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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 YBa,CuzO;_s 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 /cm? at 5K 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 20" 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 2" 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 CuO,-
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 (>1km). 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.



Chapter 1. Introduction 3

* Chapter[dshows 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 [ 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.






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 T, the material loses its electrical resistivity and exhibits perfect dia-
magnetism, expelling all magnetic field from its interior. The latter is called
Meifsner-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
tield poH.:

uoHZ(T)

Ec(T) = Gec(0,T) = Gns(0,T) = =

v, (2.1)
with the vacuum permeability yo and the volume V of the superconductor.
As we will see later E. 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 A 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 2A.
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

2.1.1 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 A 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 1) are limited by the coherence length ¢. Both physical
quantities, A and ¢, 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 x, into type-I and type-II superconductors via:

A {K < 1//2: type-1SC

Elk>1/V2: 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 o, at the interphase of
the superconducting and normal phase. Near the interface the condensation
energy and the exclusion energy E,, required to expel the magnetic field from
the interior of the SC, are competing. Depending on A and ¢ the energy dif-
ference AE = Ey, + E. o 0y is either positive or negative.

The magnetic penetration into a superconductor is shown in Fig. In
type-I superconductors, where the coherence length is much larger than the
magnetic penetration depth, Ey, rapidly increases to its maximum value, while
E. builds up over a broader region, as schematically shown in Fig. c).
Thus, the surface energy oy 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 Meifsner-state until the external magnetic field exceeds the critical field
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(@) (b)
Normal * Type-15C M Normal * Type-11 SC !
£ §?
A A
N N
x x
(d)
Ey
N Y—
X
E. AE E.

FIGURE 2.1: Schematic representation of the magnetic pene-
tration depth A and the superconducting coherence length ¢
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 Ep, and the negative condensation energy E..

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

Type-II superconductors are in the Meifiner-state, showing perfect dia-
magnetism only below a rather small magnetic field, the so-called lower crit-
ical field poHq. Above pgH 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-
IT superconductors. Therefore the condensation energy reaches its full value
in close proximity to the boundary and o5 becomes negative (see Fig. [2.1(b)
and (d)). The gain of 0,5 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 ¢y = h/2e = 2.07-10~1°> Tm?,
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 yoHc,, which can reach very
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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 Ty),
superconductivity (T.), the pseudogap region (T") and the
(marginal) Fermi liquid phases. Tar, Ts, Tcn, Tsc indicate the
onset temperatures of antiferromagnetic, spin, charge and su-
perconducting fluctuations. Adopted from [10].

high fields (>100 T). High poH, 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 Miiller [5] in Ba,Las ,CusOs;_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: YBa,Cu30;_s with a T, of 93K [6]. In the following years HTS
was found in many compounds and different material classes, as cuprates
with its most promising candidates Bi,Sr,CaCu,Og (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 T. = 203K [9]. So far, all known high temper-
ature superconductors are of type-1I, 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 YBa,CuzO;_s; 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. It is widely
believed that the understanding of the intricate normal state above T, 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) T. 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 T. 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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FIGURE 2.4: (a) Oxygen non-stoichiometry vs. P(O;) of

YBa,Cuz0;_s for different temperatures. (b)  as a function

of temperature for the working pressures of 1bar and 5 mbar.
Data reproduced from [21] with permission.

YBa,Cu30,_;: 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. The atomic arrangement of
perovskites is based on a cubic structure of the formula ABXj3, 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-CuO,-BaO-CuO-BaO-CuO,-Y,
with two CuO,-planes and one CuO-chain in b-direction. CuO,-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 3d,._,» orbital and the O 2py and O
2py orbitals and charge transfer between the CuO planes and CuO,-planes is
linked via the apical oxygen between the plane and the chain [20].

The oxygen content of YBa,CuzO,_s can vary between 6 and 7. The oxygen
deficiency 7 — 6 corresponds to the oxygen content in the CuO-chains, which
are empty at Oy and fully filled at O; [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 6 > 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 § < 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, Gpertect, and a configurational, entropic
component (Gegg < 0) [23]:

N,
G= Gperfect + Nd (Adg + kBTlr1 Z\?) ’ (23)

Gcfg

with the number of defects Ny (e.g. vacancies) and the total number of crys-
tals sites N. The term Agg accounts for changes in the bonding and vibra-
tional contributions due to defects. G 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 7y:
g b A fme_ ol (2.4)
Ge Agb Map VUHSZI

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

Due to a very small coherence length in HTS materials (¢ is of the order
of 1nm) 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 (|| = 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 Fi. 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 Ep of opposite direction to E,. This effect is
called vortex pinning and is essential for bulk current densities.

Aslongas |F.| < |Fp|, vortices are pinned and DC currents can flow dissipation-
free through the superconductor. The critical current density J. is reached,
when the Lorentz force density equals the pinning force density:

fi=JexB=—f. 2.5)

At higher currents, magnetic vortices are getting unpinned, spontaneously
flowing through the material. This state is called flux-flow regime with J. = 0.
However, superconductivity is preserved until the applied current reaches the
so-called depairing current ]34, where electrons have enough kinetic energy
to break the condensation into Cooper pairs (the kinetic energy exceeds the
superconducting gap 2A). Within the Ginzburg-Landau theory the depairing
current [4 can be written as [27]:

1

= P P A TE(T)’ 26)

GL
Ja

with the temperature and material dependent magnetic penetration depth
MT) = A(0)/+/1— 4 and coherence length &(T) = &(0)/(1+2)/(1 —12),
the flux quantum ¢, the vacuum permeability y¢ and the reduced tempera-
turet =T/ T..

The maximum pinning effect can be achieved by defects of dimension
~ 2¢ 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 CuO,-planes, due to
suppressed superconductivity in between the CuO,-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 J.(B) =
const and we will neglect thermally activated movement of vortices. In the
Meifsner phase, superconductors exhibit perfect diamagnetism, with yoH =
—uoM. However, above H.; 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 J. (critical state). As we assume J. = 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 Hy, < H,), 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-1II superconductors: field distribution above supercon-

ducting sample upon (a) increasing and (b) decreasing exter-

nal field poH,. (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 Ms,; 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 J. for cylindrical specimen is the simplest case. Never-
theless, it can be performed as well for thin film geometries’| With the defini-
tion relation of the magnetisation M of the full sample in an external magnetic
field

1M = ;/B(V)dv ~ uoH 2.7)

and Ampere’s law with the field B in z-direction and the current flowing
within the xy-plane
V x B = uoJ, (2.8)

n cuboid shaped samples the actual current density varies with the polar coordinate ¢.
J (@) varies between J(¢) = J. for ¢ = 0°and J(¢) = Jc cos(45°) ~ 0.7]. for ¢ = 45° along the
diagonal.
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we can assess the critical current density to

6M 6m
Je = TAcorr = ﬁAcorr/ (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. A+ 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 Kroger-Vink notatiorﬁ as:

1
EOZ + Vo — O5 +2h°, (2.10)

with the oxygen vacancy Vg and the occupied oxygen crystal site Of. 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(O,), the
temperature T, or an applied electric field. We will start with an introduction

%In the Kroger-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(xp), (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 &t and R and we can write the mass action law
as:

R =R — R = 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:

- AG

kin = koexp KT (2.13)
and ~
= AG

kout = ko exp —kB—T , (2.14)

where ko 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 is in equilibrium the net reaction rate # van-
ishes and we can define the equilibrium constant as

Keq(R = 0) = k/k = (2.15)

If the modification of a thermodynamic variable (e.g. T or P(O,)) 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 uo 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 RO [38]:

RO =R R =/k[Al, k(B (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. for a three step process (I - III), where step II is the RDS.
The only significant drop of the chemical potential  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

Step0 Oz(x1) = Oz(x2) Atmosphere change

Stepl O, =0, +1' Physi- and chemisorption* (2.17a)
Step2 O, =05 +h Ionisation* (2.17b)
Step3 O35 =20 Dissociation* (2.17¢)
Step4d O (x1) = O (x2) Surface diffusion (2.17d)
Step5 20~ +2Vy = 205+ 2k Incorporation (2.17¢)
Step 6 Oj(x1) = O(x2) Bulk diffusion (2.171)

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 SrTiOs_,. 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
and schematically drawn in Fig. 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 @ 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 O3~ 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 O>~ = Og. 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

process in YBCO thin films including surface reactions and

bulk diffusion. The relevant steps are (1) chemisorption, (2)

ionisation, (3) dissociation (4) surface diffusion, (5) incorpora-
tion and (6) bulk diffusion.

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 ;(T) for each step (i = 1, ..., 6) with the cor-
responding temperature dependent defect concentrations (in squared brack-

ets) and reaction rate constants k;(T), k;(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; via Eq. 2.15).
This assumptions yield the equations2.17(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 Y using Eq. , as discussed
below.
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For surface diffusion and bulk diffusion processes, activation energy barri-

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

The P(O,) dependences of the equilibrium reaction rates R are given as
a function of the individual defect pressure dependences, where the P(O,)
dependences for YBCO bulk defects are given by: [O5] « P(O;)", [h*] «
P(Oy)™ and [V ] & P(O)™ 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 1bar [43], the different exponents are
assumed to be linked via n, = no = —ny [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 = 0.2eV/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 . 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 (Eghem = 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~!2 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~°:

V(r) :4e{(rr°)12 - (T)é} (2.18)

with the potential depth € and a characteristic length ro, which is correlated to
the position of the minimum of the potential via rmin = 264, Figure 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 Egiss 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 E, 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 E, one can distinguish between activated E, > 0
and non-activated E, < 0 chemisorption.

2.2.2 Surface coverage

The surface coverage © 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 ® 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 6 as a
function of oxygen partial pressure at different temperatures.

to adsorption with the rate constant k(T').qs, proportional to the number of
vacant sites and the partial pressure P(O;). 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')g4es. The total change reads

P

do(T) KTas[O(T)] . @19)

dt

= K(T)aasP(02) [1 - O(T)] "~

In the case of an exchange process involving single atoms, x in Equation
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 — ®]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 transforms to Langmuir isotherms

(KP(O2))!*

T 14 (KP(O)) (220

with the equilibrium constant K = k,4s/kges- 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].
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Figure[2.10|shows the Langmuir isotherms for different temperatures. The
fractional surface coverage ® increases with decreasing temperature. After a
change of partial pressure, e.g. from high to low P(O,) 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(O,) 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 x. This potential step depends on the different ionic surface species,
which are present on the oxide surface, as O_y, superoxide O, 4 and peroxide

O%; 4+ The final surface coverage can be calculated if a predominant specie is

assumed. If the majority specie is O_, and the materials hole concentration is
P(0O,) dependent, the surface coverage reads [50]

VP €Xmax®
@ = Kogda eXp <— kBT )

(2.21)

with the equilibrium constant Ko2, = exp [(VOOZ /2 — y%,d — yg) /kB T} ; Xmax
as the surface potential step at maximum coverage (© = a1), and an additional
parameter ay, 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 ¢ over time and space
are linked by Fick’s second law, the diffusion equation

ac
5 = V (Dchem Ve) - (2.22)
The empirical diffusion coefficient Dpep, 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 Dcem [95]. This is schematically shown for a single GB
in Fig. with high grain boundary diffusivity compared to bulk diffusion
Dgp > Dy,. 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 o is sensitive to the oxygen content, the relaxation process causes changes
in ¢, 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, 159]:

R="=%_ (2.23)

The affinity for this reaction is a deviation from the thermodynamic equilib-
rium concentration dc = ce — ¢, 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 in one dimension as:

dc
] = - Dchema = kchemacl (224)

x=I

with the bulk diffusion coefficient D em, the film thickness I and the chemical
surface exchange constant k.nem. The concentration c is a function of time ¢
and position x: ¢ = c(x,t). For simplicity we use ¢ = [Og] for the oxygen
concentration in the following. We assume no oxygen exchange at the film-
substrate interface and therefore:

dc
= —-D — = 2.2
] chemdx o 0, ( 5)

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

[} 25COS anX/l) e—ﬁ%,Dt/lz

c(x,t) = oo — (€0 — Ceo) (B2 + 82 + &) cos B '

(2.26)

nfl
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with B, being the n’th positive root of the transcendental equation [62]

Btan B = ¢. (2.27)
and "
_ tRchem
o= 7Dchem' (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. over the film thickness. The averaged time
dependent solution reads:

_ 1 I © 26 tan B, 2 2
o(t) = 7/0 c(x,£)dx = coo — (Co =€) ) B (R +(£+ 5° DU (2.29)

n=1

As 0 > 1 for a bulk diffusion controlled process and § < 1 for surface
limited reactions, the main contribution to the sum in Eq. comes from
the first term [61]. Using the 1% degree Taylor expansion of the tangent in
Eq. and Eq. (tanx ~ x) and (B2 + 02+ 6) = 26, the solution of

the diffusion equation can be approximated by:

) =Co _ otrr (2.30)

C) — Cxo
with a single saturation time T = [/keem for surface controlled processes. The
same result is obtained for diffusion limited processes with T = 12/ (271> Depem ),
where the exponential has a pre-factor of (8/72) [63]. If changes in P(O,) are
not too large, we can assume a linear relationship between the transients of
the oxygen content and the film conductivity [43} 64]:

0 — 0O

—e /T, 231
oo © (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 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

3.1 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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90K and high critical current densities (above 2 MA /cm? 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 0.51/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
BaCOj3, which decomposes only at very high temperatures. Instead the in-
termediate solid precursor BaF; 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

Athigh 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 Ba;_,Y,F,., phase decreases its Y content
from x ~ 0.35 after the pyrolysis to 0 at growth temperature and immediately
Y03 is formed. The following reaction was identified to be the primary path
for YBCO to be formed:

3CuO + 2Ba(O,F,), + %Yzo;; + 2yH,0 —» YBayCuzO,_s + 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 /cm?.

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 1bar. After a dwell of 210 min the sample is cooled with
10 °C/min to room temperature in an oxygen flow of 0.121/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(O;)- temperature phase diagram. The working pressure of the
PLD technique is usually in the order of 10~! 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
The final thickness of the film is determined by the number of laser pulses

during growth (under the conditions used: 26 pulses 2 1nm). 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 1bar to reach high T. and J. values.
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T (°C) 800
P(O;) (mbar) 0.3
f (Hz) 5

Fluence (m]) 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 (= 1um) 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 5um. 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 H3PO,) 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 100nm on top of
YBCO samples. Standard parameters of Ag- and Pt-deposition are shown in
Table

3.3 SQUID magnetometry

Sample properties as the critical temperature T and critical current J.(T, puoH)
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 7T and 0.01 %
of field non-uniformity. The operational temperature lies between 1.9 and
400K. 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 5K, 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 0.2mT, all mag-

netic field is expelled out of its interior; the black lines indicate
the transition width and T¢ 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(poH, T) measurement

To calculate critical current densities using the Bean model [28, 29] one needs
to measure the irreversible magnetic moment m;,, of the saturated m — H hys-
teresis loop. Saturation is reached by sweeping the magnetic field through all
four quadrants as shown in Fig. (a) for a standard m(H) measurement.
Starting at zero applied field, the field is increased to +5T 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 yoH is increased from -5T to +0.3T (IV). For
uoH > 0 the irreversibility moment can be calculated using

e (oH) = 5 (maee(ioH) — mi (oH), (32)
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 5K with a loop to +3 and -3 T and then slowly
warmed up at zero field. In this case m;,, 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 J.(T) and J.(#oH) can be calculated using the equations given

in section 2.1.41

3.3.2 T, measurement

To measure the critical temperature the sample is zero field cooled. At the
starting temperature (usually 10 or 50K) a small magnetic field of 0.2mT 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
0.5K/min while the magnetisation is being measured. Above T. the diamag-
netic signal of the sample vanishes as shown in Figure 3.1 (b). T¢ is defined
as the temperature where the measured signal drops below le~” Am2. The
transition width AT is defined by 10 and 90 % of the magnetisation m( extra-
polated to 0K, as it is indicated with dashed vertical bars in Fig.

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 x400 ym? 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 £9T.

Electrical measurements allow to obtain key physical parameters of a su-
perconducting material as the transition temperature Tc, the resistivity p(T),
the charge carrier density nH(T) and the charge mobility u(T), giving insight
into the physical properties of the superconducting state. Measurements are
carried out with an applied current of 100 pA 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 Rapcp is defined as the voltage drop between D
and C per applied current through the contacts A and B. Analogously Rag,cp
is defined by permutation of the contacts. For the labelling of the contacts see
Fig. Van der Pauw’s theorem states that the following expression holds
for thin films with resistivity p and homogeneous thickness ¢:

7Tt 7Tt
exp [_pRAB,CD] + exp [—pRBC,DA:| =1 (3.3)

To calculate the sample resistivity p, Equation (3.3) can be transformed into
Eq. (3.4) using R* = Rap,cp & Rpc,pa and a function f(R*, R™) only depend-
ing on the measured resistances:

drt Rt _
P=1 2 (R*,R7) (34)

The approximate solution of the function f(R*,R™) for R" /R~ ~ 1 is given

by
FRFR) ~1— (;)2122_ <§+>4 ((ln42)2 B (h;;f’) @5)

3.4.2 Hall measurements

Hall measurements are based on the Hall effect, discovered by E. Hall [70] in
1879. Electrical point charges g in an external magnetic field B experience a
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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 l_fL perpendicular to their direction of velocity 7
F.=q(E+7 x 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 Uy between the two faces is proportional to the driving current
I, the perpendicular magnetic field component B and material dependent Hall
coefficient Ry:

_ RyBI
==
with the film thickness t. The sign of Ry 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:

Uy

(3.7)

1
Ry=—- 3.8
= (338)

with the elementary charge g = 1.602 - 10~ C and the charge carrier density
per unit volume ny. 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 Ry 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 Ryy(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 ny of YBCO, even though the
validity of this equation is at its limits.

For every point in the (noH, 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 9T at

constant temperature (see Fig.[3.3(a)). The Hall coefficient is extracted from
t du;
Tio dH -
vanishing voltage offset at zero magnetic field over all temperatures, the tem-
perature dependent Hall coefficient Ryi(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).

the slope of the linear Hall voltage respond Ry = In the case of a

3.4.3 Electrical transport measurements

To obtain the critical current density J. 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: J.(T, uoH, 0).

YBCO exhibits very high J. 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 um. 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

nA = Zdhkl sin 6 (39)

where 7 is a positive integer, A the wavelength of the incident X-ray beam, 6
the angle between the surface and the incident wave and dj; the distance be-
tween two planes under consideration. The interplanar spacing for a system
with orthorhombic symmetry reads

1 k22

=4 3.10
dz,  a? TrTea (3.10)

with the unit cell parameters 4, b, c and the crystallographic direction [hkI].

3.5.1 c-parameter measurement

The out-of-plane cell parameter c is determined by measurements with 6 — 26
configuration. Using this geometry the diffraction vector 7 is always perpen-
dicular to the surface plane since the incident angle of the beam w is kept half
of the detector angle 20. A typical pattern is shown in Figure The (001)
YBCO peak family and the substrate peaks (h00) are clearly resolved with
high intensities.
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FIGURE 3.4: High resolution 8 — 260 XRD measurement of a

YBCO thin film on a LAO substrate. (00/) YBCO peak family

is labelled above peak, substrate peak labels are placed to their
right side

Substrate a (A) (100) (2000  (300)  (400)
LaAlO;  3.791 23.438 47.959 75.143 108.795
SrTiO3 3905 22.754 46.472 72567 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 & — 260 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 26 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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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

1(20 —260) = Imax [11] (26 — 260) + (1 —17) g (20 —265)]  (3.11)

and is the sum of a normalised Lorentzian [ and normalised Gaussian g,
weighted by the Lorentz fraction 1. 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 26, 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 26y value. Additionally,
an initial FWHM is defined by the closest points to 1/2ax 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 I,y 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 2FWHM
around the peak

6. Step 5| is repeated with refined values for Inax, 26p 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(«;) 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(a)

200 ka, (200) = 2 arcsin (Agy, / Ak, - sin(260/2)) (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 (00/) peaks and
plotting I over corresponding 2sin(6) /A 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 20 = 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 [(cos?*(8) cos?(9)
2 ( sin(0) R ) ' (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 [ > 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 €. 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:

B* cos?(8) = ATK + 16€? sin?(9) (3.14a)
Bcos(8) = ATK + 4esin(0), (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)). 8 cor-
responds to the experimental broadening of the (001) Bragg peaks, corrected
by the instrumental broadening, Ak, is the wavelength of the Cu K, radiation
and L is the height of the crystallite. The nanostrain € can be obtained by a
linear fit in a plot of B* cos*(6)) vs. sin*(6), 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 keem and the chemical diffusion coefficient D™, Tt 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 k’ and D° in case of
chemically driven exchange due to change in partial pressure, k* for isotope
exchange in 180 tracer experiments and k@ 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
0.61/min) enable different oxygen partial pressures P(O,) by mixing O, and
N> gases with purity above 99.995 %. The atmosphere is changed between dry
and wet gas and different P(O,) by switching electro-valves with a digital re-
lay. The standard total gas flow used is 0.61/min at atmospheric pressure.
Partial pressures of oxygen between 1bar and 10~ bar (pure Ny) 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 pA 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 20ms 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(O;) (back-
ward reaction).
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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 Oy_;, as does the conductance. An accompanied change in va-
lence state of copper (Cu'*, Cu®** and Cu’" are observed in Y;Ba,Cuz07_;)
ensures charge neutrality within the unit cell [79]. From the bulk phase di-
agram a phase transition to the tetragonal phase (6 > 0.65) is only expected
for T > 600 °C within the pressure range of operation (compare with YBCO
phase diagram on page [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
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. 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(O;), 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 1bar, the standard low P(O;) 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(O,)
phases are typically 30min, 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. The atmosphere is indicated by background colouring
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FIGURE 4.2: Conductance G of pristine 250nm CSD YBCO

film as a function of time. Changes in G are due to alternat-

ing steps in P(O,) 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™"/" + (1 —a)e™/™] - (G — Guw) + Guw, (1)

with saturation times 73 and T, a weighting factor a4 and the initial and final
equilibrium conductances Gp and Ge.. 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. [£.3(a) and (b), respectively. When the atmosphere is electronically
switched, the segment time is automatically set to zero. An initial fit value for
Go 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 AG 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 7; from a single exponential fit.

As shown in Fig. [£.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. is either very close to
unity or the resulting difference of the two saturation times is smaller than the
titting error (11 = ).

On the other hand, the reduction process cannot be sufficiently modelled
by a single process, as can be seen in Fig. [£.3(b). Using a two T fit model
results in high fit accuracy and accurate saturation values for Geo(t — o).
In the upper panel of Fig. [4.3(a & b) the deviation AG(t) = G(t) — Gg(t),
between the measured conductance G() and the fit values Gg(t) for one and
two exponential terms is shown.
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FIGURE 4.4: Analysis relaxation times of 250 nm CSD-YBCO

sample: (a) Temperature dependence of T for oxidising (in)

and reducing (out) atmospheres, (b) weight a using 2 T model

for the case of reduction and (c) comparison of weighted effec-

tive saturation time T for out-diffusion process with original
T values.

The temperature dependence of the saturation times is shown in Fig.[4.4a)
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. b).
In some cases the further analysis can be facilitated by introducing an effective
saturation time Teg

Teff = a1 + (1 —a) o, (4.2)

which is the weighted arithmetic mean value of the two separate saturation
times. Its temperature evolution is depicted in Fig. [.4(c). At high tempera-
tures it is very close to TP, while it shifts to 7" at lower temperatures. While
for the analysis of activation energies it is necessary to consider both contri-
butions separately, T.f is useful in the comparison among different samples of
the same thickness.

As can be seen in Fig. 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
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FIGURE 4.5: (a) Arrhenius plot for in- and out-diffusion pro-

cess of pristine 250 nm CSD YBCO film; activation energy can

be extracted with a linear fit in the log-lin plot and (b) ex-

tracted E, values for oxidation and two parallel reduction pro-
cesses.

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 T 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:

t
kchem - ;/ (43)

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 = kOe_Ea/kBT (4.4)

with the Boltzmann constant kg and a pre-exponential factor ko with the units
of a velocity, one can obtain the activation energy E, of the process by fitting
(see Appendix 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 k 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 kg is considered the total rate of collisions independent of their
energy, while ke, 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 (7; and 1, Fig. )). 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 um).
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)
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FIGURE 4.6: (a) Schematic description of the principle of the

catalytic effect, offering an energetically preferable reaction

path and (b) scheme for silver patterning for electrical mea-
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. 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 pm for good electrical contact for ECR mea-
surements. Additionally, all over the sample small squares (30 x30 pm) 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 O,, or through the silver bulk to the YBCO layer in the form of oxygen ions
O?~. 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.T).

The sticking probability can be expressed by the ratio of the rate ¢,q5 of
adsorbed gas particles at the surface to the rate of all impinging molecules
at the surface Pror: S = Pads/ Prot(100 — 0). The factor (100 — 6) is the
probability that the adsorption site is not filled for a given surface cov-
erage 6. ¢t can be obtained from Maxwell-Boltzmann gas theory and
reads ¢rot = %Pﬁ / (kgT), with the average particle velocity 7, the pres-
sure P, Boltzmann constant kg and temperature T. The adsorption rate
¢ads is a material parameter that depends on the surface termination.
Thus, s can be increased by surface coating with a material with higher

4)ads~

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. [.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 7t* O, orbital. This charge transfer weakens the chem-
ical bonding of the O, 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 on

page[l8

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 5l 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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FIGURE 4.7: Time evolution of the conductance of a 250 nm

CSD-YBCO film with surface silver coating measured in steps

of 25 °C starting at 600 °C. Note that oxygen kinetics are faster

below 450 °C as compared with a YBCO film without a silver
layer.

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 100nm 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, T 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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FIGURE 4.8: Comparison ECR measurements on YBCO with
and without Ag coating: (a) saturation times T.¢ and (b) satu-
ration conductivity values 0., for reduction and oxidation; the
light blue double broken line is the extrapolation of conduc-
tivity of the Ag sample below 300 °C during cooling.

ratio Tin/ Tout €xhibits 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 t. as the ratio of the chemical diffu-
sion coefficient and the surface exchange coefficient:

t, = Dehem (4.5)
kchem
Typically exchange kinetics are limited by surface reactions if f. > tg, and by
bulk diffusion if t. < tgiy,. Using the empirically found relation for Depem (T)
reported in [93]

Dhem = 0.033 exp [—;32;%} , (4.6)
with the Boltzmann constant kg in eV/K and the film thickness tg,, one
can obtain an upper limit for ki,em for a surface limited process: kmax =
Dchem/ tiim- kmax is drawn in Fig. 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 0o & G for pristine and Ag coated samples
are shown in Fig.[4.8(b). Open symbols correspond to the fit values (t — o) 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 oo in for
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FIGURE 4.9: (a) Arrhenius plot for Ag coated and pristine CSD

film, and activation energies for (b) Ag coated sample for 350 -

450°C and (c) both samples for T > 450 °C (blue: Ag, yellow:

pristine). The red line in (a) indicates the upper limit of kpem
for surface limited processes.

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 ¢, 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 c;, and
Oout Temains 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~!, 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 T..
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 (p = 1/0 o T) is fitted with a straight line (not shown).
In Fig. [4.§(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.
For temperatures above 450 °C E, 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. 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 k; and k; of the involved mechanisms:

k(T) = ko, Ear/®oT 4 ko e Fa/KsT (4.7)

ky ks

with the individual activation energies E,, and pre-exponential factors ko, [54,
94]. The mechanism with lower E, 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. a), using Eq. with E;; < E,, and ko, < ko,. 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. £.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 k at elevated temperatures. In the case that
one process has the smaller E5 and a higher ko, 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.[£.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 T model (see Eq. (4.1)) used for the evaluation of the out-diffusion
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FIGURE 4.10: Simulation of two parallel processes with dif-

ferent activation energies and ko values (see Eq. (4.7), with

Ea, < Ea, and kg, < ko,): (a) exchange coefficient for indi-

vidual processes and their sum and (b) fractional portion of
single mechanism on total exchange rate.

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 E,. Higher
activation energies at lower temperatures were attributed to a change in Er,
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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 Catala de
Nanociéncia 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 D, 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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FIGURE 4.11: (a) Sketch of percolation phenomena caused by

areas with different diffusion coefficients, resulting in zones

with different resistivities. (b) Electronic circuit for the sim-

plest model containing two grains interconnected with a net-

work of grain boundaries and (c) corresponding simulated

time evolution of normalised conductance for oxidation and
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(O;) than the overall
bulk. A schematic of the percolation phenomena is depicted in Fig.[d.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
O (t)grain and P(t)grain boundary- We consider grains of squared shape with
the length [ surrounded by grain boundaries with a width of //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 1 and tgg, while we assume the same ini-
tial and final values: p()grain = ©0(t)grain boundary for t = 0 and t = oo,
with initial and final conductances as typically observed in the mea-
surement. We have analysed several cases with 7gg being between 3
and 100 x faster than 7, but we have not obtained significant differ-
ences between these scenarios. A simulation is shown in Fig. c),
normalised to initial and final conductance values, with 7 = 50 min
and 17gg = 5min.

A fast initial change in the normalised conductance due to a small T
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 T model as in Eq. (4.I). The fitted relaxation times are within
an error of less than 5 % to the initial values fed to the simulation if Tgg
is sufficiently larger than 7¢.

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~, O%~,
O;) 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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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 Ap, which scales proportional to /T /np, with the tempera-
ture T and the charge carrier density ny. 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 ny 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.



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

66 .. .
conductivity relaxation measurements

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.
A monochromatic Cu Ka; source is used. The 1D detector has 255 channels
aligned in 26 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 0.51/min of either dry air (21.0% O,), or a
mixture of nitrogen and oxygen for low P(O;) atmospheres. A detailed de-
scription of the setup and experimental methodology can be found elsewhere
[99].

With a 1D detector, variations in 26 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 26 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 N»
gas flow, a maximal peak shift of less than 0.5 ° is expected and considered in
the chosen 26 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 100nm. Relaxation measure-
ments were performed at temperatures between 600 and 400 °C. The oxygen
partial pressures used were 5mbar and 210 mbar for reduction and oxida-
tion, respectively. The latter is the maximum possible P(O,) in this setup, and
therefore lower in comparison to the standard high P(O,) of 1bar used ECR
measurements in our setup.

At the beginning and end of every temperature dwell a control scan was
performed recording a wider 20 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. ). From this two measurements the thermal expan-
sion coefficient of the LaAlO; substrate a-lattice parameter is obtained to be
9.8:10"°K~!, which is close to the reported one of 8.8:107°K~! [100]. The
shift in the c-parameter of YBCO is bigger and about 0.21 A, compared to
0.02 A for LAO. The thermal expansion coefficient of YBCO is reported to be
about 13-107° K1, for thin films as well as bulk material [101-103]]. From the
presented measurements an expansion coefficient of 32:107¢ K~! 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 26
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 Og 45 [21, 80].

A recent study reported that « 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, cr,, using;:

CcT,

CTl - m = 11798, (48)

with ¢, = 11.887 and T; and T, 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
Og¢.50, which is slightly lower than the one expected from the phase diagram.
This discrepancy might be explained by either a thermal expansion coefficient
®(O7_5), depending on the oxygen content (7 — §), 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 ¢ parameters from the 26 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. .13(b). From the 26 position of the reflection the c-parameter is calcu-
lated using Bragg’s law ¢ = ﬁl .

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 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 26 values. The c-parameter changes from 11.89 A to 11.93 A, a
relative expansion of 0.34 %. The new equilibrium state is reached within min-
utes. The time evolution of ¢ can be modelled by an exponential law with a
certain relaxation time T with c(t) « e™*/7. 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(O,). 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(O,) at 600 °C.

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

The dependence of the integrated peak area on the P(O;) is shown in
Fig. 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. [#.16[a) for normalised conductance
G(t) and c¢(t) parameter values at 500 °C. While the out-diffusion pressure of
5mbar was the same in both measurements, the in-diffusion pressure was
limited to 0.21 bar for XRD and to 1bar 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. [f.16a), X and X,
are swapped for clarity (representing 1 — exp [—t/ 7] instead of exp [—/T]).
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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 Xy and X in normalisation are swapped for bet-
ter representation: (X(t) — Xo)/(Xeo — Xp). (b) Arrhenius
plot and (c) extracted activation energies for oxidation mea-
surements. (d) Estimated oxygen content for YBa,Cu30,, 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. 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. [£.16|c). At high temperatures XRD measurements
show a 50 % lower activation energy, while at low temperatures E, 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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FIGURE 4.17: Plot used to estimate oxygen content O, from
calculated doping p, reproduced from [106] with permission.

and E, 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 the
step size in P(O;) might affected the E, 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. , as-
suming the thermal expansion coefficient & 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 +1.5-10%y°, (4.9)

withy = 1—c¢/cp and cp = 11.925 A, 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. 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(O,), 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 O, 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 a(d) 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.[£.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(O;) cycle is measured using only x-ray diffraction
technique. Subsequent a current of 100 pA is applied for simultaneous ECR
measurements, with positive, negative and zero bias. The resolution in time
is about 1s for the ECR technique and 10s 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 (1%t cycle) and with ap-

plied current (2" 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. [£.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 ¢ 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 we have introduced all relevant transport and reaction mecha-
nisms under consideration (see step 0-6 in Table 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 Bulkvs. 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]:

1/20, + Vg = 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):

05 (x) = O (') (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:

R =k ([A] — [B]) = kAc (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 %, corre-
sponding to Fick’s first law [115]:

. dc
J = Denem (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 D e 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)nigh and P(Oz)10w, as described above. One can normalise the measured
conductance using Eq. 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. [£.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 7" = 9.3 min and Tgf‘f“ = 26.4min.
For a single rate controlled process the intersection of the data with the dashed
horizontal line at 1/e ~ 37 % defines the saturation time 7.

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 O, (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 (E, out < Eajin), 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.
and Eq. 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 forwafd and@backward free enthalpies G and G and
pre-exponential factors ko and ko.

(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(Oy) is lowered from 1000 mbar in two steps,
first to 5mbar (I}) and then to 0.01 mbar (IL|). Subsequently, the pressure is
raised to 5mbar and then to 1000 mbar (II1 and If, respectively). In this ex-
periment one can extract in- and out-diffusion kinetics in the case of the same
coverage Oyt = Oin by comparing 1| and II1.

The conductance as a function of time for a ternary P(O,) measurement
at 450°C is shown in Fig. #.20(a) for a 250nm thick CSD-YBCO (Ag) film.
The background colouring indicates the different oxygen atmospheres. One
can observe that I| saturates faster than I, as well as I reaches equilibrium
in shorter time compared to IIT.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 250nm CSD-YBCO (Ag) film: (a) G as a function

of time; atmosphere is switched from A % B % C Hj} B i A,

with A=1000 mbar, B=5mbar, C=0.01 mbar as indicated with

different background colouring. (b) Normalised G for oxi-

dation (red) and reduction (blue) process with final P(O;) of

5 mbar; dashed red line corresponds to oxidation at 1000 mbar,
as indicated in the inset.

P low P high P final Tin / Tout

— Py

001 1000 5 3.1 } Tout phgh
1 100 10 24404 } oo, ol
10 1000 100 2.6 — Piow

TABLE 4.1: Tertiary P(O;) 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 (II1) and 1000 mbar
(I1) in Figure[#.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 II1 and 1], respectively (solid lines in Fig.[4.20(b)).
In both cases the process is triggered by a jump in P(O5) of about 23 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 T, is about 15 min, while Toyter ~ 5min

for reduction. The ratio Tin/Touteff is given in Table 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 7 Kchem out) at the same final pressure, allows us to exclude the mech-
anism of surface diffusion of oxygen ions (step 4 in Table 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 kg. Forward and backward
reaction rate constants can be written as

- - AG

kin = koexp —kB—T (4.14)
and ~
o o AG

kout = ko exp Tl (4.15)

Differences ir:kin anci kout at the same P(O;) might arise due to different chem-
ical barriers G and G for adsorption to and desorption from the surface, O,
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.[£.20(a),
at several temperatures. The resulting surface exchange coefficients are shown
in an Arrhenius plot in Fig. £.21fa) for the two oxidation steps at 5 mbar and
1bar, with activation energies of 0.9eV and 0.8 eV, respectively. That the E,
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FIGURE 4.21: 250nm Ag coated CSD-YBCO film: (a) Arrhe-
nius plot of oxidation processes at final pressures of 5mbar
and 1bar, extracted from ternary measurements at different
temperatures and ke, for reduction at S5mbar. (b), (c) & (d)
Multi-step P(O,) 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 ky 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 kg as the total number of colli-
sions per time. Only the fraction exp [—E,/kgT] (probability factor) of k¢ leads
to a reaction [35}[116]. Correspondingly, the increase of ko 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. a), with an activation energy of 0.5eV. 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 E, for the case of reduction was analysed
in a multi-step P(O;) measurement as shown schematically in Fig. [£.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. £.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 E, and ko values are shown in Fig. 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 However, the important result is that the observed variation in E, over
P(Oy) 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 ko strongly increases with increasing P(O,)
(right scale in Fig. d)). This again shows the crucial importance of the
surface coverage O 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(O,) [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 E,
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 Key(T)

(4.16)

 kn(T)  Touw(T)
Keq(T) - %Out(T) X Tin(T) .
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FIGURE 4.22: Van 't Hoff representation of equilibrium con-
stant Keq obtained at 5mbar to extract standard enthalpy
change of oxygen exchange reaction.

The equilibrium constant at 5 mbar is shown in Fig. 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 ko
values for the process of oxygen in- and excorporation. At low temperatures
reduction is faster, because it is governed by a lower E,. 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 ko 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 AH via the van 't Hoff equation [117]:

d(InKeq) ~ AH

da/T) ~ R’ (417)

with R being the ideal gas constant. H is extracted by a linear fit from the van
"t Hoff plot in Fig. We observe an increase of Keq with increasing T, thus
the underlying reaction is an endothermic process with AH ~ 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(O;) than oxidation relaxation times. A second contribution comes from dif-
ferent free enthalpies and pre-exponential factors kg 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 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(O,) multi-step measurements. In these isother-
mal measurements, P(O;))o is varied over several orders of magnitude while
P(O2)nign 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 i can be
generally written as:

P

R =R — R = kin [A] — kout [B]. (4.18)



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

84 .. .
conductivity relaxation measurements

(o))
o

'S
a1

—
Q1

(G(D-Go)/(Ges-Go) (%)

o

t(s)

FIGURE 4.23: Evaluation of initial reaction rate for Ag/YBCO
of 250 nm at 500 °C for a reduction process. |, 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 R is determined in the beginning of the relaxation process by

either the forward reaction rate # ~ R = ki [A] in the case of a jump to
higher P(O,), or by the backward reaction rate ® ~ R = 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 ¥|,., for a
forward (oxidising) step as:

Rlimp ~ R =k (P(02))" [05] 5, (1], VS (4.19)

eq 4
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
R~ can be expressed as:

P

Rl ~ B = k- [05] 5 1712, [VE T2y - (4.20)

The initial reaction rates 1|, of experiments based on large P(O,) changes,
can be extracted from the initial slope of the conductance G(¢):

_dG(1)

~ —_— , 4.21
‘tNO dt t=0 ( )

where we obtain dG(t)/dt from fitting (G(f) — Ge)/(Go — Geo) < 15% by a
straight line, as exemplarily shown in Fig.
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FIGURE 4.24: Pressure dependence of initial reaction rate of
250nm CSD-YBCO (Ag): (a) Forward reaction rate |, for a
series of large upward P(O;) jumps from same low pressure of
5mbar at 500 and 550°C, (b) backward reaction rate for a set of
large downward jumps in P(O;) 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(O,) M, 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 R|,, ~ P (O2)".

If we look at the reaction rate equations (2.17p-f), we see that the explicit pres-
sure dependence 7 is either 1 if the determining mechanism involves molec-
ular oxygen of any charge (02, O,, 037, step 1-3), or n = 0.5 for a RDS only
containing atomic oxygen (O~, OQ, step 4-6).
The experimentally obtained pressure dependence of ¥|,, for a silver coated
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250nm thick CSD YBCO film is shown in Fig. [£.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. £.24(c). This experiment consists of

various large jumps to the same final low P(O,) v The obtained initial re-
action rates are shown in Fig. [£.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. (2.17¢) as:

Rio = R o [OF)] eq [1"]q P(Oy)"0 "™ (4.22)
with the defect pressure dependencies 1}, and ng for holes and incorporated
oxygen and thus n = np + ny,. The pressure dependences for holes and oxy-
gen are expected to be linked via ny, = no [45]].

We can obtain the pressure dependence of holes by analysing the saturation
conductance at different pressures, as shown in Fig. d), due to the fact
that G o 0 « [h°] in p-type conductors, as YBCO. For the presented sample
we find np ~ 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 n, < 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(O,) dependence of holes 1y, we indeed find
that n ~ 2ny, = np + ny, 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 = 4ny, and n = 3ny for
step 1 and 2, respectively. These relations do not hold for the experimen-
tally obtained values of ny, =~ 0.15 and the averaged R|;~0 P(O2) dependence
flavg = 0.28. Therefore step 1 and step 2 cannot account for the RDS. The pro-
cess of dissociation (step 3) exhibits the same P(O,) 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(O,) ¥¥¥. The dependence of R|;~0 on P(O,) is shown in Fig. a). For
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FIGURE 4.25: (a) Pressure dependence of initial reaction rate

R|;~o for large downward steps to the same final P(O,) of

silver coated 250nm CSD-YBCO at 600 °C. (b) Schematic di-

agram for multi-step measurement with constant initial/final
high P(O,).

a series of atmosphere changes from 1bar to various lower P(O,) (reduction),
R~ is found to be constant. This result is expected as the initial hole and

vacancy concentrations are the same for all downward jumps and R does not
explicit depend on the P(O,) (see Equation (4.20)).

Reaction rates close to equilibrium

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

= = 1 1
RO = \/Kin [Aleg - kout [Bleg & | —

4
Tin Tout

(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 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(O;) dependence of R of Ag/YBCO triggered by small P(O,) steps
is shown in Fig. @a). We observe a power-law dependence of R° over 2
orders of magnitude in pressure, with R « P(O,)" 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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FIGURE 4.26: Pressure dependence of equilibrium reaction
rate RC for small steps in P(Oy) for silver coated 250 nm CSD-
YBCO.

n, Stepl Step2 Step3 Stepb5
015 11 0.95 0.8 0.25
025 13 1.1 1 0.25

TABLE 4.2: Pressure dependence of R considering the par-

ticular mechanism is the RDS for different hole concentration

pressure dependencies ny, ([h*] o« P(O)™). We have used
Ny = npo = —ny.

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 R° for two different pres-
sure dependencies 1y, of the hole concentration ([i°] & P(O;)™), as listed in
Table with n, = no = —ny as assumed in reported defect models for
YBCO [44]. n, ~ 0.15 corresponds to the value obtained in this work (see
Fig.[4.24(d)), while n, = 0.25 is the literature value [118]. However, in both
cases the measured pressure dependence 1 of R’ 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, Segaard, 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 O 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 ko 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
E, 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 %° and
the initial reaction rate #|,., 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 10° times
faster in the superconducting CuO, planes along the ab-direction than per-
pendicular to it in c-direction [119]. Therefore it is assumed that diffusion
along the (001) 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 YBa,Cu,Og 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 Y;_,Ca,Ba,Cu;0,_s

The substitution of yttrium with calcium is known to increase the charge car-
rier density within the CuO, 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 Ca**, while the valence state of yttrium is Y>*
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 Y,0s;.
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.[#.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 26 and y,
respectively. The YBCO reflections have a peaked intensity distribution, no
rings in ) are observed, confirming the epitaxy of the nanolayer.

The nanostrain € 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
Y,0; 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.
The critical temperature drops from around 90K for pristine YBCO to below
80K, for the 20mol% 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 Y;_,CayBapyCuzOy_s: (a) critical temperature
and charge carrier density n (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 J. 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 5mbar. The reverse pro-
cess of oxidation is obtained in a 1bar atmosphere. The measured surface ex-
change rates are shown in an Arrhenius plot in Fig.[£.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 7; and 7, 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 E, reads 0.66eV (0.52¢eV) for the process with
the relaxation time 71 (72), while at lower temperatures it increases to 1.10eV
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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 V). The activation energies for Ca doped films are significantly lower
than for pristine YBCO films (E,in = 3.4 and E,out = 2.2€V), as shown in
Fig. 1:29(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 ¢! on temperature
is observed for all three samples. As discussed in section the deviation
from metallic behaviour (¢ « T~!) 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. £.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 10mol% 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 Ca,Ba,Cuz0;_s 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, efc.

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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FIGURE 4.31: (a) In-diffusion relaxation times for non-silver

and silver coated pristine YBCO thin films and silver coated

nanocomposites with spontaneously segregated 5mol% BZO

+6mol% BYTO (NC 1) and 20 mol% BZO preformed nanopar-

ticles using a flash heating growth technique (NC 2 FH). (b)

Surface exchange activation energies corresponding to sam-
ples shown in (a).

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 5mol% 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.[£.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. £.31(b) for the case of in-diffusion. The
silver coated pristine YBCO film has a similar E, as NC 1. For the flash heated
sample NC 2 we obtain an ever lower activation energy of 0.44 eV.
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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 Julia Jarefio 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. 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(O,) of 10 mbar. This sample is epitaxial
and has an onset critical temperature of about 90 K but less than 1 MA /cm? at
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FIGURE 4.33: (a) Surface exchange rates for oxygen incorpo-

ration of films obtained by the TFA-CSD route and a fluorine

free (FF) CSD growth process and (b) corresponding activa-

tion energies of oxidation process, with second E, regime at
low temperatures for FF Ag and Ag/YBCO
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77 K. The sample FF* was grown using a low P(O,) 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 Jo(77K) of 2.3 MA/cm?. 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
3.4eV for pristine TFA-CSD YBCO, as shown in Fig. [£.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.

4.54 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 CuO,-planes show clear
differences between the two growth techniques (Fig.[4.34(a) and (b)). The pris-
tine CSD film (a) exhibits strongly distorted CuO, planes and a high density
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FIGURE 4.34: TEM images of thin films grown by (a) CSD and

(b) PLD on a LaAlO; and SrTiO; 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 1.4eV for the pristine
PLD film, thus reduced by more than a factor 2 in comparison with pristine
YBCO grown via CSD (E, = 3 —4eV). 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 0.8eV at high tempera-
tures. Further a deviation from a single E, regime is observed below 450 °C
with an average value of about 1.5eV. 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 €, 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 € for
the above discussed cases and compare the surface exchange reaction rate as
a function of € among all sample types in Fig. [£.35(a) (non Ag coated films).
We find a strong dependence of kchem OnN € 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 € can be observed.
This can be understood by looking at the activation energies for the same
samples in Fig. [£.35(b). The nanostrain € effectively decreases the activation
energy of the oxidation process. At high temperatures a sufficient amount of
particles surpasses the energy barrier, where differences in E, 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.
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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 La,_,Sr,CuQO,_; 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
25nm 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 LaAlO; and SrTiOj; 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 The mismatch is
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Substrate Crystal system a (A) Mismatch J to bulk (%) Strain
/ structure b ab
LaAlO; pseudocul?lc 3791 -0.86 -2.44 -1.66 Compressive
/ perovskite
SrTiO, pg;bvlgk/i o 3905 212 049 130 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 A and b = 3.886 A [22].

calculated relative to YBCO bulk with the lattice parameter ap usinﬂ

§ = 2 Tbulk (4.24)
Apulk
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

(4.25)

Sfim Aflm — Abulk =100%, fully strained,
S = =
(Ssubstrate Asubstrate — @bulk

=0%, fully relaxed,

with dgypstrate and Jgim 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 w — 26
scans. The reciprocal space wave vectors Qy and Q; parallel and perpendicu-
lar to the surface are defined via

Q= % sinfsin (60 — w) (4.26)

A
Q. = > sinfcos (6 — w). (4.27)

n literature 4 is also defined relative to dgypstrate OF @film. 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 v/ 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:

1(Qx, Q) = Ioef(wl (Qu—Qug ) +102(Qx Q1)) (Qe=Qz) +w3(Q:=Q)?) (4.28)

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

a= Q}; . (4.29)
c= leo (4.30)

with the Miller indices / and .

An example is shown in Fig. for a 50nm thin film grown on a STO
substrate. For better clarity, to the right side of the orange line the intensity
is scaled with v/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(A) b(A) 6, (%) O, (%) sS4 (%) sp (%) Sap (%)

STO 25 3.840 0.41 194 <194
STO 50 3.832 0.20 9.5 <95
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 w — 20 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 and visu-
alised in Figure The strain parameter s increases with decreasing thick-
ness, as tabled for STO. The relaxation of strain with thickness is also shown
in Fig.[#.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 for the YBCO b-parameter of a 50nm sample on LAO (s, < sp).
The values for s, 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 25nm 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 ¢ accordingly. The c-parameter of a set of several thin sam-
ples is analysed and presented in Fig. 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 200nm. 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. #.3§(c). To calculate the deviation Ac = Cfiim — Couik,
Coulk = 11.695A 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:

Aa
Ac’

VR —

(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 { = |Ac — vAa|

and (c) deviation of out-of-plane over in-plane cell parameter

from bulk, Ax = Xgjm — Xpulk for a and ¢, with ap = 3.824 A

and cpy = 11.695 A, respectively. Dashed line in (c) indicates
purely Poisson-like deformation.

with vypco = 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 { from a Poisson-like deformation is shown in Fig. b), with
{ = |Ac — vAa|. { 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,ui) =U+pV —TS — u;N;, (4.32)

with the internal energy U, volume V, entropy S and chemical potential y;
and particle number N; 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 ¢ and the volume V multiplied by the strain tensor é [152]:

pvV — Vzgmnemn (4.33)
mn
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

p(T) for films of different thickness on LAO and STO (broken

lines), the charge carrier density ny (102! em™3) at 300K 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. 4.3%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 p with decreasing thickness is linked to lower charge carrier densities, as
shown in Fig. [£.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 LAQO 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.LP.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 € is shown for samples of different thickness
grown on LAO and STO in Figure [£.40(b). High nanostrain values are found
for the 25 nm thick films. With increasing thickness, € 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 € 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.[#.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

25nm (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 p
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. f.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 k.pen, for reduc-
tion process of 25, 50 and 200 nm thick films on LAO and (b)
in-diffusion k.pem 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 p. 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

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 7 are
proportional to the volume of the sample. For comparison among different
film thicknesses, we need to use the surface exchange coefficient kepen =t/ 7,
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.[#.42(a). All three cases obey a thermally acti-
vated behaviour, with faster kinetics at higher temperatures. We observe that
the surface exchange rate kq,em strongly depends on the film thickness and
increases with increasing thickness.

In Figure .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 200nm. A dependence of the kinetics on
the different strain types induced by different substrates is observed for the
25nm films, were strain was higher, as will be discussed in section
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 = Achhem,dislocation + (1 - AD)kchem,pristine/ (434)

with the area fraction Ap 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
200nm, 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 20nm 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 [£.43(a) shows the surface exchange coefficient for oxidation
for films of different thickness grown on LAQO 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) kcpem as
a function of thickness normalised to0 kchem,200nm 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. £.43|b). For
clarity the surface exchange coefficients of the silver (non-Ag) coated samples
are normalised to the corresponding kpem 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 200nm thick Ag coated film exchanges oxygen with the atmosphere
about 10 times faster than a layer with a thickness of 25nm. In comparison, a
200nm, Ag free YBCO layer has a factor 100-1000 faster exchange rates than a
non-Ag YBCO film of 25nm.

The activation energies of Ag coated YBCO thin films obtained at temper-
atures above 450 °C are shown in Fig. For the oxygen reduction process
we find that E, 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
E, 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 25nm thick films, as will be discussed in the
following.
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FIGURE 4.44: Activation energies E; for oxidation (continu-

ous) and reduction (dashed lines) process of silver coated PLD

films grown on LaAlOj3 (blue) and SrTiOj; (red) substrates as a
function of the film thickness t.

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 1bar oxygen atmosphere is shown in Fig.[4.45(a).
As discussed above, a peak in p 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 25nm 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 25nm 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
25nm thick films is in agreement with reported studies on other oxides [145,
147, [148]. The pre-exponential factor ko, depicted with diamonds in [4.46|(b),
is higher for oxidation than for reduction, but also varies with the substrate,
indicating that k 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 kg 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.
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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(O;) between P(O2)nigh and P(O2)1ow, 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 kg 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 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 25nm 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 (I-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. 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.[5.2a) 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 (5mbar) and high (1bar) P(O,), 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 where at 450 °C saturation was not reached within
hours.

The saturation conductivities o, 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