
lower temperatures were observed in several T-up measurements in pristine
films of different thicknesses and grown by either PLD or CSD technique.
This finding can be explained by long annealing times at low temperatures,
causing a considerable degradation of the surface exchange rates. At low tem-
peratures this deactivation cannot be compensated by the increase in thermal
energy with increasing temperature, resulting in the observed anomaly.

We now concentrate on the ratio of saturation times τPristine/τAg of the
two discussed T-up measurements. The ratio is plotted as a function of the
annealing time in Fig. 5.27(b) for in- and out-diffusion saturation times and
the corresponding temperature is shown on top. At first the different rate
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determining steps of pristine and silver coated YBCO exhibit rather similar
transport coefficients, as can be seen by a small ratio between their saturation
times of about a factor 2 (as found in the comparison of T-step measurements
in section 5.3.3). After some time, we observe a significant increase of the re-
laxation time ratio. As in our model considerations above, we address this to
specific degradation rates of the two different RDS for pristine and Ag coated
YBCO.

The specific degradation mechanism remains unclear and a deep study
of the electrical and chemical reconstruction of the YBCO surface is out of
the scope of this thesis. Nevertheless, further research can be guided by the
intense studies performed in the field of SOFC, where a degradation of sur-
face exchange kinetics has been observed previously [184–186] and the effect
of surface termination is experimentally and theoretically studied [187, 188].
Short and long term chemical stability of the surface of cathode materials for
SOFC is investigated e.g. using electrochemical impedance spectroscopy mea-
surements [186, 189] and X-ray photoelectron spectroscopy (XPS) [176, 185].

In this section we have shown that the deactivation of surface exchange
kinetics is directly related to the thermal annealing time. Already at low tem-
peratures as 350 and 450 °C we can observe the degradation of exchange rates,
while the conductivity of the bulk remains unaffected.
We suggest that a restructuring of the surface, cation segregation and phase
instabilities cause a general change of the composition and chemistry of the
surface. These changes adversely affect the elementary reaction steps, in-
volved in the oxygen exchange process. A catalytic layer of silver on the
surface provides an alternative reaction path, effectively changing the rate
determining step of the reaction. Upon silver coating the degenerative effect
of annealing time on saturation times is strongly reduced. We ascribe this to
different degradation rates of the different limiting reaction mechanisms in
pristine and Ag coated YBCO. Thus, we are assuming that surface degrada-
tion is always present, but with Ag we bypass its most severe effects.

5.4 Conclusions

In this chapter we have investigated the influence of oxygen exchange mea-
surements at temperatures between 350 and 600 °C on the microstructure and
surface of YBCO thin films. Throughout this chapter we have found similar
results for samples obtained by PLD and CSD with thicknesses between 25
and 250 nm.
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We have analysed the temperature dependence of oxygen reaction rates
by either going down (T-down) or going up (T-up) in temperature. Following
the latter process we obtain strongly reduced saturation times as compared to
the first procedure, revealing a strong dependence of the observed kinetics on
the thermal history. Additionally we have found a deviation to higher activa-
tion energies with increasing annealing time, thus in a T-down/T-up process
at lower/higher temperatures.

Within this chapter we have identified the formation of stacking faults
(SF). The generation of this defect in YBCO thin films, which consists of a
double CuO-chain, is already enabled during annealings at intermediate tem-
peratures (450 °C) and under an oxygen partial pressures of ≤ 1 bar.
Electrical conductivity relaxation measurements are not sensitive to this pro-
cess in the present extent, but these defects can be observed as a modification
in the XRD pattern of post annealed films. Precisely, we found the occurrence
of shoulders in the low angle Y123 reflections, accompanied by a general in-
crease of the FWHM and a shift of the Y123 peak position towards the clos-
est Y124 reflection, while coherent reflections of the YBa2Cu4O8 phase were
not present in the observed spectra. A STEM study revealed high densities
(1012 cm−1) of long intergrowths in post annealed films.
We have shown that the formation/presence of SFs does not cause a deactiva-
tion of oxygen exchange kinetics. On the other hand, we have found that time
reversed processes result in different SF densities, accompanied by different
charge carrier densities and levels of inhomogeneity. T-down processes reveal
a more detrimental influence on superconducting properties. We ascribe this
to the thermally activated nature of the formation process which is promoted
in a distorted lattice.

Consistently with results in the previous chapter, we concluded that a sur-
face reaction is limiting the overall oxygen exchange rate in our thin films at
all time. Initially, pristine YBCO exhibits a high oxygen activity and fast re-
action rates kchem at low temperatures, governed by a low activation energy
for oxygen exchange. This characteristic is deactivated during measurements.
We were able to correlate the deactivation of the surface oxygen exchange to
annealing time. In fact, already at temperatures as low as 350 °C we found
a degradation of the surface exchange rates. The capacity of the film to ex-
change oxygen with environment might be reduced by a surface modification
due to phase instability, segregation and depletion or accumulation of cations
and the formation of carbonate side products. However, the precise mecha-
nism could not be identified and remains unclear.

Silver coating of the YBCO surface changes the rate limiting step and
strongly reduces the detrimental impact of thermal annealing time. We have
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developed a model for surface reaction, consisting of serial and parallel pro-
cesses that might be activated by Ag coating. Within this model, we were able
to explain the observed differences between pristine and silver coated YBCO
thin films. We conclude that silver provides an alternative reaction path and
changes the RDS of oxygen kinetics in YBCO. We have shown that already a
fractional coverage of the surface with silver of 5-10 % is enough to activate
this route. By assuming different degradation rates of the individual elemen-
tary steps we can conclusively explain our experimental observation.
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Chapter 6

Overdoping YBCO thin films

In the previous two chapters we have thoroughly studied the mechanisms
of oxygen incorporation and effects of oxygenation treatments on the mi-
crostructure and surface of YBCO films. In this last chapter we focus on
the influence of the oxygenation process to the superconducting properties.
Especially we are interested in the impact of different heat treatments and
oxygenation procedures on the superconducting critical currents at different
temperatures and magnetic fields.

We know that the total pinning force, Fp, can be written as the sum over
the elementary pinning force fp,i for all defect sites Np [190]:

Fp =
Np

∑
i

fp,i(B, T) (6.1)

As vortex pinning is essential for dissipation-free current transport, many dif-
ferent approaches are followed to increase the total pinning force [128, 191,
192], especially by increasing the pinning site density Np, e.g. via the embed-
ding of nanoparticles [125, 193, 194] or by introducing columnar defects by
irradiation [195–197].
Less attention has been drawn to maximise fp,i. Magnetic flux does not cause
an energy change when their core is situated within a non-superconducting,
normal region, where the superconducting order parameter ψ vanishes. On
the other hand, if a magnetic vortex is placed into the superconducting region
the system loses condensation energy. In the single flux regime the elementary
core pinning force is equal to the negative maximum variation of the pinning
potential energy U across the pinning centre with a radius r [190]:

fp =

(
−∂U

∂x

)∣∣∣∣
max

∝ ξµ0H2
c

{
|ψ| = 0 for r < ξ
|ψ| = 1 for r > ξ

(6.2)
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with the superconducting coherence length ξ, which is the typical length scale
of variations of ψ. The pinning force is proportional to the superconducting
condensation energy Ec = −µ0H2

c V/2, with the pinned volume V of the de-
fect (e.g. V = 4/3πξ3 for point defects) and the thermodynamic critical field
Hc. Therefore, the pinning force can be increased by maximising the conden-
sation energy, which is linked to the oxygen content via doping [198–200].
In the underdoped regime the condensation energy is strongly suppressed
due to the opening of the competing pseudogap [201]. On the other hand, in
the strongly overdoped regime the condensation energy decreases due to the
decreasing superconducting energy gap [202]. Thus, a peak in condensation
energy is linked to the closing of the pseudogap at p = 0.19 [203], where Jc is
maximised. Therefore we aim to dope YBCO to this critical doping point.

In the first part of this chapter we will present the different routes fol-
lowed by means of different oxygen heat treatments and give an analysis of
their impact on the basic superconducting properties. In the second part we
investigate the doping state of thin films and focus on the doping dependence
of superconducting and normal state electronic properties of YBCO.

6.1 Oxygenation - the impact of oxygen heat treatments
on superconducting properties

The importance of oxygen stoichiometry for the properties of cuprate super-
conductors has been outlined since the advent of high temperature supercon-
ductors (HTS) and the oxygenation is known to be one of the key process
steps to obtain high performance superconducting YBCO. Bulk YBCO is typ-
ically sintered and oxygenated for very long times up to several days [87].As
the thin film production emerged, oxygenation processes where only subse-
quently modified. In the commercial fabrication of superconducting coated
conductors (CC) up to now a complex process with several temperature steps
is used to properly oxygenate the superconducting layer.

The growth process for CSD YBCO consists of a high temperature dwell at
low P(O2), where YBCO nucleates and grows. Subsequent the film is directly
oxygenated (case (I) in Fig. 6.1(a)) at intermediate temperatures. Therefore the
atmosphere is changed to 1 bar of O2 during cooling at 600 °C and the sam-
ple is oxygenated between 550 and 450 °C between 2 and 3.5 h. This thermal
profile corresponds to the standard process within our group. However, in
this thesis we have modified this process to be able to thoroughly analyse this
process already from the initial oxygenation. Therefore the sample is cooled
in low oxygen atmosphere to room temperature (case (II) in Fig. 6.1(a)). In
this case the sample needs to be oxygenated in a post growth annealing. An
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FIGURE 6.1: Temperature profile of (a) a standard YBCO
growth process, where either the oxygenation is subsequent to
the growth (I), or the film is cooled in low P(O2) atmosphere
(II) and (b) a post growth heat treatment in oxygen rich atmo-

sphere.

exemplary thermal profile is shown in Fig. 6.1(b). This second procedure al-
lows to investigate the initial oxygenation using in situ electrical conductivity
measurements.
A similar approach is followed for films grown by PLD. After the deposition
in a low P(O2) atmosphere (0.3 mbar), the sample is cooled to room temper-
ature without increasing the P(O2). Such as grown, non-oxygenated samples
are poorly oxygen loaded, but already exhibit metallic behaviour with a low
critical temperature < 60 K (e.g. see Fig. 6.8(b)), which indicates that the oxy-
gen content is about O6.5 with every second O-chain site filled.

We have studied the influence of oxygenation temperature (200 - 600 °C),
surface coatings and dwell time (0 - 6 h) on the initial oxygenation and result-
ing superconducting properties, as will be presented below.

In this section we will study the initial oxygenation of YBCO and focus
on the influence of different thermal annealings on the normal state and es-
pecially superconducting physical properties of YBCO thin films obtained by
chemical solution and pulsed laser deposition. In the following we will re-
strict the comparison of CSD films to simultaneously grown samples, which
were found to present similar properties. Additionally we use YBCO layers
fabricated by PLD, where a better control of less process parameters increases
the reproducibility of our results.
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FIGURE 6.2: (a) Heating stage of initial oxygenation of pristine
and Ag coated (100 nm) PLD-YBCO films of 200 nm and (b)
analysis of peak temperature dependence on coating for PLD

and CSD growth techniques.

6.1.1 In situ analysis of the initial oxygenation

As in the previous two chapters we use electrical resistivity measurements to
obtain information about the ongoing processes during the initial oxygenation
of YBCO thin films. Therefore we analyse as grown, non-oxygenated YBCO
layers, obtained by CSD and PLD.

For the in situ analysis of the oxygenation process we have used the same
setup as in the previous chapters (for details see section 3.6). Samples are in-
dividually mounted to a sample holder and electrically contacted with silver
electrodes to record the time evolution of the resistivity ρ of the film during
the oxygen heat treatment.

In Fig. 6.2(a) we compare ρ(T) of the initial heating ramp (10 °C/min) from
room temperature to 450 °C for a pristine and a silver coated PLD film, respec-
tively. We observe a peak in resistivity during the heating process of the initial
oxygenation. The same characteristic was first described in chapter 4.6.4 (ff.)
for already oxygenated thin PLD films. The peak positions are indicated with
dashed vertical lines for the two films shown in Fig. 6.2(a). The maximum in
ρ of the silver coated specimen is reached at Tpeak ≈ 250 °C, while the pris-
tine sample peaks just above 300 °C. In both shown cases, and typically in the
investigated samples, the maximum is followed by a minimum in ρ between
400 and 450 °C. The resistivity ρ(Tmin) is reduced by about 25 % for the sil-
ver coated sample compared to the pristine film. As the resistivity decreases
with increasing oxygen content, the lower minimum resistivity suggests that
up to this point more oxygen was incorporated into the Ag coated sample, in
agreement with faster kinetics found in the previous chapters for Ag-YBCO
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films. The ratio ρ(Tpeak)/ρ(50 °C) between the resistivity at the peak temper-
ature and 50 °C is found to be typically between 2 and 3 and is only slightly
reduced upon surface coating with silver.

We have analysed the temperature of the peak in ρ in pristine and sil-
ver coated YBCO layers grown by either PLD or CSD technique, as shown
in Fig. 6.2(b). The black squares correspond to the average values of each
sample group. Pristine CSD films have a higher peak temperature compared
to pristine PLD specimen, in agreement with faster oxygen kinetics of YBCO
obtained by PLD, as reported in Chapter 4. Upon silver coating the peak tem-
perature is lowered for both growth methods to about 260 °C. The decrease
is approximately 25 °C for PLD samples and more than 60 °C for the case of
films grown by CSD.

As mentioned in Chapter 4, the observation of a peak in resistivity is re-
ported in literature to be related to an increased scattering due to oxygen re-
ordering, thus of purely bulk nature [154, 155]. However, we have found that
surface coating has considerable influence on the peak position. Namely the
temperature of its maximum can be shifted to lower temperatures upon silver
coating. Additionally we found a thickness dependence of the magnitude of
the peak in section 4.6.2. Thus, our results strongly suggest a correlation of
the peak in resistance with kinetic effects at the surface. Within this picture,
the fast decrease of the resistance above the peak temperature is ascribed to
the increase of available charges due to the incorporation of oxygen. There-
fore Tpeak can be identified as the onset temperature of oxygen exchange. This
implies that oxygen loading would be very much reduced at temperatures
below the peak, or even hindered due to a different activation energy regime.
The lowering of Tpeak by silver coating indicates that Ag is a good catalytic
agent activating the incorporation of oxygen at lower temperatures.

So far we have analysed the occurrence of the peak during a constant heat-
ing rate of 10 °C/min. As the situation during the heating stage is far from
equilibrium and the peak in resistivity is related to oxygen kinetics, one would
expect a dependence of the peak temperature on the heating rate. Therefore,
we have analysed the dependence of the occurrence of the peak on the heat-
ing rate r, as shown in Fig. 6.3(a) for silver coated PLD films during the initial
oxygenation.

Upon reducing the heating rate the resistivity peaks at lower tempera-
tures. Tpeak can be reduced from 270 °C to 220 °C by decreasing the heating
ramp from 20 °C/min to about 1 °C/min. This can be understood in terms
of a thermally activated process. We can represent the data in an Arrhenius-
like plot in Fig. 6.3(b). Using the averaged peak temperature for each heat-
ing rate r, we can model the peak dependence on the heating rate by r =
r0 exp[−Ea/kBTpeak], resulting in the straight line in the semi-log plot. The
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FIGURE 6.3: (a) Heating rate dependence of temperature,
where resistivity peaks; inset shows an example for ρ(T) dur-
ing heating. (b) Arrhenius-like plot showing thermally activa-
tion, linear slope corresponds to the activation energy of the

process.

obtained activation energy Ea for this process is 1.2 eV, which is similar to the
activation energies obtained for oxygen incorporation for this type of films in
Chapter 4. The further decrease of r might lower the observation temperature
of the peak. However, an Arrhenius law is always valid only within a limited
temperature range. We will come back to the relevance of the peak for the
oxygenation at low temperatures (200-300 °C) in section 6.1.4.

6.1.2 Oxygenation at intermediate temperatures

Up to now we have investigated the heating stage of the oxygenation process
up to 450 °C. In the following we study the further evolution of the in situ
resistivity in the temperature range of 450 °C to 550 °C, which is the typical
one for the oxygenation of YBCO thin films.

In situ resistivity data is shown in Fig. 6.4(a) for two silver coated YBCO
samples oxygenated at 550 °C (Ag1) and 450 °C (Ag2)1, respectively, as well
as a pristine film annealed at 550 °C.
The silver coated films exhibit a very similar temperature dependence until
450 °C with the typically observed peak around 260 °C and a minimum above
400 °C. A similar behaviour is found in the pristine, non-Ag coated film but
with a shift of the peak to higher temperatures, as observed in the previous
section.

1The resistivity of sample Ag2 was rescaled by a factor of 0.66 for better clarity of the pre-
sented results, which does not compromise the further analysis.
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FIGURE 6.4: (a) Initial oxygenation of 200 nm PLD-YBCO films
at 550 °C (pristine and Ag coated film Ag1) and at 450 °C
(Ag21); a strong upturn in ρ is observed for Ag1 (green arrow).
(b) Resistivity over time of sample Ag1 close to the beginning

of the dwell at 550 °C showing in detail the upturn in ρ.

During the dwell at 450 °C, sample Ag2 shows a small increase in resistiv-
ity. Upon cooling a linear behaviour is found below 350 °C, as expected for
properly doped YBCO.

An interesting characteristic is found looking at sample Ag1: the peak in
ρ is followed by a minimum around 430 °C and a subsequent approximately
linear increase with T up to 530 °C, where a sharp upturn can be observed
(green arrow). This strong increase in resistivity mainly occurs before the
dwell temperature of 550 °C is reached as can be seen in the resistivity over
time plot in Fig. 6.4(b). This upturn was found in all silver coated PLD-YBCO
samples heated above 530 °C and is therefore of special interest to us.

In the case of the pristine sample no such behaviour was found, but the
resistivity immediately increased significantly after surpassing a minimum at
about 400 °C (Fig. 6.4(a)). Upon cooling, all three compared samples exhibit a
very similar temperature dependence, which results in a linear proportional-
ity ρ ∝ T below 350 °C. The same characteristics were found for pristine/silver
coated CSD-YBCO films, including a constant increase/sharp upturn in ρ dur-
ing heating between 400 and 550 °C and metallic behaviour during cooling.

The phenomena of the upturn occurs upon surface coating, so it might be
associated to a kinetic effect of oxygen exchange. On the other hand, the in-
crease in resistivity is not reversible, e.g. during a subsequent low temperature
dwell ρ remains high. Possible origins of the upturn are though to be related
with the overall oxygen content, oxygen ordering effects or a modification of
the microstructure. As any of these effects might have significant influence
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FIGURE 6.5: Initial oxygenation of 200 nm PLD-YBCO sample
(Ag coated) (a) ρ over T and (b) detailed view of upturn of

resistivity during constant temperature dwell.

on the final superconducting properties of the YBCO film we have devoted
further research on the occurrence of this upturn.

With a heating ramp of 10 °C/min, the upturn occurs very precisely at
530 °C, observed in several different samples. Therefore we have performed
oxygenations at this rate and reduced temperatures as 520 °C and 500 °C, re-
spectively. The in situ resistivity of an oxygenation at 500 °C is shown in
Fig. 6.5(a). Again, an upturn can be observed, but in this case the strong in-
crease is retarded and develops during a dwell at constant temperature and
P(O2), as shown in Fig. 6.5(b). The observed resistivity relaxation can be mod-
elled assuming two parallel exponential processes (see Eq. (4.1)) with an ef-
fective time constant of about 12 min. An increase of ρ at constant P(O2) and
T would correspond to a loss of charge carriers and therefore a loss of oxygen.
In chapter 4.2 we have found for these conditions much faster kinetics (by a
factor 4) and thus, it is unlikely to be linked to oxygen exchange.

At this point, however, any increase in resistivity is undesirable, as it is
either originated by a loss of oxygen or the formation of defects within the
structure. Both effects are thought to be of detrimental character to supercon-
ducting critical current densities. The microstructure of the samples Ag1 and
Ag2, oxygenated at 550 and 450 °C, respectively is analysed by high resolu-
tion x-ray diffraction to trace any possible cause of the upturn in ρ.
The peak positions only vary within the second significant figure after the dec-
imal point for all YBCO (00l)-reflections, as exemplary shown in Fig. 6.6(a) for
the YBCO (005) reflection. The formation of stacking faults was previously
found to cause the development of a shoulder to the right side of the (005)
peak. The shown peaks are very symmetrical and of similar shape for both
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FIGURE 6.6: (a) XRD pattern of 200 nm PLD films oxygenated
at 550 °C (Ag1) and 450 °C (Ag2), respectively: (005) YBCO
peak and (400) LaAlO3 reflection and (b) evaluation of c-

parameter using Nelson-Riley extrapolation to x = 0.

samples. Thus there is no hint of an increased stacking fault density in the
investigated sample showing an upturn in resistivity.

The (400) LaAlO3 substrate peak shows an increased ab-twin domain struc-
ture for Ag2, annealed at 550°C. In LaAlO3 a phase transition from a rhom-
bohedral to a cubic perovskite structure occurs at Tc = 540 °C [204, 205]. Our
data is not conclusively about a correlation between the splitting of the (400)
peak and the sudden increase in resistivity, as twinning is observed as well in
some cases after annealing at only 450 °C, and missing although an upturn in
ρ was observed in samples annealed at 550 °C.

The evaluation of the c-parameter for Ag1 and Ag2 is shown in Fig.6.6(c)
using the Nelson-Riley extrapolation to x = 0 for reflections of higher order
(l ≥ 7). We obtain the very close values of 11.674 Å and 11.676 Å, for Ag1 and
Ag2, respectively. The nanostrain value ε is calculated to be 0.22 and 0.18 %
for Ag1 and Ag2, respectively, not revealing a clear origin of the upturn in
resistivity.
In contrast, the charge carrier density nH is higher by about 20 % for Ag2
(10.7× 1021/cm3) than for Ag1 (8.8× 1021/cm3). As we will see in section 6.2,
we find that the charge carrier densities are typically higher for films oxy-
genated at lower temperatures, as it is understood due to a lower configu-
rational entropy for the ordering of oxygen vacancies at lower temperatures
and thus higher equilibrium oxygen concentrations (see also section 2.1.2).

We have performed a thorough analysis to trace any microstructural dif-
ferences caused by oxygen annealings above 500 °C. Even though we have
observed a systematic upturn in resistivity of silver coated YBCO films above
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FIGURE 6.7: (a) Jc(T) for 250 nm TFA-CSD samples: pristine
surface and Ag coated (continuous layer of 100 nm Ag on top
of YBCO surface). (b) Temperature dependence of charge car-
rier density of 200 nm thick pristine and Ag coated PLD films

(Ag sample with standard patterning).

500 °C, we could not find any microstructural origin linked to this feature, as
presented above by the analysis using XRD. Additionally performed electrical
transport measurements (not shown) did not yield a clear origin. However,
Hall measurements revealed a difference in the doping state, where samples
annealed at higher temperatures exhibit lower charge carriers and vice versa.

6.1.3 Influence of surface coating on normal state and supercon-
ducting properties

In the previous section we have shown the strong influence of Ag surface
coating on the onset temperature of oxygen incorporation. This result is in
agreement with faster oxygen exchange kinetics of Ag coated YBCO as found
in Chapter 4. Here we analyse the influence of a silver coating layer on the
surface on the final superconducting properties.

Normal state and superconducting physical properties are measured by
electrical and magnetic measurements on post oxygenated thin films. We start
with the comparison of the self-field critical current density of a pristine and a
silver coated CSD sample in Fig. 6.7(a). The latter film was fully covered with
a continuous Ag layer of 100 nm thickness. Both films were grown simultane-
ously and oxygenated at 550 °C in 1 bar of oxygen.
The specimen exhibit the same temperature dependence and the deviation in
absolute values is not significant. The rather low absolute values of Jc are not
related with the oxygenation process but were a general issue of the batch of
CSD samples used for this analysis. However, the same result was obtained
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for PLD samples, where critical current densities were found to be indepen-
dent of surface coating too. The superconducting transition is about 90.5 K for
both films and the c-parameter was determined to be the same up to the fifth
significant figure (c = 11.693 Å).
The charge carrier density as a function of temperature is shown for a silver
coated and a pristine PLD film in Fig. 6.7(b). Again, we observe a qualita-
tive very similar behaviour, while the quantitative difference is not significant.
The same result is found for the resistivity ρ(T) (not shown).

These results allow us to conclude that a thin catalytic surface layer of sil-
ver has influence on the oxygen exchange kinetics, while thermodynamics
and thus bulk properties are not affected. This is in agreement with results in
Chapter 4.2.2. As long as equilibrium is reached, electrical and superconduct-
ing properties after annealing are the same for pristine and silver coated films.
This can be guaranteed by sufficiently high temperatures and sufficiently long
annealing times. We reach the same conclusions analysing the post oxygena-
tion physical properties of YBCO layers grown by PLD and CSD technique.

6.1.4 Minimum oxygenation temperature

The increase of point defects, as oxygen vacancies in the crystal structure with
increasing temperature is caused by a higher configuration entropy. Up to
a certain defect concentration the entropic energy exceeds the formation en-
thalpy of the vacancy, leading to a temperature dependent thermodynamic
equilibrium defect concentration, as discussed in section 2.1.2. Thus decreas-
ing the oxygenation temperature leads to a lower oxygen vacancy concentra-
tion, as shown in the phase diagram of the YBCO oxygen non-stoichiometry
in Fig. 2.4. Low temperature oxygenations are therefore a promising method
to overdope YBCO. The injection of holes by oxygen doping causes a higher
charge carrier density in the copper oxygen planes, increasing the condensa-
tion energy and therefore, we would expect a possible increase of the critical
current densities. We have shown in Chapter 5 that oxygen exchange kinetics
of pristine, non-degraded YBCO films is fast, also at low temperatures. Thus,
oxygen loading at low T should not be precluded by kinetics.

In the previous section 6.1.1, we have found an onset temperature for
oxygen incorporation, indicated by a peak in resistivity. However, as it is
a thermally activated process, the occurrence of the peak depends on the
heating rate and could be lowered by reducing the heating rate, following
an Arrhenius-type activation law. The extrapolation to a rate of 0.5 °C/min
gives a peak temperature of 200 °C. Instead, we have performed a dwell cor-
responding to an infinite slow heating rate. Therefore, we have performed an



170 Chapter 6. Overdoping YBCO thin films

 500

 750

 1000

 1250

 0  100  200  300

 0

 50

 100

 150

 200

 250

ρ
 (

µ
Ω

 c
m

)

T
 (

°C
)

t (min)

(a)

 0

 150

 300

 450

 600

 50  100  150  200  250  300

ρ
 (

µ
Ω

cm
)

T (K)

TOxy = 450 °C

TOxy = 200 °C

as grown

(b)

FIGURE 6.8: (a) Low temperature in situ oxygenation at 200 °C
of 200 nm Ag coated PLD-YBCO film (dashed line indicates fit
through relaxation process with t > 60 min) and (b) compari-
son of low temperature dependence of ρ of 200 nm PLD sam-
ples after growth and standard/low temperature oxygenation.

initial oxygenation of a 200 nm thick PLD-YBCO sample coated with Ag at
200 °C for 2 h. The corresponding in situ resistivity is shown in Fig. 6.8(a). The
spike in ρ at t = 50 min is caused by an overshoot in temperature of the fur-
nace, but this increased resistivity is not correlated to a peak in ρ as discussed
above.
The actual begin of the dwell at 200 °C is marked by a vertical red line. The
samples resistivity at T = 200 °C decreases from about 1000 µΩ cm to 900 µΩ cm.
This is an insignificant decrease in comparison to the drop in ρ observed for
the oxygenation processes at higher temperatures. We can model the relax-
ation process using Eq. (4.1) as indicated with a dashed line in Fig. 6.8(a) and
find a saturation resistivity of ρ∞ =890 µΩ cm. This suggests that a dwell
longer than 2 h would have led neither to any further significant decrease
of the films resistivity. We can compare ρ∞ at 200 °C with resistivity values
at 200 °C obtained during cooling from oxygen treatments at higher T (e.g.
via Fig. 6.4(a)), where ρ(200 °C)≈ 250 µΩ cm and thus almost by a factor 4
smaller. In addition we can compare the initial resistivity with the post an-
nealed value at room temperature for different oxygenation treatments, as a
strong decrease in ρ indicates an increased oxygen content. In the case of the
200 °C oxygenation ρ is reduced by less than 10 %, while for standard oxy-
genations we observe drops of 70 - 80 %.
These results indicate that at 200 °C a different activation energy regime gov-
erns the oxygen incorporation, with much higher activation energies and al-
most no oxygen exchange takes place. Hence, a proper incorporation of oxy-
gen at 200 °C is not possible.
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FIGURE 6.9: (a) In situ oxygenation at 300 °C of pristine and
Ag coated 200 nm PLD films (arrow indicates the direction
of time) and (b) corresponding post annealing self-field Jc(T)

compared to silver coated film oxygenated at 200 °C.

This is confirmed in Fig. 6.8(b), where the low temperature dependence
of ρ is shown for an as-grown film (without oxygenation), a standard oxy-
genated YBCO layer (Toxy = 450 °C for 2 h) and a specimen annealed at 200 °C
(2 h). The latter only slightly deviates at room temperature from the non-
oxygenated as-grown film, which is in the range of variations among differ-
ent samples. Still, the sample has a slightly increased oxygen concentration
since around 80 K some parts of the sample already become superconduct-
ing, while the full transition occurs only at 57 K. This is in agreement with the
small reduction of the in situ resistivity during the oxygenation dwell as dis-
cussed above (see Fig. 6.8(a)).
The as-grown film exhibits a very similar critical temperature with Tc = 58 K.
The standard oxygenated film, on the other hand, shows a linear T depen-
dence and a sharp transition around 88 K. Therefore we conclude that a tem-
perature of 200 °C is too low to enable proper oxygen incorporation into the
full YBCO structure and we suggest that the oxygenation process has to be
performed above the peak in resistivity to reach a high doping state.

Next, we have oxygenated PLD-YBCO thin films for 2 h at 300 °C, which
is still considered to be a very low temperature for oxygenation. Examples
are shown for a silver coated film (Ag) and a pristine sample in Fig. 6.9(a)
(note that it was shown in Fig. 6.2(b) that for PLD films the peak occurs below
300 °C, independent of coating). A peak in ρ during the initial heating is ob-
served for both samples with a magnitude of about 1200 µΩ cm. For the Ag
sample the peak is shifted to a lower temperature (25 °C) and it is followed
by a sharp decrease in resistivity. The pristine sample shows a less distinct,
broader peak, but ρ rapidly drops during the dwell at 300 °C. The spike for the
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FIGURE 6.10: Pristine and silver coated CSD films oxygenated
at 300 °C: (a) Temperature dependence of Jc and (b) film re-
sistivity at low temperature, compared to as grown CSD film

(without oxygenation).

Ag sample at around 130 °C is thought to be an artefact of the contacts. After
a dwell of 2 h both samples end up with a much lower resistivity of about
340 µΩ cm, suggesting a very high oxygen content of the film. This is con-
firmed by measurements of the charge carrier densities at room temperature
for both films (nH ≈ 15× 10−21/cm3).

The self-field critical currents of the two samples oxygenated at 300 °C are
shown in Fig. 6.9(b). Additionally the Jc(T) of a silver coated sample oxy-
genated at 200 °C is drawn. The oxygenation of PLD films at 300 °C results
in excellent superconducting properties independent of Ag coating. These
films are highly overdoped. On the other hand an oxygenation temperature
of 200 °C is not sufficient to dope enough oxygen into the structure.

We have performed a similar analysis using YBCO films grown by chem-
ical solution deposition. We compare pristine and silver coated 250 nm thick
YBCO films, which were oxygenated for 5 hours at 300 °C. While pristine PLD
films exhibit a peak in resistivity below 300 °C, the onset temperature of oxy-
gen incorporation of pristine CSD films is around 320 °, while for Ag covered
CSD and PLD films we found Tonset ≈ 260 °C (compare with Fig. 6.2(b); heat-
ing rate 10 °C/min). The analysis of low temperature physical properties is
shown in Fig. 6.10. We observe a clear difference in the self-field critical cur-
rent densities of the pristine and the Ag coated sample. The Jc of the former
is lower by a factor of 2 at low temperatures and rapidly decreases further
with increasing T. The pristine sample becomes superconducting below 63 K,
while the superconducting transition of the Ag sample occurs at 88.6 K, proof-
ing a significantly higher oxygen content in the latter specimen. This is in
agreement with Hall measurements determining the charge carrier densities
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to be 6.2× 1021 and 1.8× 1021 cm-3, for the Ag coated and pristine layer, re-
spectively. As commented above, a comparison of Jc and nH values between
films grown by CSD and PLD is difficult due to the vast number of different
parameters influencing the different deposition and growth processes. This
topic will be further studied in section 6.2.

The resistivity of the films obtained by CSD is shown in Fig. 6.10(b). The
Ag coated film exhibits the lowest ρ at all T, a very metallic behaviour (ρ ∝ T)
and a sharp transition at Tc. The resistivity of the pristine specimen oxy-
genated at 300 °C is higher by more than a factor of 2 at room temperature,
it shows a deviation from linearity at lower temperatures (< 150 °C) and a
broad superconducting transition. For comparison we present an as-grown
sample too. This film was cooled after growth in low oxygen atmosphere
(P(O2)growth = 0.2 mbar, nH = 1.1× 1021 cm-3, Tc < 40 K). The as-grown layer
has a higher resistivity and a lower charge carrier density and Tc. This indi-
cates that some oxygen was incorporated into the YBCO matrix of the non-Ag
coated film during the 5 h annealing at 300 °C. However, the oxygen kinetics
of pristine CSD YBCO films is not sufficient to achieve an optimally doped
state for YBCO at such low T.

In this section we have analysed low temperature oxygenations. We have
shown that a proper oxygen loading into YBCO is limited by the onset tem-
perature of oxygen incorporation, which is linked to a peak in the in situ re-
sistivity. Oxygenations performed at temperatures below this peak only lead
to a partial doping of the structure, while Toxy > Tpeak results in a high and
homogeneous oxygen content, with high Jc and nH values. We showed that
the catalytic activity of silver reduces the minimal temperature necessary to
efficiently dope oxygen into the structure, by shifting the peak in resistivity to
lower temperatures. However, the effect of silver coating is limited to oxygen
exchange kinetics, as Ag and non-Ag coated thin films show similar supercon-
ducting properties, as long as the oxygenation is performed above the peak
temperature.

6.1.5 Ozone assisted oxygenation

Ozone is a powerful oxidising agent, which is used in many industrial branches
related to oxidation. In the growth of YBCO by molecular beam epitaxy (MBE)
ozone is commonly used as it is more reactive than molecular oxygen O2 and
therefore oxidation efficiency is increased at lower oxygen pressure [67, 206].
As ozone enhances the partial pressure of atomic oxygen on the surface com-
pared to O2, the oxygen stoichiometry of the material could increase, as found
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(a) (b)

FIGURE 6.11: Optical microscopy images of PLD-YBCO films
after annealing at 450 °C with (a) 6.5 % of ozone and (b) 1.8 %.
Strong oxidation of silver electrodes and contact pads on the
sample and the sample holder due to the ozone is observed.

for cobalt doped YBCO [207] and silver copper oxides annealing in ozone en-
riched atmospheres [208]. On the other hand, detrimental influences of ozone
on YBCO and its Ag coating were reported for oxygenations at low tempera-
tures in an oxygen/ozone mixture with less than 0.5 % O3 [209].

We have used a commercial ozone generator from Oxitres yielding an
O2/O3 mix with 0.8 - 6.5 % of O3 and a total flow of 0.48 l/min. Optical mi-
croscopy images of the surfaces of post annealed PLD-YBCO films in different
ozone atmospheres are shown in Fig. 6.11. Severe degradation of the surface
can be observed for the highest ozone concentration of 6.5 % in Figure (a). Fig-
ure 6.11(b) shows the sample holder for electrical in situ measurements after
exposure to 1.8 % of ozone at 450 °C with a sample mounted using silver elec-
trodes. The Ag on the surface is largely oxidised, exhibiting the typical black
appearance of silver oxide. The magnification of the sample shows different
surface regions. This might be caused by shadowing effects of the silver con-
tacts in the corners and turbulent gas flow above the sample. Thus a proper
tuning of ozone conditions is needed, which was beyond the scope of this
thesis.

Our interest here is to demonstrate the in situ resistivity of an ozone oxy-
genation, as presented in Fig.6.12(a) for a 200 nm thick PLD sample coated
with silver. The film is heated with 10 °C/min to 450 °C with a continuous
oxygen flow of 0.48 l/min with an ozone concentration of 1.8 %. For com-
parison a standard oxygenation of a 200 nm PLD-YBCO (Ag) in 100 % of O2 is
shown as well in Fig. 6.12(a). For the ozone enhanced oxygenation we observe
a peak in ρ(T) at a remarkable low temperature of 200 °C, followed by a strong
decrease. This implies that ozone lowers the onset temperature of oxygen ex-
change activity of the material by about 50 °C (compare e.g. with Fig. 6.2(b)).
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FIGURE 6.12: (a) In situ oxygenation of silver coated 200 nm
PLD films, annealed in 1.8 % of O3 and pure O2. (b) Self-field Jc
at 5 K vs. oxygenation temperature for different concentrations

of ozone during the annealing.

A second peak can be seen at about 300 °C. We address this to the heating
conditions far from equilibrium with ongoing incorporation of oxygen and
increasing scattering due to the temperature increase. During the dwell of 2 h
at 450 °C no change in ρ is observed. Upon cooling ρ decreases linearly with
decreasing temperature below 400 °C, with a slope of 0.9 µΩ cm/K. The low
slope and low resistivity at room temperature indicate a properly oxygenated
sample, while the surface shows some signs of degradation as previously pre-
sented in Fig. 6.11(b), suggesting that further lowering the ozone concentra-
tion might be beneficial.

The self-field critical current at 5 K for samples oxygenated at different
temperatures are compared in Fig.6.12(b). The ozone concentration of 0.8 % is
the minimum, non-zero, ozone concentration possible in this setup. Upon re-
ducing P(O3) from 6.5 % to 1.8 % at Toxy = 450 °C Jc increases by about 40 %. Jc
was further increased by lowering the P(O3) to 0.8 %. The lowered onset tem-
perature of oxygen activity by ozone motivates to decrease the oxygenation
temperature to increase the oxygen content within the structure and therefore
the critical current densities. As shown in Fig. 6.12(b) the maximum Jc is ob-
tained at 375 °C. Further lowering of T did not yield the expected increase in
Jc at this stage, though further systematic work should be done. For compar-
ison we added the best obtained Jc values for pure O2 oxygenations at these
temperatures (see section 6.1.3 and 6.1.4).

Critical current densities obtained by ozone assisted oxygenations are close
to values achieved by standard methods. In the optimal case found (375 °C
and lowest O3 partial pressure) current densities are similar to the best films
obtained within this thesis. In Fig. 6.13(a) the self-field Jc(T)-dependence is
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FIGURE 6.13: Temperature dependences of (a) self-field crit-
ical current densities and (b) Jc(µ0H = 7 T) of 200 nm PLD
YBCO films annealed at 375 °C in ozone enhanced and pure

O2 atmosphere. The inset in (a) shows a Tc measurement.

shown for two Ag coated films, both oxygenated at 375 °C. The two samples
exhibit excellent superconducting properties. The inset shows the supercon-
ducting transitions obtained by magnetic measurements in a SQUID. The Tc
of the ozone annealed sample is slightly reduced, which indicates an increase
of the doping level. On the other hand, the critical current densities in an ex-
ternal field of 7 T reveal no difference, where a higher condensation energy
due to increased oxygen content would be expected to cause a more signifi-
cant increase in Jc.

We conclude that oxygenation using ozone might be an opportunity to
enhance the superconducting properties of YBCO thin films due to the de-
creased onset temperature of oxygen incorporation, as O3 is more reactive in
comparison to O2. We have been able to establish oxygenation conditions
using ozone that do not deteriorate YBCO and allow high oxygen doping
into the structure. Using an ozone concentration of 0.8 % we have achieved
thin films with excellent superconducting properties, such as a Jc of almost
90 MA/cm2 at 5 K. However, further studies should be done to tune and op-
timise the potential of O3 assisted oxygenations, especially at lower tempera-
tures.

6.2 The doping state of YBCO thin films

YBa2Cu3O7–δ is a complex material with a non-stoichiometric triple perovskite
structure. Its superlattice consists of two CuO2-planes and one CuO1−δ chain
separated by spacer layers of either yttrium, or barium oxide [22] (see Fig. 2.3).
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In general the temperature versus doping phase diagram of cuprate high-
temperature superconductors is of intricate nature [10, 13]. It exhibits many
different phases and peculiarities, as anti-ferromagnetic ordering at low dop-
ing, charge density wave order [210], a pseudogap above the superconducting
transition [12], etc., as shown in Fig. 2.2.

Due to the multilayer structure of YBCO and charge transfer and ordering
effects, concepts as doping, charge carrier density and oxygen content cannot
be used synonymously and need to be precisely defined as in the following:

• Hole doping, p:
In most high-temperature superconductors the superconducting state
arises upon positive or negative charge doping into the Mott-frustrated
insulating material, precisely in cuprate materials into the CuO2-planes.
The doping p refers to the amount of charges (holes) per Cu in the CuO2-
planes. The doping level and therefore the Cu-valence state of the CuO2-
planes are of crucial importance to unconventional superconductivity as
the critical temperature uniquely correlates with doping [211, 212]. The
doping state p = 0.16, where Tc reaches is maximum is called optimal
doping. The underdoped and overdoped region are at lower and higher
doping values, respectively.

• Oxygen content:
The oxygen stoichiometry of the unit cell changes with the oxygen con-
tent in the CuO chains. O6 correlates to empty chains, and O7 to fully
filled chains. In the intermediate range oxygen ordering phenomena oc-
cur, as stripes with filled and empty chain sites (ortho-I, ortho-II phase
and intermediate short range ordering) [213]. Because of this ordering
effects the hole doping level p does not obey a unique dependence on
the oxygen stoichiometry [106]. Upon oxygen incorporation into the
unit cell, two electron holes are formed. By charge transfer between
the CuO-chain and the CuO2-plane only a small fraction of all holes are
doped into the superconducting planes.

• Charge carrier density, nH:
The charge carrier density corresponds to the total amount of charges
per unit volume and therefore to the charges available in the CuO-chains
and CuO2-planes. It is reported that upon crossing into the pseudogap
phase, a transition from n̄H ≈ 1 + p to n̄H ≈ p occurs, where n̄H is the
charge carrier density per unit cell [214]. This is explained by a Fermi
surface reconstruction, due to a metal-to-metal transition at T = 0 K
(quantum critical point) [215, 216]. The charge carrier density can be
modified by oxygen incorporation or cation substitution, as e.g. Ca2+ for
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Y3+. In any case, in general, a higher charge carrier density is correlated
with a higher doping state of the CuO2-planes.

The doping state of YBa2Cu3O7–δ can be assessed via measurements of the
ratio of Cu3+/Cu2+ ions by the idiometric titration method [217, 218], angle-
resolved photoemission spectroscopy (ARPES) [219] or by X-ray absorption
measurements [79]. The oxygen stoichiometry of YBCO bulk can be deter-
mined by thermogravimetric (TGA) and evolved gas analysis (EGA) [220].
As these methods are destructive, very costly, highly complex and/or only
available for bulk material other approaches were followed in literature to
gain information about the oxygen content/charge carrier density of YBCO,
e.g. by X-ray diffraction measurements [106, 221], via the determination of the
critical temperature Tc, electrical measurements as resistivity and Hall effect
measurements [222–224] and thermoelectric power (Seebeck coefficient) mea-
surements [225, 226].

6.2.1 Assessing the doping state of YBCO thin films

In the following sections we will briefly introduce several techniques used in
this thesis to obtain information about the electronic state of YBCO. As we
do not have a direct measure of the doping state of the CuO2-planes we will
utilize all these parameters to evaluate it and try to establish a correlation with
the critical current density in section 6.2.4.

Electrical resistivity measurements at low and high temperatures

We have performed resistivity measurements in the temperature range be-
tween room temperature (RT) and Tc and between RT and the oxygenation
temperature. A typical example for the former is shown in Fig. 6.14(a). For
HTS materials one usually finds a linear dependence of ρ on T in a broad
temperature range:

ρ(T) = bT + ρ0, (6.3)

where the slope b and ρ0 are reported to be doping dependent [227]. b and the
resistivity at 0 K, ρ0, are obtained by fitting the resistivity curve between 150
and 300 K.
The normalised resistivity (ρ(T)− ρ0)/(bT) is shown in Fig. 6.14(b) for a un-
derdoped, optimally doped and overdoped YBCO film. This plot reveals the
temperature dependent deviation of ρ from linearity. The normalised resistiv-
ity of the underdoped sample deviates downwards from unity around 200 K.
The decrease of the normalised resistivity (ρ(T) − ρ0)/bT is linked to the
opening of a pseudogap, whereupon a fraction of the total carriers migrates
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FIGURE 6.14: (a) Low T resistivity ρ of an oxygenated 200 nm
PLD-YBCO film; linear fit ρ(T) = bT + ρ0 for T > 150 K indi-
cated by dashed line and (b) normalised resistivity to analyse
doping state: downwards curvature indicates underdoping,
deviation upwards overdoping. (c) High T in situ resistivity
during cooling after oxygenation and (d) correlation between
RT charge carrier density and slope of ρ extracted between 100

and 350 °C (fit indicated with dashed line in (c)).

into pseudogap states and does not any longer participate in the normal elec-
trical transport [199]. On the other hand, the deviation upwards indicates that
the film is in the overdoped state [227].
In in situ measurements we have found a linear slope, b, of the resistivity
during cooling below 350 °C, as shown in Fig. 6.14(c). The slope, b, found
at high temperatures seamlessly expands into the low temperature regime
and Eq. (6.3) holds between 150 K and about 625 K (-125 °C to +350 °C). In
Fig. 6.14(d) we present the inverse slope b−1, obtained from in situ measure-
ments, vs. the charge carrier density at RT, nH,300 K, obtained by Hall effect
measurements. We find a linear correlation between b−1 and nH,300 K, which
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approximately follows:

b−1 = 0.109nH,300 K + 0.01, (6.4)

as obtained by fitting. This empirical relation enables us to estimate the charge
carrier density already by in situ measurements during the oxygenation.

Temperature dependent Hall effect measurements

The Hall coefficient RH of YBCO exhibits a strong temperature dependence,
as shown in Fig. 6.15(a). This behaviour is experimentally well established in
cuprate materials [228–230], however, it is anomalous compared to conven-
tional metals. Within the Anderson theory [231] an explanation for this obser-
vation is given based on the process of spin-charge separation of electrons in
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a Luttinger liquid. Other theoretical approaches describing the temperature
dependence of the Hall coefficient RH, are based on a marginal Fermi liquid
phenomenology [227, 232] or comprise anisotropic scattering at different re-
gions of the Fermi surface [233], variations of mobility in a single band model
[234] and two carrier bands for electron and hole charge carriers [235, 236].
At temperatures ≤ 100 K the Hall coefficient RH exhibits a sudden, strong
drop. This particular feature was observed previously in optimally and slightly
underdoped YBCO [237, 238] and was recently related to a reconstruction of
the Fermi surface of the material [214, 215]. Below Tc we observe a transi-
tion through zero. This sign reversal of the Hall coefficient was reported to
be doping dependent and due to the movement of magnetic vortices in the
mixed state of the superconductor [239, 240], influenced by flux-flow pinning
and superconducting fluctuations [241].

From measurements of the Hall coefficient one can obtain the apparent2

charge carrier density from the Drude relation nH(T) = 1/eRH(T), as shown
in 6.15(b). We typically find a power law dependence nH(T) = aTβ + nH(0)
[243] for T > 100 K. At temperatures in proximity to room temperature we
find a deviation from the exponent β = 1 to lower values. Typically in liter-
ature the charge carrier density at 300 K (RT) is used for comparison among
different samples/parameters. As a and β slightly vary for each sample, the
chosen temperature can be of significant relevance for the interpretation of the
data in specific cases, as we will see in section 6.2.2.
However, in general we observe an approximately constant ratio of the nH
at 300 K and 100 K. This is shown in Fig. 6.15(c) for a broad selection of PLD
and CSD YBCO films, equilibrated at different oxygen concentrations3. We
observe a linear dependence, as indicated by dashed lines. The average ratio
nH,300 K/nH,100 K accounts to about 2.3 and 2.5 for PLD and CSD, respectively.
Optimal doping in YBCO corresponds to nH,300 K ≈ 8 × 1021charges/cm3

[227]. Thus we can obtain from Fig. 6.15(c) that optimal doping in terms of
nH at 100 K is reached at about 3.2× 1021/cm3, as we will confirm by Tc mea-
surements in section 6.2.3.

As mentioned above, we find RH = 1/(nHe) ∝ 1/T and σ = 1/ρ ∝ 1/T,
and thus we can write for the mobility µ = RHσ ∝ 1/T2, which is unexpected
within the framework of the Fermi liquid theory for conventional metals. As
we will see in section 6.2.2, the observed temperature dependence of µ is sim-
ilar as in the case of semiconductors (e.g. µp ∝ T−2.3 for germanium [244]

2High resolution ARPES measurements revealed a temperature dependent Fermi surface,
indicating that the change of RH with T is actually caused by a depletion of available charges
[242]

3Equilibration of the oxygen content and oxygen ordering is necessary to obtain a constant
nH ratio, as will be shown in section 6.2.2.
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and ∝ T−2.2 for silicon [245]), where both, electrons and holes simultaneously
contribute to the total conduction:

σ = σp + σn =
1
ρ
=

1
ρp

+
1
ρn

. (6.5)

Such a model, assuming the simultaneous presence of two independent types
of charge carriers, e.g. electrons and holes, is called two-band model. As we
will see in the following it can account for the observed temperature depen-
dence of the apparent charge carrier density nH(T). The Hall effect for am-
bipolar conduction can be written as [246]:

RH =
1
e

npµ2
p − nnµ2

n(
npµp − nnµn

)2 , (6.6)

with the charge carrier densities ni for holes (p) and electrons (n). Using
Eq. (6.5), the relation µi = 1/(ρnie) and assuming that the charge carrier den-
sities are temperature independent and equal for electrons and holes nH,2band =
np = nn, Equation (6.6) can be transformed into the equivalent forms:

RH =
µp − µn

σ
(6.7a)

RH =
1

nH,2bande

(
1− 2ρρ−1

n

)
(6.7b)

as a function of mobility or resistivity, respectively. If we assume that in YBCO
also two types of charge carriers (two bands) participate to the conduction,
experimental results of resistivity and Hall measurements can be satisfied by
imposing a certain temperature dependence for µi or ρn, as e.g. the Taylor
expansion µi = c0/T(1± c1/T) (+/- for holes/electrons) [235] or ρn = ρ0 +
bT + cT2 for the resistivity [247, 248].

We have followed the second approach, as outlined in [236], which con-
sists of a residual resistance ρ0 and a linear term in T, as observed in resis-
tivity measurements. The quadratic term significantly increases the fit accu-
racy. Such a T2 dependence of ρ was found for several high Tc materials at
low temperatures [224, 249] and for the Cu-O chains in YBa2Cu3O6.9 [250]
and YBa2Cu4O8 [251] up to 300 K. Nevertheless, the exact temperature depen-
dence of the electronic contribution ρn is unknown within a two band model.
This in combination with the better fit accuracy makes the approach followed
reasonable.

An example is shown in Fig. 6.16(a), where the temperature dependence
of RH is sufficiently modelled by a single, temperature independent charge
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FIGURE 6.16: Contemplation of experimental results for si-
multaneous electron and hole conduction for 200 nm PLD-
YBCO: (a) Temperature dependence of Hall coefficient RH,exp
compared to the ambipolar RH,fit obtained by fitting Eq. (6.7b)
between 110 and 300 K. (b) Measured total resistivity ρexp(T)
and separated electron ρn and hole ρp contributions via fit-
ting in (a), with the imposed temperature dependence ρn =

ρ0 + bT + cT2.

carrier density nH,2band. We will see in section 6.2.4 that this is a very useful
parameter for the comparison with the critical current density. The resistiv-
ity contributions of holes and electrons are shown in Fig. 6.16(b), where the
experimental resistivity is consistently described by Eq. (6.5).

The correlation between the nH,2band parameter obtained by fitting and
measured charge carrier densities at 300 K and 100 K are shown in Fig. 6.17(a
& b). The statistical correlation coefficient r2 between nH(T) and nH,2band is
0.55 at 300 K and 0.85 at 100 K. Thus a higher correlation is obtained for the
temperature independent fit parameter nH,2band and nH,100 K. To establish a
criteria for the optimally doped state in terms of nH,2band, we perform a linear
fit, as shown in Fig. 6.17(b). With nH,100 K = 3.2 × 10−21/cm3 for optimal
doping, we obtain the corresponding value nH,2band ≈ 1.4× 10−21/cm3.

The two-band model provides an explanation of the temperature depen-
dence of the apparent charge carrier density by the coexistence of electrons
and holes, both participating in the conduction process in the normal state
above Tc. Below Tc, pairing is dominated by hole carriers localised in the
CuO2-planes, while it is suggested [236] that electrons may contribute to 3 di-
mensional mobility signatures observed for examples in c-axis Hall coefficient
and c-axis transport.
The model can sufficiently describe experimental results of resistivity and
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FIGURE 6.17: Correlation between nH,2band and apparent
charge carrier density at (a) 300 K and (b) 100 K of 200 nm thick

PLD YBCO film.

Hall measurements and additionally provides a single, temperature indepen-
dent parameter, nH,2band, containing information about the full temperature
range of the charge carrier density. Further, as we will see in section 6.2.4,
nH,2band scales very well with self-field and in-field critical current densities
at low temperatures, making it a promising quantity for the analysis of the
actual doping state of YBCO. However, some controversy remains as APRES
measurements reveal a temperature dependent Fermi surface [242], indicating
that nH actually varies with temperature. This is in contradiction to expecta-
tions for normal metals and is a good indicator of the rich and complex physics
of the normal state of cuprate superconductors.

Oxygen stoichiometry dependence of c-parameter

The unit cell of YBCO is highly sensitive to the oxygen content (7− δ). The
c-parameter can be written as the sum of bond lengths, c = 2dCu(1)-O(4) +
2dO(4)-Cu(2) + dCu(2)-Cu(2), between the CuO-chain, the apical oxygen O(4) and
the two CuO2-planes (see YBCO unit cell structure in Fig. 2.3 for the nomen-
clature), and variations in c are mainly caused by changes in length of the
dO(4)-Cu(2) bonding [22, 106]. The unit cell expands with decreasing oxygen
content due to a lower overlap of the Cu(2) and O(4) orbitals.
In Fig. 6.18 we show the experimental correlation between the c-parameter
and the charge carrier density at 300 K over a broad range of doping for films
grown by CSD (red) and PLD (blue symbols). c varies from 11.85 Å down
to 11.67 Å for poorly and highly oxygen loaded YBCO, respectively. Dashed
lines indicate optimal doping in terms of nH and c, respectively (copt = 11.695 Å
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[106]). In the overdoped region, c exhibits a much weaker dependence on the
charge carrier density as compared to the underdoped regime.

6.2.2 Influence of dwell time on doping state of YBCO

The main parameters of the oxygenation process of YBCO are oxygen partial
pressure, temperature and dwell time. In this section we will focus on the
dwell (annealing) time, t, necessary to achieve the highest SC performance of
our material, which can further contribute to the optimisation of the manu-
facturing process and its costs.

The analysis of the impact of different dwell times on the doping state was
performed at 450 °C. However, in the following we briefly justify the cho-
sen temperature. We look at three Ag coated PLD-YBCO films oxygenated
at different temperatures. The resistivity of these 200 nm thick films dur-
ing a temperature dwell at 300, 350 and 450 °C, respectively, is depicted in
Fig. 6.19(a). At 300 °C equilibrium is reached slowly and ρ saturates after
more than 120 minutes. Increasing the dwell temperature by 50 °C substan-
tially shortens the saturation process to about 20 min. At even higher temper-
atures as 450 °C the mayor drop in ρ occurs already during the heating stage
(not shown). During the dwell itself we observe only a minor decrease of
the resistivity within the first 30 min, followed by a slight increase of ρ. This
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FIGURE 6.19: (a) In situ resistivity during oxygenation dwell
at different temperatures of 200 nm PLD-YBCO (Ag), samples
heated in high P(O2). (b) Oxygenation at 450 °C with a dwell

of 0 min (temperature profile and ρ(T)).

suggests that at such high temperatures the sample is in quasi-equilibrium al-
ready during the heating stage and a major part of the oxygen incorporation
takes place before the dwell temperature is reached.

Thus 450 °C is an interesting temperature to study the influence of the
annealing time. The annealing time is varied between 0 and 240 minutes,
while other parameters as heating rate (10 °C/min), oxygenation tempera-
ture (450 °C) and oxygen partial pressure (1 bar, flow of 0.6 l/min) are kept
constant. The cooling rate is limited by the maximum cooling speed of the
furnace.

An example for a 0 min dwell oxygenation (sample S0) is shown in Fig. 6.19(b).
The temperature profile (T vs. t) is shown in the upper panel and the resistiv-
ity over T is drawn in the lower graph. We observe the typical characteristic
features like a peak in ρ(T) followed by a strong decrease. Between 350 and
450 °C the resistivity is temperature independent. We explain this behaviour
by the compensation of the simultaneous increase of ρ due to the temperature
increase and a decrease of ρ caused by the ongoing incorporation of oxygen
into the structure, increasing the charge carrier density. During cooling ρ de-
creases linearly with decreasing temperature below 300 °C. The slope is de-
termined to be 0.52 µΩ cm/°C, indicating a very high charge carrier density
at room temperature (≈ 17 × 1021 cm-3 using Eq. (6.4)), which is in agree-
ment with Hall measurements at room temperature giving 16.1× 1021 charge
carriers/cm3. A very low resistivity value of about 210 µΩ cm at room tem-
perature suggests as well a high doping level.
This result is promising as it might allow to drastically shorten and facilitate a
reel-to-reel production process, but discrepancies were found in the analysis
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of low temperature normal state and SC properties, as will be discussed in the
following.

We have measured the resistivity of the film down to the critical tempera-
ture at 89 K. Typically for HTS materials one finds a linear dependence on T
in a broad temperature range with ρ(T) = bT + ρ0, as shown in the inset of
Fig. 6.20(a) and discussed in the previous section. The normalised resistivity
(ρ(T)− ρ0)/(bT) is shown in Fig. 6.20(a), where the parameters b and ρ0 are
obtained by a linear fit as shown in the inset for S0. The normalised resistivity
deviates downwards from unity around 200 K for the case of a 0 min anneal-
ing process at 450 °C. This finding is in contradiction to room temperature
electrical properties (high nH, low ρ), as a downwards deviation indicates a
low doping state [227]. Additionally, the derivative dρ/dT exhibits a small
but constants slope pointing towards a non-neglectable quadratic contribu-
tion in the temperature dependence of the resistivity, which might be a hint to
a different scattering mechanism in this sample.
In comparison we show a sample, which was oxygenated for 120 min (S120) at
450 °C. This sample has a lower, but still high charge carrier density at room
temperature (nH(300 K) = 10.7 × 1021 cm-3) but exhibits a peak in the nor-
malised temperature dependence of ρ, as expected for highly doped (over-
doped) YBCO.

The self-field critical current densities of these two samples are shown in
Fig. 6.20(b). The sample S0 has a significantly lower critical current over the
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full temperature range. At low temperatures Jc can be doubled by extending
the annealing time from 0 min to 120 min.

The differences in the temperature dependence might be correlated with
changes within the microstructure during longer annealing times and there-
fore modified pinning landscapes. Regarding the strength of different pinning
sites, one can distinguish between strong and weak pinning centres. The to-
tal critical current can be written in a first approximation as the sum of the
individual contributions:

Jc(T) = Jweak
c (0) exp

[
− T

T0

]
︸ ︷︷ ︸

Jweak
c (T)

+ Jstrong
c (0) exp

[
−3
(

T
T∗

)2
]

︸ ︷︷ ︸
Jstrong
c (T)

, (6.8)

with the characteristic temperatures T0 and T∗ and the Jc contributions at 0 K
Jweak
c (0) and Jstrong

c (0) of weak and strong pinning sites, respectively.
The first term was established within the weak collective pinning model [252],
derived from the time dependence of Jc due to thermally activated flux mo-
tion (creep) first introduced in [253]. Its contribution rapidly decreases with
increasing T. A source of weak pinning defects in YBCO are 0-D point de-
fects with dimensions smaller than the material and temperature dependent
coherence length ξ(T). kBT0 is proportional to the collective pinning energy
Uc ∝ H2

c and of the order of 10 K in cuprates [254].
The second term in Eq. (6.8) for strong pinning was first described in [255]
for vortex pinning in HTS by correlated defects as grain and twin boundaries,
columnar defects and generally dislocations parallel to the c-axis. Its Jc(T)
contribution decays exponentially with T2 and therefore it is slower than in
the case of weak pinning. Thus, strong defects are relatively more effective at
high temperatures to pin vortices.

To analyse the different pinning contributions, remanent magnetization
measurements are performed under an applied external magnetic field of 7 T
and the temperature dependence of Jc is fit to Eq. (6.8), as shown in Fig. 6.21(a).
As in the case of self-field measurements presented above, the current densi-
ties Jc(µ0H 6= 0) of the two samples notably differ over the full temperature
range. S120 presents an about 50 % higher Jc compared to S0 over the full
temperature range. The data is well described by the model consisting of
two different temperature dependent contributions, as can be seen with the
continuous lines. A cross over of Jweak

c (T) and Jstrong
c (T) can be observed at

about 10 and 6 K for S0 and S120, respectively. The extracted Jc(0) values for
weak and strong pinning are presented in Fig. 6.21(b). The sample annealed
for 0 min exhibits lower Jc(0) values for both, weak and strong pinning. The
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spectively.

contributions are reduced by about 30 and 40 %, respectively. For the char-
acteristic temperatures T0 and T∗ we do not observe significant differences
between the two samples.

In Fig. 6.21(c) we compare the Jc contributions of sample S0 normalised to
the values obtained for S120 for measurements at 0, 3 and 7 T. At self-field the
weak contribution of S0 is decreased by about 50 %, while Jstrong

c is the same
for both films. With increasing field the contribution of strong pinning sites
decreases from almost 100 % to less than 60 %. Upon applying a magnetic
field Jweak

c remains at about 70 %.
These measurements show clear differences in the pinning contributions

of the two different thin films. However, the exact origin of the different Jc(T)
dependencies can not be identified. At low fields, we find a lack of weak
contribution in S0, while at high fields, weak and strong Jc are decreased to a
similar extent. At 7 T we find only about 60 % of the weak and strong defects
contributing to pinning.

The dependence of the self-field critical current density at 5 K on the oxy-
genation dwell time is depicted in Fig. 6.22. The critical current sharply in-
creases with increasing annealing time from 0 to 30 min and saturates for
longer dwell times. We address the increase of Jc to the development of ben-
eficial defects for pinning with ongoing oxygenation, oxygen ordering effects
during annealing and corresponding charge transfer from the CuO-chains to
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the superconducting CuO2-planes. Therefore we will further study the dop-
ing state by means of electrical measurements in the following.

The temperature dependence of the charge carrier density is obtained by
Hall effect measurements at a constant field of 3 T (see section 3.4.2). The
apparent charge carrier density nH(T) = 1/eRH(T) is depicted in Fig. 6.23(a)
for S0 and S120. We observe a strong temperature dependence for both films
above 100 K.

In our films we typically find a power law dependence nH(T) = aTβ +
nH(0) [243] for T > 100 K, with β < 1 describing the negative curvature of
nH, as can be seen for sample S120. On the other hand sample S0 exhibits a
stronger dependence on temperature with β > 1. While at 100 K both films
exhibit the same charge carrier density, at 300 K nH of S0 is increased by more
than 50 %.
While it is not certain, that the strong temperature dependence of nH is actu-
ally caused by a depletion of free charges with decreasing temperature, the
rate of change can provide further insight into differences caused by anneal-
ing time. Therefore we compare the ratio of nH at 300 and 100 K in Fig. 6.23(b)
for different annealing times. For samples grown by PLD the ratio rapidly
drops from 3.7 for the shortest annealing (0 min) to about 2.2, where it satu-
rates for annealing times longer than 120 min. Analysed films grown by CSD
seem to follow the same trend.

A complementary analysis is performed regarding the mobility of avail-
able charges in highly oxygen doped YBCO thin films. We have measured
the hole mobility of S0 and S120 as a function of temperature, as shown in
Fig. 6.24(a) in a log-log plot. The mobility of S0 decreases slightly faster
with increasing temperature than S120. The hole mobility at 300 K is about
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2 cm2/Vs, which is close to reported mobilities of conventional metals (e.g.
iron: 4 cm2/Vs [256]). Similar mobilities were reported for the cuprate SC
La2–xSrxCuO4 in [228]. The temperature dependence of the hole mobility,
where phonon interaction is the predominant scattering mechanism, was found
to follow a power law [257]. Also in our material µ(T) can be well expressed
by:

µp(T) =
σ(T)

nH(T)e
= ATγ, (6.9)

with the elementary charge e and the fit parameters A and γ. We find a depen-
dence of the power law exponent γ on the dwell time, as shown for several
thin YBCO films in Fig. 6.24(b). γ increases from below −2 to about −1.8. In
well doped PLD films, which consistently show all signs of overdoped YBCO
such as high nH, high Jc at all temperatures and an upwards curvature of
the normalised resistivity, we typically find γ to be around -1.8. This result
indicates, that oxygen annealings at 450 °C for less than 30 minutes are not
sufficient to achieve overdoped YBCO.

Finally, a characteristic feature of high temperature superconductors is the
universal, quadratic like temperature dependence of the cotangent of the Hall
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angle, cot (ΘH) [222]:

cot (ΘH) =
ρ

RHµ0H
∝ Tα, (6.10)

with α ≈ 2. Figure 6.25(a) shows cot (ΘH) vs. T2 for several samples an-
nealed at 450 °C for different times. At 300 K we find significantly lower ab-
solute values of cot (ΘH) for films annealed for ≥ 120 min compared to films
oxygenated only for short times. However, the dependence of cot(ΘH) on
temperature reveals more information. The Hall angle can be accurately fit to
cot(ΘH) = A(T/1 K)α + C, as indicated by dashed lines in Fig. 6.25(a). By al-
lowing α 6= 2 the measured data can be described within the full temperature
range.
The subfigures 6.25(b), (c) and (d) depict the obtained fit parameters A, C
and α, respectively, as a function of the dwell time. For all three parameters
we observe a saturation with increasing annealing time. Similar trends are
reported in [238], where fit parameters are evaluated in respect to the oxy-
gen stoichiometry, thus closely related to the doping state of the material and
resembling our case. This indicates that during longer annealing times, oxy-
gen ordering effects within the structure take place, accompanied by charge
transfer from CuO-chains to the superconducting CuO2-planes increasing the
doping state of the thin films.

In summary, even though we have observed very fast saturation of the in
situ resistivity during the oxygenation process at 450 °C, we have found that
physical properties improve with longer annealing times. YBCO thin films
annealed for short times only (< 30 min) exhibit an unusual temperature de-
pendence of the resistivity and charge carrier density inducing an inconsis-
tent interpretation of the doping state. The critical current density at 5 K was
found to reveal a dependence on the annealing time too. The analysis of the
temperature dependence of the mobility and the Hall angle on the dwell time
further clarifies the situation. The fit parameters describing the temperature
dependence of µ and ΘH saturate for oxygenation times above 120 min. We
interpret this by ongoing oxygen ordering within the matrix with annealing
time and enhanced charge transfer within the unit cell from the CuO-chain
sites to CuO2-planes, resulting in a higher doping state of the YBCO thin film.
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6.2.3 Doping dependence of electronic and physical properties of
YBCO thin films on P(O2)

To undertake a deeper study on the influence of P(O2), we have obtained
PLD films at different doping states by tuning the P(O2) during oxygen an-
nealings of 2 h at 450 °C. The critical temperature obtained by resistivity mea-
surements and defined as the midpoint of the transition, Tc,MP, as a function
of the oxygen partial pressure during annealing is shown in Fig. 6.26(a). Upon
decreasing P(O2) from 1 bar Tc,MP remains initially unchanged. Below 0.1 bar
the critical temperature rapidly drops.
In cuprate superconductors a parabolic dependence of Tc on doping was found
[212, 258]:

1− Tc

Tc,max
= 82.6(p− 0.16)2, (6.11)

centred around a doping value of 0.16 holes/Cu, where Tc reaches its maxi-
mum, Tc,max (compare with schematic representation in Fig. 2.2). The constant
Tc in a broad P(O2) range is related to the plateau of Tc around optimal doping
[259], as it was previously reported for thin YBCO films [105]. This plateau
prevents an accurate evaluation of the doping state p using Equation (6.11)
for optimally and slightly overdoped YBCO films.

The charge carrier density nH,100 K vs. the P(O2) during annealing is shown
in Fig. 6.26(b) for PLD-YBCO films. As expected, nH,100 K decreases with de-
creasing partial pressure of oxygen. We observe a higher sensitivity of nH,100 K
on the P(O2) as compared to Tc for P(O2) > 0.1 bar. Thus, close to optimal
doping nH,100 K is a better measure of the doping state than the critical tem-
perature. The doping state is indicated as well by the deviation from unity
of the normalised resistivity, as shown in Fig. 6.26(c). The shown three dif-
ferent cases correspond to the overdoped, optimally doped and underdoped
regime and were oxygenated in a P(O2) of 1000 mbar, 100 mbar and 10 mbar,
respectively.

In Fig. 6.27(a) we plot the critical temperature obtained by resistivity mea-
surements as a function of the charge carrier density at 100 K. Initially, Tc,MP
rapidly increases with increasing nH,100 K, upon reaching its maximum around
90 K and quasi saturates at higher nH. A similar trend was observed previ-
ously in different cuprate SC [227, 260]. We identify the onset of the plateau
as the optimal doping state, with nH,100 K = 3.2 × 1021/cm3, with the over-
doped (OD) and underdoped (UD) regime at higher and lower charge carrier
densities, respectively. As mentioned above, this is consisted with a definition
of nH,300 K = 8× 1021/cm3 for the optimally doped state [227]. While nH,100 K
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FIGURE 6.26: 200 nm YBCO films grown by PLD and annealed
in different oxygen atmospheres at 450 °C for 2 h: (a) Criti-
cal temperature obtained by electrical measurements and (b)
charge carrier density at 100 K as a function of P(O2). (c) Nor-
malised resistivities of samples annealed in different P(O2)
show transition from overdoped (1 bar) via optimally doped

(100 mbar) to underdoped (10 mbar) regime.

varies between 3×10−21/cm3 and 9×10−21/cm3, the critical temperature re-
mains almost constant. This confirms that nH,100 K is a more precise measure
of the doping state than the critical temperature Tc,MP.

As Tc is strongly reduced in the low doped films, we restrict our analysis
to low temperature critical current densities to avoid the influence of a low Tc.
Additionally, at low temperatures as 5 K the weak pinning contribution to the
overall Jc becomes more important and thus the influence of the condensation
energy is more significant. The dependence of the self-field Jc values at 5 K on
the charge carrier density at 100 K, nH,100 K, is shown in Fig. 6.27(b). We ob-
serve a linear dependence of Jc on the charge carrier density. Very low critical
current densities (< 0.1 MA/cm2) are observed for nH,100 K < 2× 1021/cm3.
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FIGURE 6.27: (a) Tc,MP dependence on charge carrier density
at 100 K, where the onset of the plateau in Tc, the optimal dop-
ing state is indicated by a black vertical line with the under-
doped (UD) and overdoped (OD) regime below and above,
respectively. (b) Self-field critical current at 5 K as a function

of nH,100 K.

However, Jc can be strongly increased if the overall charge carrier density and
thus available charges in the superconducting CuO2-planes, is increased. This
finding confirms our initial assumption that overdoping is a very promising
route to enhance superconducting properties of YBCO thin films.

6.2.4 Oxygenation conditions for high performance superconduct-
ing films

We found a strong dependence of Jc on P(O2) and annealing time in sec-
tion 6.2.3 and 6.2.2, respectively. Hence, we limit our comparison to samples
annealed in 1 bar of oxygen for 120 min at different temperatures.

The charge carrier density nH at 100 K of 200 nm PLD films as a function of
the oxygenation temperature is shown in Fig. 6.28(a). We observe a nonmono-
tonic, dome shaped dependence with a maximum around Toxy = 375 °C.
For all oxygenation temperatures ≥300 °C we obtain highly doped YBCO,
with charge carrier densities above the reference value of 3.2× 1021 /cm3 for
optimally doped YBCO. Hence all films oxygenated at and above 300 °C are
overdoped. As stated previously in Chapter 6.1.4 an oxygenation at 200 °C
does not yield a sufficient oxygen doping of the structure. It is interesting that
around 375 °C very high nH values in the overdoped regime are reached and
that only above 450 °C a slight decrease of nH can be observed. The depen-
dence of the nH at 300 K on the oxygenation temperature is very similar (not
shown).
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FIGURE 6.28: Influence of oxygenation temperature on (a)
charge carrier density nH,100 K at 100 K and (b) Jc at 5 K and
self-field of 200 nm thick PLD YBCO films. Dashed lines are

guide to the eye.

In Figure 6.28(b) Jc at 5 K is plotted vs Toxy. Firstly, we have obtained
tremendously high critical current densities exceeding 85 MA/cm2 at low oxy-
genation temperatures. Jc is effectively limited by various mechanism, as the
motion of magnetic vortices, grain boundary misorientation, phase fluctua-
tions, etc. However, we can compare the critical current densities obtained
in this study to the thermodynamic limit, the depairing current, as defined
in Eq. (2.6) of the material. We can estimate the depairing current at 5 K us-
ing ξ(0) = 1.2 nm and λ(0) = 168 nm to JGL

d,5 K = 297 MA/cm2 [261]. With a
maximum Jc at 5 K of 89.4 MA/cm2 we are close (factor 3) to the fundamental
limit. For comparison, the highest Jc values reported for high temperatures
(77 K) are one order of magnitude below the depairing current density (e.g.
Jc,77 K ≈ 7 MA/cm2 reported in [262] while JGL

d,77 K = 65 MA/cm2).
Secondly, between 300 °C and 450 °C the critical current is independent

of the actual oxygenation temperature, similar to the nH(Toxy) dependence.
The observed variations in Jc for Toxy ≥ 300 °C are within the fluctuations
of different sample batches. However, at higher temperatures (≥ 550 °C) Jc
starts to decrease, which is expected to continue upon further increasing Toxy
due to an increased oxygen vacancy concentration at higher temperatures and
therefore reduced charged doping into the superconducting CuO2-planes.

To consummate this chapter we compare and recapitulate in the follow-
ing on the results of various oxygenation treatments obtained in the different
parts of the previous sections. We compare a large number of samples grown
by PLD and CSD in the aspect of their doping state.
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FIGURE 6.29: (a) Tc,MP dependence on charge carrier density
at 100 K of 200 nm PLD (blue) and CSD (red symbols) YBCO.
The onset of the plateau in Tc for PLD films, the optimal dop-
ing state, is indicated by a black vertical line with the under-
doped (UD) and overdoped (OD) regime below and above,
respectively. Green dashed line indicates parabolic behaviour
expected for cuprates as a function of doping. The inset mag-
nifies the overdoped region. (b) c-parameter as a function of
nH,100 K in the overdoped regime for CSD (red symbols) and
PLD (blue symbols). Right scale indicates actual doping level

as reported in literature [106].

Our success of reaching the overdoped regime is emphasised in Fig 6.29(a),
where the Tc,MP is shown as a function of the nH at 100 K for YBCO grown by
CSD (red) and PLD (blue). A large number of samples exceeds the optimal
doping state of nH,100 K = 3.2× 10−21/cm3. We notice that CSD-YBCO reaches
the maximum Tc already at lower charge carrier densities, as compared to
PLD-YBCO. A parabolic tendency is indicated with the green dashed lined
centred around optimal doping. This parabola draws a comparison to the em-
pirical law, stated in Eq. (6.11) observed in many cuprates. In the underdoped
regime Tc follows this trend as a function of the charge carrier density. How-
ever, in the overdoped regime a much weaker dependence on nH,100 K and a
deviation from a parabolic behaviour is observed, as previously reported for
the analysis of Tc vs. nH in [227]. This discrepancy indicates that nH,100 K is not
exactly equivalent to the hole doping p in the superconducting CuO2-planes.

The inset of Fig 6.29(a) focuses on the overdoped regime, where a starting
decrease of Tc can be observed. This decrease in the overdoped regime might
be explained by a depletion of particles participating in the superconducting
state (the superfluid density) in spite of the increasing normal state charge
carrier density [263, 264], combined with a decrease of the superconducting



6.2. The doping state of YBCO thin films 199

energy gap in the strongly overdoped side of the phase diagram [202, 265,
266].

In Fig. 6.29(b) we present the c-parameter as a function of the charge car-
rier density at 100 K for overdoped CSD and PLD films. We observe a small
shrinkage of the lattice parameter with increasing nH,100 K, even in the over-
doped region. On the right scale the corresponding doping level is indicated
using a previously reported correlation between p and c (see Eq. (4.9) on
page 71)4 [106]. While a doping of 0.16 holes/Cu in the CuO2-planes cor-
responds to optimal doping and a maximum in Tc, p = 0.19 is already far
in the overdoped regime, where the condensation energy is expected to peak
[203, 267] due to the closing of the pseudogap [201, 268].

Most interestingly, we want to correlate superconducting properties, es-
pecially Jc, with the directly measurable charge carrier densities of the YBCO
thin films. In section 6.2.1 we have shown the correlation between the charge
carrier densities at 300 K and 100 K (Fig. 6.15(c)) and the correlation between
nH,100 K and nH,2band (see Fig. 6.17(b)). However, some scattering remained
and, generally, charge carrier densities are not exactly equivalent to the ac-
tual doping state of YBCO. Therefore we analyse the Jc as a function of the
different parameters in the following.

As we are interested in the condensation energy we analyse the self-field
critical current at low temperatures. Jc at 5 K is shown as a function of nH,300 K,
nH,100 K and nH,2band in Fig. 6.30(a), (b) and (c), respectively. Optimal doping
is indicated in all graphs with a vertical green line. In all three cases we ob-
serve the general trend of increasing Jc with increasing charge carrier density.
This result is highly interesting as it confirms the importance of doping on the
critical current density and extends its validity into the overdoped regime.
Theoretically the increase of Jc with doping is understood due to an increase
of the condensation energy in the near overdoped range [199]. However, we
observe broad scattering of Jc over nH,300 K in Fig. 6.30(a) and Jc over nH,100 K
in Fig. 6.30(b). The better correlation of nH,100 K with Jc may be due to its prox-
imity to the superconducting state, as i.e. not all charge carriers participate in
the superconducting state [269].
As introduced in section 6.2.1, we have further analysed the charge carrier
density nH(T) in aspect of a two band model, with the aim to obtain a tem-
perature independent parameter nH,2band. The self-field Jc at 5 K vs. nH,2band is
shown in Fig. 6.30(c). The dependence of Jc becomes reasonable well mono-
tonic, essentially linear with nH,2band. The dependence of the condensation
energy on oxygen doping was shown in [199], where Ec is calculated from

4We have observed a systematic shift to lower c-parameters than described in [106]. To
account for this shift we have corrected the p-c relation by a constant offset of 0.05 Å in c leading
to equivalent criteria regarding the optimal doping in c and nH
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FIGURE 6.30: (a) - (c) Self-field critical current densities and
(d) - (f) Jc at µ0H = 7 T ⊥ ab-planes as a function of the charge
carrier densities at 300 K and 100 K, and nH,2band, respectively,
for 200 nm thick YBCO films grown by PLD (blue symbols)
and 250 nm CSD-YBCO (red symbols). Vertical bars indicate
optimal doping, to the right is the overdoped regime. Dashed
red lines in (b), (c), (e) and (f) are guides to the eye to show the

trend of Jc.

heat capacity data reported in [270]. Therein a linear dependence of Ec on
doping is reported in proximity to the optimal doped state. This supports our
attempt to find a linear relation between Jc and the parameter closest related
to the doping level of the CuO2-planes. Hence, Figure 6.30(a) - (c) suggest
that nH,2band is the most precise measure of the available charges in the su-
perconducting CuO2-planes. Going deeply into the overdoped regime (to the
right of the green line), we find that Jc in PLD films can be increased up to
90 MA/cm2, which represents a huge increase of 150%.

We can conclude that we have achieved highly overdoped YBCO thin
films, both by PLD and CSD. The maximum critical current densities obtained
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in self-field are 44.5 MA/cm2 and 89.4 MA/cm2 at 5 K for CSD and PLD films
with a nH,2band of 2.7× 10−21/cm3 and 3× 10−21/cm3, respectively.

Additionally we have performed a similar comparison for the critical cur-
rent at 5 K in an external magnetic field of 7 T. Jc is plotted as a function of
nH,300 K, nH,100 K and nH,2Band in Figure 6.30(d), (e) and (f), respectively. Quali-
tatively, we observe the same trends for the in-field Jc as for Jc,sf, as broad scat-
tering in Fig. 6.30(d & e), especially in the high charge carrier density range.
On the other hand Jc obeys a rather clear linear dependence when plotted as a
function of nH,2band (Fig. 6.30(f)). Thus, the correlation between Jc and nH in-
creases going from the nH value at 300 K via 100 K to the T independent value
nH,2band.

We can conclude that nH,2band is the most accurately and representative
parameter related to the doping state of YBCO, accessible by electrical mea-
surements. We have aimed to confirm this result by Seebeck effect measure-
ments [200, 259]. However, limitations of the available setups in resolution
and precision prevented a deep analysis. Another complementary approach
to verify our conclusions could be the measurements of the doping level via
the superfluid density by the mutual inductance technique [271], muon spin
rotation [263] or nuclear magnetic resonance [272]. However, this remains
future work.

As mentioned above, the increase in condensation energy with doping
is expected to more significantly affect low temperature critical current den-
sities, as thermal creep is strongly reduced and the irreversibility line is far
away. Additionally, at low temperatures weak pinning sites are strongly con-
tributing to the overall pinning and due to their small dimensionality (small
pinning volume) condensation energy might have more influence in 0D pin-
ning sites than in 1D, 2D or even 3D defects, which are active at high T. But
also at high temperatures an increase in doping is expected to enhance Jc. This
is confirmed in Fig. 6.31(a), where we compare the Jc at 77 K as a function of
the temperature independent charge carrier density nH,2band for films grown
by CSD and PLD. The red line indicates the trend for CSD films, where we
find a strong increase of Jc with increasing nH. For PLD films the situation is
somewhat more complicated. Above nH,2band = 1.5× 10−21/cm3, the increase
of Jc with nH is significantly weaker (compare with the approximately linear
increase of Jc at 5 K within a broad nH,2band range in Fig. 6.30(c)).

The fact that the increase of Jc,77 K starts to saturate is emphasised in the
lower panel of Fig. 6.31(b), which shows the self-field critical current at 77 K
vs. Jc at 5 K for PLD and CSD films. Up to about 50 MA/cm2 we find a
linear trend between Jc at 77 K and 5 K for PLD-YBCO. However at higher
Jc,5 K values a deviation from the initial trend can be observed, resulting in a
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FIGURE 6.31: (a) Jc at 77 K as a function of nH,2band for
250 nm CSD (red) and 200 nm PLD (blue symbols) YBCO
films. Dashed line indicates the trend for CSD films. (b) Lower
panel shows Jc at 77 K vs. Jc at 5 K for YBCO obtained by PLD
and CSD. Different trends for CSD and PLD are observed and
marked by black dashed lines. A second, significantly weaker
dependence is found for PLD films at high Jc,5 K. The upper
panel shows the critical temperature of PLD films as a func-

tion of Jc,5 K.

second, much weaker dependence. Jc at 77 K only slightly increases from 3-
4 MA/cm2, while Jc,5 K tremendously increases from 50 MA/cm2 to 90 MA/cm2.
Note, that the overdoped regime is linked to Jc values approximately above
40 MA/cm2 at 5 K (compare with Fig. 6.30(c)). This is highlighted in the upper
panel of Fig. 6.31(b), where Tc is shown over the same x-axis. The black lines
mark the trend of Tc, which peaks around Jc,5 K ≈ 35 MA/cm2. We conclude
that the decrease of Tc in the overdoped regime and the proximity to the criti-
cal temperature already affects Jc at 77 K and causes the reduced influence of
doping on Jc,77 K. A saturation of Jc at 77 K with increasing doping was also
reported previously in overdoped MOD-TFA films [200, 273].

A second interesting observation can be made by looking at the different
trends of CSD and PLD films in Fig. 6.31(b). Jc,77 K is higher in CSD-YBCO as
compared to PLD at the same Jc,5 K values. This can be understood due to dif-
ferent defect landscapes obtained by different growth techniques. CSD films
typically preserve a much stronger distorted matrix (compare with Fig. 4.34(a
& b)) giving raise to strong pinning in strained regions. Additionally at 77 K
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CSD films exhibit a strong contribution of twin boundary pinning [158], en-
hancing the performance as compared to PLD-YBCO. As stated in the begin-
ning of this chapter and expressed in Eq. (6.1), the total pinning force can
be improved by increasing the defect site density and by increasing the con-
densation energy. For the maximisation of Jc both contributions need to be
optimised for the desired temperature range of operation of the final conduc-
tor.

Our efforts on reaching the overdoped regime are summarised in Fig-
ure 6.32, where we show the critical temperature, Tc, and Jc together as a func-
tion of the charge carrier density and the estimated hole doping p. Dashed
lines are drawn to guide the eye and emphasise the trends, e.g. the increase
of Jc with doping and the decrease of Tc in the under- and overdoped site of
the diagram. The actual doping state p is estimated using the empirical rela-
tions between p linked via the c-parameter with nH,100 K (see Fig. 6.29(b)) and
the nH,100 K-nH,2band correlation, as shown in Figure 6.17(b). In conclusion, we
have successfully reached the overdoped regime within this work. While an
increase of Jc with doping up to p = 0.19 is expected from thermodynamic
considerations and measurements of the superfluid density [201] and a linear
increase of the condensation energy with increasing p was shown by mea-
surements of the heat capacity [199], this is the first study actually showing
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FIGURE 6.33: (a) Critical current density and (b) pinning force
density, Fp as a function of applied magnetic field H ‖ c
for different nanocomposites (NC, full symbols) and pristine
films (empty symbols). We compare the best 200 nm PLD and
250 nm CSD films obtained in this work to several nanocom-
posites reported in literature, which currently hold the record
of high Jc at low temperatures: 15 % Zr doped (Gd,Y)BCO (Xu,
MOCVD at 4.2 K) [193], nanoscale defected REBCO with 4 %
BZO (Goyal, PLD at 5 K) [274] and REBCO with 15 % Zr ad-
dition (Majkic, MOCVD at 4.2 K) [275] and SmBa2Cu3Oy with
3.8 %BaHfO3 nanorods (Miura, PLD at 4.2 K) [276]. Addition-
ally we have added a pristine MOCVD (Xu, MOCVD at 4.2 K)

as reported in [277].

by direct measurements of the Jc a linear increase of critical current density
with oxygen doping in the overdoped regime in thin YBCO films.

The importance of this result becomes clear when we compare our best
CSD and PLD samples with the current records in literature for high crit-
ical current densities at low temperatures. The critical current density as
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a function of magnetic field µ0H ‖ c is shown in Fig. 6.33(a) for the fol-
lowing nanocomposites: 15 % Zr doped (Gd,Y)BCO (Xu at 4.2 K, MOCVD)
[193], nanoscale defected REBCO with 4 % BZO (Goyal at 5 K, PLD) [274]
and REBCO with 15 % Zr addition (Majkic at 4.2 K, MOCVD) [275]; addi-
tionally shown are three pristine samples: a 200 nm PLD film and a 250 nm
CSD layer (at 5 K) obtained in this work (nH,2band = 3.0 × 10−21/cm3 and
2.7 × 10−21/cm3, respectively) and a pristine MOCVD film (Xu Pristine at
4.2 K) [277]. For all samples we observe a decreasing Jc with increasing mag-
netic field.
The most striking feature of the pristine PLD film is the strongly enhanced
self-field Jc. By highly overdoping we have increased Jc(H = 0) by 70 %
as compared to Jc values reported by Xu et al. Up to a field of 2 T, our PLD
sample exhibits the highest Jc(H). We address this strong improvement of
Jc to the increase of the condensation energy in the overdoped regime and
therefore enhanced pinning in the pristine film, probably ascribed to weak
pinning being the most relevant contribution at 5 K. This weak pinning con-
tribution rapidly decreases at low fields, resulting in a strong Jc(H) depen-
dence at small magnetic fields. At higher fields the enhanced 1D and 3D
vortex pinning in nanocomposites through nanorods and strain induced by
nanoparticles, results in higher depinning critical current densities. This dif-
ferent pinning landscape also accounts for the weaker decay of Jc at low fields
in nanocomposites. However, up to 5 T our pristine PLD film is among the
highest reported samples.
The best pristine CSD film prepared in this work exhibits a very similar Jc(H)
behaviour as the Xu Pristine sample. Note that Jc for our films was mea-
sured by SQUID magnetometry, while in the reported samples by electrical
transport measurements. Jc values obtained by SQUID are typically slightly
smaller than by transport measurements due to flux creep., which makes our
results even more remarkable.

The scalar pinning force density, Fp, defined as the product of the critical
current density and the magnet field, Fp = Jcµ0H, is shown as a function of
µ0H in Fig. 6.33(b) for the same pristine and nanocomposite samples as dis-
cussed above. Additionally shown is a SmBa2Cu3Oy film with 3.8 % BaHfO3
nanorods (Miura at 4.2 K, PLD) [276]. Our pristine PLD film can compete
with the best existing nanocomposite samples up to the measured field of 5 T,
where a flux pinning force density of 1.3 TN/m3 was realised. This value is
among the highest reported for nanostructured REBCO films and by far the
highest for pristine YBCO. Pristine CSD films follow a different tendency with
significantly lower pinning force densities at 5 T. However, also in this case the
properties of pristine CSD-YBCO obtained in this work are very similar to the
best pristine films reported in literature.
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In summary, we have shown that doping is an extremely useful way to
enhance the critical current density at low and intermediate magnetic fields
(0-5 T). If we compare among pristine films, we see that Jc is increased in
all magnetic fields due to overdoping. If we compare with nanocomposites,
doped-pristine beat current Jc records up to 2 T and can compete at medium
fields. The approach of oxygen doping could pave the way for the potential
further improvement of the physical properties of nanocomposites at ultra
high magnetic fields, which might have significant impact on future applica-
tions of coated conductors.

6.3 Conclusions

The main parameter of interest of superconductors is the critical current den-
sity5. As dissipation-free current transport in SCs is limited by magnetic vor-
tices with their normal-state core moving through the material, a major aim
of the R&D of SC is the maximisation of pinning forces, preventing the move-
ment of these flux lines. This pinning force can be enhanced by an enriched
defect landscape tailored to requirements of vortex pinning, or by increasing
the superconducting condensation energy via increasing the doping state of
YBCO. We have followed the latter approach by studying different thermal
treatments influencing the oxygen content of YBCO and therefore the doping
level.

In the first part of this chapter we have studied by in situ resistivity mea-
surements the initial oxygenation process of YBCO thin films. We have found
that the onset temperature of oxygen incorporation into the structure is in-
dicated by a peak in in situ resistivity measurements. The process of oxygen
incorporation is thermally activated and therefore the temperature of the peak
depends on the heating rate and can be shifted within a certain temperature
range. However, below a minimum temperature (< 300 °C) oxygen cannot be
sufficiently incorporated, resulting in a poorly doping state.
Further we have shown that the catalytic activity of silver significantly de-
creases this onset temperature, enabling low temperature oxygenations at
300 °C for films grown by CSD and PLD. The coating of YBCO with silver
enhances oxygen exchange kinetics but does not affect final normal-state and
superconducting properties, in agreement with results presented in Chapter 4.

5or related properties as the engineering Jc relative to the total thickness of the conductor
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The possible advantages of the use of low ozone concentrations during
oxygenation have been briefly introduced. Essentially the lower onset tem-
perature of oxygen incorporation due to ozone might enable oxygenation pro-
cedures below 300 °C, which in turn might open the possibility to further in-
crease the doping level of YBCO.

We have used several techniques to gain information about the electronic
state of our samples, as electrical resistivity, Hall, Tc and Jc measurements.
We have shown a strong dependence of the physical properties of YBCO on
P(O2) conditions during annealing. The electrical resistivity can be tuned over
several orders of magnitude from good metallic to semiconducting behaviour.
This is linked to a change of the charge carrier density, which is significantly
lowered by a reduced oxygen partial pressure during the annealing process.
The critical temperature Tc was found to be constant at pressures close to 1 bar
and only drops after reducing P(O2) below 0.1 bar, while Jc immediately is
affected by reduced P(O2) conditions.

Further we have found a strong dependence of the doping state of YBCO
thin films on the annealing time. Physical quantities as critical current den-
sities and the temperature dependencies of the mobility and the Hall angle
saturate for annealing times t ≥ 120 min. These extrinsic parameters are af-
fected by disorder. Thus, we conclude that oxygen ordering effects during
annealing are crucial to improve critical current densities, as we assume that
these restructuring mechanisms lead to increased charge transfer of holes to
the superconducting CuO2-planes. For the case of silver coated PLD layers at
an oxygenation temperature of 450 °C dwell times of ≥ 120 min were found
to be essential to maximise Jc.

Finally, the charge carrier density was found to exhibit a dome shaped de-
pendence on the oxygenation temperature with a maximum around 375 °C.
High values of nH and the beginning decrease of Tc confirm that we were
able to overdope YBCO thin films grown by PLD. In these 200 nm thick films
we have obtained ultra high critical current densities after oxygenation in a
broad temperature range between 300 °C and 450 °C. Jc values can reach al-
most 90 MA/cm2 at 5 K self-field. This is a highly remarkable achievement as
we are approaching the depairing current: the obtained Jc values are only a
factor 3 below this intrinsic limitation of superconductivity. These high values
were enabled by the knowledge reached on oxygen kinetics of cuprates and
the doping state of YBCO within this thesis. Using a two band model for elec-
tric conduction we found a monotonic correlation of self-field and in-field crit-
ical current densities on the temperature independent charge carrier density
nH,2band. This better correlation in comparison to the charge carrier density
at 300 K and 100 K indicates that nH,2band might be a more precise measure of
the actual doping level of the superconducting CuO2-planes. This fact might
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contribute another piece of the puzzle to the understanding of the complex
physics in the normal state of cuprate high temperature superconductors, as
still nowadays some controversy on the origin of the temperature dependence
of the apparent charge carrier density exists.

The films prepared in this thesis exhibit record high critical current den-
sities at low fields. Up to 2 T highly doped pristine PLD samples show en-
hanced Jc as compared to the best reported nanocomposites in literature. Highly
overdoped pristine PLD compared with pristine films obtained by CSD and
MOCVD have increased Jc values at all fields. This clearly demonstrates the
relevant role of tuning the doping state to magnify the condensation energy
and opens the possibility to essentially increase Jc in nanocomposites by over-
doping.
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Chapter 7

General conclusions

High temperature superconductors, especially cuprates, in form of coated
conductors have the potential to be part of the next technological revolu-
tion due to unchallenged, extraordinary superconducting properties. Oxy-
gen plays an essential role in these materials, where superconductivity is gov-
erned by hole doping.

In this thesis we have intensively studied all oxygen involved processes,
from the initial incorporation of oxygen into the YBa2Cu3O7–δ structure and
related mechanisms, up to the influence of oxygen doping on the supercon-
ducting properties. We have advanced the understanding of each particular
step, a necessary prerequisite for the optimisation and improvement for any
commercial production line of REBCO coated conductors.

We have used electrical conductivity relaxation measurements to study
the oxygen exchange kinetics of YBCO thin films. The full integral sensitiv-
ity of this technique was proven by simultaneous in situ XRD measurements.
The time evolution of the relaxation process could be accurately described
by Fick’s second law with a first order reaction (mass-action law) boundary
condition at the surface. The solution consists of two exponential terms, cor-
responding to two parallel processes.
Oxygen exchange kinetics of YBCO were found to be thermally activated with
comparable high activation energies in pristine films. The introduction of
a catalytic effect via the coating with a silver layer (typically 100 nm in this
work) strongly reduced oxidation and reduction activation energies.
We have developed a model for the incorporation of oxygen into YBCO con-
sisting of several elementary steps, as the adsorption, ionisation and dissoci-
ation of oxygen on the surface, ion surface diffusion and recombination with
a surface oxygen vacancy and subsequent diffusion along the bulk.
By carefully analysing the electrical conductivity relaxation process between
two, three and various oxygen partial pressure levels we could elucidate the
role of the surface coverage and individual reaction mechanisms. The surface
coverage was found to significantly vary upon changes in the P(O2) and it
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mainly governs surface exchange coefficients. Additionally, we have found
an asymmetry for the processes of oxygen in- and excorporation linked to dif-
ferent chemical barriers for the forward and backward reaction.
The analysis of reaction rates close and far from equilibrium in Ag coated
YBCO thin films revealed that the recombination of oxygen ions with oxygen
vacancies in the outermost layer of YBCO determines the overall reaction rate
(RDS). These results are based on a defect chemical model for YBCO, which
was adopted from previously reported defect models of well understood ox-
ide materials as STO.

A broad variety of samples and microstructures, obtained by different
growth methods, cation substitution, nanoparticles embedded precursor so-
lutions and variations in thickness and/or substrate, has been studied. We
have shown that modifications of the microstructure have strong influence
on the oxygen exchange kinetics of the thin films. Nanostrain was identified
to be the controlling parameter for the enhancement of oxygen kinetics, e.g.
via the modification of the vacancy volume and thus the vacancy formation
enthalpy.

The influence of thickness and macroscopic strain was studied in thin PLD
films with thicknesses between 25 nm and 200 nm. Macrostrain was intro-
duced by mismatch with the substrate (STO and LAO) in reduced film thick-
nesses. Increasing macrostrain with decreasing film thickness was found to
be linked with a reduced charge carrier density and a lower Tc. In agreement
with literature, tensile strain was found to enhance oxygen exchange kinet-
ics compared to compressive strain for the thinnest films. However, with in-
creasing thickness and decreasing macrostrain, exchange rates were strongly
enhanced. It is suggested that a strain relaxation mechanism leads to a de-
fected surface with enhanced surface exchange rates, causing faster kinetics
in thicker films. Independent of the film thickness and surface coating, it was
concluded that a surface mechanism limits the exchange of oxygen with envi-
ronment.

The thorough use of electrical in situ measurements in combination with
ex situ analysis techniques as XRD, STEM, SEM, electrical resistivity, Hall and
magnetisation measurements enabled us to study the effects of thermal treat-
ment parameters on the surface chemistry and bulk microstructure of YBCO
thin films. The thermal history was found to have great influence on the oxy-
gen exchange kinetics of pristine YBCO. A deactivation of surface exchange
kinetics was found, resulting in significantly slower oxygen incorporation
with increasing annealing time. The capacity of the film to exchange oxygen
with environment might be reduced by a surface modification due to phase
instability, segregation and depletion or accumulation of cations and the for-
mation of carbonate side products. However, the precise mechanism could
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not be identified and remains unclear. Surface coating dependent degener-
ation rates point towards a modification of the RDS upon silver coating of
YBCO thin films.
Further, we have identified the formation of stacking faults (SF) already dur-
ing low temperature annealings in low and high oxygen partial pressure.
However, the presence of SF does not affect the oxygen exchange capability
of the material.

We have not only studied the incorporation of oxygen in great detail but
also its effect on the doping state of YBCO. In the last part of this thesis the in-
fluence of oxygen partial pressure, oxygenation temperature and oxygenation
time on the charge carrier density and normal and superconducting physical
properties was intensively studied. The oxygen stoichiometry of YBCO is
very sensitive to the P(O2) during annealing and strongly affects the charge
carrier density. We have prepared highly overdoped YBCO thin films grown
by PLD with record-high critical current densities reaching 90 MA/cm2 at 5 K
and self-field by performing oxygenations between 300 °C and 450 °C. These
high Jc values correspond to a third of the depairing current density. Even
though oxygen is rapidly incorporated into the structure, oxygen ordering ef-
fects with longer oxygenation times were found to be crucial for good charge
transfer into the superconducting CuO2-planes and high critical current den-
sities. The doping state was analysed by the use of temperature dependent
resistivity, Hall and mobility measurements, as well as XRD and critical tem-
perature measurements. By using a two band model for the simultaneous
contribution of electrons and holes to the electrical transport in the normal
state, we have obtained a temperature independent charge carrier density.
We have demonstrated a linear correlation between the charge carrier den-
sity and the critical current densities in the overdoped state, thus evidencing
the powerfulness of these studies for the enhancement of superconducting
properties of YBCO thin films. At low temperatures the positive influence
of increased doping in enhancing Jc was well observed. On the other hand,
at 77 K, the dependence of Jc on the charge carrier density is weakened in
the highly overdoped regime, probably due to the decrease of Tc. By highly
overdoping pristine PLD films we have obtained the highest Jc values at low
temperatures and low and medium magnetic fields ever reported. In the anal-
ysed field range up to 5 T, these films can compete with nanocomposite PLD
and MOCVD samples. This result demonstrates the importance and poten-
tial of doping to increase the condensation energy and to push the limits for
superconducting applications and paves the way to explore the overdoping
state in nanocomposites.

In conclusion, we have investigated many different aspects of oxygen re-
lated mechanism in YBCO. We have developed a broad understanding of the
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oxygen incorporation process, including exchange mechanism and bulk mod-
ifications during heat treatments. Further we have studied the effect of oxy-
gen doping on superconducting properties and demonstrated its governing
influence on critical current densities, especially in the overdoped region.
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Appendix A

Fitting procedures

A.1 Activation energies of in situ measurements

The activation energies of oxidation and reduction processes are obtained by a
linear regression based on the minimisation of the sum of the squared residu-
als, which is the offset of the actual to the predicted value. The fit parameters
are gained in a linear plot of the natural logarithm of the surface exchange
coefficient kchem over the inverse temperature T. This corresponds to a least
square fit of the residuals measured in distances in a semi-log plot (e.g. an
Arrhenius plot). Therefore we take the logarithm ln of Eq. (4.4) on page 53:

ln kchem = ln k0 −
Ea

kBT
(A.1)

and compare it to a linear equation y = mx + b, with x = 1/T. We obtain the
intercept and the slope via equating coefficients:

b = ln k0 → k0 = exp[b] (A.2)

and
m = −Ea

kB
→ Ea = −mkB. (A.3)

The resulting straight line is drawn in an Arrhenius plot using kchem = exp [a/T + b].
Since the measured data doesn’t obey perfect exponential behaviour, there
will be a discrepancy in the results compared to a standard nonlinear re-
gression using y′ = 10mx+b in a log-lin plot. This is caused by a lower im-
pact of smaller kchem values in the latter approach, for which reason the used
method was chosen for the analysis. A comparison of this two methods is
shown in Fig. A.1. The obtained activation energies are Ea(y) = 1.15 eV and
Ea(y′) = 1.24 eV.
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FIGURE A.1: Evaluation of Ea by (a) linear fit y in lin-lin plot
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(kchem over 1/T, Arrhenius plot). For comparison the two fits

are shown in both plots (a) and (b).
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[142] I. Božović et al. “Epitaxial Strain and Superconductivity in La2–xSrxCuO4
Thin Films”. In: Physical Review Letters 89.10 (Aug. 2002), p. 107001.
DOI: 10.1103/PhysRevLett.89.107001.

[143] Alexander Chroneos et al. “Oxygen diffusion in solid oxide fuel cell
cathode and electrolyte materials: mechanistic insights from atomistic
simulations”. In: Energy & Environmental Science 4.8 (2011), p. 2774.
DOI: 10.1039/c0ee00717j.

[144] Bilge Yildiz. “Stretching the energy landscape of oxides - Effects on
electrocatalysis and diffusion”. In: MRS Bulletin 39.2 (2014), pp. 147–
156. ISSN: 08837694. DOI: 10.1557/mrs.2014.8.

[145] Tricia L. Meyer et al. “Strain control of oxygen kinetics in the Ruddlesden-
Popper oxide La1.85Sr0.15CuO4”. In: Nature Communications 9.1 (2018),
pp. 1–7. DOI: 10.1038/s41467-017-02568-z.

[146] Ulrich Aschauer et al. “Strain-controlled oxygen vacancy formation
and ordering in CaMnO3”. In: Physical Review B - Condensed Matter and
Materials Physics 88.5 (2013), pp. 1–7. ISSN: 10980121. DOI: 10.1103/
PhysRevB.88.054111. arXiv: 1303.4749.

[147] Jonathan R. Petrie et al. “Enhancing Perovskite Electrocatalysis through
Strain Tuning of the Oxygen Deficiency”. In: Journal of the American
Chemical Society 138.23 (June 2016), pp. 7252–7255. DOI: 10.1021/jacs.
6b03520.

[148] Tam Mayeshiba and Dane Morgan. “Strain effects on oxygen vacancy
formation energy in perovskites”. In: Solid State Ionics 311.October (Nov.
2017), pp. 105–117. DOI: 10.1016/j.ssi.2017.09.021.

[149] Q. Yang et al. “Strain effects on formation and migration energies of
oxygen vacancy in perovskite ferroelectrics: A first-principles study”.
In: Journal of Applied Physics 113.18 (May 2013), p. 184110. DOI: 10 .
1063/1.4804941.

[150] Hans J Scheel, M Berkowski, and B Chabot. “Substrates for high - tem-
perature superconductors”. In: Physica C: Superconductivity and its ap-
plications 185-189 (1991), pp. 2095–2096. ISSN: 09214534. DOI: 10.1016/
0921-4534(91)91172-Z.

[151] J. J. Roa et al. “Nanohardness and Young’s modulus of YBCO samples
textured by the Bridgman technique”. In: 18.38 (2007), p. 385701. DOI:
10.1088/0957-4484/18/38/385701.

https://doi.org/10.1103/PhysRevLett.89.107001
https://doi.org/10.1039/c0ee00717j
https://doi.org/10.1557/mrs.2014.8
https://doi.org/10.1038/s41467-017-02568-z
https://doi.org/10.1103/PhysRevB.88.054111
https://doi.org/10.1103/PhysRevB.88.054111
https://arxiv.org/abs/1303.4749
https://doi.org/10.1021/jacs.6b03520
https://doi.org/10.1021/jacs.6b03520
https://doi.org/10.1016/j.ssi.2017.09.021
https://doi.org/10.1063/1.4804941
https://doi.org/10.1063/1.4804941
https://doi.org/10.1016/0921-4534(91)91172-Z
https://doi.org/10.1016/0921-4534(91)91172-Z
https://doi.org/10.1088/0957-4484/18/38/385701


Bibliography 229

[152] L. D. Landau et al. Theory of Elasticity. 3. ed., re. Boston, MA: Oxford,
Pergamon Press, Butterworth-Heinemann, 2012, p. 195. ISBN: 9780750626330.
URL: https://www.sciencedirect.com/book/9780080570693/theory-
of-elasticity.

[153] H. Y. Zhai and W. K. Chu. “Effect of interfacial strain on critical tem-
perature of YBa2Cu3O7–δ thin films”. In: Applied Physics Letters 76.23
(June 2000), pp. 3469–3471. DOI: 10.1063/1.126680.

[154] K Hauser et al. “Oxygen mobility and charge transport in YBa2Cu3O7–δ”.
In: Journal of Low Temperature Physics 105.5-6 (Dec. 1996), pp. 1409–1414.
DOI: 10.1007/BF00753897.

[155] O.B. Anikeeva, A.I. Romanenko, and L.P. Kozeeva. “Effect of Oxy-
gen Redistribution on the Normal and Superconducting Properties of
Yttrium High Temperature Superconductors”. In: Journal of Structural
Chemistry 44.2 (2003), pp. 227–230. DOI: 10.1023/A:1025546707371.

[156] Lu Yan and Paul A. Salvador. “Substrate and Thickness Effects on the
Oxygen Surface Exchange of La0.7Sr0.3MnO3 Thin Films”. In: ACS Ap-
plied Materials and Interfaces 4.5 (2012), pp. 2541–2550. DOI: 10.1021/
am300194n.

[157] César Fidel Sánchez Valdés. “Crecimiento epitaxial de películas del-
gadas de YBa2Cu3O7–δ mediante soluciones químicas: análisis in-situ
de la nucleación, el crecimiento y la oxigenación”. PhD thesis. Univer-
sitat Autònoma de Barcelona, 2013.

[158] Victor Rouco et al. “Role of twin boundaries on vortex pinning of CSD
YBCO nanocomposites”. In: Superconductor Science and Technology 27.12
(2014). DOI: 10.1088/0953-2048/27/12/125009.

[159] Sung Hun Wee et al. “Formation of stacking faults and their correlation
with flux pinning and critical current density in Sm-doped YBa2Cu3O7–δ

films”. In: Physical Review B - Condensed Matter and Materials Physics
83.22 (2011), pp. 1–6. DOI: 10.1103/PhysRevB.83.224520.

[160] J. Gutiérrez et al. “The role of stacking faults in the critical current den-
sity of MOD films through a thickness dependence study”. In: Super-
conductor Science and Technology 22.1 (Jan. 2009), p. 015022. DOI: 10.
1088/0953-2048/22/1/015022.

[161] P. Marsh et al. “Crystal structure of the 80 K superconductor YBa2Cu4O8”.
In: Nature 334.6178 (July 1988), pp. 141–143. DOI: 10.1038/334141a0.

https://www.sciencedirect.com/book/9780080570693/theory-of-elasticity
https://www.sciencedirect.com/book/9780080570693/theory-of-elasticity
https://doi.org/10.1063/1.126680
https://doi.org/10.1007/BF00753897
https://doi.org/10.1023/A:1025546707371
https://doi.org/10.1021/am300194n
https://doi.org/10.1021/am300194n
https://doi.org/10.1088/0953-2048/27/12/125009
https://doi.org/10.1103/PhysRevB.83.224520
https://doi.org/10.1088/0953-2048/22/1/015022
https://doi.org/10.1088/0953-2048/22/1/015022
https://doi.org/10.1038/334141a0


230 Bibliography

[162] H. A. Ludwig, W. H. Fietz, and H. Wühl. “Calculation of the structural
parameters of YBa2Cu3O7–δ and YBa2Cu4O8 under pressure”. In: Phys-
ica C: Superconductivity and its applications 197.1-2 (July 1992), pp. 113–
122. DOI: 10.1016/0921-4534(92)90244-7.

[163] Eliot D. Specht et al. “Stacking faults in YBa2Cu3O7–x: Measurement us-
ing x-ray diffraction and effects on critical current”. In: Applied Physics
Letters 89.16 (2006), pp. 87–90. DOI: 10.1063/1.2364185.

[164] A. H. Puichaud, S. C. Wimbush, and R. Knibbe. “Enhanced low-temperature
critical current by reduction of stacking faults in REBCO coated con-
ductors”. In: Superconductor Science and Technology 30.7 (2017). DOI: 10.
1088/1361-6668/aa6ce8.

[165] Sterling Hendricks and Edward Teller. “X-ray interference in partially
ordered layer lattices”. In: The Journal of Chemical Physics 10.3 (1942),
pp. 147–167. DOI: 10.1063/1.1723678.

[166] Jaume Gazquez et al. “Emerging diluted ferromagnetism in high-Tc
superconductors driven by point defect clusters”. In: Advanced Science
3.6 (2015), pp. 1–8. DOI: 10.1002/advs.201500295.

[167] Bernat Mundet. “Atomic-scale characterization of structural distortions
in perovskite oxide thin films”. PhD thesis. Universitat Autònoma de
Barcelona, 2018.

[168] Yimei Zhu et al. “Variable nature of twin boundaries in YBa2Cu3O7–δ

and its alloys”. In: Physical Review B 44.6 (1991), pp. 2871–2874. ISSN:
01631829. DOI: 10.1103/PhysRevB.44.2871.

[169] Jeanne Ayache. “Grain boundaries in high temperature superconduct-
ing ceramics”. In: Philosophical Magazine 86.15 (May 2006), pp. 2193–
2239. DOI: 10.1080/14786430600640494.

[170] Yu I Boiko et al. “Some peculiarities of labile oxygen kinetics in un-
derdoped single crystals of YBa2Cu3O7–x”. In: Low Temperature Physics
346.4 (Apr. 2018), pp. 2–5. DOI: 10.1063/1.5030463.

[171] Ruslan V. Vovk, Nikolaj R. Vovk, and Oleksandr V. Dobrovolskiy. “Ef-
fect of Structural Relaxation on the In-Plane Electrical Resistance of
Oxygen-Underdoped ReBa2Cu3O7–δ (Re = Y, Ho) Single Crystals”. In:
Journal of Low Temperature Physics 175.3-4 (2014), pp. 614–630. DOI: 10.
1007/s10909-014-1121-9.

[172] A. Egger et al. “Long-Term Oxygen Exchange Kinetics of Nd2NiO4+δ

in H2O- and CO2-Containing Atmospheres”. In: Journal of The Electro-
chemical Society 157.11 (2010), B1537. DOI: 10.1149/1.3481420.

https://doi.org/10.1016/0921-4534(92)90244-7
https://doi.org/10.1063/1.2364185
https://doi.org/10.1088/1361-6668/aa6ce8
https://doi.org/10.1088/1361-6668/aa6ce8
https://doi.org/10.1063/1.1723678
https://doi.org/10.1002/advs.201500295
https://doi.org/10.1103/PhysRevB.44.2871
https://doi.org/10.1080/14786430600640494
https://doi.org/10.1063/1.5030463
https://doi.org/10.1007/s10909-014-1121-9
https://doi.org/10.1007/s10909-014-1121-9
https://doi.org/10.1149/1.3481420


Bibliography 231

[173] Yan Chen et al. “Segregated Chemistry and Structure on (001) and
(100) Surfaces of (La1–xSrx)2CoO4 Override the Crystal Anisotropy in
Oxygen Exchange Kinetics”. In: Chemistry of Materials 27.15 (Aug. 2015),
pp. 5436–5450. DOI: 10.1021/acs.chemmater.5b02292.

[174] Andreas Egger et al. “Oxygen Exchange Kinetics and Chemical Stabil-
ity of the IT-SOFC Cathode Material Nd2NiO4+δ”. In: ECS Transactions
25.2 (2009), pp. 2547–2556. DOI: 10.1149/1.3205811.

[175] J. Druce et al. “Surface termination and subsurface restructuring of
perovskite-based solid oxide electrode materials”. In: Energy and Envi-
ronmental Science 7.11 (2014), pp. 3593–3599. DOI: 10.1039/c4ee01497a.
arXiv: 1102.0581v1.

[176] Woochul Jung and Harry L. Tuller. “Investigation of surface Sr segre-
gation in model thin film solid oxide fuel cell perovskite electrodes”.
In: Energy and Environmental Science 5.1 (2012), pp. 5370–5378. ISSN:
17545692. DOI: 10.1039/c1ee02762j.

[177] Ethan J. Crumlin et al. “Surface strontium enrichment on highly ac-
tive perovskites for oxygen electrocatalysis in solid oxide fuel cells”.
In: Energy & Environmental Science 5.3 (2012), p. 6081. DOI: 10.1039/
c2ee03397f.

[178] Markus Kubicek et al. “Relationship between Cation Segregation and
the Electrochemical Oxygen Reduction Kinetics of La0.6Sr0.4CoO3–δ Thin
Film Electrodes”. In: Journal of The Electrochemical Society 158.6 (2011),
B727. DOI: 10.1149/1.3581114.

[179] K. Szot et al. “Restructuring of the surface region in SrTiO3”. In: Applied
Physics A: Materials Science & Processing 64.1 (1997), pp. 55–59. ISSN:
09505849. DOI: 10.1016/j.infsof.2008.09.005. arXiv: 0402594v3
[arXiv:cond-mat].

[180] H.H. Brongersma et al. “Surface composition analysis by low-energy
ion scattering”. In: Surface Science Reports 62.3 (Mar. 2007), pp. 63–109.
DOI: 10.1016/j.surfrep.2006.12.002.

[181] Jacques Choisnet et al. “X-ray photoelectron spectroscopy, temperature-
programmed desorption and temperature-programmed reduction study
of LaNiO3 and La2NiO4+δ catalysts for methanol oxidation”. In: Journal
of the Chemical Society, Faraday Transactions 90.13 (1994), p. 1987. DOI:
10.1039/ft9949001987.

[182] San Ping Jiang. “Sintering behavior of Ni/Y2O3-ZrO2 cermet electrodes
of solid oxide fuel cells”. In: Journal of Materials Science 38.18 (2003),
pp. 3775–3782. ISSN: 00222461. DOI: 10.1023/A:1025936317472.

https://doi.org/10.1021/acs.chemmater.5b02292
https://doi.org/10.1149/1.3205811
https://doi.org/10.1039/c4ee01497a
https://arxiv.org/abs/1102.0581v1
https://doi.org/10.1039/c1ee02762j
https://doi.org/10.1039/c2ee03397f
https://doi.org/10.1039/c2ee03397f
https://doi.org/10.1149/1.3581114
https://doi.org/10.1016/j.infsof.2008.09.005
https://arxiv.org/abs/0402594v3
https://arxiv.org/abs/0402594v3
https://doi.org/10.1016/j.surfrep.2006.12.002
https://doi.org/10.1039/ft9949001987
https://doi.org/10.1023/A:1025936317472


232 Bibliography

[183] M. Mogensen et al. “Factors controlling the oxide ion conductivity of
fluorite and perovskite structured oxides”. In: Solid State Ionics 174.1-4
(2004), pp. 279–286. ISSN: 01672738. DOI: 10.1016/j.ssi.2004.07.036.

[184] Mónica Burriel et al. “Influence of Crystal Orientation and Anneal-
ing on the Oxygen Diffusion and Surface Exchange of La2NiO4+δ”.
In: Journal of Physical Chemistry C 120.32 (2016), pp. 17927–17938. DOI:
10.1021/acs.jpcc.6b05666.

[185] Yan Chen et al. “Impact of Sr segregation on the electronic structure
and oxygen reduction activity of SrTi1–xFexO3 surfaces”. In: Energy and
Environmental Science 5.7 (2012), pp. 7979–7988. DOI: 10.1039/c2ee21463f.

[186] Na Ni et al. “Degradation of (La0.6Sr0.4)0.95(Co0.2Fe0.8)O3–δ Solid Oxide
Fuel Cell Cathodes at the Nanometer Scale and below”. In: ACS Applied
Materials & Interfaces 8.27 (July 2016), pp. 17360–17370. DOI: 10.1021/
acsami.6b05290.

[187] Yuri A. Mastrikov et al. “Surface termination effects on the oxygen
reduction reaction rate at fuel cell cathodes”. In: Journal of Materials
Chemistry A 6.25 (2018), pp. 11929–11940. DOI: 10.1039/c8ta02058b.

[188] Michele Riva et al. “Influence of surface atomic structure demonstrated
on oxygen incorporation mechanism at a model perovskite oxide”. In:
Nature Communications 9.1 (Dec. 2018), p. 3710. DOI: 10.1038/s41467-
018-05685-5.

[189] Jong Hoon Joo, Rotraut Merkle, and Joachim Maier. “Effects of wa-
ter on oxygen surface exchange and degradation of mixed conducting
perovskites”. In: Journal of Power Sources 196.18 (2011), pp. 7495–7499.
DOI: 10.1016/j.jpowsour.2011.04.032.

[190] Teruo Matsushita. Flux Pinning in Superconductors. Vol. 178. Springer
Series in Solid-State Sciences. Berlin, Heidelberg: Springer Berlin Hei-
delberg, 2014, pp. 198–200. ISBN: 978-3-642-45311-3. DOI: 10 . 1007 /
978-3-642-45312-0.

[191] J. L. Macmanus-Driscoll et al. “Strongly enhanced current densities in
superconducting coated conductors of YBa2Cu3O7–x + BaZrO3”. In: Na-
ture Materials 3.7 (2004), pp. 439–443. ISSN: 14761122. DOI: 10.1038/
nmat1156. arXiv: 0406087 [cond-mat].

[192] David C. Larbalestier et al. “High-Tc superconducting materials for
electric power applications.” In: Nature 414.6861 (2001), pp. 368–377.
DOI: 10.1038/35104654.

https://doi.org/10.1016/j.ssi.2004.07.036
https://doi.org/10.1021/acs.jpcc.6b05666
https://doi.org/10.1039/c2ee21463f
https://doi.org/10.1021/acsami.6b05290
https://doi.org/10.1021/acsami.6b05290
https://doi.org/10.1039/c8ta02058b
https://doi.org/10.1038/s41467-018-05685-5
https://doi.org/10.1038/s41467-018-05685-5
https://doi.org/10.1016/j.jpowsour.2011.04.032
https://doi.org/10.1007/978-3-642-45312-0
https://doi.org/10.1007/978-3-642-45312-0
https://doi.org/10.1038/nmat1156
https://doi.org/10.1038/nmat1156
https://arxiv.org/abs/0406087
https://doi.org/10.1038/35104654


Bibliography 233

[193] Aixia Xu et al. “Strongly enhanced vortex pinning from 4 to 77 K in
magnetic fields up to 31 T in 15 mol.% Zr-added (Gd, Y)-Ba-Cu-O
superconducting tapes”. In: APL Materials 2.4 (2014), p. 046111. DOI:
10.1063/1.4872060.

[194] J. Gutiérrez et al. “Strong isotropic flux pinning in solution-derived
YBa2Cu3O7–x nanocomposite superconductor films”. In: Nature Mate-
rials 6.5 (2007), pp. 367–373. DOI: 10.1038/nmat1893.

[195] M. LeRoux et al. “Rapid doubling of the critical current of YBa2Cu3O7–δ

coated conductors for viable high-speed industrial processing”. In: Ap-
plied Physics Letters 107.19 (2015), pp. 0–5. ISSN: 00036951. DOI: 10 .
1063/1.4935335.

[196] N. Haberkorn et al. “Influence of random point defects introduced by
proton irradiation on critical current density and vortex dynamics of
Ba(Fe0.925Co0.075)2As2 single crystals”. In: Physical Review B 85.1 (Jan.
2012), p. 014522. ISSN: 1098-0121. DOI: 10.1103/PhysRevB.85.014522.

[197] L. Civale et al. “Vortex confinement by columnar defects in YBa2Cu3O7
crystals: Enhanced pinning at high fields and temperatures”. In: Phys-
ical Review Letters 67.5 (1991), pp. 648–651. ISSN: 00319007. DOI: 10.
1103/PhysRevLett.67.648.

[198] Jeffery L. Tallon et al. “Critical Doping in Overdoped High-Tc Super-
conductors: a Quantum Critical Point?” In: physica status solidi (b) 215.1
(Sept. 1999), pp. 531–540. DOI: 10.1002/(SICI)1521-3951(199909)
215:1<531::AID-PSSB531>3.0.CO;2-W.

[199] Guy Deutscher. “Impact of pseudo-gap states on the pinning energy
and irreversibility field of high temperature superconductors”. In: APL
Materials 2.9 (Sept. 2014), p. 096108. DOI: 10.1063/1.4894781.

[200] E. F. Talantsev et al. “Oxygen deficiency, stacking faults and calcium
substitution in MOD YBCO coated conductors”. In: IEEE Transactions
on Applied Superconductivity 23.3 (2013), pp. 0–4. DOI: 10.1109/TASC.
2012.2233843.

[201] Jeffery L. Tallon. “Thermodynamics and Critical Current Density in
High-Tc Superconductors”. In: IEEE Transactions on Applied Supercon-
ductivity 25.3 (June 2015), pp. 1–6. ISSN: 1051-8223. DOI: 10.1109/TASC.
2014.2379660.

[202] P. J. White et al. “Rapid suppression of the superconducting gap in
overdoped Bi2Sr2CaCuO8+δ”. In: Physical Review B 54.22 (Dec. 1996),
R15669–R15672. ISSN: 0163-1829. DOI: 10.1103/PhysRevB.54.R15669.

https://doi.org/10.1063/1.4872060
https://doi.org/10.1038/nmat1893
https://doi.org/10.1063/1.4935335
https://doi.org/10.1063/1.4935335
https://doi.org/10.1103/PhysRevB.85.014522
https://doi.org/10.1103/PhysRevLett.67.648
https://doi.org/10.1103/PhysRevLett.67.648
https://doi.org/10.1002/(SICI)1521-3951(199909)215:1<531::AID-PSSB531>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-3951(199909)215:1<531::AID-PSSB531>3.0.CO;2-W
https://doi.org/10.1063/1.4894781
https://doi.org/10.1109/TASC.2012.2233843
https://doi.org/10.1109/TASC.2012.2233843
https://doi.org/10.1109/TASC.2014.2379660
https://doi.org/10.1109/TASC.2014.2379660
https://doi.org/10.1103/PhysRevB.54.R15669


234 Bibliography

[203] Jeffery L. Tallon and J W Loram. “Doping dependence of T∗ - what is
the real high-Tc phase diagram?” In: Physica C: Superconductivity and
its Applications 349 (2001), pp. 53–68. DOI: 10.1016/S0921-4534(00)
01524-0.

[204] S A Hayward et al. “Transformation processes in LaAlO3: Neutron
diffraction, dielectric, thermal, optical, and Raman studies”. In: (2005),
pp. 1–17. DOI: 10.1103/PhysRevB.72.054110.

[205] Qingyun Mao et al. “Phase Transitions, Domains Walls and Defects
Dynamics of LaAlO3 via In Situ Heating in the Transmission Elec-
tron Microscope”. In: Microscopy and Microanalysis 20.S3 (Aug. 2014),
pp. 1556–1557. ISSN: 1431-9276. DOI: 10.1017/S1431927614009519.

[206] Akihito Sawa, Haruhiko Obara, and Shin Kosaka. “Effect of using pure
ozone on in situ molecular beam epitaxy of YBa2Cu3O7–x thin films at
low pressure”. In: Applied Physics Letters 64.5 (Jan. 1994), pp. 649–651.
ISSN: 0003-6951. DOI: 10.1063/1.111077.

[207] J.P. Sydow and R.A. Buhrman. “Effect of Ozone Anneals on YBa2Cu3–xCoxOz
Thin Films”. In: IEEE Transactions on Appiled Superconductivity 9.2 (June
1999), pp. 1994–1997. ISSN: 10518223. DOI: 10.1109/77.784854.

[208] David Muñoz-Rojas et al. “Electronic Structure of Ag2Cu2O4. Evidence
of Oxidized Silver and Copper and Internal Charge Delocalization”.
In: The Journal of Physical Chemistry B 109.13 (Apr. 2005), pp. 6193–6203.
DOI: 10.1021/jp044493w.

[209] H. Claus et al. “Reversible oxidation and critical current of YBa2Cu3Ox
coated conductors”. In: Physica C: Superconductivity 416.1-2 (2004), pp. 1–
10. ISSN: 09214534. DOI: 10.1016/j.physc.2004.08.008.

[210] M. Hücker et al. “Competing charge, spin, and superconducting orders
in underdoped YBa2Cu3Oy”. In: Physical Review B 90.5 (Aug. 2014),
p. 054514. DOI: 10.1103/PhysRevB.90.054514.

[211] Shin-ichi Uchida. High Temperature Superconductivity. Vol. 213. Springer
Series in Materials Science. Tokyo: Springer Japan, 2015. ISBN: 978-4-
431-55299-4. DOI: 10.1007/978-4-431-55300-7.

[212] H Takagi et al. “Superconductor-to-nonsuperconductor transition in
(La1–xSrx)2CuO4 as investigated by transport and magnetic measure-
ments”. In: Physical Review B 40.4 (Aug. 1989), pp. 2254–2261. ISSN:
0163-1829. DOI: 10.1103/PhysRevB.40.2254.

https://doi.org/10.1016/S0921-4534(00)01524-0
https://doi.org/10.1016/S0921-4534(00)01524-0
https://doi.org/10.1103/PhysRevB.72.054110
https://doi.org/10.1017/S1431927614009519
https://doi.org/10.1063/1.111077
https://doi.org/10.1109/77.784854
https://doi.org/10.1021/jp044493w
https://doi.org/10.1016/j.physc.2004.08.008
https://doi.org/10.1103/PhysRevB.90.054514
https://doi.org/10.1007/978-4-431-55300-7
https://doi.org/10.1103/PhysRevB.40.2254


Bibliography 235

[213] R. McCormack, D. de Fontaine, and G. Ceder. “Oxygen configurations
and their effect on charge transfer in off-stoichiometric YBa2Cu3Oz”.
In: Physical Review B 45.22 (June 1992), pp. 12976–12987. DOI: 10.1103/
PhysRevB.45.12976.

[214] S. Badoux et al. “Change of carrier density at the pseudogap critical
point of a cuprate superconductor”. In: Nature 531.7593 (Mar. 2016),
pp. 210–214. DOI: 10.1038/nature16983.

[215] C. Collignon et al. “Fermi-surface transformation across the pseudo-
gap critical point of the cuprate superconductor La1.6–xNd0.4SrxCuO4”.
In: Physical Review B 95.22 (2017), p. 224517. DOI: 10.1103/PhysRevB.
95.224517.

[216] Subir Sachdev and Debanjan Chowdhury. “The novel metallic states of
the cuprates: Topological Fermi liquids and strange metals”. In: Progress
of Theoretical and Experimental Physics 2016.12 (2016), pp. 1–26. ISSN:
20503911. DOI: 10.1093/ptep/ptw110. arXiv: arXiv:1605.03579v1.

[217] Daniel C. Harris and Terrell A. Hewston. “Determination of Cu3+ Cu2+
ratio in the superconductor YBa2Cu3O8–x”. In: Journal of Solid State Chem-
istry 69.1 (1987), pp. 182–185. ISSN: 1095726X. DOI: 10.1016/0022-
4596(87)90025-9.

[218] W. M. Chen et al. “An accurate method of iodometric titration to mea-
sure copper valence of high-Tc superconductors”. In: Journal of Su-
perconductivity 10.1 (1997), pp. 41–44. ISSN: 08961107. DOI: 10.1007/
BF02763949.

[219] M. A. Hossain et al. “In situ doping control of the surface of highera-
ture superconductors”. In: Nature Physics 4.7 (2008), pp. 527–531. DOI:
10.1038/nphys998.

[220] J. Valo and M. Leskelä. “Thermal Analysis in Studies Of High-Tc Su-
perconductors”. In: Handbook of Thermal Analysis and Calorimetry. Ed.
by M E Brown and P K Gallagher. Vol. 2. Elsevier B. V., 2003, pp. 817–
879. DOI: 10.1016/S1573-4374(03)80019-5.

[221] Paola Benzi, Elena Bottizzo, and Nicoletta Rizzi. “Oxygen determi-
nation from cell dimensions in YBCO superconductors”. In: Journal
of Crystal Growth 269.2-4 (Sept. 2004), pp. 625–629. DOI: 10.1016/j.
jcrysgro.2004.05.082.

[222] B. Wuyts et al. “Influence of the oxygen content on the normal-state
Hall angle in YBa2Cu3Oxn films”. In: Physical Review B 47.9 (1993), pp. 5512–
5515. ISSN: 01631829. DOI: 10.1103/PhysRevB.47.5512.

https://doi.org/10.1103/PhysRevB.45.12976
https://doi.org/10.1103/PhysRevB.45.12976
https://doi.org/10.1038/nature16983
https://doi.org/10.1103/PhysRevB.95.224517
https://doi.org/10.1103/PhysRevB.95.224517
https://doi.org/10.1093/ptep/ptw110
https://arxiv.org/abs/arXiv:1605.03579v1
https://doi.org/10.1016/0022-4596(87)90025-9
https://doi.org/10.1016/0022-4596(87)90025-9
https://doi.org/10.1007/BF02763949
https://doi.org/10.1007/BF02763949
https://doi.org/10.1038/nphys998
https://doi.org/10.1016/S1573-4374(03)80019-5
https://doi.org/10.1016/j.jcrysgro.2004.05.082
https://doi.org/10.1016/j.jcrysgro.2004.05.082
https://doi.org/10.1103/PhysRevB.47.5512


236 Bibliography

[223] Yoichi Ando et al. “Electronic Phase Diagram of High-Tc Cuprate Su-
perconductors from a Mapping of the In-Plane Resistivity Curvature”.
In: Physical Review Letters 93.26 (Dec. 2004), p. 267001. DOI: 10.1103/
PhysRevLett.93.267001.

[224] S.H Naqib et al. “Temperature dependence of electrical resistivity of
high-Tc cuprates - from pseudogap to overdoped regions”. In: Physica
C: Superconductivity 387.3-4 (May 2003), pp. 365–372. DOI: 10.1016/
S0921-4534(02)02330-4.

[225] J.W. Cochrane, G.J Russell, and D.N. Matthews. “Seebeck coefficient as
an indicator of oxygen content in YBCO”. In: Physica C: Superconduc-
tivity 232 (1994), pp. 89–92.

[226] C Bernhard and Jeffery L. Tallon. “Thermoelectric power of Y1–xCaxBa2Cu3O7–δ:
Contributions from CuO2 planes and CuO chains”. In: Physical Review
B 54.14 (1996), pp. 10201–10209. DOI: 10.1103/PhysRevB.54.10201.

[227] Hector Castro and Guy Deutscher. “Anomalous Fermi liquid behavior
of overdoped high-Tc superconductors”. In: Physical Review B - Con-
densed Matter and Materials Physics 70.17 (2004), pp. 1–8. DOI: 10.1103/
PhysRevB.70.174511.

[228] Yoichi Ando et al. “Mobility of the doped holes and the antiferromag-
netic correlations in underdoped high-Tc cuprates”. In: Physical Review
Letters 87.1 (2001), pp. 1–4. DOI: 10.1103/PhysRevLett.87.017001.

[229] B. Wuyts, V V Moshchalkov, and Y Bruynseraede. “Resistivity and
Hall effect of metallic oxygen-deficient YBa2Cu3Ox films in the nor-
mal state”. In: Physical Review B 53.14 (Apr. 1996), pp. 9418–9432. ISSN:
0163-1829. DOI: 10.1103/PhysRevB.53.9418.

[230] Anthony T. Fiory and G. S. Grader. “Extraordinary Hall effect in YBa2Cu3O7–δ

superconductors”. In: Physical Review B 38.13 (Nov. 1988), pp. 9198–
9200. ISSN: 0163-1829. DOI: 10.1103/PhysRevB.38.9198.

[231] Philip W. Anderson. “Hall effect in the two-dimensional Luttinger liq-
uid”. In: Physical Review Letters 67.15 (Oct. 1991), pp. 2092–2094. ISSN:
0031-9007. DOI: 10.1103/PhysRevLett.67.2092.

[232] Elihu Abrahams and C. M. Varma. “Hall effect in the marginal Fermi
liquid regime of high-Tc superconductors”. In: Physical Review B 68.9
(Sept. 2003), p. 094502. DOI: 10.1103/PhysRevB.68.094502.
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