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Abstract
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TLAG of solution-derived REBCO superconducting films: ultrafast growth mechanism

and influence of transient liquid composition

by Lavinia Saltarelli

The unparalleled feature of High Temperature Superconducting (HTS) materials of loss-
less electrical current conduction up to liquid nitrogen temperature and at high magnetic fields
has encouraged research on REBa,Cu;0,_; (REBCO, RE= rare earth elements) systems to
unravel the opportunities towards a plethora of different applications. Nonetheless, the exces-
sive production costs of the commercialized HTS Coated Conductors (CCs) are impeding their
worldwide spread. The work conducted in this thesis sets as an objective the reduction of the
high cost/performance ratio of REBCO superconductors by coupling a cost-effective chem-
ical solution deposition-based (CSD) methodology to the innovative transient liquid assisted
growth (TLAG) process. The development of novel, robust chemical solutions led to the attain-
ment of unprecedented chemical and microstructural homogeneity of films showing thickness
of up to 2.7 pum, through implementation of two fundamental innovations. High-purity metal
propionate powder precursors have been synthesized through facile and inexpensive one-pot
methods. Additionally, the careful selection of an amine additive enhanced the rheological
properties of the chemical precursor solution for YBCO and REBCO film fabrication. Vari-
ation of the (Ba:Cu) molar ratio of the initial chemical solution resulted in films of different
transient liquid composition, enabling the in-depth analysis of the out-of-equilibrium kinetic
mechanism of TLAG. Strict control of the processing parameters led to high-performance films
exhibiting critical current density values up to 3 MA cm™2 and growth rates beyond 2000 nm
s~!. Advanced characterization techniques, such as in-situ synchrotron X-ray diffraction, shed
light on the influence of transient liquid supersaturation, driving force towards YBCO nucle-
ation and its successive epitaxial growth. These analyses have generated new and fundamental

insights into the complex kinetic mechanism of TLAG.
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Conceptual Background

1.1 Introduction and motivation

Following decades of worldwide exploitation of fossil fuels, the scientific community is now
confronted with the compelling need for a global transition towards renewable energy sources.
Several solutions have been proposed and the development of novel functional materials with
appealing properties has experienced an exponential boost, with opportunities for possible ap-
plications in clean energy production, harvesting, storage and transport. Concerning the latter
point, superconducting materials are in the spotlight due to their distinguished characteristic
of lossless electrical transport. Since 1911, when Kamerlingh Onnes discovered no electrical
resistance in mercury below 4.2 K, it was clear that this would lead to numerous technological
breakthroughs and a wide variety of possible features, as the same Onnes initially predicted.
Nonetheless, the complete understanding of the phenomenon of superconductivity required
several years of theoretical studies. A major contribution came from London and Shubnikov
in the 1930s, who defined the magnetic behaviour in superconducting materials and made
the fundamental distinction between type-I and type-II superconductors: the former displays
mainly superficial current flow capacity and superconducting properties are lost at low fields,
while the latter are able to transport bulk supercurrents up to high magnetic fields. It was in
the 1950s when Abrikosov led to the full conception of the quantized vortices in the type 11
superconductors, opening the chase for superconducting materials with unprecedented prop-

erties.

The 30 years following that have seen the rise of numerous superconducting systems, with the

predominance of niobium-based alloys due to their unmatched performance properties: NbTi,
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Nb;Sn, and Nb;Ge, which respectively present critical temperature (7,) at 9 K, 18 K, and
23.2 K [1, 2], could be successfully included in wire fabrication and, through their applica-
tion in the production of magnetic coils, led to the irruption of superconducting materials on
the market. These low-temperature superconductors (LTS) were prime competitors for med-
ical purposes and in basic research facilities, where the coils are employed still nowadays in
magnetic resonance imaging (MRI), nuclear magnetic resonance (NMR) devices, and in par-
ticle accelerators or high magnetic field laboratories. However, the need for expensive liquid
helium-based refrigeration systems characteristic of these alloys has limited their widespread,
and the hypothesis of the replacement of conventional electric technology centred on copper
and iron by LTS was promptly discarded.

1986 was the revolutionary year, when Georg Bednorz and Alex Miiller reported superconduc-
tivity at 30 K for the Ba,Las_,CusO;_, perovskite structure [3], awarded with the Nobel prize
in Physics a year later. This marked the dawning of high temperature superconductors (HTS),
resulting in the synthesis of various other perovskite compounds which exhibited supercon-
ducting behaviour at temperatures above liquid nitrogen (77 K). Among those, YBa,Cu;0;_s
(YBCO) generated excitement in the superconducting community, increasing 7, to 93 K [4].
Soon, similar systems in which other rare earth elements (RE) substituted yttrium were de-
veloped, namely REBa,Cu;0,_; (REBCO), and several other compounds together with the
record-breaking Hg,Ba,Ca,Cu;0, (T, = 130 K), were announced [5].

During the following decades, the increase of global interest in HTS led to numerous research
grants being awarded on this research topic and major discussions on the substitution of the
commonly employed copper cables with HTS-based wires, especially following the successful
inclusion of the (Bi, Pb),Sr,Ca,Cu;0, (Bi-2223) and subsequently MgB, superconductors in
multifilamentary wires [6-9]. These were obtained through the powder-in-tube (PIT) process,
in which an external metallic tube (generally, silver, copper or bimetallic silver/stainless steel
alloys) is containing the brittle ceramic superconductor sintered powders in its core [10]. De-
spite the innovation deriving from this fabrication method, it was not adaptable to most of the
HTS materials, as these highly anisotropic systems require high textured growth structures to
display high performances. This challenge was overcome by the development of the second
generation tapes (2G), also known as coated conductors (CCs), in which the biaxially textured
YBCO or REBCO superconductor layer is grown on a flexible metallic structure comprising
buffer layers to reduce the lattice mismatch. The technological breakthrough generated by
CCs laid the foundations to their entrance on the market [8, 11-13]. HTS layers are nowadays
successfully produced with lengths of hundreds of meters and competitive properties ranging
between 500-700 A/cm - width, making the major widespread of this technology a realistic
feasibility and, together with it, the advance towards more sustainable solutions for energy

harvesting and transportation [14—18].

Currently, the limiting factor towards a general use of CCs is the elevated production costs
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of the available technology. Techniques such as Pulsed Laser Deposition (PLD) [17, 19, 20],
Metal Organic Chemical Vapour Deposition (MOCVD) [21-23], Electron Beam Physical Va-
por Deposition (EBPVD), metal evaporation (ME) [24-27], sputtering [28, 29] are amongst
the most commonly employed for the production of the HTS layer, facing the downside of
requiring expensive vacuum equipment and intrinsically slow diffusion kinetics. In the last
decades, variations of such techniques were developed to improve the growth rates of the su-
perconducting layer: in this framework, high rate PLD (PLD-HR) [30-33] and liquid-assisted
PLD (PLD-LAP) [34] were the most appealing solutions [35]. Nonetheless, the emergence of
chemical solution deposition (CSD) set the premise for a cost-effective option for the produc-
tion of REBCO superconductors. This methodology utilizes inexpensive metal-organic chem-
ical solutions whose metal cations components, following several annealing processes, lead to
the formation of final superconducting material. The renowned trifluoroacetate metal-organic
decomposition (TFA-MOD) route was the first to arise in the late *80s, and is still nowadays the
CSD-based technique implemented in industrial processes [15, 36—45]. However, the solid-
solid growth mechanism characteristic to the TFA-MOD route shows low growth rates (1-5
nm s~ 1), with the additional disadvantage of liberating the highly toxic hydrofluoric acid (HF)
as sole waste product. This has favoured the development of a more environmentally friendly
CSD-based method through the complete elimination of fluorine from the system, thus devel-
oping fluorine-free metal-organic chemical solutions [46—50]. In this context, the combination
of the cost-effectiveness of CSD with the fast crystallization kinetics of liquid-assisted growth
processes have led to the development of the pioneering growth approach for REBCO systems
deriving from fluorine-free chemical solutions in our research group, namely transient liquid
assisted growth based on chemical solution deposition (TLAG-CSD). Unprecedented critical
current density values in the range of 2-5 MA cm™2 and ultrafast growth rates beyond 100 nm

s

were demonstrated through TLAG-CSD in the first years of its progress [51-55], showing
its feasibility for industrial applications, given the compatibility of the CSD methodology with

high-throughput and scalable deposition techniques.

Nonetheless, difficulties regarding the attainment of films of high thickness, indisputable re-
quirement in the industrial fabrication of REBCO CCs, the comprehensive understanding of
the TLAG mechanism and the nucleation control of the ultrafast growth demanded for fur-
ther investigation and advance of the innovative TLAG-CSD approach. This led to the re-
sults presented in this thesis, in which a novel solution formulation was found pivotal for the
achievement of several fundamental features the nanocrystalline precursor films must exhibit
for an optimal epitaxial growth of YBCO through TLAG. Detailed analysis of this new growth
method was conducted on transient liquid of different compositions, obtained through the sim-
ple variation of the stoichiometry of the initial chemical solution. This provided unprecedented
and interesting insights on how liquid supersaturation is controlling the kinetic mechanism of
TLAG.
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The different topics discussed in this thesis will be, thus, presented in the following order:

e The remaining sections of the current Chapter 1 will illustrate the fundamental con-
cepts regarding superconductivity, the YBCO triple-perovskite structure and its global
significance, current advances in HTS wire fabrication with a focus on melt-textured

based processes, and state-of-the-art knowledge of TLAG.

e Chapter 2 will explain the choice of employing synthetic procedures to prepare metal
propionates of the cations needed for YBCO and REBCO growth through the TLAG-
CSD approach, entering in detailed characterization techniques and a comprehensive
study of their thermal behaviour to assess their compatibility with the proposed appli-

cation.

e Chapter 3 is devoted entirely to the novel solution formulation and optimization, cov-
ering the complete study which led to a profound understanding of the solution system
and the role and behaviour of the amine additive employed to enhance its rheological
properties. Solutions of various stoichiometries were employed in the preparation of
films which will lead to transient liquids of different compositions during the growth of
YBCO through TLAG. Moreover, variations of the optimized solution led to the possi-
bility of tuning solution properties depending on the desired results through the use of
a plethora of different amine additives or widening the possibilities to several RE other
than the sole Y.

o Chapter 4 analyzes the growth process of YBCO and other REBCO systems through
TLAG, identifying the fundamental processing parameters that must be strictly con-
trolled. The initial analysis of the elimination of the limiting phase of the process,
barium carbonate, will evince the facile removal of this phase once governing the sig-
nificant kinetic factors. Subsequently, the pivotal control of supersaturation in TLAG
demonstrated the feasibility of high-performance films of different liquid composition,

of increasing thickness and of various REBCO systems.

o Chapter 5 examines the complex kinetic mechanism of TLAG through an analysis of
the growth process using in-situ XRD experiments performed in synchrotron facilities.
An evaluation of the complications arising from the challenging experimental method-
ology, possible solutions, and fundamental aspects of TLAG is presented, leading to
meaningful knowledge on this ground-breaking growth process.
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1.2 Fundamental Concepts

The current section has the aim of providing the reader with the theoretical background for a
comprehensive understanding of the results presented in this thesis. Historical development
and essential details on HTS and CCs fabrication will be illustrated, with a focus on the RE-
BCO crystalline perovskite-type structure, being the superconducting compound of interest in
the current work. An overview of the fundamental concepts on crystal growth from a melt
is crucial since TLAG is, as evinced by its name, a liquid-assisted growth methodology. Fi-
nally, the kinetic mechanism of TLAG will be explained and the characteristic features of this

innovative growth approach for REBCO superconductors will be presented.

1.2.1 High Temperature Superconductors

Besides offering unique opportunities towards the enhancement of the efficiency of electrical
transport, superconducting materials may be employed in a wide variety of mechanical devices
with superior performance to the conventional technologies, such as power cables, supercon-
ducting magnetic energy-storage (SMES) devices, transformers, fault current limiters (FCLs),
equipment working at ultra-high magnetic fields (fusion reactors, particle accelerators, NMR)
[9, 35], transport (motors, ships, levitating trains, electrical airplanes) [56] and thermoelectric
technologies [57].

The initial enthusiasm generated by the discovery of superconductivity with the idea of im-
plementing electric power and magnetic applications through the use of LTS such as NbTi
or Nb;Sn faded rapidly, despite these type of superconductors are still nowadays employed
in the production of magnetic coils of unmatched performance for medical and scientific ap-
plications (MRI, particle accelerators, high-field magnets) [8]. The main reason was the low
cost-effectiveness deriving from the liquid helium-based refrigeration system required for these
materials, unattractive to industrial investors for its additionally complex implementation.
The announcement of HTS, starting with Bednorz and Miiller in 1986 with the Ba,Las_,Cus0O5_,
perovskite (T, = 30 K) [3] and followed a year later by Wu et al. [4] with YBa,Cuy0,_;
(YBCO) with T, = 93 K, was the breakthrough the superconducting community awaited, and
novel opportunities promptly unfolded. Such elevated critical temperatures were enabling the
use of liquid nitrogen (boiling point at 77 K) as a coolant, with enormous difference cost- and
abundance-wise compared to the previously required liquid helium.

For high magnetic field applications, the choice of a superconducting material relies on its
performance under the externally applied magnetic field, measured as critical current density
(J,). HTS materials, which fall into the category of type-II superconductors, present distinct
behaviour depending on the applied magnetic field (H), with the corresponding subdivision in

normal, mixed (superconducting), and Meissner state according to the critical field values, as
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displayed in the H-T phase diagram represented in Fig. 1.1. Below the value of lower crit-
ical field, H, , the material is in the Meissner phase, experiencing screening currents on the
surface which result in the complete expulsion of the magnetic field [58] and, thus, perfect
diamagnetic behaviour. Between this critical field value and the upper critical field, H , the
superconductor enters a mixed state, also known as Shubnikov phase: here, the magnetic field
penetrates in the material in form of quantized flux lines (vortices) originating from circular
superconducting currents which flow around the vortex core. The high values of H, o in type-
II superconductors (H,, » H, ) are at the origin of the distinguished feature of this kind of
materials of lossless transport of large currents, and capability of operating at high magnetic
fields.

NMR
MRI Cables
(a) (b) HEPFusion _ Generators and motors FCLs
60 hd d
He N,
B: Fe, A 2
H , Normal state 30 55Ko 4sFe2As
C.
%0 Tree,Te,., \\ YBa,Cu,0,,
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FIGURE 1.1: (a) Representation of the H-T dependency in type-1I superconductors, displaying
the different possible states corresponding to the applied magnetic field. Exemplary irreversibil-
ity field line (shown as black dashed line) is indicating the applied magnetic field above which
loss of critical current density is exhibited. (b) Comparison of H-T values for several type-II
superconductors (LTS and HTS), showing the upper critical fields, corresponding to H,, in (a)
(solid lines), and irreversibility field lines, H,,,. (dashed lines). Operating temperatures of liquid
He and liquid N, are shown as dark blue dashed line, and major applications are indicated at the
top of the graph, corresponding to their operating region. Adapted from [8, 35, 59].

For this to be valid, however, the vortices must remain pinned. When a current (J) is applied
to the material, a Lorentz-like force (F;) is generated and acts on the vortices similarly to a

magnetic field acting on a moving charge [60], according to:

F, =JxB (1.1)
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The pinning force, (Fp), of the vortices is, conversely, acting against the F; . The movement
of the vortices caused by the F; exhibits as a consequence energy dissipation. The maximum
current density flowing in a superconductor displaying no dissipation of energy is defined as
critical current density, J,. At elevated values of applied magnetic fields and temperature, the
inability of pinning the vortices results in J, = 0 above the value of irreversibility field H;,,
(dashed line in Fig. 1.1(a)). The upper boundary delimiting the region of lossless electrical
transport of HTS in the region of the H-T phase diagram is, thus, defined by the value of H,,.,.
Fig. 1.1(b) reports both upper critical fields, H, (as solid lines), and irreversibility fields, H,,.,
(dashed lines), of several type-II superconductors, including LTS and HTS compounds. From
this graph, the reason behind the ferment of the superconducting community over YBCO is
evident: the H,,, reaches liquid N, temperature in this cuprate-based HTS', marking a wide

range of H-T in which high-field applications (above 10 T) are feasible.

1.2.1.1 REBCO crystal structure

HTS materials such as REBCO and other cuprates display highly anisotropic crystal structures.
Representation of the YBCO unit cell is shown in Fig. 1.2. It crystallizes in a triple-perovskite
structure composed by three ABX; pseudocubic cells: A are the Ba?* or the Y37 cations, with
the former occupying the central position of the first and third pseudocubic cells, whereas the
latter occupying the same position in the second cell. For the case of REBCO, RE3** may be
any rare earth element other than Ce, Tb, or Pr [60]. Conversely, B is the Cu?t / Cu?t cation,
placed on the vertices. BaO planes are dividing the alternating CuO chains and the CuO,
planes. Oxygen deficiency in the structure is a consequence of the presence of the former
distribution. For example, in YBa,Cu;0,_s, for values of 6 between O and 1, the structure
varies between presenting full oxygen doping or oxygen-deficient. A tetragonal structure is
formed in the case of oxygen-deficiency (6 = 1), with a = b, and the material showing no su-
perconducting behaviour. Superconductivity arises in correspondence to oxygen incorporation
in the structure, for 0 < 6 < 0.65 [61], with a transition to an orthorhombic structure (a # b).
The superconducting transition with maximum 7, value of 93 K in YBCO is achieved in the
specific oxygen doping range of 6 = 0.05-0.07 [62]. The step of oxygen doping is of crucial
importance during YBCO (or REBCO) fabrication for superconducting applications. In the
optimally doped regime, the occupancy of the oxygen vacancies allows for the coexistence of
the two different aforementioned orderings of the Cu-O bonds. Superconducting currents are
able to flow along the stacked CuO, planes, which are provided with charge carrier density by
the CuO chains, part of the charge reservoirs BaO-CuO-BaO structure. The origin of the high
anisotropy of YBCO and other REBCO is found in the alternation of CuO, planes and CuO
chains, with the critical current flowing in the former (a-b planes) surmounting the one in the

c-axis direction. The unique feature of superconductivity along the CuO chains distinguishes

!Bi, Sr,CaCu, 04 (BSCCO) and (Bi, Pb), Sr,Ca, Cu;0, both display values of H, ¢, above 100 K and are not shown
here.
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REBCO from other HTS. Moreover, major drops in critical current density were observed at
the grain boundaries of misoriented crystallites [63], thus making a high degree of epitaxy of
YBCO a fundamental requirement for its application in CCs.

o Cu*/Ccu’t
® O
Y3+

‘ Ba2+

CuO chain

CuO, plane

a

FIGURE 1.2: Representation of the crystalline structure of YBa,Cu30,_s in its orthorhombic

phase, which crystallizes in the Pmmm space group. CuO chains and CuO, planes are illustrated

for clarity. Lattice parameters are obtained from the International Centre for Diffraction Database
(ICDD) [64].

1.2.2 Coated Conductors fabrication

As mentioned above, the high anisotropy of YBCO and REBCO perovskite-like structures
demanded for the development of methods to incorporate these materials in wire fabrication
while ensuring their biaxial texture with low misalignment at the grain boundaries in order to
prevent critical current percolation loss.

The powder-in-tube (PIT) approach of the 1% generation wire fabrication was only successful
in the cases in which the superconducting behaviour of the compound employed is not influ-
enced by grain misalignment. In this method, a powder of the superconducting material is
inserted in an external tube of silver, copper or bimetallic silver/stainless steel alloys, and sev-
eral rolling and annealing processes lead to the final multifilamentary wire [7, 10, 65].

The breakthrough towards the feasible use of YBCO and REBCO derived from the devel-
opment of 2" generation of superconducting wires and cables, namely Coated Conductors
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(CCs), in which texture was successfully transferred to flexible metallic substrates of conven-
tional thickness of &~ 100 ym. The two deposition methods which are widely used to achieve
this are ion beam-assisted deposition (IBAD) [66] and rolling-assisted biaxially textured sub-
strate (RABITS) [67]. Tapes produced through IBAD are obtained by substrate bombardment
with an ion beam while simultaneously employing a physical vapor deposition (PVD) coating,
allowing for a biaxial texture layer on top of a polycrystalline layer. These are composed by a
hastelloy polycrystalline metallic substrate, covered with aluminum oxide (Al,O5) and yttria
(Y,03) on which biaxially textured buffer layers are deposited. Generally, the latter are mag-
nesium oxide (MgO) or Y,Oj5-stabilized ZrO, (YSZ), topped with either lanthanum manganite
(LaMnOj3, LMO) or cerium oxide (CeO,) to ensure close lattice mismatch with the REBCO
layer. In the case of CCs produced by RABITS, the technique employs thermomechanical ma-
chinery to impart texture to NiW metallic substrates, followed by vapor deposition of buffer
layers of Y,03, YSZ and CeO,, on which the REBCO layer is grown. A schematic represen-
tation of the typical Coated Conductor architecture is displayed in Fig. 1.3. The attainment
of flexibility with the simultaneous low-lattice mismatch of the final buffer layer with the su-
perconducting material of choice (generally, REBCO) enabled the commercial widespread of
both methodologies and the feasibility of the use of YBCO and REBCO superconductors in

applications.
Capping Layer
(Cu, Ag, etc.)
Buffer Layers
(Ceob Y2035
LaMnO;, MgO,
YSZ, etc.)

REBCO Layer
(RE=Y, Gd, Yb, etc.)

~<——Substrate
(Hastellov. stainless steel. Ni-based)

FIGURE 1.3: Schematic representation of the generic architecture of a Coated Conductor, show-

ing the different composition of the layers.

The final REBCO layer is obtained through several deposition methods, with possibility of
it being in-situ, if the growth occurs simultaneously to film deposition, or ex-situ, occurring
separately. Most commonly used in-situ deposition techniques are MOCVD and PLD, while
CSD approaches have gained popularity as promising ex-situ deposition technique for REBCO
systems, generally employing the TFA-MOD route [40, 68] and Reactive Co-Evaporation and
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Direct Reaction (RCE-DR), the latter established in the last decade [69]. The main drawback
of the growth of REBCO through the aforementioned techniques is their low throughput, with
growth rates generally limited below 10 nm s~! due to the reduced atomic diffusivity in the
vapor-solid or solid-solid reaction mechanisms these techniques rely on [35, 70, 71].

The necessity of increasing the rate of production, and thus reduce the cost, of the REBCO layer
has promoted the development of liquid mediated growth processes, to favour the widespread
of more commercially accessible HTS-based technologies.

1.2.2.1 Liquid mediated growth methodologies

Several solutions are behind the path towards the reduction of the current price of commer-
cially available CCs. At present, companies have implemented strategies such as a general
increase of J, (possibly through introduction of artificial pinning centers, APC) [72], increase
of the thickness of the REBCO film (and consequently, 1,.) [15], and implementation of simul-
taneous multiple manufacturing methods (i.e. multi-lanes in roll-to-roll fabrication processes
or multi-plumes in PLD) [73]. Nonetheless, the intrinsic characteristics of the employed low
growth rate methodologies are inevitably limiting the improvement of the fabrication through-
put. With the aim of enhancing this factor, the rate of the growth method itself must be sig-
nificantly increased. This is where the utilization of liquid mediated growth techniques has
opened novel possibilities and has captured the interest of industrial partners.

In liquid mediated growth methods, the diffusivity of the cation in the melt is fundamentally
higher. In this direction, strong efforts were made in the last decade of the 1990s and early
2000s to determine the solubility of Y and other RE in the BaO-CuO melt through a wide va-
riety of different liquid-based growth techniques [74—80], with the aim of understanding and
developing methods to enhance the growth rates of such materials. Kursumovic et al. deter-
mined the yttrium diffusivity in a (3Ba0:5Cu0)> melt at 970 °C to be as high as 4 - 1071m?s~!
[77] through melt-textured growth (MTG). In this technique, employed to obtain bulk YBCO
crystals, YBCO crystallization is carried out through formation of an incongruent melt of
[Y,BaCuOs ((211) phase) + liquid], which is then undercooled to temperatures below the
peritectic one of YBCO. Thus, YBCO nucleates heterogenously given the presence of a seed
crystal at higher temperature and its nucleation is driven by the supersaturation of such melt
[74]. The potential feasibility of increased growth rates could be demonstrated through MTG
techniques for YBCO, predicting growth rates of 200-800 nm s~ for single crystals [81] and
above 1000 nm s~! for filaments [82].

The findings relative to the techniques presented up to this moment for the preparation of bulk
YBCO crystals evidenced that the development of textured YBCO thin films for superconduct-
ing applications required for novel techniques with similar approaches. Liquid Phase Epitaxy

(LPE), a technique earlier utilized for the production of composite semiconductor materials

2The (Ba:Cu) ratio is seen to have a great effect on the solubility of Y or RE in the melt. A detailed discussion
regarding this topic will be provided later on in this chapter.
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such as GaAS and InP, was thus adapted to the YBCO fabrication. As displayed in Fig. 1.4(a),
this growth method relies on the use of a crucible containing a [BaO-CuO] melt at high tem-
perature in which Y,05; or YBCO are placed as a solute. A seed crystal is placed on a rotating
holder® and put into contact with the melt, favouring YBCO growth through a temperature

(@) (b)

o

Flux feeding from vapor plfgse

[

rotative holder
growth
front
.solute
[}
Xy
@ 0

(]
’ . o0 growth front
[BaO-Cu0] ligu ®

FIGURE 1.4: Representation of growth mechanism for the YBCO thin film through (a) LPE and
(b) HLPE. The [BaO-CuQO] melt obtained at high temperature is supersaturated with a solute,

either YBCO or Y,05 (containing Y). Heterogeneous nucleation and successive growth is ob-
tained through a seed crystal. Adapted from [54].

gradient given the undercooling at the growth front, thus a variation in the supersaturation.
Growth rates of up to 50 nm s~! could be achieved through this technique [77, 79, 83]. How-
ever, strong limitations of this technique are: the highly corrosive nature of the melt, causing
significant reactivity issues with the crucibles, the high processing temperatures, generally
above 1000 °C, and the complicated tuning of the melt supersaturation at the growth front. To
surmount these difficulties, a variation of LPE, namely Hybrid Liquid Phase Epitaxy (HLPE),
was successively developed. In this case, as visible in Fig. 1.4(b), a layer of the [BaO-CuO]
melt is formed. Through PLD, an Y-rich solute is fed to it from a vapour phase. The great-
est improvement is the possibility of controlling the supersaturation of the liquid through the
regulation of the pulse frequency of the laser. YBCO was successfully grown through HLPE,
with growth rates of 12-35 nm s~! and displaying physical properties up to 1.2 MA cm~2 [80,
84].

Amongst other techniques employing a liquid-mediated growth in which the solute is fed from
a flux through PLD or MOCVD, one may find Pulse-Laser Tri-Phase Epitaxy (TPE) [85, 86]
and Vapor-Liquid-Solid (VLS) growth [87]. Recently, two novel techniques have emerged in
the CCs fabrication scenario. In 2014, Moon et al. from SUNAM Co. Ltd [69] have developed
the Reactive Co-Evaporation and Direct Reaction (RCE-DR) to fabricate GdBCO CCs through

3Rotation of the holder enhances the production of supersaturated liquid at the growth front due to convection.
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a two-steps process which involves, first, fast co-evaporation of the precursor films in low 7-
Py, conditions, followed by annealing of the films at elevated temperature and high Py, . This
emerged as the highest throughput method employed in the commercial framework. Lately,
in 2021, Feighan et al. reported on the liquid-assisted processing (LAP)-PLD, a variation of
the classical PLD which simultaneously overcomes the problem of both slow growth rates and
inclusion of pinning centers. The key to this technique is the use of a non-stoichiometric target
composition which generates a thin liquid layer during the PLD deposition and the REBCO
film growth, enhancing the growth rate and enabling the self-assembly of APCs as fine nano-
columns [34].

Despite all the aforementioned liquid-assisted techniques to be promising towards the enhance-
ment of the CCs fabrication throughput, the use of ultrahigh vacuum methodologies (in the
range 1078-10712 bar) sets a serious challenge for a cost-wise reduction. Additionally, these
techniques operate near thermodynamical equilibrium conditions, limiting the working win-
dows to confined temperature ranges, employing growth temperatures close to 1000 °C and
through the disadvantageous use of corrosive melts for timely processes.

A breakthrough for feasible low-cost and high-throughput CCs fabrication derived from the
work conducted in our research group, where the TLAG-CSD approach was developed [53].
This novel growth technique relies on the inexpensive CSD methodology coupled with the
out-of-equilibrium growth kinetics of a transient liquid-assisted process, demonstrating the
possibility of unprecedented growth rates beyond 1000 nm s~! in a large window of high epi-
taxy and compatibility of APCs inclusion through the use of pre-formed nanoparticles*. A
detailed explanation of the growth mechanism in TLAG will be given in the following sec-
tion. Additionally, considering the liquid-assisted nature of the process, for a comprehensive
understanding of the work conducted in this thesis, fundamental concepts on crystallization
processes from a melt are believed to be necessary, and will be provided in the final part of

this chapter.

1.2.3 TLAG-CSD approach

The theory at the origin of the innovative growth method of TLAG is the following: the global
necessity for a cost-effective growth methodology for HTS? fabrication led to the implemen-
tation of an industrially suitable and scalable chemical solution deposition-based technique.
This innovative method relies on an out-of-equilibrium, kinetically-driven liquid-assisted ul-
trafast growth process. The combination of these two key aspects makes TLAG competitive
and appealing, given its use of inexpensive chemical solutions together with growth rates ex-
ceeding by factors 10-100 the reported values for commonly employed fabrication methods in

the current industrial framework.

4This particular aspect will not be described in this work, as it is the focus of the PhD thesis of D. Garcia carried
out during the same years as the present one.
SIn the case of TLAG, YBCO and other REBCO have been implemented.
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The TLAG-CSD approach may be summarized in four major points which, as demonstrated
in the following chapters of this thesis, are each of fundamental importance for the attainment

of high-performance YBCO (or other REBCO) superconducting films.

1. Preparation of a metal-organic precursor solution: metal-organic precursor salts of
the three cations required for the formation of the final REBCO perovskite-type struc-
ture are mixed in an appropriate solvent (or mixture of solvents) in the desired concen-
tration. The relation between high solution concentration and increased film thickness is
renowned, and in order to reach more elevated concentration of the precursor solutions,
additives may be employed. Solutions must be well dissolved to ensure the correct sto-
ichiometry of the final REBCO is attained, and must ideally present long shelf-life, an
appealing feature for the industrial implementation of any CSD-based method. Gener-
ally, the choice of employing commercially available metal-organic precursor salts for
the preparation of the solution is preferred. However, throughout the work conducted in
this thesis, the advantages of performing their synthesis in-house will be presented and
thoroughly motivated (specifically, in Chapter 2).

2. Deposition and pyrolysis: the prepared chemical solution is deposited via spin-coating,
ink-jet printing (IJP) or slot-die coating. Subsequently, it is placed in a tubular furnace
for the first annealing, aimed at the decomposition of all organic matter to yield a ho-
mogeneous, nanocrystalline film composed by BaCO5, CuO and Y,0Oj5 (or RE,O; for
other tested RE). These phases are found in nanocrystalline form embedded in an amor-
phous matrix, and the films resulting from the pyrolysis process will be employed as
precursors for the growth of YBCO or REBCO through TLAG. Deposition parameters
and processing conditions of the annealing process have been optimized to promote the
formation of the desired phases showing the optimal, reduced grain size which ensures

a fast reaction in the following growth process.

3. Elimination of BaCO; and growth of YBCO (or REBCO): the growth process through
TLAG requires the use of a high-temperature annealing (> 800 °C) and determined con-
ditions of oxygen partial pressure. During this thermal treatment, which will be de-
scribed in detail later on in this section, BaCO5 must be eliminated in order for the reac-
tion mechanism to proceed. Processing parameters must be correctly tuned to promote

the epitaxial, c-axis nucleation of YBCO, necessary for the application proposed.

4. Oxygenation process: the final heat treatment is performed on the grown YBCO or
REBCO film to induce oxygen incorporation in the structure and thus yield the structural
transformation from tetragonal to orthorhombic, the one of interest due to it displaying

superconducting properties.

Chapters 2 and 3 will present a detailed discussion on the synthesis of the metal-organic pre-

cursor salts and on the optimization of the metal-organic chemical solution, its deposition and
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pyrolysis step. Despite Chapter 4 will be focusing on the growth of YBCO and three other
REBCO systems through TLAG, an overview of the general reaction mechanism of this inno-
vative growth process is required for a straightforward understanding of the reported findings,
and is thus now presented®.

As previously mentioned, the necessary, first step of the growth mechanism through TLAG
is the elimination of BaCO;. Since the publication of the first studies reporting the use of
fluorine-free chemical solutions [46—50, 88], the formation of this precursor phase of barium
led to the common belief in the superconducting community that its presence would com-
pletely hinder the formation of the final REBCO, due to its exceedingly high thermal stability
[42, 89-91]. In powders, its decomposition occurs above 1000 °C [92, 93], thermal conditions
well above the processing temperature common to REBCO fabrication, given the peritectic
temperature T'p of YBCO, for example, is found in the same range. Successively, however, the
fundamental role of CuO in the elimination of BaCO5 was revealed [94-96], demonstrating
the prominent catalytic nature of copper in the reaction leads to the reduction of the processing

temperature of several hundreds degrees through the mechanism:
BaCO3(S) + CMO(S) d BaCuOZ(S) + COZ(g) (12)

The equation above accounts for thermal treatments performed in atmospheric conditions. Ad-
ditionally, the determinant feature of reduced particle size was presented [97]: nanometric
sized particles of precursor phases displayed a faster participation in the reaction scheme com-
pared to the same particles in micrometric size, possibly explained through an increased cation
diffusion during the reaction. This concept is at the base of the optimization of the pyrolysis
process in TLAG-CSD towards the formation of the nanocrystalline precursor phases with re-
duced grain sizes for their successive high reactivity in the growth mechanism.

Therefore, the presence of CuO in the fabrication process of YBCO or REBCO films allows
for the formation of a mixed oxide of barium and copper [98] which successively reacts, in the
presence of copper oxide, to form a liquid phase of [Ba-Cu-O]. Detailed study of the binary
system of (Ba-Cu-O) was fundamental for the progression of HTS fabrication, and works from
Nevriva et al. [94], Chu and Buchanan [99] and Lindemer et al. [95] resulted in the develop-
ment of phase diagrams, illustrating the formation of melts in specific processing conditions
(T—PO2, atmosphere, etc.). In TLAG, the mechanism of the [Ba-Cu-O] transient liquid forma-
tion is seen to assist the nucleation and the final growth of YBCO. TLAG is, thus, founded
on the concept of kinetic preference towards [Ba-Cu-O] transient liquid formation in a region
of the phase diagram in which, thermodynamically, YBCO is the expected equilibrium phase.
The presence of a transient liquid is not predicted by classical thermodynamics, conferring

to TLAG a characteristic out-of-equilibrium nature. Given the necessary overcoming of an

SFor details regarding all experimental methodologies and characterization techniques employed in the bullet-point
list above, refer to Appendix A.



1.2. Fundamental Concepts 15

energetic barrier, AG, for the formation of stable nuclei of a solid phase and its crystalliza-
tion occurring following an induction period, the reaction pathway through a transient liquid
is consistently faster as its formation is instantaneous’. A previous case study was reported
for the fabrication of germanium nanowires, in which the generation of a liquid phase exhib-
ited kinetic preference compared to crystallization in thermodynamic equilibrium conditions
[100].

A schematic overview of TLAG is illustrated in Fig. 1.5, where the fundamental steps towards
the final REBCO growth are observed. Upon heating of the nanocrystalline precursor film, the
kinetically preferred [Ba-Cu-O] transient liquid is generated through melting of [BaCuO,, +
CuOy,] (at high Pp)) or [BaCu, Oy + Cuy O | (at reduced Py, ). The ;05 nanoparticles
are stable and dispersed in the transient liquid until the conditions for their dissolution are met.
This leads to yttrium supersaturating the liquid and diffusing towards the growth front in cor-
respondence to the substrate-liquid interface. Here, nucleation of YBCO is favoured, and the
kinetic control of the liquid supersaturation ensures the promotion of the c-axis orientation,

which progresses its bottom-to-top growth.

() o®
Substrate Substrate Substrate Substrate
Nanocrystalline precursors T ient liquid f i . L.
BaCOyy ; CuOy,) ; Y,05) ransient liquid formation YBCO nucleation YBCO crystallization

FIGURE 1.5: Schematic representation of the TLAG mechanism, illustrating the major steps

occurring during this growth process.

A wide working window for c-axis nucleation is available for the growth of YBCO through
TLAG, and is strictly correlated to the supersaturation conditions of the transient liquid. This
region of the phase diagram may be reached through two different methodologies, namely

TLAG routes, indicated as arrows in the phase diagram in Fig. 1.6. These are described as:

e TLAG T-route: YBCO crystallization is obtained through a fast heating at a constant,
elevated PO2 (blue arrow in Fig. 1.6). In this case, the elimination of BaCO; and the

generation of the transient liquid are occurring concomitantly during the heating ramp.

e TLAG Py, -route: two-steps process which decouples the elimination of BaCOs, occur-
ring during the heating at reduced Py, until the attainment of the desired temperature,
from the formation of the transient liquid and YBCO nucleation, promoted during a fast
variation of the Po, of the system to reach the area of the phase diagram where c-axis

nucleation is favoured. This is represented by two consecutive, red arrows in Fig. 1.6.

7A thorough discussion on the crystal growth from melts is object of the following section.
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FIGURE 1.6: Possible routes employed for the growth of YBCO through TLAG, shown as arrows
on the TLAG kinetic phase diagram indicating major areas of phase stability [101]. Blue arrow
depicts the TLAG T-route, whereas the red arrows illustrate the two-steps process of TLAG Py, -

route.

Comparably to other liquid-mediated growth approaches, the growth rates in TLAG are
anticipated to be high. Y diffusivity in a [Ba-Cu-O] melt was demonstrated by Kursumovic et
al. [77]to be 4 - 10~ 19m2s~1, two orders of magnitude higher than when studied in bulk (8 -
10~2m?s~1). Indeed, the liquid-assisted nature of the process allows for ultrafast growth rates
to be obtained: in the work conducted during this PhD thesis, YBCO growth at a unprecedented

1

rate of over 2000 nm s~ was demonstrated (see 5.3.1 and [101]), undoubted evidence of the

high-throughput essence of TLAG.

For an exhaustive comprehension of the discussions regarding the experimental results on the
growth of YBCO and other REBCO systems through TLAG, a thorough explanation of the
cardinal aspects of crystal growth from melts is believed to be necessary, and is object of the

following section.
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1.2.4 Notions on crystal growth from a melt

The mechanism of crystal growth from a melt deriving from a solid phase (or several phases)
may be viewed as a three steps process: initially, the solid is melted, generally through thermal
annealing. Variations of the melt supersaturation conditions will be inducing the formation
of the first nuclei of the final crystalline phase. When the conditions for stable nuclei precip-
itation are attained, crystal growth from the melt occurs. The growth mechanism employed
in this thesis for the preparation of epitaxial REBCO films shows a parallelism with the latter
description: as it was preliminarily presented above, and will be illustrated in detail in Chap-
ters 4 and 5, the nanocrystalline phases of BaCO;, CuO and Y,O5 are the solid precursors
for the formation of the transient liquid. From the latter, REBCO nuclei are generated and the
growth of the final perovskite-type crystal structure occurs. For this reason, a comprehensive
discussion of the theoretical concepts at the foundation of the individual steps of the process
of crystal growth from a melt are considered to be of fundamental interest for the complete un-
derstanding of the growth of REBCO films through TLAG, and are thus given in the following
sections of the text. Finally, a literature overview regarding the complex property of solubil-
ity of RE in various [Ba-Cu-O] melts has the objective of giving insights into the parameters
controlling supersaturation, envisioned to be of extreme importance for the interpretation of

the experimental results provided in this thesis.

1.2.4.1 Formation of a melt

Melting of a crystalline matter may be regarded as a continuous, first order phase transition
from an ordered solid phase to a liquid presenting no structural arrangement. This type of
phase change involves, generally, a finite amount of latent heat: the system absorbs or releases
a large amount of energy per volume, with the simultaneous addition of heat while the tem-
perature of the system is kept unvaried. This results in a "mixed phase regime", where some
parts of the solid have completed the phase transition prior to others. The melting point, 7,,, is
defined as the point of critical temperature where the Gibbs free energy of the two states, solid
and liquid, are both equal, AG = 0.

The first conception of continuous melting was based on the theory of liquid-vapor critical
point developed by Van der Waals in 1873. Here, two parameters are controlling the phase
transition: the strength of long-range attraction between molecules, and the molecular size.
However, the conventional model to describe the melting process derives from Frederick Lin-
demann (1910), who determined liquefaction of a solid to be initiated when the amplitude of
atomic thermal vibrations are exceeding a fraction of the volume among atoms [102]. In this
model, the average energy of the thermal vibration displays a correlation with the absolute

temperature (7') through the equipartition theorem, according to:
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mQavg) ox* = kT (1.3)

where m (atomic mass), vy (Einstein frequency), dx? (root-mean-square thermal average
amplitude of vibration) are related to the absolute temperature (7') through the Boltzmann
constant. In the assumption proposed by Lindemann, melting occurs when dx? reaches a crit-
ical fraction (c;) of the nearest-neighbouring atomic spacing, a. Thus, the theorem may be

rewritten as:

_ mQ2zv)*(c;)*a®

" oy (1.4)

A more modern vision of this theorem allows for the relation of 7,, with characteristic prop-
erties of the bulk solid, through the equivalence of v with the Debye frequency. Additionally,
structural studies have revealed the crystalline ordering of a metal is directly correlated to the
value of ¢, , resulting in a difference between the melting of a bec, fcc or hep structure [103].
Nonetheless, Lindemann’s criterion must be considered a non-exact model as the description
is founded on harmonic forces of atomic vibrations, disregarding bond breakage during the
phase transition, a necessary event for melting to occur. Moreover, the characteristics of the
liquid are completely neglected, focusing exclusively on the nature of the solid. Despite these
features, the clear description and the theoretical values of T}, closely matching experimentally
determined ones have currently maintained a widespread use of this model [102, 103].

If considering Lindemann’s description of the phenomenon of melting, however, it may be
understood as a sudden and discontinuous phase change when the system reaches 7,,. Con-
trarily, melting occurs over a thermal interval, and is thus referred to as continuous melting.
Grain boundaries or any structural disorder in the solid may be at the origin of timely phase
transitions from solid to liquid. Presence of impurities may shift the melting point given the
varying concentration along the phase boundary between solid and liquid. Structural disorder
(polycrystalline grains), conversely, combine the effect of grain boundary energy with the size
of the grains to broaden an otherwise sharp transition.

Simultaneous to the derivation of the theory of melting by Lindemann, in the same year Tam-
mann proposed that the melting is initiated at the surface of a crystal or solid, and surface
melting controls the entire process [102]. Subsequently, this concept was reinforced by Stran-
ski (1942), who determined that superheating is absent during a melting process ® Frenken
was the first to experimentally report on the role of the surface during the process of melt-
ing of Pb(110) in 1946: he determined that a crystal kept at homogeneous temperature (7°)
inevitably begins melting in correspondence of the surface as a result of reducing to zero the

8Superheating in a phase transition is generally linked to the generation of the new phase resulting from the elevated
interfacial energy between the newly formed phase and the original one.
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activation energy of the formation of a thin liquid layer [102—104], observing the formation
of a solid-liquid interface on the (110) surface of Pb approximately 40 K below its expected
T,,. Surface melting is, thus, a result of the wetting of the solid by its melt. It occurs when
the surface energy of the solid-liquid-vapor interface is lower than that of the solid. As a con-
sequence, a thin layer of the solid melts prior to the rest, at an inferior temperature than the
bulk transition. This may be explained considering the lower strength of the bonds between
superficial atoms which result in a reduced thermal stability of the most outer layers of a solid
[105]. This concept is visually represented in Fig. 1.7, where the formation of a quasi-liquid
layer (QLL) is obtained as the result of the reduction of the energy of the system (AG) and
occurs at temperatures below the T,, of that specific solid. The formation of the QLL is in
correspondence to a temperature known as wetting temperature (7,,): the QLL of thickness 6
grows exponentially until reaching 7,,, where the bulk transition occurs and complete melting
of the crystal is observed.

Again, the criterion developed by Lindemann may be employed for the explanation of the QLL
formation: surface atoms exhibit larger vibrational amplitudes if compared to the bulk atoms
at the same temperature, given their reduced coordination. Therefore, these will attain the
critical neighbouring distance at a temperature 7" below the one of the bulk transition 7,,,. The
lower bond strength correlated to higher vibrational energy additionally clarifies the reason
behind the earlier melting temperatures exhibited by grain boundaries, dislocations or other

impurities.

Vapor Vapor

FIGURE 1.7: Schematic representation of the continuous melting process, starting from the

formation of a quasi-liquid layer (QLL) of thickness 6 occurring at the surface of a solid in

contact with a vapor phase. The reduction in the energy of the system is initiating the process,
which will successively generate the melting of the entire solid. Adapted from [103].

Up to this point, the considered models and theories are strictly describing ideally flat sur-
faces in crystal-like systems. However, a similar description may be applied in the case of

nanometric systems, such as spherical nanoparticles, with the additional complication of size
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effects and contributions linked to their curved nature’. Pawlow et al. first theorized, in 1909,
the lowering of the melting point in a spherical particle due to size and effects related to the
surface [106]. As displayed in Fig. 1.8, the melting in a spherical particle was demonstrate
to follow a similar behaviour as the aforementioned for flat surfaces, initiating from an outer
liquid layer (here, a continuous spherical one) of thickness §, whose size is directly related to
the curvature of the particle [107]. This layer is often denoted as liquid skin, giving name to
the model [102]. From experimental studies on particle melting [108] the relation between T,

and particle size could be determined, according to:

To<l

m & h (1.5)

where D is the diameter of the full particle. Thus, similar considerations to the discussion
above regarding the reduced strength of bonds between surface atoms can be employed for
the description of particle melting. Nonetheless, variations to this behaviour characteristic to

particles have been observed in several studies.

Melt

FIGURE 1.8: Schematic representation of the melting process in a spherical particle, initiated
by the formation of a liquid skin of thickness 6, which increases until the full particle is found in
liquid form. Adapted from [107].

In some cases, a critical size D,, inferior to D, was determined, below which the particle
sharply transforms into liquid [102]. However, the most interesting behaviour is the possible
superheating of particles above T,,, attained through their insertion in a material displaying
increased melting temperature [109] or through their inclusion in a matrix with corresponding
epitaxial orientation [110].

These effects have been additionally observed in alloys of multiple phases [103]. The impor-
tance of size effect on variations of T,,, strictly controlled by surface melting phenomena, the
relation between epitaxially oriented nanoparticles in the matrix of same texture, and the role

of phase boundaries are all features which may be found in the films described in this thesis.

9The importance of this description is found in the model being a closer approximation to the situation of the
nanocrystalline precursor phases in the pyrolyzed films employed for TLAG.
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These may affect the reactivity of the phases towards the proceeding of the TLAG mechanism

and must, thus, be considered.

1.2.4.2 Crystallization from a melt: supersaturation

Following the formation of a melt, the driving force towards the conclusive crystallization
deriving from it may be obtained through consideration of the free energy of the liquid (initial
phase) and the nucleated solid (final phase) [111]. Generally, this concept is described through

difference in chemical potential of the two phases, according to:

Ap=p;—ps (1.6)

This difference is, namely, the supersaturation of the liquid phase: with the system sub-
jected to a specific temperature, this parameter measures the metastability of a solution in
which the solute concentration is exceeding the one it can possibly dissolve. A more appropri-

ate description of the supersaturation of a solution is given in the following equation:

Cs
Ap=kgTlog | — (1.7)
Cey

where Cj and C,, are, respectively, the real and the equilibrium concentration of solute in
the liquid. A different expression is provided by the definition of relative supersaturation (o),

as:

C;—C, C
P e R (18)
Ceq Ceq

and thus, its correlation to Ay may be expressed by the equation:

Apu=kgTlog(c+1) (1.9

Several processes are at the origin of crystallization from a supersaturated liquid. The
schematic representation of a metastable zone in a diagram of concentration as a function
of temperature is displayed in Fig. 1.9(a). Here, the curves I and II constitute, respectively,
the boundaries towards the unsaturated system (stable liquid) and the phase of spontaneous
nucleation (supersaturated solution). The region between the two lines is described as the
Ostwald-Meiers Regime, and includes the C-T' conditions for metastability of the solution.
If a solution or liquid of composition A’ (placed at temperature T%) is cooled to reach com-
position A (equivalent to a temperature of 7,), the intersection point of the solubility curve
depicts the C-T equilibrium conditions between solid and solution at the given temperature.
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Thermal reduction to the composition B results in no solid formation and the solution being
supersaturated. A further temperature decrease, crossing the metastability boundary of line 17
will lead to a fast crystallization process. Following this description, the solution is described
as metastable between the points A and B of the diagram. Maximum supercooling of the sys-
tem may be expressed by relating the equations of thermal variation (47,,,, =T, —7}) and of

concentration difference (4c,,,, = ¢y, — cy;) through the equation:

0c0
max = ATmax ﬁ (1.10)

However, crystallization may be also attained through continuous solvent evaporation from
point A’/ at a constant temperature of T,, crossing the point A until the metastability boundary
isreached, corresponding to the point C. The maximum variation of concentration will be, thus,
described as (4Ac,,,,
When crossing to the metastable zone, from either temperature decrease of concentration in-

)T = ¢p3 — Cgp, corresponding to a thermal variation of AT,,, =T5-T,.

crease, the formation of a critical nucleus requires a finite amount of time, generally referred
to as induction period of nucleation (t), defined as the time range from the achievement of
supersaturation and the actual formation of the critical nucleus. Following this definition, the
Ostwald-Meiers regime may be, thus, divided in two areas, separated by a dashed blue line in
Fig. 1.9(a). In region identified as (1) in the diagram, ranging between the boundary of line
I and the dashed line, no sudden nucleation occurs normally. When crossing the dashed line
to the metastability boundary of line /I (region (2) in the diagram), formation of a critical ra-
dius is attained and precipitation of stable nuclei may occur. The dependence of the induction
period of nucleation on the supersaturation is represented in the plot in Fig. 1.9(b), and the
general regions of supersaturation deriving from this description (referring to the diagram in
Fig. 1.9(a)) may be identified as:

e Region AB: characterized by long z, formation of stable nuclei is extremely rare;

e Region BC: a slight increase in supersaturation leads to a drop in 7, following the trend
in Fig. 1.9(b);

e Beyond point C: 7 shows very reduced values, sudden precipitation of stable nuclei may

occur.
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FIGURE 1.9: (a) Schematic representation of a diagram of concentration as a function of temper-

ature, depicting the limits of the metastable zone for a liquid or solution, namely Ostwald-Meiers

Regime. (b) Tendency of induction time () as a function of the liquid supersaturation. Adapted
from [111].

Consequently to understanding this theoretical model regarding the feasible methods of pro-
motion of nucleation through variations of supersaturation, one may promptly envisage how
both strategies have been employed in the fabrication of HTS, specifically of REBCO, in liquid-
mediated growth processes. MTG is making use of supercooling below the peritectic temper-
ature of YBCO to favour its crystallization from an incongruent melt composed by the (211)
phase and [BaO-CuO] liquid [81], employing the thermal variation as driving force of the
crystallization process. Conversely, as mentioned in the previous part of this section, in HLPE
nucleation is promoted from a Y-rich vapor phase obtained through PLD, flux-fed to a pre-
viously stabilized liquid layer of [BaO-CuO], ensuring supersaturation tuning by the simple
control of the pulse frequency [84].

In any of the fabrication methods described up to this point, control of supersaturation is de-
manding mainly due to the necessary tuning of the solute concentration. The advantage of the
novel growth method of TLAG is the possibility of tuning liquid supersaturation either through
processing parameters, such as final 7- P, conditions and heating ramps, or through the com-
position of the transient liquid: this innovative and simple approach allows for the preparation
of films with specific amount of the precursor components of Y,05, CuO and BaCO; which,
through variations of the stoichiometry (i.e (Ba:Cu) molar ratio) of the initial chemical solu-
tions, will lead to the formation of transient liquids exhibiting different properties. Thorough
analysis of the growth of YBCO from transient liquids of different composition is one of the
main objectives of this thesis, and a comprehensive evaluation of the influence of supersatu-

ration on the epitaxial nucleation of YBCO from each liquid composition will be addressed in
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Chapter 4. Nonetheless, several studies evinced the difficult nature of establishing the solubil-
ity of Y or other RE in the [Ba-Cu-O] melt, and a review of the most significant parameters
controlling this factor is believed to be of significant importance. This will be, thus, provided

in the final part of this section.

1.2.4.3 Nucleation and crystal growth

Subsequent to the description of the concept of melt supersaturation a further discussion re-
garding the formation of stable nuclei and the final crystal growth is now required.

All crystallization processes begin with a nucleation event and the following formation of a
solid crystal, if the energetic conditions of the system are adequate. The generation of a nucleus
of a new phase in the nutrient (which may be a liquid, melt or vapor) may occur exclusively for
sufficiently high supersaturation conditions which allow crossing the metastability boundary
towards stable nucleation, as observed in the aforementioned sections. The driving force of the
crystallization process is the difference in free energy, AG. Given it is a first-order transition

from the initial phase (nutrient) to the solid crystal (final phase), it is described as:

To fulfill the conditions for stable nucleation, the energy of the final phase (G,) must be greater
than the energy of the parent phase (G), thus AG < 0 for the crystallization onset.
From classical thermodynamics, the equation above may be rewritten considering the free

energy G to be described by the equation:

G=H-TS
(1.12)

with H, and S, respectively, the enthalpy, and entropy of the system. Considering H = U + PV
(with P and V being the system pressure and volume, respectively), eq. 1.11 may be thus be

rewritten as:

AG=G2—G1 =U2+PI/2—TS2—U1+PI/1—T51
AG =AUPAV-TAS

(1.13)

In the case of solutions or melts, the expression for the change in free energy may be given

considering a thermal difference, defining:
AG=AH-TAS (1.14)

in which the term AH is referring to the enthalpy of the melting or dissolution process, whereas

AS represents the change of entropy in the system considered. However, AG may be also
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written as:

AG = nkgTlog <i>

a9
AG:nkBT[log<£> +<[0g£>] (1.15)
f() CO

where a and a are the activity of the supersaturated and saturated solutions, respectively.

Correspondingly, f/ and f, are the activity coefficients, whereas ¢ and ¢ are the concentrations
of the solute in the supersaturated and in the saturated solutions. If supersaturation is low, fi
0
= 1, leading to:

AG:nkBTlog<i> (1.16)
;
The renowned relation between the free energy (thermodynamic potential), AF, and the chem-

ical potential, ¢, which reads:

AG =) Aupn, (1.17)
leads to the final derivation of
Ap =kgTlog <i> (1.18)
€

which is the expression for the supersaturation of the system, as previously defined in 1.2.4.2.
It describes the change in chemical potential between the parent phase (liquid or melt) to the
final solid phase (crystal) is the driving force of the crystallization process.

The process of nucleation may be divided in primary or secondary, depending on whether it is
occurring spontaneously, namely homogeneous nucleation, or if is promoted by the presence
of external particles, defined as heterogeneous nucleation. The latter is generally employed
in industrial framework for the fabrication of functional materials based on the crystallization
process [111].

The formation of a stable nucleus occurs when its size has attained a critical radius, *, which

is required to surmount the free energy of formation, AG. The equation describing this reads:
2, _ 4z 3
AG =4nr ys—3—r‘ Au (1.19)
%

with the second term relative to the volume of the nucleus formed homogeneously, which may

be defined as:
471' 3
=—r
3

divided by v, the unit volume of one molecule, or unit cell if considering the nucleation of a

% (1.20)

YBCO stable nuclei. The first term of equation 1.19 is defining the energy term related to the
surface of the formed nucleus. Being a positive term, with y, relative to the free energy of the
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interface, it is describing the adverse situation of a new surface creation. As a result, AG must
overcome the surface energy barrier for the formation of a stable nucleus of a finite volume
to occur. Consequently, the expression for the critical nucleus radius, r*, may be obtained
through the identification of the maximum of eq. 1.19, setting d(AG)/dr = 0:

. 2yv

= 1.21
"= AL (1.21)

Therefore, by substituting r in eq. 1.19 with r*, the energy required for the formation of a

homogeneous nucleus is defined as:

N i

hom — 3 A'uz (1.22)

relating the critical radius and energy barrier to the supersaturation through an inversely pro-
portional correlation, described with this formulation for the first time by Gibbs in 1878. The
term 167” is a shape factor characteristic for spherical nuclei, and will vary if the shape of the
formed nucleus differs from a sphere in this model. An elevated concentration of the solute in
the liquid, melt or solution may promote formation of stable nuclei due to its effect of lowering
the energetic barrier. A simple, visual representation of the correlation of AG and critical nu-
cleus radius, r* is displayed in Fig. 1.10. For nucleus radius r<r*, the nucleus is not stable and
is dissolved in the liquid, melt or solution. Contrarily, for r>r*, AG will decrease conferring

stability to the nucleus, which will continue its growth.

AG AG,
AGE
r* r
AG,

FIGURE 1.10: Formation of a nucleus is favoured once the critical radius r* is reached, lowering

the free energy of the system.

As previously stated, heterogeneous nucleation will occur in correspondence to external
particles, which may include structural defects, interface between two phases or on a substrate.

Considering the approximation of a liquid droplet, stable heterogeneous nuclei initiating their
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formation on a solid surface will be forcefully induced to present the shape of a spherical
segment, generally referred to as cap, as illustrated in Fig. 1.11. The cap with curvature radius
r is formed with a characteristic angle 8 with the surface, defined as wetting angle.

Nucleus

W\

FIGURE 1.11: Schematic representation of the formation of a heterogeneous nucleus in contact
with a solid surface, exhibiting the characteristic cap shape. The hypothetical formation of a

homogeneous nucleus of radius r with the same curvature is represented as a dashed red line.

The relation between the free energy of formation of a homogeneous nucleus and a hetero-
geneous one accounts for a correction factor, f{0) (being 0 < f{8) < 1), which takes into account
the geometrical differences of the two cases [111]. This correction factor may be expressed

through:
(1= cos(0))*(2+ cos(6))
()= 7 (1.23)
and the correlation between homogeneous and heterogeneous nucleation thus reads:
AG,,, =AG, - f(©6) (1.24)

The wetting angle is determined through the following expression, known as Young relation:

Ysm = Ysn+ Yum€05(6) (1.25)

which considers the three surface tensions acting simultaneously: y,,, relative to the substrate-
melt interface, y,, corresponding to the substrate-nucleus interface, and y,,, relative to the
nucleus-melt interface. Considering the equations above, AGZe , < AG;‘mm is always valid, and
the curves of AG™ as a function of the critical radius in each of the two nucleation scenarios
are illustrated in Fig. 1.12.
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FIGURE 1.12: Competition between formation of stable homogeneous and heterogeneous nuclei.
Adapted from [112].

Considering this relation for the growth of epitaxial YBCO or other REBCO, the growth of
c-axis oriented grains is believed to be favoured over the spontaneous formation of homoge-
neous nuclei from the liquid layer. Nonetheless, if the supersaturation of the liquid system is
elevated, competition between homogeneous nuclei (randomly-oriented grains) and heteroepi-
taxial grains displaying a/b-orientation (90° rotation compared to the epitaxial c-axis orienta-
tion, (h0O) reflection), may occur, resulting in a mixed nucleation. Ichino et. al [113] were
among the first to evaluate the tendency of AG* as a function of supersaturation, depicted in
Fig. 1.13, in which AG;kwm is inserted (purple line) with the assumption of f = 0.5 (eq. 1.24).
AG, , is favoured for lower values of Ay, promoting c-axis nucleation. If the supersatura-
tion is increased, a competition between the free energy of formation of c-axis and a/b-axis
orientations arises. When this barrier is overcome, a mixed homogeneous and heterogeneous
nucleation is preferential. The general difference in the growth rate of the two competing
epitaxial orientations, c-axis and a/b-axis, may be expressed through a Boltzmann-weighted
probability function which described the various simultaneously acting nucleation rates for

each nuclei orientation:

—AG;k
I:IOexp< T > (1.26)
B

The growth in the direction of the a/b plane is normally greatly exceeding the one in the ¢
direction [81].
Selection of the adequate substrate is pivotal given its fundamental effect on the nucleation at
the growth front in TLAG, as previously indicated, given that a large mismatch between the
YBCO lattice parameters and the ones of the chosen substrate may generate considerable strain

effects.
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FIGURE 1.13: Free energy of formation AG* as a function of supersaturation A u for the different
types of orientations possible resulting from the nucleation of REBCO. Adapted from [113].

When considering heterogeneous nucleation (in this thesis, of c-axis oriented REBCO), the
formed nucleus is subjected to an in-plane strain due to the lattice mismatch with the substrate.
Consequently, an opposite strain is generated in the normal direction, generally due to the
crystal structure adjustment to this deformation, referred to as Poisson effect. The nucleation

energy barrier AG;‘le , must, thus, include a factor which considers this effect:

AG* 1677; ®) (1.27)
het,str — S(AGU _ AGS")Z f :

due to the presence of a strain energy density (G,,.>0). The latter is described by the ex-

2 -2
€ ne
AG;“”=AG*<1—;) <1—A—#> (1.28)

with e being the strain, y being the bond energy needed to be overcome to separate the first

pression:

neighbouring atoms, and Ay the supersaturation, as previously defined. The energy barrier in
eq. 1.28 thus requires supersaturation conditions to exceed the strain energy per bond ne for
a stable nucleus to form. The expression AGY,. > AG* is consistently fulfilled, given that a
system subjected to greater strain requires a higher supersaturation for nucleation to occur if

compared to a system in which no strain is present, as visually evinced in Fig. 1.14.
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FIGURE 1.14: Correlation between energy barrier and supersaturation, considering the addi-
tional case of a system subjected to strain. Adapted from [114].

Moreover, parameters such as surface morphology and presence of defects must be carefully

controlled to reduce the interfacial energy and, thus, ensure the desired nucleation.

The concepts provided up to this point are required for a comprehensive understanding of the
TLAG mechanism and, thus, the experimental results presented in this thesis. The liquid-based
nature of TLAG, relying on the kinetic preference of a transient liquid formation from which
REBCO nuclei are generated through dissolution of the dispersed solid RE,O5 nanoparticles,
finds a direct similarity in the theoretical concepts described in this section. Considering the
fundamental role of melt supersaturation to the crystallization process, a final discussion re-
garding the solubility of Y and other RE in the [Ba-Cu-O] melt is required at this moment. The
determination of this parameter has encountered great hindrances, as will be explained in the
following subsection. Nonetheless, several authors have faced the complexity and contributed
to widen the limited knowledge on this intricate topic. What follows is a literature overview
of the latter, with the aim of providing a clear explanation of the concept of [Ba-Cu-O] melt
supersaturation: from the data reported in literature, various calculations were carried out to
unravel the trends of this parameter finding direct similarities with the growth of REBCO
through TLAG described in this thesis.

1.2.4.4 Solubility of Y and other RE in [Ba-Cu-O] melts

The determination of Y and other RE solubility in melts of [Ba-Cu-O] has suffered from chal-
lenging experimental conditions, given the infamous corrosive nature of the melt, often pre-
senting reactivity with the crucible employed for the analysis. Several of the values reported
in literature are strictly dependent on the choice of the crucible material (often showing pos-
sible contamination of the melt through reactivity), atmosphere or growth methodology. The

concepts and relations provided in the following portion of the text are, thus, an overview of
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the general trends of Y (and other RE) solubility in [Ba-Cu-O] melts of different nature and the
respective correlation of the supersaturation with various parameters (Fp,, melt composition,
choice of the RE). Relevant details of each set of presented data will be provided. Neverthe-
less, for the mentioned reasons, the reader is invited to set a focus on the overall tendencies
described.

As presented earlier, the relative supersaturation, o, of a melt may be described through the
difference between the real and equilibrium concentration of the solute in the liquid (1.8). In
TLAG, the nucleation of YBCO at the substrate-liquid interface is the result of the dissolution
of the Y,O5 nanoparticles in the transient liquid and the migration of Y atoms towards the
growth front. The driving force towards YBCO crystallization is thus the difference between
the real, supersaturated Y concentration in the [Ba-Cu-O] transient liquid (Cj) and its equilib-
rium concentration (C,,).

Several studies have determined the solubility of Y, thus its C i in melts of two compositions,
specifically (3BaO:5Cu0O) and (3BaO:7CuO) [74, 79, 80]. No other melt compositions are
found in literature for the case of yttrium, and the considerations that follow will thus take into
account these two cases only. The tendency of C,, of yttrium in the melts of the two composi-
tions displayed in Fig. 1.15 is obtained from studies in air based on MTG [74], LPE [79] and
HLPE [80]. The elevated temperature range is characteristic of these growth methodologies,
but an extrapolation to a lower temperature interval for the (3BaO:5CuO) melt (shown as a
dashed line in Fig. 1.15), closer approximation to the processing thermal conditions employed
for the growth of YBCO through TLAG described in chapters 4 and 5, could be achieved from
data in [80]. Therefore, in the range between 820 °C and 900 °C, Ceq will exhibit, respectively,
values of 0.01 % and 0.06 %. A clear trend is observed: the composition with higher copper
content, here (3Ba0:7Cu0), displays a generally increased Y solubility in the melt compared
to the one with lower copper content, here (3Ba0:5CuQ), if considering the same temperature
range.

These findings have been at the origin of the use of melt compositions with copper excess
out of the stoichiometric ratio for YBCO formation, due to the considerable advantage of a
straightforward lowering of the processing temperatures when selecting the same supersatura-
tion conditions for the two melts, an extremely attractive aspect towards the implementation
of industrial process of higher energetic efficiency. If considering the case of one composi-
tion exclusively, in contrast, one may promote the Y solubility in that melt through a simple
temperature increase. The graph in Fig. 1.15 is thus giving an estimation of the equilibrium

concentration, C,,, of Y in melts of two compositions as a function of the temperature. Now,

the major difﬁcultqy of estimating the value of real yttrium concentration in the system, specif-
ically Cj, has led to the hypothesis presented in previous studies conducted in our group [51]:
the estimation of Cj to be 10 % is obtained by extending the liquidus line from the region of the
phase diagram relative to thermodynamic stability of Y,0O5 + liquid, as visible in Fig. 1.16.

Stoichiometric YBCO results from the dissolution of 17 % of yttrium, corresponding to the
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full amount of this element present in the melt, an extremely rare phenomenon to occur.
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FIGURE 1.15: C,, of yttrium as a function of temperature in melts of two compositions:

(3Ba0:5Cu0) and (3Ba0:7Cu0O), shown in brown and red, respectively. Data points are ob-

tained from [74, 79, 80]. All these studies were conducted in air. The extrapolation of yttrium

solubility to a lower temperature range is obtained from [80] exclusively for the former compo-
sition, and depicted as a dashed line.
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FIGURE 1.16: Extrapolation of the value of C5 = 10 %, through the extension of the liquidus

line of Y,05 + liquid thermodynamic stability. Formation of YBa,Cu30, is corresponding

to the complete dissolution of all the Y present (17%). Phases are labelled as follows: 123 -
YBa,Cu;0,; 211 - Y,BaCuOs. Adapted from [115].
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Therefore, by setting the value of Cj to a fixed 10 %, the relation between supersatura-
tion, Ay, and consequently relative supersaturation, o, with the temperature can be straight-

forwardly calculated. The computed curves for both are shown in Fig. 1.17.
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FIGURE 1.17: Curves of supersaturation, Au (solid lines), and relative supersaturation, o

(dashed lines), of yttrium in [Ba-Cu-O] melts of (3Ba0:5Cu0O) and (3BaO:7CuQO) compositions,

shown in brown and red, respectively. Data points are calculated from equations 1.7 and 1.8,

employing values of C,, displayed in Fig. 1.15 and considering the hypothesis of a fixed C5 =
10 %.

It is evident that Ay, and the directly related o, follow an indirectly correlated tendency as
the one displayed in the previous graph, Fig. 1.15, and are both lowered with the increase of
the copper content of the specific composition analyzed. Nucleation may be, thus, favoured
when considering the same thermal conditions for a composition with lower copper content:
the strategy to promote nucleation at a constant temperature is to increase the concentration of
the solute, which translates as Y solubility in the liquid. A higher supersaturation, displayed
by the lower solubility of the composition with higher copper content, will thus be favourable
towards the formation of stable nuclei which initiate the crystal growth from the melt by in-
creasing the nucleation rate (eq. 1.26), if taking into account the same processing conditions.
However, as displayed in Fig. 1.13, elevated supersaturation results in the nucleation of YBCO
grains of mixed orientations, undesirable for the application proposed in this work.
Considering the same temperature range (950-1005 °C, corresponding to the peritectic tem-
perature of YBCO determined in these studies conducted in air) and the values of C,, deriving

from Fig. 1.15, the calculation of ¢ for each value of C,, as a function of the variation of C;
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(between 0.1 % and 10 %) is possible. The resulting curves of ¢ of Y in each of the two [Ba-
Cu-O] melts considered, (3Ba0O:5Cu0O) and (3Ba0:7CuQ), are displayed in Fig. 1.18. At the
lowest temperature (950 °C), the Ceq of Y, thus its solubility, is doubled in the melt of higher
copper content, leading to a maximum value of ¢ of 19 (when Cs5 = 10 % is selected). Contrar-
ily, the relative supersaturation of Y in the melt of reduced copper content reaches a maximum
value of 39 in the same conditions, over a factor 2 higher. However, it must be reminded that
the hypothesized value of C5 = 10 % is employed in both liquids, in spite of unknown varia-
tions of this parameter when different melt compositions are employed. In general, the same
trend is observed with the increase of temperature, as it is evident from the elevated values
of C,, exhibited by Y in the former melt. Nonetheless, as previously specified, with the aim
of reducing the relative supersaturation inside the same system, an increase of temperature is

required in order to promote Y solubility.
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FIGURE 1.18: Calculation of the relative supersaturation ¢ of Y in [Ba-Cu-O] melts of compo-
sitions (3Ba0:5Cu0) and (3BaO:7CuO), in the temperature range 950-1005 °C with a variation
of Cy between 0.1 % and 10 %. Corresponding values of C,, are deriving from the indicated

temperature range in Fig. 1.15, and are specified next to the relative curve.
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Kuznesov et al. studied the solubility of Sm in [Ba-Cu-O] melts of various compositions in
air, specifically (3Ba0:4Cu0), (3Ba0:5Cu0), (3Ba0:7Cu0), and (3Ba0:9CuO) [78]. Despite
Y being the RE of highest interest for the work described in this thesis, which is majorly
regarding YBCO formation through TLAG, the following case study on Sm solubility may find
a parallelism with the growth of YBCO from transient liquids of different (Ba:Cu) composition
described in Chapters 4 and 5, and for this reason is discussed here. MTG was conducted in a
temperature range 960 °C and 1140 °C, and a similar tendency to the aforementioned case of
Y may be observed in the Sm solubility as a function of temperature graph in Fig. 1.19. Melt
composition of highest copper content, here (3Ba0:9Cu0), is displaying the highest solubility
of Sm in all of the tested temperatures, with a factor 4 increase if compared to the composition
with lowest copper content, in this case (3Ba0:4Cu0).
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FIGURE 1.19: C,, of samarium as a function of temperature in melts of four compositions:
(3Ba0:4CuO) (blue), (3Ba0:5Cu0) (orange), (3Ba0:7CuO) (red), and (3Ba0:9CuO) (grey).
Study conducted through MTG in air. Adapted from [78].

By computing the relative supersaturation, o, as a function of the variation of C; for each
melt composition employing the values of C,, obtained from the previous graph and with a
variation of temperature, from the lowest value up to Tp corresponding to each melt composi-
tion in Fig. 1.19, as for the case of Y in Fig. 1.18, a similar trend is observed in Fig. 1.20. Sm
solubility is low in melts of lower copper content (i.e. (3Ba0O:4CuO) and (3Ba0:5Cu0)).
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FIGURE 1.20: Calculation of the relative supersaturation ¢ of Sm in [Ba-Cu-O] melts of four
compositions ((3Ba0:4Cu0), (3Ba0:5Cu0), (3Ba0:7Cu0), and (3Ba0:9Cu0)), with a varia-
tion of Cs between 0.1 % and 10 %. The temperature is ranging between the lowest values and
Tp for each melt composition in 1.19. Corresponding values of C,, are indicated next to the

relative curve.

This leads to high o, given the inverse proportionality of these parameters. If Cu-rich com-
positions are considered, specifically (3Ba0:7Cu0) and (3Ba0:9Cu0), C,, displays a general
increase and a correspondent significant lowering of the relative supersaturation. This is ev-
idently demonstrating the feasibility of an impressive modulation of the supersaturation by a

simple change in the stoichiometry of the melt, a strategy that has been adopted in this thesis
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for the growth of YBCO from transient liquids of compositions similar to the study presented
here, and will be discussed in 4.4. If the focus is set on the curves corresponding to the lowest
processing temperature selected for the two extreme cases, (3Ba0:4CuQ) and (3Ba0O:9CuO)
melt compositions, one may observe a factor 3 increase in the value of C,,, additionally being
relative to a temperature 20 °C lower in the latter case. This leads to an important decrease
in o, and a general possibility of employing lower processing temperatures for the nucleation
of the final perovskite-type structure. In fact, the temperature range considered for each melt
composition is observed to shift to higher values with the decrease of copper: interesting to
notice how the highest temperature tested for the melt of (3Ba0:4CuO) composition exhibits
C,, = 1.6 %, equivalent to the C,, resulting for the lowest processing temperature in the case
of a (3Ba0:9Cu0O) melt. Again, clear evidence of the advantage of working with copper-rich
melts for a noteworthy reduction of the fabrication temperature of the same material. If instead,
the melt composition is kept constant, the relative supersaturation may be decreased through a
raise in the thermal conditions which are seen to promote the solubility of Sm in the [Ba-Cu-O]
melt. Nonetheless, it is important to remember that the studies taken into consideration here
set the general objective of a reduction of the processing temperatures due to several reasons
directly linked to the improvement of the fabrication method. In TLAG, the anticipated ad-
vantage of a thermal decrease correlated to an increase of copper content must necessarily be
additionally resulting in high epitaxy, for the application proposed in this thesis. Therefore, a
compromise must be found between liquid supersaturation and epitaxial nucleation from the
liquid. Reminding the reader of the correlation between AG and melt supersaturation displayed
in Fig. 1.13, the promotion of c-axis nucleation is obtained in REBCO systems through a de-
crease of the supersaturation and favouring heterogeneous nuclei to be formed. The choice of
working with different compositions of the melt, obtained through copper content variation
in the initial chemical solution, has thus, in this thesis, the objective of lowering the transient
liquid supersaturation and encourage the epitaxially oriented (001) nucleation and growth of
the REBCO layer. This anticipated tendency will be correlated profusely to the experimental
evidence reported in Chapter 4, specifically in 4.4.

As previously mentioned, the variation of the transient liquid composition is not the sole strat-
egy employed in the growth of YBCO (or other REBCO) through TLAG to vary supersatura-
tion. Tuning of the processing parameters, specifically 7- Py, results in a modification of the
properties of the transient liquid and can be thus employed to control epitaxial nucleation of
the superconducting material. Two works from the late "90s have studied the relation between
the solubility of Y in the [Ba-Cu-O] melt at increasing 7-Pp, conditions. The first was con-
ducted by Nakamura et al. in 1996 making use of a thermally equilibrated MgO rod dipped
in the Y-Ba-Cu-O solution'” to grow a single crystal which would be successively analyzed

10To be precise, the solution is exclusively composed by a [Ba-Cu-O] melt contained in a crucible made out of
yttria. The corrosive nature of the melt, in contact with the crucible, will thus react to include yttrium in the solution.
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by inductively coupled plasma atomic emission spectrometry (ICP-AES) [75]. The second,
conversely, reported by Yao et al. in 1998, was performed employing the solute-rich-liquid
crystal-pulling (SRL-CP) growth method [76], designed by the authors to overcome the gen-
erally low Y supersaturation and increase the growth rate of the single crystal. Both studies
analyse the effect of an increase of Py, (specific values of 0.02 bar, 0.21 bar and 1 bar) and
employ a melt composition of (3Ba0O:5Cu0), thus no influence from variations of the composi-
tions will be considered in this portion of the text. Fig. 1.21 displays the values of Y solubility
(ie. C,y) in the [Ba-Cu-O] melt extrapolated from the aforementioned studies. The correla-
tion of Y solubility with P is similar in both cases: however, the variation in the values of

temperature is a direct cause of the characteristics of the growth method employed.
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FIGURE 1.21: Y solubility in a melt of (3Ba0:5CuO) composition for increasing Py, (0.02 bar,

0.21 bar and 1 bar) as a function of temperature. Data extrapolated from works of (a) Nakamura

et al. [75] and (b) Yao et al. [76] The difference in the values of temperature derives from the
growth method employed.

Two different tendencies are evident, and are similar from both works. When high temper-
atures are selected (above Tp), the solubility of Y is clearly enhanced when working at higher
Pp,. Selecting 1 bar of oxygen partial pressure will thus result in a lower supersaturation if
compared to the utilization of the lower Py, values of 0.21 bar and 0.02 bar. However, for
temperatures below 1300 °C, in both cases a different trend is observed, with the overlapping
of the data points leading to a more complex correlation between Y solubility in the melt and
the oxygen partial pressure selected. This temperature region is the one of greatest interest for
the work conducted in this thesis, given the selected growth temperatures for TLAG are below
900 °C (all processing conditions will be thoroughly provided in Chapter 4). The absence of
unambiguous data consequently leads to no direct conclusions deriving from literature regard-
ing the correlation between these two parameters, and further studies are highly anticipated

given the extreme interest in the community.
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A final, interesting strategy to vary the supersaturation of the system is linked to the use of
different RE, given that each display a characteristic solubility in the same [Ba-Cu-O] melt'!
Extrapolation of data from [74, 76, 79] regarding the RE solubility in a [Ba-Cu-O] melt em-
ploying, respectively, MTG, SRL-CP, and LPE growth methods (in air), lead to considerably
appealing observations. The curves of RE solubility (C,,) as a function of temperature for the
cases of Yb, Y, Dy, Gd, Sm, and Nd are displayed in Fig. 1.22. The ionic radii of the RE3*
cations must be specified at this point: Yb3* =0.99 A, Y3* =1.02 A, Dy3* =1.03 A, Gd** =
1.05 A, Sm3* = 1.08 A, and Nd** = 1.12 A. The increase of the RE>* ionic radius is directly
correlated to an increase in the RE solubility, with an inevitable increase in the processing
temperature. However, as for the case of the data reported above regarding the correlation of
supersaturation to Py, , two trends can be observed in the data relative to the RE dependency.
For temperatures above 1020 °C, the tendency suggests an increase of RE solubility when its

ionic radius is higher, with the cases of Sm and Nd displaying more than a doublefold increase
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FIGURE 1.22: Solubility of RE in a (3BaO:5CuO) melt as a function of temperature for the
cases of ytterbium (green), yttrium (red), dysprosium (light green), gadolinium (blue), samarium
(yellow), and neodymium (purple). Data extrapolated from [74, 76, 79], all studies conducted in

aitr.

in this parameter. This will result in a significant lowering of the supersaturation when these

RE are employed, in contrast to the use of RE of smaller size. Nonetheless, the trend becomes

1 Only a melt of (3Ba0:5Cu0) composition will be considered for this analysis.
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unclear when focusing on the data points corresponding to temperatures below 1000 °C, where
an intersection between the data of each RE results in the case of Yb, the RE presenting smaller
ionic radius, to display a significantly pronounced solubility, thus resulting in the lowest super-
saturation in these conditions. It is evident that further investigation regarding the solubility of
RE in melts of [Ba-Cu-O] must be conducted in order to have a more accurate determination of
the correlation of RE solubility and its size. Specifically interesting for the advance of the CCs
fabrication through TLAG is the correct identification of the tendency of the solubility of each
RE for a lower temperature range, closer to the experimental working conditions. Hypothesis
on the correlations of RE solubility and supersaturation of the transient liquid in the TLAG
of REBCO (RE = Yb, Y, Sm, Gd) will be provided in 4.5, where a preliminary study of the
growth of these different REBCO systems through TLAG is described.

In summary, the historical overview that led to the development of the TLAG-CSD method-
ology for YBCO fabrication has been provided in this chapter. The concepts of crystal growth
from melts, and specifically Y or other RE solubility in [Ba-Cu-O] melts of various composi-
tion and in different processing conditions, have been provided, given these are cardinal points
at the foundation of the liquid-assisted kinetic mechanism of TLAG. The delicate tuning of
supersaturation is a challenging task which may be controlled through several parameters, as
reported in this section of the text. For a comprehensive understanding of the experimental
work reported in this thesis, the concepts and relations between the several processing param-
eters or melt compositions described here will be of significant importance, specifically when
analysing the growth of REBCO through TLAG, object of chapters 4 and 5. A fine adjustment
between the enhancement of the nucleation rate, generally linked to high melt supersaturation,
and lowering the latter parameter to promote c-axis nucleation is required for the attainment of
high-performance superconducting REBCO films, one of the major objectives of this thesis.
The following chapters are devoted to present the novelties and progress that the experimen-
tal work performed during the years of this PhD thesis have generated for each step of the
innovative TLAG-CSD methodology.
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In this chapter, the development and optimization of synthetic routes for a series of metal pro-
pionate powders to be used as precursors in the metal-organic chemical solution employed
in the preparation of REBCO superconducting films will be presented. Detailed character-
ization carried out through numerous techniques will lead to the determination of their high
purity deriving from low-cost precursors and one-pot synthetic methods. A complete structural
investigation will yield six previously unreported crystalline forms. To evaluate their compat-
ibility in the REBCO precursor solutions, a comprehensive analysis of the thermal behaviour
of the powders and films of each individual metal propionate was conducted. Profound un-
derstanding of the decomposition pathways provided detailed insight on the suitability of the
synthesized products in the REBCO precursor solutions, subsequently subjected to the ther-
mal treatments used for the fabrication of the final films. Additionally, the information in this
chapter may find applicability for the preparation of any functional material that follows the
metal-organic precursor decomposition pathway through CSD-based methodologies, yielding
interesting possibilities for low-cost and high-throughput synthetic methods for the implemen-
tation of technologies based on various functional metal-oxides.
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2.1 Objectives

The extensive overview on the history and progress of HTS fabrication presented in Chapter 1
has led to the conclusion that the production of REBCO CCs has faced numerous challenges
since the dawning of their industrialization. Major obstacle to the widespread of this technol-
ogy has been the feasibility of developing low-cost and high-throughput industrial processes
based on the reel-to-reel configuration to obtain the biaxially textured REBCO superconduct-
ing layer [9, 13, 17, 18, 116]. CSD methodologies have promptly been considered the most
promising candidates to reduce the production costs of the REBCO superconducting films
[14, 15]: the metal cations contained in the inexpensive metal-organic chemical solutions em-
ployed in this technique are responsible for the formation of the final REBCO superconduct-
ing material following its deposition and several annealing processes. This process is com-
monly known as metal-organic decomposition (MOD), and found a widespread and early de-
velopment through the route based on commercial fluorinated metal acetate precursors for the
preparation of the REBCO precursor solutions, namely trifluoroacetate metal-organic decom-
position (TFA-MOD) [36, 42, 117-119]. High-performance superconducting films could be
obtained through this route, reaching usually critical current density (J,) values in the range 4-5
MA /cm?, although values up to 10 MA /cm? at 77 K in self-field [ 120] have also been demon-
strated [121]. Consequently, despite TFA finds a preferential application in the industrial sector
thus far [122], the inadequacy of its waste products (mainly the highly toxic hydrofluoric acid)
and the slow growth rates intrinsic of the solid-solid reaction governing the growth process
(below 1-5 nm/s) [35, 71, 123] are found as major drawbacks of this method. Considering the
most recent regulations requiring sustainable chemical processes discouraging globally the use
of fluorine-based chemical precursors and the low-throughput nature of REBCO fabrication
through the TFA-MOD route, the development of novel chemical-based methods for this spe-
cific application was compelling. The complete elimination of fluorine from the system led
to the development of fluorine-free solutions, widely acknowledged as encouraging precursor
solutions for CSD-derived REBCO films. The most commonly employed precursors for solu-
tion preparation in this case are commercial metal acetates, generally dissolved in propionic
acid (HProp) or mixture of solvents containing this acid. At times, the use of additives such as
polymers or amines has been implemented to enhance certain rheological properties leading to
more advantageous outcomes during film deposition and annealing. This substantial progress
boosted the production of REBCO superconducting materials towards an environmentally-
friendly alternative of the process which preserved the low-cost CSD-based methodology and
the desired high-performance [46-50, 88]. Nonetheless, since the emergence of studies based
on fluorine-free solutions, it was commonly believed that the inevitable formation of barium
carbonate (BaCOj) as the sole barium precursor phase for the REBCO growth would lead to
significant hindrances, given its elevated thermal stability [42, 89-91]. BaCO5; decomposition
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temperature is found above 1000 °C when analysed in powder form [92, 93]: this tempera-
ture is greatly beyond the processing temperature for REBCO superconductors, thus leading
to the idea of its presence being a major complication to the material fabrication. Despite this,
high-performance superconducting properties were obtained in YBCO films deriving from
this type of precursor solutions through the use of the innovative growth process known as
Transient Liquid Assisted Growth (TLAG) [53], demonstrating BaCOj; is not a limitation to
the growth of REBCO films. As sole CSD-based methodology with the unique assistance of a
transient liquid to the growth mechanism, initial studies demonstrated unprecedented growth
rates beyond 100 nms™1 through TLAG. Despite showing additionally impressive values of
critical current density of 5 MA /cm? at 77 K, this could be demonstrated on films of only
100 nm thickness of the final YBCO, given the metal-organic precursor solutions employed
in the preparation of such films were developed through the use of commercial metal acetates,
with limited solubility in the chosen media. Moreover, multideposition would face detrimen-
tal hindrance to the attainment of a homogeneous film after a fourfold or fivefold deposition,
limiting the feasible thickness to 400-500 nm. For potential applications of TLAG in the in-
dustrial framework, the thickness of the films must be greatly enhanced without compromising
the superconducting properties. Therefore, a novel solution formulation was pivotal to reach
this competitive objective. The development of the latter will be discussed in the following
chapter, entirely devoted to the precise optimization process which led to the achievement of
a quadrupled increase of the film thickness, among other fundamental improvements to rheo-
logical properties of the precursor solutions.

One of the fundamental points of the novel solution formulation was the strategy of synthe-
sizing metal propionate precursors of Y, Ba, and Cu prior to their use in the metal-organic
precursor solution for the preparation of YBCO films. The inevitably incomplete conversion
of metal acetates in propionic acid-based solvent mixtures, as widely used in literature, leads
to the presence of undesired products in the YBCO precursor solution: mostly, non-reacted
acetates, acetate-propionate mixtures, and acetic acid (deriving from the conversion reaction
of metal acetate into metal propionate). Studies for the case of barium revealed the exclusive
formation of a mixed complex of acetate and propionate also when the acetate of this metal
is dissolved in excess of HProp [124, 125]. Considering the secondary products in solution,
complications may arise in the decomposition of the metal-organic derivatives in the pyroly-
sis thermal treatment, resulting in major impediments to the preparation of the nanocrystalline
precursor films facing obstacles such as crack formation or presence of undesired phases [126].
The use of pre-synthesized, high-purity metal propionate powders is believed to be of great
benefit as the absence of any kind of secondary products in solution is anticipated to result in
reproducible decomposition pathways to be followed.

Considering the widespread interest in the development of REBCO superconducting films,
especially increased in the last decades [9, 122, 127-129], the initial optimization of the pro-
pionates of Y, Ba and Cu was then additionally extended to the ones of Ce, Sm, Gd, and Yb.
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As a result, the preparation of different REBCO precursor solutions were studied in depth in
this thesis, with the final objective of pursuing the fabrication of REBCO superconducting
films through TLAG-CSD. Despite the use of the precursor of Ce(Prop); is not described in
the work conducted in this thesis, as it is not directly employed for the preparation of REBCO
precursor solutions, yet it found application in the work conducted in a different project inside
the group. Nonetheless, the optimization of the synthetic procedure, its full characterization
and thermal behaviour will be reported here due to its possible interest, as it is common to use
cerium oxide-based buffer layers in the fabrication of REBCO CCs given its reduced lattice
mismatch, thus promoting the epitaxy of the superconducting layer [130, 131]. Moreover, the
information presented in this chapter is believed to be of great significance for the applica-
tion of these kind of precursors in any other CSD-based methodology which follows the MOD

route, widening the perspective for any functional oxide material.

2.2 Synthesis and characterization of a series of metal

propionate powders

2.2.1 General characterization

Propionates of copper (Cu(Prop),), yttrium (Y (Prop);), barium (Ba(Prop),), cerium
(Ce(Prop)s), samarium (Sm(Prop)s), gadolinium (Gd(Prop),), and ytterbium (Y (Prop);) were
obtained in powder form through simple, one-pot synthetic routes and employing low-cost ox-
ide, carbonate or acetate precursors following the procedures described in the Experimental
Section in B.1.2. The synthesis of all compounds resulted in high yields (between 68% and
96%) and high purity, corroborated by the accord between elemental analysis (EA) results and
the theoretical values for each product, reported in B.1.2. The precise composition of each
compound was established taking into account the EA in combination with the initial mass
losses of the thermogravimetric analysis coupled to Fourier-transform Infrared Spectroscopy
(TGA-FTIR), indicating possible coordination of H,O molecules or solvent, and the results of
the structural investigation. Specifically, for Ba(Prop),, Sm(Prop)s;, and Gd(Prop),, presence
of residual solvent or H,O detected by TGA-FTIR are absent in the determined single crystal
structures that will be presented later in this section, indicating their loss is occurring during
crystallization.

Fourier-transform Infrared Spectroscopy using attenuated total reflectance (FTIR-ATR) spec-
tra were acquired for all of the synthesized compounds, and are displayed in Fig. B.1-B.7
(identification of the bands for individual metal propionates are shown). In all cases, the char-
acteristic bands for propionate groups are identified: specifically, the vibrational modes relative
to the aliphatic chains of the propionate ligands are present in the region between 2900-2800
cm~!. The synthesis of Sm(Prop); and Yb(Prop); were the sole which employed the acetates
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of these metals as precursors, and the FTIR-ATR spectra displayed in the following Fig. 2.1
are suggesting, within the detection limit of the technique, that full substitution of the acetate
ligands by propionate ones was reached. Particularly important to determine this is the ab-
sence of the C-C stretching mode found at 1009 cm™! for samarium acetate (Sm(OAc)3) and
at 1016 cm™! for ytterbium acetate (Yb(OAc)3), in addition to the lack of peaks due to the
COO deformation bands (670 cm™! for Sm(OAc); and 675 cm™! for Yb(OAc);) in the spectra

relative to the propionate powders.

(a) —— Sm(Prop),
—— Sm(OAc),

v-CH chain

Transmittance (%)

C-C stretching

CH, scissor

coo -

Lasymm

COoO"

Ysymm

1 COO deform.

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(b) — VetProm),

—— Yb(OAc),

-OH
v-CH chain

Transmittance (%)

C-C stretching

CH, scissor

Vsymm COO" a—

COoOr

COO deform.

Vsymm

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

FIGURE 2.1: FTIR-ATR spectra measured for (a) Sm(Prop);, (b) Yb(Prop); (black) compared

to their respective acetate precursors (blue).
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Examination of the powders through scanning electron microscopy (SEM) allowed for the
determination of average grain sizes, showing a wide range of size distributions (Fig. B.8. In
order to achieve final REBCO films of elevated thickness, high concentrations of the metal-
organic chemical solutions employed for deposition are preferable, as this parameter is directly
linked to the thickness of the film (more details will be given in the following chapter). Un-
doubtedly, saturated solutions may be obtained by enhancing the solubility of the precursors.
As it will be observed in Chapter 3, the solubility of Cu(Prop), is the most challenging in the
system described in this thesis. The average grain size of 100 ym and the crystal-like shape
of the as-synthesized powder has led to major complications towards a fast dissolution (Fig.
2.2(a)). Therefore, the solubility of this particular metal propionate was improved by drasti-
cally diminishing the grain size by means of mechanical grinding through ball milling (BM).
Fig. 2.2 displays a comparison of the SEM images of the same powder of Cu(Prop), before
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FIGURE 2.2: SEM images of Cu(Prop), powder (a) as-synthesized and (b) after 1 minute of

mechanical grinding at 650 rpm. (c) Comparison of XRD patterns of Cu(Prop), powder as

synthesized (black) and following increasing grinding times through ball milling (BM) going
from a total of 1 to 3 minutes.
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and after 1 minute of mechanical grinding at 650 rpm (respectively, Fig. 2.2 (a) and (b)).
An average grain size of below 30 ym was obtained in this limited grinding time, and as
shown in the X-Ray Diffraction (XRD) patterns in Fig. 2.2(c), no reactivity induced from the
highly energetic grinding process could be observed up to a total grinding time of 3 minutes.
The reduction of the grain size has been fundamental for a straightforward dissolution of this
specific metal propionate precursor in the solvent mixture chosen for the metal-organic REBCO
precursor solution, making higher concentrations feasible!.

2.2.2 Structural investigation

With the objective of obtaining detailed structural information regarding the synthesized metal
propionates, recrystallization of the powders through various crystallization methods was car-
ried out, yielding suitable single crystals (SC) for all of the metal propionates. Understanding
of the crystal structure of each metal propionate leads to achieving a higher degree of repro-
ducibility of the decomposition of the organic matter during the pyrolysis thermal treatment:
the growth of REBCO films through TLAG requires nanocrystalline precursor films, result
of the pyrolysis process, which present a high nanoscale compositional homogeneity. Having
knowledge of the crystal structure of the metal propionates is essential to control the decom-
position mechanisms these will follow.

Two of the obtained crystal structures found matches in literature, specifically the cases of
Cu(Prop), and Yb(Prop);: the former corresponds to the one reported by Chung et al. [132],
whereas the latter corresponds to the work of Bierke [133]. Comparisons of the acquired SC-
XRD and the data from literature is displayed in Fig. B.9. No matches in literature could be
found for the further six crystal structures obtained.

Crystallization of compounds of Sm(Prop); and Gd(Prop); occurs in a triclinic P-1 space
group. Conversely, the cases of Y(Prop); and Ba(Prop); result in crystallization in the mon-
oclinic P21/n space group. Crystal data and structure refinement for these compounds is dis-

played in Table 2.1, whereas bond lengths and torsion angles are reported in B.1.3.

Crystallization of gadolinium propionate through vapor diffusion of acetone in HProp dis-
plays two pairs of Gd(III) centers bearing [GdOg] and [GdOq] cores and coordination numbers
8 and 9, respectively (Fig. 2.3(a)). Crystal structures corresponding to pure gadolinium propi-
onate were, up to now, not present in literature. The Gd(1) and Gd(3) exhibit two Gd-O bonds
deriving from bidentate chelating propionate groups, two bridging propionate groups (bonded
to Gd(2) and Gd(4)), and two oxygen atoms jointly bonded to a propionate group chelating a
neighboring Gd center. Likewise, Gd(2) and Gd(4) centers are coordinating eight propionate
ligands with coordination resembling the cases of the Gd(1) and Gd(3) centers, and a further

oxygen atom relative to a HProp each (O11 and O27, respectively). The geometries of the

! As will be explained in detail in Chapter 3, the further addition of an amine compound as additive is the cardinal
point which enabled a significant increase of solution concentration.
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[ [ [Ba(Prop),|-HProp [ [Sm(Prop);(OH,)], [ [Gd(Prop);]-HProp [ [Y(Prop);(OH,),], |
Empirical C39H;9Ba; 053 CyH;;0,Sm C,,H3,Gd,0, CoH o0 Y
formula

Formula 2037.40 387.57 413.50 344.14

weight
Temperature 294(2) 295(2) 295(2) 298(2)
X
Wavelength 0.71073 0.71073 0.71073 0.71073
A

Crystal Monoclinic Triclinic Triclinic Monoclinic

system

Space P21/n P-1 P-1 P21/n
group

Unit cell

dimensions
a(A) 14.1996(18) 9.620(7) 12.794(8) 12.231(3)
b(A) 16.142(2) 11.594(8) 13.055(9) 14.087(3)
c(A) 30.554(4) 11.898(9) 20.780(13) 8.8837(18)

a(deg) 90 97.052(14) 75.855(12) 90

B(deg) 94.615(3) 92.512(14) 75.172(14) 97.219(4)

y(deg) 90 102.805(13) 69.192(10) 90

vV (A) 6980.5(16) 1280.9(16) 3091(3) 1518.2(5)
Z 4 4 8 4
D,,. Mg/m’) 1.939 2.010 1.777 1.506
Absorption 3.961 4.604 4312 3.866
coefficient (mm~")

F(000) 3876 756 1608 704
Crystal size 0.120x0.100x0.060 0.280x0.110x0.09 0.31x0.14x0.12 0.17x0.14x0.09
(mm?)

0 range for 1.337 to 28.439 1.729 to 28.261 1.029 to 28.414 1.679 to 28.273
data collection
(deg)
hkl ranges -18<h<19 -12<h<12 -17<h<16 -16<h<16
-21<k<21 -15<k<15 -17<k<17 -18<k<18
-40<1<40 -15<1<15 -27<1<L27 -11<I<11
Reflections 140781 34488 85834 32580
collected
Independent 17527 6292 15326 3758
reflections
Completeness 99.9 100.0 100.0 100.0
to 0(%)
Absorption Semi-empirical Semi-empirical Semi-empirical Semi-empirical
correction from equivalents from equivalents from equivalents from equivalents
Max. and min. 1 and 0.707 1 and 0.31 1 and 0.163 1 and 0.485
transmission
Refinement Full-matrix least Full-matrix least Full-matrix least Full-matrix least
method squares on |F|? squares on |F|? squares on |F|? squares on |F|?
Data / restraints / 175277653 /767 6292/10/326 15326 /86 /683 3758/32/182
parameters
Goodness-of-fit 1.164 1.012 0.947 0.945
on |F|?

Final R indices R, =0.1130 R, =0.0815 R, =0.0711 R, =0.0580
[I>2sigma(I)] wR, =0.2679 wR, =0.1996 wR, =0.1551 wR, =0.1661
R indices R, =0.1933 R, =0.1454 R, =0.1775 R; =0.0898

(all data) wR, = 0.2986 wR, =0.2470 wR, = 0.2006 wR, =0.1799

Extinction n/a n/a n/a n/a
coefficient
Largest diff. 4.118 and -4.224 8.858 and -3.400 3.049 and -2.008 1.465 and -0.633
peak and hole
(e-A™)

TABLE 2.1:

Crystal data and

structure refinement for [Ba;(Prop) 4(OH,)gl,,

[Sm, (Prop)(OH,), 1, [Gd,(Prop)g - 2HProp],,, and [Y(Prop);(OH,), |,
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Gd centers are distorted triangular dodecahedron for Gd(1) and Gd(3), and muffin geometries
for both Gd(2) and Gd(4) (S values reported in Table B.5). These are leading to a connectiv-
ity of polymeric 1D-chains through a mixture of y, : #> : #' (mixed bidentate chelating and
bridging) and u, : n' = n' (bridging) coordination modes (Fig. 2.3(b)). The combination of
bridging and bidentate chelating coordination of the propionate ligands is supported by the Av
value calculated from the FTIR-ATR spectrum, reported in B.1.2.

FIGURE 2.3: Representation of the (a) sequence of the crystallographically independent Gd(III)

centers and (b) one-dimensional polymeric chains of Gd(Prop);.

Barium propionate exhibits seven Ba(Il) centers which are crystallographically independent
(Fig. 2.4) bearing one [BaOg] core, five [BaOgy] cores and one [BaO, 0] core with coordination
numbers 8, 9 and 10, respectively (Fig. 2.4(a)). Centers of coordination number 9 are Ba(1),
Ba(3), Ba(4), Ba(5), and Ba(6), and these display two types of geometries: Ba(l), Ba(4) and
Ba(5) a distorted hula-hoop geometry, whereas Ba(3) and Ba(6) a muffin geometry (S values
reported in Table B.6). The latter Ba(Il) centers show coordination to oxygen atoms deriving
from two H,O molecules (respectively, O4 and O6 for Ba(3) and O1 and O3 for Ba(6)) and
several coordination modes combinations of the propionate ligands to the neighboring Ba(Il)
centers, including u, : n* ol Myt o, Uz o, M n* : n?, and Hy : n* o n? (tri-
topic and ditopic oxygen atoms). Conversely, coordination to any H,O molecule is absent in
the cases of Ba(1) and Ba(4), which are instead showing Ba-O bonds exclusively relative to
propionate ligands through a mixture of y, : #? : #', u3 : #* : 1%, and py : 1 : #* connec-
tivity with other Ba(Il) centers (in particular, with Ba(1), Ba(2), Ba(3), Ba(4) and Ba(7) for
Ba(3) and Ba(1), whereas with Ba(4), Ba(5), Ba(6) and Ba(7) for Ba(6)). Ba(5) is bonded
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to a H,O molecule through its oxygen atom (O5) and coordinated to Ba(l), Ba(2), Ba(4),
Ba(6), and Ba(7) through combinations of s : 7 n* and I #* : #* coordination modes
deriving from the propionate groups. In contrast, Ba(2) exhibits a distorted tetradecahedron
geometry (coordination number 10). The propionate ligands are arranged through p, : 5° : 5!,
Hy i, M3t n? . n* and py : n? : y?, with a further Ba-O bond to a H,O molecule (O7).
Finally, Ba(7), with coordination number 8, bears a distorted hexagonal bipyramid geometry

and displays coordination of the Ba(II) center through Ba-O deriving from two H,O molecules

(02 and O5) in addition to a mixture of three coordination modes relative to the ligands:
Wy - >t - n* . n%, and Hy #° : n? with the neighboring Ba(1), Ba(2), Ba(3), Ba(4),
Ba(5) and Ba(6).

FIGURE 2.4: Representation of the (a) seven crystallographically independent Ba(Il) centers in
Ba(Prop),, displaying a distorted honeycomb 3D-lattice arrangement (b).

The different geometries of the crystallographically independent Ba(Il) centers are leading
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to the arrangement in a distorted honeycomb 3D-lattice (Fig. 2.4(b)). The crystal structure
described here is the first case relative to a pure barium propionate compound which can be
found in literature, considering that the sole previously described structure containing barium
propionate, reported by Mos et al. [124], was a mixed complex of barium-acetato-propionate
demonstrating no full substitution of the propionate ligands is reached when employing the
acetate precursor of this metal.

The crystal structures obtained for Y(Prop); and Sm(Prop); are both yielding a 2D arrange-
ment. Nasui ef al. [134] reported a crystal structure relative to yttrium propionate, yet the
one described in this thesis is a new polymorphic structure which displays several differences
compared to the latter. The [YOyq] core bears a muffin geometry with coordination number
9 (S values reported in Table B.7). The dimeric unit comprises two identical Y(III) centers,
each showing connection to seven oxygen atoms relative to propionate groups and two H,O
molecules (O7 and O8 in Fig. 2.5(a)). The individual yttrium centres exhibit coordination
to two propionate ligands through a y; : ' : #! (bidentate chelating) coordination mode, and
to two with a mixed p, : n* . n' (bidentate chelating and bridging) coordination mode. The
intramolecular and intermolecular H-bonds generated through the H,O molecules, shown in
Fig. 2.5(b), lead to the assembling of the dimeric units into a zig-zag 2D-sheet arrangement
along the bc plane (Fig. 2.5(c)). The combination of coordination modes is in good agreement
with the Av value reported in B.1.2, typical of a mixed bridging and bidentate chelating coor-
dination of the propionate ligands.

A sole, further samarium propionate crystal structure is reported in literature [135], display-
ing an anhydrous structure and coordination of the samarium center to propionate ligands and
HProp to yield a one-dimensional arrangement of polymeric chains. Conversely, the samar-
ium propionate compound described in this thesis exhibits a [SmOqy] core with coordination
number 9 bearing a muffin geometry (S values reported in Table B.8). The two crystallograph-
ically independent Sm(III) centers are bonded through Sm-O to seven oxygen atoms relative to
propionate groups and two H,O molecules (O13 and O14 in Fig. 2.6(a)) for the case of Sm(1),
whereas Sm(2) is bonded exclusively to propionate ligands. Two types of coordination modes
are displayed by the propionate ligands, mixing p, : #° : #' and p, : ' : n'. The former is
a combination of bidentate chelating and bridging corresponding to the arrangement of the
ligands between Sm(1)-Sm(1) and Sm(2)-Sm(2) centers, yielding the formation of 1D chains.
The latter is relative to the bridging propionate groups which arrange the Sm(III) centers into
distorted square lattice 2D-sheets along the ab plane, as shown in Fig. 2.6(b). This finding
is in accord with the value of Av reported in B.1.2, corresponding to a mixed bridging and

bidentate chelating coordination of the ligands.
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FIGURE 2.5: Representation of the (a) Y(III) core in the dimeric Y(Prop); unit. (b) Intramolec-
ular (blue dashed lines) and intermolecular H-bonds (black dashed lines) leading to the assembly
of the dimers and (c) arrangement into the zig-zag 2D-sheets of Y (Prop)s.
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FIGURE 2.6: Representation of the (a) two crystallographically independent Sm(III) cores
which are constituting the distorted square lattice 2D-sheets (b) and packing of the 2D-sheets
of Sm(Prop); in (c).

A visual overview of the different coordination modes of the propionate ligands is displayed
in Fig. 2.7, where the bridging coordination along the [110] direction is evidently occurring

alternatively between Sm(1) and Sm(2) centers.
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FIGURE 2.7: Different coordination modes of the propionate ligands forming the distorted
square lattice 2D-sheets in the structure of Sm(Prop);.

A comparison between the measured Powder X-ray diffraction (PXRD) and the pattern cal-
culated for the obtained single crystal structures of Ba(Prop),, Sm(Prop);, and Gd(Prop);
can be found in Fig. B.10, B.11, and B.12, respectively, and in Fig. B.13 for Y(Prop)s, cor-
roborating that the crystals selected to solve the crystal structures described above match the
synthesized powders.

Two additional single crystal structures were obtained, specifically a second one for Gd(Prop);
and one for Ce(Prop); when recrystallization was carried out by slow evaporation in MeOH.
These are displaying a different structure when compared to the one exhibited by the PXRD
relative to each compound (shown in Fig. B.14 and B.15, respectively). Nonetheless, both
have found no match in literature, and are thus described here. Both structures crystallize in
the monoclinic P21/c space group, and crystal data and structure refinement are reported in
the following Table 2.2, whereas information on bond lengths and torsion angles, and S values
can be found in B.1.3, and in Tables B.11 and B.12.

Gadolinium propionate single crystals resulting from slow evaporation in MeOH displays
dimeric units formed by two identical Gd(III) centers bearing [GdOq] cores with coordina-
tion number 9 and a distorted muffin geometry (S values reported in Table B.11). For each
gadolinium centre, two propionate ligands are exhibiting a y; : n' : #' (bidentate chelating)
coordination mode, and two present a mixed u, : #> : n' (bidentate chelating and bridged)
coordination mode. The two H,O molecules in each Gd(III) center (O7 and O8) assemble the

dimeric units in polymeric 1D-chains through inter- and intramolecular H-bonds, as displayed
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propionate powders

in Fig. 2.8(b). The combination of coordination modes is in accordance with the value of Av

reported in B.1.2, characteristic of a mixed bridging and bidentate chelating coordination of

the ligands.

TABLE 2.2:

[ [Gd(Prop);(OH,), 1, [ [Ce(Prop);(OH,);1, ]

Empirical CoH,9GdOg CyH,,04Ce
formula
Formula 412.49 413.38
weight
Temperature 294(2) 298(2)
X)
Wavelength 0.71073 0.71073
A
Crystal Monoclinic Monoclinic
system

Space P2l/c P2l/c

group
Unit cell
dimensions

a(A) 12.498(5) 10.404(5)

b(A) 14.228(6) 15.347(7)

c(A) 8.966(4) 20.967(9)

a(deg) 90 90

p(deg) 97.378(7) 103.163(7)

7(deg) 90 90

vV (A) 1581.1(11) 3260(3)

Z 4 8
D, Mg/m?) 1.733 1.685
Absorption 4.219 2.825
coefficient (mm~")

F(000) 804 1640
Crystal size 0.16x0.15x0.07 0.18x0.14x0.12
(mm?)

6 range for 1.643 to 28.444 1.660 to 29.097
data collection
(deg)
hkl ranges -12<h<11 -14<h<13
0<k<19 0<k<20
0<I<16 0<1<28
Reflections 36190 8615
collected
Independent 3963 8615
reflections
Completeness 100.0 100.0
to 0(%)
Absorption Semi-empirical Semi-empirical
correction from equivalents from equivalents
Max. and min. 1 and 0.592 1 and 0.356
transmission
Refinement Full-matrix least Full-matrix least
method squares on |F|? squares on |F|?
Data / restraints / 3963/29/ 166 8615/0/349
parameters
Goodness-of-fit 1.086 0.834
on |F|?
Final R indices R; =0.0815 R, =0.0758
[I>2sigma(l)] wR, =0.2356 wR, =0.1473

R indices R, =0.1196 R, =0.2896

(all data) wR, =0.2521 wR, =0.1898
Largest diff. 7.060 and -3.035 0.817 and -1.713
peak and hole
(e-A™)

Crystal data and structure refinement for [Gd(Prop);(OH,),], and
[Ce(Prop)3;(OH,)s5],.
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FIGURE 2.8: Representation of the (a) Gd (III) core in the dimeric Gd(Prop); unit. (b) In-
tramolecular (blue dashed lines) and intermolecular H-bonds (black dashed lines) responsible
for the formation of an array of polymeric 1D-chains, shown in (c).

Cerium propionate single crystals obtained through recrystallization in MeOH yield a novel,
unreported crystal structure, in which the dimeric unit is formed by two crystallographically
independent Ce(III) centers displaying [CeOg] and [CeO,;0] cores with coordination number
9 and 10 (Fig. 2.9(a)), bearing distorted muffin and sphenocorona geometries, respectively
(S values reported in Table B.12). Ce(l) is connected to 10 O atoms deriving solely from
propionate groups, whereas Ce(2) exhibits bonds to O atoms belonging to three H,O molecules
and 6 O atoms of propionate ligands. Two types of coordination modes are characteristic of
the propionate ligands, mixing y, : 7% : n' and p, : n' : ' coordination and assembling the
dimeric units in polymeric 1D-chains. A further stabilization of the structure is due to the H,O
molecules present in between the chains, responsible for strong intermolecular H-bonds, as
shown in Fig. 2.9(b). The combination of coordination modes is in accordance with the value
of Av reported in B.1.2, typical of a mixed bridging and bidentate chelating coordination of
the ligands.
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(b)

FIGURE 2.9: Representation of the (a) two crystallographically independent Ce (III) cores in

the dimeric Ce(Prop); unit, organizing the structure in (b) polymeric 1D-chains, stabilized by

intermolecular H-bonds deriving from the crystallization H, O molecules placed in between each
chain. Hydrogen atoms are not shown for clarity.

2.3 Establishing compatibility of thermal behaviour and de-
composition pathways

Subsequent to corroborating the high purity of the powder precursors, fundamental to avoid
secondary products in the REBCO metal-organic precursor solution and ensure the achieve-
ment of elevated nanoscale homogeneity during the preparation of REBCO films, a complete
study of the thermal behaviour of each metal propionate has been carried out. The decom-
position of the propionate ligands has been analysed both for the powders, as an additional
information regarding the absence of any undesired species, and in the form of films. Confirm-
ing the compatibility of these precursors in a thermal process that emulates the first annealing
(pyrolysis) is of utmost importance towards the achievement of REBCO films with the desired
nanocrystalline precursor phases for TLAG. The use of thermogravimetric analysis (TGA)
coupled to an FTIR spectrometer (TG-FTIR) allows, through evolved gas analysis (EGA), to
obtain relevant information regarding the volatiles evolved during the thermal treatment and

thus, determine the decomposition pathways of each metal propionate.



53 Synthesis of metal propionates: structural and thermal
investigation of their suitability in REBCO precursor solutions

2.3.1 Decomposition of metal propionate powders

The thermal behavior of all the metal propionate powder products was analyzed by compar-
ing their decomposition pathway in inert conditions (N,). With exception for the anhydrous
Cu(Prop),, all powders display an initial mass loss below 150 °C corresponding to dehydration
and/or residual solvent elimination.

Earlier studies on the decomposition of calcium propionate [136] and of various lanthanide
propionates by Grivel et al. [137] reported that the decomposition mechanism of salts deriv-
ing from carboxylic acids in an inert atmosphere generally yields symmetrical ketones (the
length of the chain will depend on the substituent groups present) and carbon dioxide (CO,):
these are generated by a radical pathway through the recombination of the radical species which
leads to the formation of the aforementioned symmetrical ketones. Nonetheless, in the case of
metals which can experience redox reactions, the main volatile is the corresponding salt of the
acid [138, 139].

The synthesized propionates of Y, Sm, Gd, and Yb described in this thesis follow a similar
radical pathway mechanism, illustrated in eq. 2.1, and the results of the TG-FTIR are shown
in Fig. 2.10. During the first mass loss at high temperatures, corresponding to 376 °C, 356
°C, and 371 °C, for Y(Prop);, Gd(Prop);, and Yb(Prop)s, respectively, the release of the sym-
metrical ketone 3-pentanone, CO,, and the oxycarbonate species of the respective rare earth
element is observed. The latter species are stable up to increased temperatures and are, instead,

absent in the decomposition profile of the rest of the metal propionates precursors.

M,(C,H5CO0)s —> | 3C,H;CO +3C,Hs + 0, +°OM + COOM +2CO,| —»

—_— > M202CO3 + 3C2H5COC2H5 + 2C02 — M203 + C02 (2. 1)

The last mass loss visible in the TG curves corresponds to the decomposition of the oxy-
carbonate to form the final rare earth sesquioxide by CO, release at the temperatures of 552
°C, 426 °C, and 439 °C, for Y(Prop);, Gd(Prop)s, and Yb(Prop)s, respectively. The formation
of Y,03, Gd,03, and Yb,Oj is confirmed by the masses of the final residues, which display
a similar value if compared to the theoretical ones for a full conversion of the propionates to
sesquioxides: 37.8% found for Y(Prop); (expected 36.6%), 49.6% found for Gd(Prop); (ex-
pected 47.8%), and 50.9% found for Yb(Prop); (expected 50.2%). XRD patterns acquired for
the final residue are further corroborating the formation of the sesquioxide, as shown in the

following Fig. 2.11.
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FIGURE 2.10: (a) From left to right, TGA decomposition curve (black) of Y(Prop);, Gd(Prop);,

and Yb(Prop); powders in inert conditions (N,). The dotted line shows the TG derivative,

whereas the gas evolution is shown as individual curves according to their thermal stability and

elimination. The dashed and dotted blue line indicates the expected value for total decomposition

to the relative sesquioxide of each RE. (b) FT-IR spectra corresponding to the main decomposi-
tion steps of Y(Prop);, Gd(Prop);, and Yb(Prop); powder from each TGA in (a).
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formation of Yb,05.
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Nonetheless, Sm(Prop); shows a mixed decomposition pathway, in which the volatiles typ-
ically evolved from a decomposition through radical pathway (eq. 2.1) are present together
with the additional evolution of acetaldehyde and propionic acid, as shown from the EGA sig-
nals in Fig. 2.12(a). This is indicating that it is also following an oxidative mechanism as the
one reported in equation 2.2, in which the degradative oxidation of the propionate groups to

acetaldehyde, CO, and propionic acid is initiated by the presence of O,.

(V) (4]
M,(CyHC00); 22 3C,HLCOOH + 3CH;COH + My0,C0; + 20, 122> M0, + CO, 2.2)

In both of these mechanisms, the oxycarbonate species is formed and upon heating it fi-
nally decomposes through release of CO, to the sesquioxide, in this case Sm, O3, as suggested
by the final residue mass percentage (49.7%, as compared to the expected 47.2% theoretical
value), and confirmed by XRD analysis (Fig. 2.12(c)). The observed volatiles present in this
thermal analysis conducted under a N, gas flow are possibly due to the presence of a residual
O, content in the TGA furnace, which may trigger the second mechanism to be followed.
Differential scanning calorimetry (DSC) curves for all of the metal propionate powders reg-
istered during the thermal treatment are reported in Fig. 2.13. Similarities and differences
of the DSC curves of the four compounds described to this moment must be considered, and
are displayed in Fig. 2.13(a)-(d). A distinction must be made between the couples of com-
pounds Y (Prop); and Yb(Prop);, and Gd(Prop); and Sm(Prop);. The latter are exhibiting an
endothermic peak below 200 °C successive to the dehydration step, which corresponds to the
precursor melting, having no peak relative to this endothermic process to be observed in the
dTG curve. Contrarily, no evidence of such a phenomenon is present in the DSC curves of
Y (Prop); and Yb(Prop)s, in which the only mass loss prior to the propionate decomposition
step is ascribed to the elimination of H,O.

Differently from the above mentioned pathways, the decomposition of Cu(Prop), is follow-
ing a reductive mechanism (eq. 2.3) which yields acetaldehyde, CO, CO,, 3-pentanone and
propionic acid in a single mass loss and through a highly exothermic reaction, shown in Fig.
2.14. This is additionally confirmed in the DSC curve in Fig. 2.13(e) in which, in correspon-
dence to the main decomposition step at temperatures ranging between 235 °C and 280 °C, an

exothermic peak is found.

Cu(C,H5C00), —» C,H;COOH + 3CH;COH + CO + Cu — 2Cu + O,
—> 2Cu,0 + 0, ——>4Cu0 2.3)
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Thus, the full reduction to Cu (0) is promoted; however, the XRD of the final residue (Fig.
2.14(c)) shows an additional, partial oxidation to Cu,O and CuO, corresponding to the slight
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FIGURE 2.12: (a) TGA decomposition curve (black) of Sm(Prop); powder in inert conditions
(N,). The dotted line shows the TG derivative, whereas the gas evolution is shown as individual
curves according to their thermal stability and elimination. The dashed and dotted blue line
indicates the expected value for total decomposition to Sm,Oj3. (b) FT-IR spectra corresponding
to the main decomposition steps of Sm(Prop); powder from TGA in (a). XRD of the final residue

following the TGA experiment confirming the sole formation of Sm, O3 shown in (c).
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FIGURE 2.14: (a) TGA decomposition curve (black) of Cu(Prop), powder in inert conditions
(N,). The dotted line shows the TG derivative, whereas the gas evolution is shown as individual
curves according to their thermal stability and elimination. The dashed and dotted blue lines
indicate the expected value for total decomposition to the oxides, CuO and Cu,0O, and metallic
copper. (b) FT-IR spectra corresponding to the main decomposition steps of Cu(Prop), powder
from TGA in (a). XRD of the final residue following the TGA experiment confirming the for-

mation of CuO, Cu,O and metallic copper is shown in (c).

mass increase at temperatures above 400 °C, possibly due to presence of residual O, in the
TGA furnace. The discrepancy between the value of the mass of the final residue (34.8%) and
the theoretical ones for Cu, Cu,0O and CuO (30.3%, 37.9%, and 34.1%, respectively) is due to
the formation of a mixture of the three compounds in unknown proportion.

Ba(Prop), decomposition in an inert atmosphere follows the radical path in eq. 2.4, exhibiting
variations compared the previous cases described above. Following the initial dehydration and
residual solvent elimination in the DSC curve in Fig. 2.13(f) an exothermic peak is observed,

corresponding to a further crystallization of the product (192 °C).

Ba(C,H;sCO0), —> | 3C,HsCO +3C,Hs |[—> BaCO; + C,H;COC,H; + CO,
2.4
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Ba(Prop), powder has a higher thermal stability compared to other precursors and the main
decomposition step is observed at 485°C. However, at 373°C, before the final decomposition,
an endothermic peak is present in the DSC curve with no corresponding peak in the dTG curve,
thus related to the melting of the powder. The series of numerous sharp peaks due to the evo-
lution of 3-pentanone gas bubbles through the melt, visible in the dTG in Fig. 2.15(a), are
additionally confirming this process. The evolution of 3-pentanone derives from the recombi-
nation of the intermediate radical species, and the decomposition finally yields BaCO5 with no
evolution of CO, due to reaction stoichiometry, in contrast to the previously described metal
propionates which followed this pathway. As oxides of barium are not thermodynamically
stable at temperatures below 600 °C, the carbonate is the expected phase and its formation is
corroborated by the XRD of the final residue (Fig 2.15(c)) and its mass (69.5%), which is close
to the expected theoretical value of 69.6% for BaCO5 formation from Ba(Prop),.

In accordance with what observed in the studies of Kim ez al. [140] and Roura ef al. [141], the
decomposition of the synthesized Ce(Prop); occurs in three steps, as observed from the TG
curve and the evolution of volatiles in Fig. 2.16. Similarly to the case of Ba(Prop),, melting
of the powder occurs during the thermal treatment prior to the first, main decomposition step
at 237 °C, as visible from the DSC curve in Fig. 2.13(g), followed by evolution of volatiles
from the melt and ending with the propionate decomposition. In the TG curve, three different
mass loss steps are evident subsequent to the initial dehydration step at low temperatures. The
three-step mechanism is reported in equation 2.5, and the first decomposition step corresponds
to the loss of one propionate group, confirmed by the mass loss of this step being 16%, close to
the expected value of 16.6%. The formation of the symmetrical ketone 3-pentanone, CO, and
the mixed cerium propionate-hydroxide occurs during this step (eq. 2.5(i)). Cerium oxidation
state is maintained in Ce*3, given that its oxidation to Ce™ is induced in the second main de-
composition step (eq. 2.5(ii)), where the formation of cerium hydroxide through elimination of
the two remaining propionate groups is occurring, confirmed by the evolution of 3-pentanone

and CO,. The last step yields cerium oxide following elimination of H,O (eq. 2.5(iii)).
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FIGURE 2.15: TGA decomposition curve (black) of Ba(Prop), powder in inert conditions (Nj).
The dotted line shows the TG derivative, whereas the gas evolution is shown as individual curves
according to their thermal stability and elimination. The dashed and dotted blue line indicates
the expected value for total decomposition to the BaCO5. (b) FT-IR spectra corresponding to
the main decomposition steps of Ba(Prop), powder from TGA in (a). XRD of the final residue

following the TGA experiment confirming the formation of BaCOjy is shown in (c).

The resulting mass of 48.5% is in good agreement with the expected value of 47.5% for the
formation of CeO,, as it is also confirmed by the presence of reflections relative to CeO, in
the XRD of the final residue Fig. 2.16(c).

(i) Cey(C,H5C00)s —> Cey(C,H5CO0),(OH), + C,HsCOC,Hs + CO,
(ii) Ce,(C,H5CO0),(OH), —> 2Ce(OH), + C,H;COC,H; + CO,

(iii) 2Ce(OH), ——> 2Ce0, + 4H,0 (2.5)
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FIGURE 2.16: (a) TGA decomposition curve (black) of Ce(Prop); powder in inert conditions
(N,). The dotted line shows the TG derivative, whereas the gas evolution is shown as individual
curves according to their thermal stability and elimination. The dashed and dotted blue line
indicates the expected value for total decomposition to CeO,. (b) FT-IR spectra corresponding
to the main decomposition steps of Ce(Prop); powder from TGA in (a). XRD of the final residue

following the TGA experiment confirming the sole formation of CeO, is shown in (c).

Therefore, the thermal analysis conducted on all of the synthesized metal propionates con-
firmed these display high purity and follow a thermal behavior through established decom-
position pathways to yield the expected oxides or carbonates, marking a promising starting
point for their use in the preparation of metal-organic precursor solutions for the fabrication of
REBCO superconducting films through the TLAG-CSD approach.

2.3.2 Metal propionate films decomposition

To confirm the compatibility of the powder products as suitable precursors in the solvent mix-
ture used for the preparation of the REBCO metal-organic precursor solutions, the decompo-
sition of each metal propionate in the form of films has been analyzed. Details regarding the
preparation of the solutions of each metal propionate and the deposition prior to the thermal
analysis are reported in B.1.

Thermal decomposition of propionates of copper, yttrium, and barium have been extensively
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studied by Rasi er al. [52, 125, 142, 143], considering how the various types of atmospheres
may affect their thermal behaviour. However, it must be considered that solely acetates of the
three metals dissolved in an excess of propionic acid were employed in said previous studies,
and the resulting solution was used for deposition of the films. The use of acetate precursors is
especially detrimental when considering the case of barium, as the complete conversion of ac-
etate to propionate is never obtained, even in conditions of excess of propionic acid [124, 125].
Therefore, the use of metal acetates in the REBCO precursor solution, as previously specified,
would lead to the inevitable presence of secondary products, such as mixed carboxylate species
containing acetate and propionate ligands. The decomposition pathway of these compounds
may not be compatible with the application proposed: a rapid gas evolution deriving from a
large mass loss during the pyrolysis process is amongst the possible causes of crack formation
in the REBCO precursor film [126]. Additionally, decomposition of secondary products may
result in the formation of an undesired phase in the nanocrystalline precursor film: as it will
be described in the following chapter, nucleation of the nanocrystalline phases must be strictly
controlled during the pyrolysis process to yield films composed by the required BaCOj5 (prefer-
ably in its orthorhombic phase), CuO and Y,O5 and optimal microstructure for the growth of
the final REBCO film through TLAG. For this reason, the metal propionate compounds de-
scribed in this thesis are firstly synthesized as powders and, following the confirmation of their
purity, dissolved in the chosen mixture of solvents in the correct stoichiometry for the forma-
tion of the corresponding REBCO film through annealing processes.

The analysis of thermal behaviour of films for the cases of Cu(Prop),, Y(Prop);, Ba(Prop),,
and Ce(Prop); will solely be carried out in the case of an oxidative atmosphere created by
means of a flow of dry O,. Fig. 2.17 displays the TG curves together with the evolved volatiles
registered through EGA-FTIR for such films. As observed in previous studies [52, 125, 142,
143], in an oxidative atmosphere the decomposition of the propionate ligands occurs through
an oxidative degradation (dismutation), evolving propionic acid, CO,, and acetaldehyde in a
one step process to yield CuO from the Cu(Prop), film, Y,O5 from the Y(Prop); film, BaCO;
for the Ba(Prop), film, and CeO, for the Ce(Prop); film. The decomposition temperatures for
Cu(Prop), are in accordance to previously reported ones for solutions containing this metal
propionate 2: in the TG curve in Fig. 2.17(a), the sole decomposition step present for this
film starts as early as 172°C, with the major mass loss occurring at 220 °C, and finally ends at
250°C with the full oxidation of Cu(Prop), to CuO. The decomposition of the film of Y(Prop);,
shown in Fig. 2.17(b), displays a similar thermal behaviour as the one reported in the literature
for similar systems [134, 142]. The oxidative degradation of the propionate groups happens
in two steps: firstly, the mass loss observed at a temperature of 320 °C leads to the formation

of the oxycarbonate species (Y,0,CO5), at temperatures ranging between 350 and 480 °C,

20ne must remember the use of metal acetates dissolved in solvent mixtures reported in previous studies. The
individual synthesis of pure metal propionate powders prior to the dissolution in the REBCO precursor solution had
not yet been reported until now for this specific application.
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which then yields the final sesquioxide, Y,0O5 at 500 °C through CO, release. An equivalent
decomposition mechanism is exhibited by a film deriving from a solution of Ce(Prop); (Fig.
2.17(d)), which in dry O, decomposes through the evolution of the same volatiles, propionic
acid, CO,, and acetaldehyde, thus indicating its decomposition is following the degradative
oxidation mechanism. It starts at 180 °C and occurs through one major mass loss at 230 °C to
finally yield CeO,. A focus on the thermal behaviour of the films of barium propionate must
be now considered, given that EGA signals ascribed to methane (CH,) and CO are addition-
ally registered during the thermal treatment (Fig. 2.17(c)): these volatiles are deriving from
the decomposition of acetaldehyde and the release of the intermediate species barium oxalate
(BaC,0y,).
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FIGURE 2.17: Decomposition of films of (a) Cu(Prop),, (b) Y(Prop)s, (c) Ba(Prop),, and (d)

Ce(Prop); in oxidative atmosphere (dry O,). The TG curves are shown as black solid lines, time

derivative (dTG) as a black dotted line and EGA signals identified for each of the gases released
during the process.

For the film of Ba(Prop), obtained from the dissolution in HProp:MeOH (1:1) of the com-
pound synthesized as described in B.1.2, the decomposition step differs from the case of a
mixed carboxylate of acetate and propionate reported in [125]. Only one main mass loss is ob-
served between 350°C and 370°C, presumably due to the sole presence of propionate groups.
The detected volatiles, however, may be an indication of the formation of the oxalate species

of barium (BaC,0,) in the final region of the decomposition process: BaC,0, is known to
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be a highly unstable species, and decomposes immediately following its formation, at tem-
peratures between 330 °C and 350°C to yield BaCO5 [125]. To effectively corroborate the
presence of barium oxalate as part of the decomposition products of this system, a series of
experiments in which films of solutions of different barium compounds were quenched at tem-
peratures ranging between 300 °C and 400 °C. Three solutions were employed to fully compare
the cases of the sole presence of barium acetate in solution, the presence of a mixed complex
of barium acetate and propionate, and the sole presence of barium propionate. This was ob-
tained by simply dissolving, respectively, commercial barium acetate (Ba(OAc),) in a mixture
of acetic acid (HOAc) and methanol (1:1), commercial metal acetate in HProp:MeOH (1:1),
and the synthesized Ba(Prop), described in this thesis in the latter solvent mixture. The TG
curves relative to the decomposition of the three films are displayed in Fig. 2.18(a), whereas
the FTIR registered on films of each solution quenched at several, increasing temperatures
are reported in Fig. 2.18(b). It is important to notice that the main mass loss step occurs at
different temperatures for the three cases, being the case of only acetate the one with highest
thermal stability displaying the main mass loss at 450 °C, 100 °C higher than the other two
cases. The major decomposition step in the mixed propionate-acetate complex case occurs
at similar temperature as the full-propionate case, presumably due to the decomposition of
the propionate groups; however, at higher temperature, the former presents two consecutive,
small mass losses, which are attributed to the decomposition of the acetate groups remaining
in solution due to the incomplete conversion of acetate to propionate. This is confirmed by
the evolution of formaldehyde during the thermal treatment of this film (Fig. 2.19(a)), char-
acteristic gas evolved from the decomposition of an acetate. It is, indeed, the only aldehyde
species evolved during the decomposition of a solution of Ba(OAc),, thus only acetate groups
in solution, as evident from the EGA signals in Fig. 2.19(b). In oxidative atmosphere, the
proposed mechanism in this case is the degradative oxidation of the acetate groups through
evolution of acetic acid, formaldehyde and CO,. From the FTIR spectra acquired following
the quenches of the three films, the important difference to be noted is the prompt formation of
BaC,0, in the film relative to only propionate groups present, in which this species is visible
starting from the film quenched at 320 °C: here, the contribution of peaks deriving from the
barium precursor is decreasing. Increasing the temperature to 340 °C results in the complete
absence of peaks relative to the precursor, and only peaks corresponding to the oxalate and the
final carbonate are identified, suggesting the partial formation of the final product coexisting
with the oxalate species. Given its formation happens at elevated temperature and taking into
account the volatiles present at the moment of the oxalate formation, the origin of the oxalate
species may be the oxidation of the remaining propionate groups by means of the evolved ac-
etaldehyde. Finally, the EGA signal deriving from CO volatiles at 360 °C in Fig. 2.17(c), is
consistent with the complete transformation of the oxalate into the final carbonate. The ab-
sence of the oxalate peaks in the films deriving from a solution containing only acetate groups

is a further confirmation of this hypothesis. Moreover, considering the two cases in which
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propionates are present in solution, it is clear that, in both, the oxalate species is formed at
a similar temperature, suggesting it is indeed deriving from the decomposition of the propi-
onate groups, corresponding to the first mass loss in the sample of mixed propionate-acetate
complex.
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FIGURE 2.18: (a) Comparison of the thermal behavior of three solutions from different precur-
sors of barium: a solution ofBa(Prop), prepared using the precursor described in this chapter
(black), being thus the case of only propionate groups in solution; a solution of Ba(OAc), dis-
solved in HProp and MeOH (1:1), thus yielding the mixed propionate-acetate complex of barium
(dark green); a solution of Ba(OAc), dissolved in HOAc and MeOH (1:1), consisting in a solu-
tion in which only acetate groups are present (dark pink). (b) FTIR spectra registered on films
of the same three samples in (a) following a series of quenches ranging between 300 °C and 400

°C, the temperature range where BaC,0, is expected to be formed.
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FIGURE 2.19: TG profile (solid black line), time derivative dTG (dotted black line) and gas

evolution of a solution of (a) Ba(OAc), in HProp:MeOH (1:1), yielding a solution in which both

propionate and acetate groups are present and (b) Ba(OAc), in HOAc:MeOH (1:1), yielding a

solution only containing acetate groups. (c) and (d) are, respectively, the FTIR spectra registered
in correspondence to the major mass losses in the TG curves in (a) and (b).

The analysis of the evolved gases from the three cases was crucial to confirm that the for-
mation of barium oxalate is solely due to the decomposition of propionate groups. Despite
barium oxalate is an intermediate product result of a secondary reaction, the corroboration
of its presence during the decomposition pathway of Ba(Prop), ensures an accurate under-
standing of the system, pivotal for the CSD-based application proposed in this thesis, and is
of additional interest for its employment in various other functional systems prepared through
the MOD methodology.

The formation of the final oxides for the films containing copper, yttrium and cerium pro-
pionates, and BaCO5 was confirmed by XRD of films subjected to the pyrolysis process de-
scribed in B.1, to demonstrate the solutions prepared through the use of these metal propionate
precursors yield the desired phases in the same thermal treatment as the one employed for the
preparation of the REBCO nanocrystalline precursor films. Following the annealing at 500°C
under a humid O, gas flow, the presence of oxides of copper, yttrium, and cerium and BaCO;
is observed, as displayed in Fig. 2.20. Notice the difference in intensity of the XRD signals:

given the different concentrations employed for each solution, due to solubility of each metal
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propionate precursor in the solvent mixture, different thickness of the final films will be ob-

tained.
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FIGURE 2.20: XRD patterns (measured in grazing incidence (GIXRD) geometry) of the final
residue from the decomposition of films of (a) a solution of Cu(Prop),, (b) a solution of Y (Prop)s,

(c) a solution of Ba(Prop),, and (d) a solution of Ce(Prop);.

Ultimately, the same analysis of the thermal behaviour of films deriving from solutions of RE
propionates (RE = Sm, Gd, Yb) has been conducted. However, in this case, decomposition in
two oxidative atmospheres, dry and humid O,, were studied and the comparison of the six TG
curves may be found in Fig. 2.21(a). Films of each RE propionate which underwent thermal
treatment in dry O, atmosphere (solid lines) display slightly higher decomposition temperature
than the ones relative to films exposed to a humid O, flux (dashed lines). Different mechanisms
are governing the decomposition in the two atmospheres considered, and this is at the origin
of the variations in the decomposition temperatures.
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FIGURE 2.21: (a) TG curves for Sm(Prop); (yellow), Gd(Prop); (blue), and Yb(Prop); (green),

registered in dry O, (solid lines) and humid O, (dashed lines) flows. (b-d) Analysis of the evolved

gases during the thermal treatment for Sm(Prop);, Gd(Prop); and Yb(Prop);, respectively, com-

paring oxidative atmosphere created by means of a flux of dry O, (upper graphs) with the case
of a humid O, flux (lower graphs).

In dry O,, the oxidative degradation observed previously for the case of films of Y(Prop);
yields propionic acid, acetaldehyde and CO, displaying a one-step major mass loss to form
the corresponding oxycarbonate of each RE element, and finally the sesquioxide by CO, elim-
ination. Contrarily, when the films undergo an annealing in a humid O, flux, two mechanisms
are competing: the hydrolysis and the oxidation mechanisms, with the former being favored at
lower temperatures. Consequently, the decomposition initiates through the hydrolysis of the
propionate ligands, releasing propionic acid and the sesquioxide of the RE through the mech-
anism shown in eq. 2.6(a). Nonetheless, hydrolysis is promptly superseded by the oxidation
step when reaching more elevated temperatures, hence the CO,, acetaldehyde, and propionic
acid evolution which yield the oxycarbonate species of each RE. Finally, the final sesquioxide

is formed through a further CO, release. The oxidation mechanism is impeding the advance
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of the hydrolysis mechanism, considering that the former is thermodynamically favored com-
pared to the latter when the temperature is increased. Fig. 2.21(b)-(d) displays the EGA signals
acquired during the thermal treatment in both atmospheres for films of Sm(Prop);, Gd(Prop);,
and Yb(Prop)s. In a dry O, flux, the simultaneous release of propionic acid together with CO,
and acetaldehyde is the evident demonstration that the decomposition is following an oxidative
degradation of the propionate ligands as in eq. 2.6(b). This mechanism is in contrast to the
one followed in the case of the experiments conducted in a humid O, flow, in which the pres-
ence of propionic acid prior to the release of any other gases is strong indication of an initial,

independent decomposition step deriving from the hydrolysis mechanism.

@) [H,0]
M,(C,H;C00)s ———> 6C,HsCOOH + M504

(b) [0;] [0)]
M,(C,HsCO0), —2> 3C,H;COOH + 3CH;COH + M,0,C0; + 2C0, 2> M;0; + CO, (2.6)

To demonstrate the formation of the sesquioxide of the three RE elements during the py-
rolysis thermal treatment, XRD was measured in grazing incidence geometry (GIXRD) on
the films resulting from spin-coating deposition of solution of each individual RE propionate
which then were subjected to the thermal treatment described in the B.1. The presence of
Sm, 05, Gd, 05, and Yb, 05 is pivotal for the application of the REBCO precursor films pre-
pared through the deposition of the ternary RE-Ba-Cu precursor solution: in the films, these
oxides found in nanoparticle form will successively dissolve, during the growth process through
TLAG, in the transient liquid of [Ba-Cu-O] to initiate the nucleation of the final SmBCO,
GdBCO, and YbBCO epitaxial films. As displayed in Fig. 2.22, the crystallization of the
sesquioxide of each RE element is successfully demonstrated, confirming full compatibility of
the powder precursors described throughout the entirety of this chapter for the preparation of
REBCO films through the TLAG-CSD approach.
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FIGURE 2.22: GIXRD acquired on the films resulting from the pyrolysis thermal treatment
(conducted in a humid O, flow) deriving from (a) a solution of Sm(Prop);, (b) a solution of
Gd(Prop)s, and (c) a solution of Yb(Prop);.

2.4 Conclusions

The synthesis of a series of metal propionates has been developed and optimized and a de-
tailed characterization led to confirming the feasibility of obtaining cost-effective and high
purity powder precursors of copper, yttrium, barium, cerium, samarium, gadolinium, and yt-
terbium propionates for their use in the CSD of superconducting REBCO films, objective of the
work described in this thesis. Crystal structures were obtained for all of the synthesized com-
pounds through various crystallization techniques. Profound comprehension of the specific
crystal structures is believed to be pivotal for a further control of the following decomposi-
tion pathways, at the base of the CSD methodology employed for the preparation of REBCO
nanocrystalline precursor films which will finally yield the REBCO superconducting systems.
Four novel crystal structures were obtained for the cases of Ba(Prop),, Y(Prop);, Sm(Prop);,
and Gd(Prop)s, and their characteristics could be correlated to their chemical properties. Also,
a variation of the crystallization method resulted in two additional novel crystal structures for
the cases of Ce(Prop); and Gd(Prop);.

A complete analysis of the thermal behaviour for all of the synthesized products has been
carried out and the decomposition pathways have been established for each individual metal
propionate both for powders in inert atmosphere, and for films in an oxidative atmosphere.

Employing metal propionates which have been previously synthesized and their purity has
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been confirmed prior to their use in the REBCO metal-organic precursor solution is crucial
for a consistent thermal decomposition: unwanted product mixtures derived from unreacted
species that detrimentally vary the final, expected phase formation are avoided in such way,
leading to a strict control of the microstructure and the nanoscale homogeneity of the REBCO
nanocrystalline precursor films for TLAG.

Moreover, if desired, the metal propionate powders described in this chapter may be addi-
tionally employed as the non-fluorinated precursors in the low-fluorine TFA-MOD or in sev-
eral functional materials prepared through CSD techniques which follow the MOD method-
ology, benefiting from the high-purity, low-cost and facile preparation methods of these pre-
synthesized precursors.

However, in this thesis, the metal propionate powders reported in this chapter will find appli-
cation as powder precursors for the preparation of a wide variety of metal-organic chemical
solutions for the fabrication of REBCO films, following the essential demonstration of their
chemical and thermal compatibility for the application proposed. A detailed study regarding
said chemical solutions will be object of the following chapter.



Metal-organic precursor solution

and nanocrystalline precursor films
for TLAG

In this chapter, the YBCO precursor solution optimization process will be described. The
initial objectives in section 3.1 and a further explanation in 3.2.1 will set the basis for the re-
quirements the precursor solution has to meet, and explain how it should advance respect to the
previous cases described in the group. The strategies for the optimization of the novel precur-
sor solution will be then described in 3.2, with particular focus on the use of an amine additive
and its effects on the nanocrystalline precursor films yielded by the first, low-temperature an-
nealing (pyrolysis process), described in 3.2.3. A thorough microstructural analysis will also
be described here, whereas the particular case of excess of amine additive will be subject of
3.2.4. The analysis of the chemical and physical properties of the novel YBCO precursor so-
Iution has been fundamental for an insightful understanding of the role of the amine additive,
and two separate subsections will be dedicated to this: the first centered on the rheology and
chemical analysis of the solution (3.2.5), whereas the second on the thermal behaviour of the
different cases under study (3.2.6). Moreover, the way in which the solution is stored has been
found to be of utmost importance to enhance its stability and shelf life, and the effects of this
will be reported in section 3.2.7.

Finally, two different variations of the standard solution will be described: the first, in section
3.3, in which, the use of the corresponding RE propionates described in 2, led to the preparation
of REBCO precursor solutions and nanocrystalline precursor films for the cases of SmBCO,
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GdBCO and YbBCO; the second, object of section 3.4, in which the aim has been to explore
a range of different amine additives possibly compatible with our system and evaluate their

effect on the nanocrystalline precursor layers.

3.1 Objectives

Following the discussion in Chapter 1 and the further explanation in Chapter 2, one of the
most important requirements for the application of REBCO superconducting films in the in-
dustrial framework is the possibility to obtain thick films without hindering the high physical
performance of the superconducting material [144—146]. The current HTS market makes use
of techniques such as Pulsed Laser Deposition (PLD) [17, 19, 20], Metal Organic Chemical
Vapor Deposition (MOCVD) [21-23], Electron Beam Physical Vapor Deposition (EBPVD),
metal evaporation (ME) [24-27], sputtering [28, 29] and trifluoroacetate metal-organic decom-
position (TFA-MOD) through chemical solution deposition (CSD) [15, 36-45] for the growth
of the HTS layer, principally based on expensive vacuum equipment and/or slow diffusion ki-
netics. Growth from a vapor phase consists in the deposition of RE, Ba and Cu adsorbed atoms
on the growing interface, resulting in a growth rate directly affected by the atomic density. In
vapor-based growth techniques, such as PLD, ME, sputtering, and MOCVD, control of su-
persaturation is determined by the difference between pressure of the adsorbed atoms at the
growth front and that of equilibrium: it may be varied by changes in the deposition rate, oxy-
gen pressure, and processing temperature, all parameters seen to influence the adsorbed atoms
pressure at the growth front. Novel techniques to increase the growth rates have been devel-
oped in the last decade, with the two variations of PLD, high rate PLD (PLD-HR) [30-33]
and liquid-assisted PLD (PLD-LAP) [34] showing the most promising results. Conversely,
solid-solid growth mechanisms are governed by gas diffusion, where the elimination of the
volatile gases is the limiting step for the nucleation of the desired REBCO. This mechanism is
at the base of TFA-MOD, where supersaturation is strictly controlled through the variation of
processing parameters (water pressure, oxygen pressure and temperature). Thorough control
of the gas flow used for the growth process is, in this case, fundamental to ensure full evac-
uation and avoid gas stagnation at the film surface, which implies the complete hindrance of
the reaction towards REBCO formation [35]. The techniques making use of vapor-based or
solid-solid gas-mediated diffusion mechanisms result in low to mid-low growth rates: this is
one of the major causes for the severe delay in the widespread of HT'S-based technologies [71,
147], as their production is expensive and with low-throughput. In the scenario in which CSD
is considered for the fabrication of the REBCO film, the development of a versatile and robust
chemical solution but with higher throughput compared to TFA-MOD is of vital importance.
The option of it being adaptable to various deposition techniques is pivotal, starting from the
laboratory-based spin coating but imperatively expanding to industrially scalable approaches,

i.e. slot die coating and inkjet printing. A fundamental requisite is the tunability of rtheological
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features of the chemical solution, with the concentration being top of the list. This parame-
ter is strictly linked to the final thickness of the film when considering a single deposition
method!, therefore it is desirable to be able to adjust it to one’s needs without compromising
solution stability, reproducibility, or homogeneity of the final film. Moreover, following the
global plead for greener chemical processes, as explained in Chapter 1, the following work is
solely focused on the case of fluorine-free chemical solutions, completely eliminating fluorine
from the process, and thus the toxic hydrofluoric acid (HF) generated as waste product of the
TFA-MOD process.

Regarding the selection of precursors, an extensive discussion can be found in Chapter 2, where
the choice of synthesizing metal propionates and therefore to disregard the use of commercial
precursors has been thoroughly motivated. Here, the main objective is to report the ideas and
experimental process which led to the optimization of a novel class of chemical solutions for
the transient liquid assisted growth (TLAG) of high-performance YBCO films. As described
in [51, 53], ultrafast growth rates of 100 nms~! could be demonstrated through the use of an
acetate-based fluorine-free chemical solution. This type of solution yielded YBCO supercon-
ducting films of high critical current densities, ranging between 3 and 5 MA cm~2 at 77K in
self-field in films of 100 nm in thickness, also showing compatibility with the inclusion of pre-
formed nanoparticles with the aim of enhancing the physical properties through artificial pin-
ning centers (APCs) [55], demonstrating the enormous potential of the TLAG-CSD method-
ology at high-magnetic fields. However, the high-performance physical properties could be
obtained exclusively on a thickness of 100 nm of final YBCO, mainly due to solubility limita-
tions of the employed precursors in the chosen media; clearly, this called for the introduction
of a novel solution which would enable higher thickness while maintaining the remarkable val-
ues of physical properties previously obtained, and thus progressing towards the demands for
its industrial application. The process of development of a novel metal-organic fluorine-free
precursor solution for the preparation of high-performance epitaxial REBCO films led to one
European patent (European patent application no. PCT/EP2023/070988 filed on 28/07/2023)
and a publication [148].

3.2 Development of novel YBCO precursor solution

3.2.1 Fundamental requirements of ideal precursor solution

In the previous section the general objectives were presented, considering how the solution has
to be adapted to the demands of the industrial sector together with a progression from previous
work performed in SUMAN group, inside the framework of the ERC Advanced Grant project,
ULTRASUPERTAPE. Here, a discussion on the chemical and microstructural requirements

The deposition method influences the final thickness per se, therefore the concentration of the solution must be
adjusted to be optimal for a range of possible techniques
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of the metal-organic precursor solution and the nanocrystalline precursor films that this yields
will be carried out.

As explained in Chapter 1, one of the main objectives of the present work was to analyse the
effects of altering the supersaturation of the transient liquid on the nucleation and epitaxial
growth of YBCO, thus deepening the knowledge on the growth mechanism through the inno-
vative TLAG process. The uncomplicated strategy adopted to obtain a tunable supersaturation
of the transient liquid has been the preparation of chemical solutions of varying stoichiometry
by changing the (Y:Ba:Cu) molar ratio, in which the name of each composition reflects the
(Ba:Cu) molar ratio expected when the transient liquid is formed. Starting from the YBCO-
stoichiometric mixture and increasing the copper content, the following range of compositions
are considered in this thesis:

e (2:3) composition: (Y:Ba:Cu) proportion of 1:2:3, the exact stoichiometry for the for-
mation of YBCO.

e (3:6) composition: (Y:Ba:Cu) proportion of 1:2:4, increasing the copper content from
the stoichiometric case.

e (3:7) composition: (Y:Ba:Cu) proportion of 1:2:4.66, the Cu-rich mixture coinciding
with the eutectic composition which showed most promising results in the previous stud-

ies in the group.

e (4:11) composition: (Y:Ba:Cu) proportion of 1:2:5.5, a composition with a large excess
of copper respect to the YBCO stoichiometry. Copper-rich compositions have found
widespread use in the growth of REBCO films through Liquid Phase Epitaxy (LPE) and
Hybrid Liquid Phase Epitaxy (HLPE) [34, 84].

e Y-rich (4:11) composition: (Y:Ba:Cu) proportion of 1.35:2:5.5, namely an alterna-
tive to the (4:11) composition in which also the yttrium content is increased, creating
a simultaneous excess of yttrium and copper. Yttrium- and copper-rich compositions
showed the most promising results in coated conductor production through Reactive Co-
Evaporation by Cyclic Deposition and Reaction (RCE-CDR). Its application in TLAG
anticipates a higher contribution of solid yttria nanoparticles when the transient liquid

with high copper excess is formed.

It can be noted how slight the modifications to the (Y:Ba:Cu) molar ratio are, therefore the
first and most important requirement for the chemical solution is to reach complete dissolu-
tion, to ensure the correct stoichiometry desired for each composition. However simple this
might seem, when working with chemical solutions one must consider the solubility limit of
the powder precursors in the chosen mixture of solvents and how this might be an impedi-
ment to the accomplishment of a precursor solution for a specific composition. Following this

consideration, a chemical solution which aims to be appealing for industrial applications must
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imperatively be stable and have a prolonged shelf-life. It is necessary to point out that these
are two aspects which are strictly correlated but the former does not directly imply the latter.
If a stable solution is intended as one which does not present any solid precipitate, the fulfill-
ment of this is not a direct proof that important changes in the solution’s rheological properties
have not occurred. In fact, the term shelf-life is defined differently, as "the length of time a
product may be stored without becoming unsuitable for use”. Regarding this point, the stor-
age methodology of the chemical solution is an extremely important factor, and various storage
possibilities should be tested with the objective of maximising both the solution stability and its
shelf-life. A thorough study concerning storage conditions for the chemical solutions used for
TLAG-CSD described here may be found later on in this section (3.2.7). Moving on to the de-
sired characteristics of the nanocrystalline layers obtained through the use of the metal-organic
precursor solutions, the objective is set to accomplish thick, homogeneous and reproducible
films which will be used as nanocrystalline precursor films for the TLAG process. Several
fundamental aspects must be taken into consideration when optimising the chemical solution,
as their achievement will provide the foundation for the growth process through TLAG. As
explained in Chapter 1, TLAG is a non-equilibrium process kinetically controlled by the su-
persaturation of the transient liquid [53]. After its formation, it is the dissolution of the Y,0;
nanoparticles in the [Ba-Cu-O] liquid to cause its supersaturation and the following diffusion
of Y atoms to the substrate-liquid interface favours nucleation of YBCO nuclei. This process
occurs in time ranges of seconds, therefore, it is mandatory for the nanocrystalline phases in
the precursor layers to be present in small sizes to ease their dissolution in the transient liquid,
thus enhancing atomic mobility and assuring fast reactivity, enabling the ultrafast growth rates
characteristic of the TLAG process. Moreover, the nanocrystalline precursor phases must be
homogeneously distributed throughout the layer avoiding phase segregation, as this might lead
to formation of secondary phases generated by local concentration of a given precursor phase.
On a similar note, homogeneity is to be obtained also on the macroscale: major defects such as
cracks or areas with distinct morphological features will be maintained as such after growth,
hindering current percolation. An example of this is shown in Fig. 3.1, in which the Back
Scattering Electron Detector (BSED) SEM image of a grown film clearly shows a variation
of morphology resulting from the major defect present in the initial nanocrystalline precursor
film. As discussed in Chapter 1, the films yielded by the pyrolysis process are a mixture of
the three nanocrystalline precursor phases for YBCO, specifically Y,05, CuO and BaCO;,
distributed in an amorphous matrix. Apart from the size of the phases, discussed above, it is
essential that the formation of the BaCO; precursor leads to its orthorhombic phase. The ex-
tremely stable nature of BaCOj is no novelty in literature [92], and it is also considered one of
the major challenges of the preparation of REBCO superconductors through the fluorine-free
approach [42]. From previous studies, it could be demonstrated how adverse is the presence
of monoclinic BaCOj; as the only barium precursor to the epitaxial growth, being this phase

stable up to temperatures of 900 °C. Moreover, the formation of BaCO5; monoclinic is usually
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FIGURE 3.1: Major defect (highlighted by the yellow rectangle) present in the nanocrystalline
precursor film (left) will generate an area of different morphology after the growth process, visible
in the BSED SEM image on the right.

found to be linked to the presence of metallic Cu, which is known to be subject to strong coars-
ening phenomena [52, 91]. The presence of coarsened Cu(0) is highly undesirable given the
extreme growth rates characterizing TLAG. The mandatory, initial reaction between BaCO;
and the copper species to form the mixed barium-copper oxide would be strongly hindered in
the case of large Cu(0) grains due to the slow reactivity, inevitably leading to insufficient and/or
inhomogenoeus transient liquid generation. Thus, these phases would embody extremely un-
favourable initial conditions for the TLAG process, and would lead to significant difficulties
when trying to obtain high epitaxy. After considering all of the previous points, the last but
also crucial requirement the precursor solution has to meet is its suitability for multideposition.
As discussed above, the ultimate application of this kind of solutions would be in the indus-
trial framework, where thickness enhancement is amongst the fundamental steps towards the
delivery of HTS-based coated conductors (CCs) to the general market. Various strategies are
adopted to do so, one of these being a multiple deposition of the precursor solution. Therefore,
the ideal precursor solution should yield homogeneous films both when depositing single or
multi-layers, especially considering the microstructure and phase homogeneity of the films.
Having set the aforementioned, necessary prerequisites for the YBCO precursor solution, the
optimization process will be performed with close consideration of all the previously dis-
cussed points, and only precursor solutions which fulfill the entirety of the requirements will
be adopted for TLAG-CSD.

3.2.2 Optimization process

Initially, the optimization of a novel solution employing the metal propionates synthesized as
described in Chapter 2 was pondered without the inclusion of any additive. The reason behind
this idea is the fact that, when including an additive of organic nature, there is an increase of

the amount of carbon in solution (due to the chemical structure of the additive, as the most



3.2. Development of novel YBCO precursor solution 83

widely used contain aliphatic chains of varying length) which might lead to difficulties in the
decomposition of the metal-organic precursors during the pyrolysis process, which could result
in carbon contamination in the grain-boundaries of the final YBCO film. This would imply
detrimental consequences for the physical properties of the superconducting films [149]. Thus,
trying to avoid such obstacle, the first step towards the novel fluorine-free solution formulation
was the preparation of a saturated solution, as the main objective was the maximum enhance-
ment possible of the final film thickness. Important to state that the first optimization effort was
only focused on the (3:7) composition, then successively adapted to the other compositions.
This preference is deduced from previous studies in our group which proved this stoichiometry
to promote the epitaxial growth of YBCO through TLAG [51]. Thus, the following description
of the optimization process will be concentrated on this specific composition, if not specified
differently. The choice of solvents and the ratio of eventual mixtures are object of the same
previous study: a mixture of propionic acid (HProp) and methanol (MeOH) in a ratio (1:1) was
demonstrated to yield the best results as far as microstructure of the nanocrystalline precursor
films is concerned. For this reason in the entirety of the present thesis this solvent mixture will
be adopted, and any other solvent choice or mixture will be thoroughly detailed.

The first type of solution tested was obtained by simple addition of barium, copper and yttrium
propionates to the solvent mixture, in a total concentration of 1 M in sum of metals. This was
the maximum concentration possible without the involvement of any additive, given the lim-
ited solubility of the precursors in the chosen media. Specifically, the major difficulties are
attributable to the complete dissolution of Cu(Prop),, not only for its anhydrous crystalline
structure, but also as this precursor is the one added in majority in all of the compositions
considered. Despite being stable during several months and allowing for the preparation of
homogeneous, crack-free nanocrystalline precursor films, this type of solution resulted in lay-
ers of a thickness of merely 100 nm, as shown in Fig. 3.2. Bearing in mind the thickness
enhancement requisite, it was a clear necessity to take into consideration the introduction of
an additive, as a thickness of 100 nm per pyrolyzed layer would require a copious amount of
multiple depositions, making the process not ideal for a future industrial application. Neverthe-
less, the system compelled for a careful selection of the additive to avoid its interference in the
correct formation of the nanocrystalline precursor film. Preferably, the additive should aid the
complete dissolution of the metal-organic precursors, enabling for higher concentrations to be
obtained, and additionally favour the formation of homogeneous, low-porosity nanocrystalline

precursor films with suitability for multi-deposition.
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FIGURE 3.2: (a) OM image of a one-layered nanocrystalline precursor film obtained using a

solution of 1 M with no additive. (b) Thickness measurement of the layer showed in (a), through

reflectometry, with average thickness of 130 nm. (c) OM image of a nanocrystalline precursor

film of two layers, obtained by multideposition of the same solution on the one-layered sample

depicted in (a). (d) Thickness measurement of the film showed in (c), through reflectometry,
indicating an average thickness of 210 nm.

Additionally, the additive should improve the mechanical properties of the film: the evo-
Iution of gases due to the decomposition of the organic ligands is at the origin of strong
tensile stress and strain due to film shrinkage during the thermal treatment, possibly lead-
ing to cracking phenomena. Thus, the major chemical requirement for the additive was to
promote Cu(Prop), solubility in the mixture of solvents, possibly by means of complex for-
mation. For this reason, amine compounds were promptly thought to be viable candidates,
given their well-known ability to form complexes between the N atom and the metal centers,
specifically favoured in the case of copper [150]. As previously stated, the chemical formula
of the selected compound can play a fundamental role, as an excess of carbon in the solu-
tion may lead to a troublesome decomposition due to the excess of organic matter, possibly
resulting in the formation of the undesired BaCO5; monoclinic during the pyrolysis process,
demonstrated to have detrimental effects on the epitaxial growth [52, 126]. Thus, short-chained
aliphatic compounds are preferable. Another important feature is the compatibility of its ther-
mal decomposition with the one of the metal-organic precursors employed: besides the decom-
position of its organic matter to be limited to the temperature range of the pyrolysis process
(with maximum temperature being 500 °C), it must combine adequately in the elaborate metal-

organic skeleton resulting in an augmented strain dissipation to prevent crack formation [126,
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151, 152]. Hence, considering the listed limitations, the best fitting amine additive was mo-
noethanolamine (MEA). This complies well with all the previous restrictions and presents the
additional feature of containing an -OH functional group, making it an aminoalcohol: apart
from possible complexation through the N atom of its —N H, functional group, it bears the
possibility for further stabilization through H-bonds from the hydroxyl substituent.

As a starting point for the introduction of MEA in the precursor solution, a value of 5%, /o
was added to a solution of 1 M concentration in sum of metals, to evaluate its effect compared
to the case of no amine additive. Important to be noted, the extremely rapid dissolution of
Cu(Prop),, suggesting an interaction between the amine and the copper precursor is occur-
ring. The important loss of homogeneity of the nanocrystalline precursor films displayed in
Fig. 3.3, showing a rough surface and numerous defects, is undoubtedly not optimal. However,
on a positive note, one must consider the notable increase of thickness respect to the case in
which no amine is used, doubling the previously obtained value. Regardless of the inhomo-
geneous morphology, the thickness improvement is suggesting this amine to be beneficial for
the main objective proposed.

(@) (b)

©

FIGURE 3.3: (a) OM image of a nanocrystalline precursor film obtained using a solution of 1

M with the addition of 5%,,, MEA. (b) Thickness measurement through reflectometry of the

film showed in (a) with average thickness of 250+ 50 nm. (c) OM image of a nanocrystalline

precursor film of two layers, obtained by multideposition of the same solution on the one-layered

filmin (a). (d) Thickness measurement through reflectometry of the film showed in (c) indicating
an average thickness of 480 + 50 nm.

Therefore, taking into account the straightforward Cu(Prop), dissolution as a distinct indica-
tion of being far from the saturated conditions in the case of the 1 M concentration when MEA

is added, higher concentrations were tested. It was found that with the addition of the same
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%
to 1.75 M. However, as showed in Fig. 3.4 , this solution results in deleterious consequences

v/o Of MEA, complete dissolution of the precursors could be achieved for concentrations up

on the homogeneity of the nanocrystalline precursor films, yielding a completely cracked film

when multideposition is attempted.

(@)

FIGURE 3.4: (a) OM image of a nanocrystalline precursor film obtained by deposition of a
solution of 1.75 M with the addition of 5%,,, MEA. (b) Thickness measurement through re-
flectometry of the film showed in (a), with average thickness of 600 + 50 nm. (c) OM image of
a nanocrystalline precursor film of two layers, obtained by multideposition of the same solution
on the one-layered film in (a). No thickness measurement is shown for the two-layered film, as a
reliable value could not be obtained due to the high degree of inhomogeneity of the film.

Nonetheless, the remarkable value of 600 +50 nm thickness achieved for the first layer in
Fig. 3.4 must not be overlooked, as it is again demonstrating the great potential of MEA for the
aim of thickness increase. Finely adjusting the conditions was pivotal for the accomplishment
of homogeneous nanocrystalline films for TLAG. Through a delicate fine-tuning process, the
maximum concentration of 1.75 M could be maintained, with the finding that by using 4%,,,,
MEA highly homogeneous nanocrystalline films of 400+ 50 nm thickness per layer could be
obtained. Moreover, by multideposition of this solution, the homogeneous morphology of the
filmis preserved, yielding defect-free films of almost 1 y#m thickness with only two depositions,

as visible in Fig. 3.5.
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FIGURE 3.5: (a) OM image of a nanocrystalline precursor film obtained using a solution of

1.75 M with the addition of 4%,,/, MEA. (b) Thickness measurement through reflectometry of

the film showed in (a), with average thickness of 400 nm. (c) OM image of a nanocrystalline

precursor film of two layers, obtained by multideposition of the same solution on the one-layered

film in (a). (d) Thickness measurement of the two-layered film shown in (c), giving an average
value of 1 g m + 50 nm.

An important feature was the possibility of obtaining complete dissolution of the metal pro-
pionate precursors for all the compositions listed in section 3.2.1, and through small variations
of the %,;, MEA, successful preparation of precursor solutions for the compositions consid-
ered was possible. The (Cu:MEA) molar ratio for each of the considered compositions listed in
Table 3.1 is the result of a careful optimization process, with the aim of ensuring the achieve-
ment of highly homogeneous nanocrystalline precursor films: Fig. 3.6 shows two-layered films
obtained from optimized solutions for each composition. As previously stated, the morpho-
logical homogeneity of the films is by far the sole requirement for this class of solutions. Thus,
XRD analysis was carried out on these films and is shown in Fig. 3.6. The majority of BaCO;
is found to be in the orthorhombic phase, while the copper and yttrium precursors crystallize as
CuO and Y,03, confirming these solutions are capable of forming the desired nanocrystalline

precursor phases for TLAG, while simultaneously yielding defect-free films of high thickness.



88 Metal-organic precursor solution and nanocrystalline precursor films for TLAG

(Cu:MEA) %, MEA

Composition (for total concentration

molar ratio 1.75M, volume 5 mL)

(2:3) 1:0.8 4.3
(3:6) 1:0.66 4
3:7) 1:0.61 4
(4:11) 1:0.6 4.1
Y-rich (4:11) 1:0.6 4.1

TABLE 3.1: Optimal (Cu:MEA) molar ratios for the compositions considered in this thesis,
together with %, for the concentration and volume of optimized solutions described in this

section.

| . | .
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FIGURE 3.6: OM images of films deriving from optimized solutions of different compositions:

(a) (2:3) composition solution of 1.75 M + 4.3%, /v MEA; (b) (3:6) composition solution of

175 M + 4%v/v MEA; (c) (3:7) composition solution of 1.75 M + 4%U/U MEA; (d) (4:11)

composition solution of 1.75 M + 4.1%,, /v MEA; (e) Y-rich (4:11) composition solution of 1.75
M+ 4.1%,,, MEA.
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FIGURE 3.7: XRD analysis of nanocrystalline precursor films of various compositions, from top

to bottom starting from the stoichiometric (2:3) composition and increasing the copper content

to the Y-rich (4:11) composition.

Nonetheless, it must be noted that the (Cu:MEA) molar ratio is not stoichiometric: the

amount of MEA would have to be increased to a 12.8%,, /o MEA (for the (3:7) composition so-

lution) if a complete complexation with copper is desired (detailed explanation of the possible

complexation of MEA to the copper precursor will be given in 3.2.5). The precise optimization

of the molar ratio is directly linked to the final aspect of the film resulting from the pyrolysis

process. It is of utmost importance to stress that variations of only 0.2%,,, MEA can alter

completely the morphology of the sample, as can be observed for the case of the (2:3) com-

position optimization process in Fig. 3.8. Cracking occurs in the cases in which not enough

additive is employed, possibly due to a low mechanical resistance of the film: the elevated
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amount of evolved gases as a result of the decomposition of the metal-organic precursors are
mainly concentrated in one large mass loss step, as will be explained in detail in subsection
3.2.6. Insufficient use of MEA may thus lead to extreme strain, released by the formation of
cracks. Conversely, major deposition defects which hinder the final homogeneous aspect of
the film arise when an excessive content of MEA is employed, presumably as a result of ex-
cessive viscosity of the solution for the spin-coating parameters selected. Consequently, the
optimization process enabled to achieve fully dissolved, reproducible and stable solutions for
all the considered compositions which yield smooth, high-quality, crack-free, thick precursor
films with a thickness of 400 nm for each single layer, with the desired nanocrystalline phases.
Multi-deposition by spin coating as well as a thorough microstructural analysis to demonstrate
suitability of these for the TLAG process will be object of the next subsection. However, it
is relevant to specify that this class of solutions was additionally found to be compatible with
ink-jet printing [153], through which combinatorial approaches led to a faster experimental
optimization for high performance films [154—156], and with multi-layered depositions by
slot die coating on metallic substrates, demonstrating the true possibility of application in the

industrial framework.

3.3%y/y MEA OF 406y /v MEA Q] - 23067y MEA

O 4506y MEA O] 53506y MEA

FIGURE 3.8: Optimization of (2:3) composition precursor solution, in which various %,, /v MEA
were tested, fine-tuning the conditions previously found optimal for the (3:7) composition. (a)-
(b)Appearance of cracks due to insufficient amine additive. (c) The value of 4.3%,, /v MEA is
found to be optimal for this specific composition. (d) Defect during the deposition, possibly due

to an elevated %,,/, MEA, effect increased detrimentally in (e).
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3.2.3 Microstructural analysis of nanocrystalline films

Detailed microstructural analysis of various precursor films has been conducted through a va-
riety of transmission electron microscopy (TEM) techniques. Characterization on two-layered
films of (2:3), (3:7) and (4:11) compositions with optimized additive quantities, has revealed
similar microstructural features. These present smooth surfaces while showing high thickness
of each layer: around 470 nm for the (2:3) composition, 400 nm for the (3:7) composition
and 320 nm for the (4:11) composition, displayed in Fig. 3.13, 3.11 and 3.14, respectively.
The small variations in thickness values may be ascribed to different rheological properties of
each solution: slight deviations will yield varying results during deposition, as will be studied
further on in 3.2.5. Microstructural analysis of a two-layered, (3:7) composition film is dis-
played in Fig. 3.9. Low magnification cross-sectional high-angle annular dark field scanning

transmission electron microscopy (STEM-HAADF) images show the smooth surface and

FIGURE 3.9: (a) STEM-HAADF image of a two-layered (3:7) precursor film deposited using the
optimized solution. Elemental EELS maps of (b) Cu-L edge, (c) Ba-M edge, (d) O-K edge, (e)
composite EELS map of Cu (blue) and Ba (yellow), from red rectangular region in (a). (f-h) HR-
TEM images collected from different regions of the precursor film, displaying the individual sizes
and the presence of all precursor phases in the same area, exhibiting a homogeneous distribution.

continuously homogeneous microstructure along the entire film. To precisely determine phase
distribution, elemental analysis is performed through electron energy loss spectroscopy (EELS):
elemental maps of CuL, 3, BaM, 5, and OK, reveal high nanoscale homogeneity, with CuO
nanocrystals uniformly distributed within a BaCO5 matrix, with no visible areas of phase
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segregation or interfaces, establishing an ideal situation for the epitaxial growth of YBCO.
A widespread characteristic of the TFA-MOD is, indeed, the formation of segregated CuO
interlayers which tend to be found at the interface between two layers when films of multi-
ple depositions are prepared, resulting in a major drawback for the successful nucleation of
the final REBCO film [126]. The spatial distribution, crystalline state, and sizes of precur-
sor phases could be determined through the analysis of high-resolution transmission electron
microscopy (HR-TEM) images, shown in Fig. 3.9 (f-h). The three nanocrystalline precursor
phases, namely BaCOj3, CuO, and Y,Oj3, can be undeniably identified in three different HR-
TEM images taken from various regions of the film, validating the robustness and homogeneity
resulting from this solution. Typical grain sizes of the nanocrystalline precursor phases vary
between 10 nm and 30 nm for orthorhombic BaCOj3, 5 nm and 7 nm for monoclinic BaCOs5, 10
nm and 25 nm for CuO, and Y,0O5 between 5 nm and 6 nm. In accordance with the theoretical
principles of TLAG explained in Chapter 1, the reduced sizes measured here, together with
the homogeneous distribution of the nanocrystalline precursors are considerably favouring a
rapid and homogeneous transient liquid formation and facilitating atomic mobility, allowing
to obtain highly epitaxial layers with ultrafast growth rates. Likewise, being BaCO5; mainly
present in the orthorhombic phase, it enables a direct reaction with the nanocrystalline CuO in
the TLAG process, exhibiting no significant obstacle for its elimination, as it will be demon-
strated in Chapter 4.

Additionally, energy dispersive X-ray spectroscopy (EDX) was used to conduct a complemen-
tary compositional analysis in which Y, Ba, and Cu STEM-EDX cross-sectional elemental
maps confirm the uniform distribution of nanocrystalline phases.

FIGURE 3.10: STEM-EDX cross-sectional elemental maps of Cu, Y, and Ba showing homoge-
neous distribution of these elements in a (3:7) composition nanocrystalline precursor film of two

layers.

Regarding the possible effects of multideposition on the microstructure, Fig. 3.11 presents
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(3:7) composition samples on which this aspect was analyzed: the cross-sectional STEM-
HAADF images display a two-layered sample, a four-layered sample and an eight-layered
sample, showing thickness of 800 nm, 1.5 ym and 2.7 um, respectively. This demonstrates
how remarkable thickness can be obtained without compromising the smooth surface or the

general homogeneity of the film.
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FIGURE 3.11: Cross-sectional low-magnification STEM-HAADF images of (3:7) composition
nanocrystalline precursor films deriving from optimized solution of (a) two layers, (b) four lay-
ers, and (c) eight layers. Magnified STEM-HAADF images displaying similar thicknesses of
individual layers for (d) two layers, (e) four layers, (f) eight layers, additionally showing the ho-
mogeneity of the microstructre regardless of the number of deposited layers. (g-i) Analysis of
pore density using Imagel software from the regions marked with red rectangles in (d-f), respec-
tively; for quantification, pores are coloured in red. (j-1) Histograms of pore areas, employed for

the calculation of average pore sizes.
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Moreover, each layer shows similar thickness, again demonstrating the feasibility of this
kind of solutions for the multideposition process: despite being eight layers the maximum
number of multiple depositions tested, it clearly evidences no loss of homogeneity or signifi-
cant differences in the nanocrystalline matrix, implying that the limit is yet to be reached. In
Fig. 3.11(g-1), through the STEM-HAADF image analysis using the software ImagelJ, esti-
mated pore densities as low as 1.0+0.2%, 1.1 +£0.1%, and 1.1 +£0.2% are determined for the
multideposition films of two, four, and eight layers, respectively. Their low porosity is of great
benefit to the fast reactivity of the TLAG process, favouring the reaction between BaCO; and
CuO to form the transient liquid; however, such low porosity values are found to be the limit
for successful gas transport, specifically out-diffusion of CO, or CO and diffusion of O,, as
lower values are shown to hinder the desired outcome of the decomposition process during the
heat-treatment. Further analysis of this fundamental aspect will be presented in the following
section. Nonetheless, a comparison with a sample prepared through the renowned TFA-MOD
route is worth to be made at this moment. The porosity of two films prepared through the
TFA-MOD process, one deposited by ink-jet printing and the second by spin-coating with

multideposition, was analyzed and is displayed in Fig. 3.12.
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FIGURE 3.12: Cross-sectional SEM images of TFA-MOD films obtained by Focused Ion Beam
(FIB) with (a) a single layer using ink-jet printing and (c) three layers using spin coating [126].
(b) and (d) show the pore density analysis using ImageJ from the red rectangular region in (a)

and (c), respectively, where pores are coloured in red for quantification.

The porosity values are, respectively, 15 + 1% and 10 +0.8%, more than a factor 10 than the
case of the optimized fluorine-free solutions discussed in this thesis.
The same analysis carried out for (3:7) composition was conducted on films of other compo-
sitions to assess whether all solutions are able to yield similar microstructural features, and
results for the cases of (2:3) and (4:11) compositions are shown in the following Fig. 3.13,

Fig. 3.14, respectively.
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FIGURE 3.13: (a) Cross-sectional low magnification STEM-HAADF image of a two-layered
precursor film deposited using the optimized solution for the (2:3) composition, confirming the
smooth surface and similar thickness of each layer, being 470 nm circa, resulting in a total thick-
ness of almost 1ym. (b) HR-TEM image displaying sizes and presence of nanocrystalline pre-
cursor phases in the same region, demonstrating the homogeneous distribution of the film. (c)
Analysis of pore density from the red rectangular region in (a) using the software Imagel; for
quantification, pores are identified in red colour. (d) Histogram of pore area which serves to cal-
culate average pore size. (e) Elemental EELS maps of Cu-L edge, Ba-M edge, O-K edge, and
composite EELS map of Cu (blue)-Ba (yellow), again demonstrating the uniformity of phase

distribution in the film.
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FIGURE 3.14: (a) Cross-sectional low magnification STEM-HAADF image of a two-layered
(4:11) composition precursor film obtained through the use of the optimized solution, total thick-
ness is around 640 nm, with each layer being 320 nm. (b) HR-TEM image in which the appearance
of the three nanocrystalline precursor phases show the homogeneous distribution of the film. (c)
Cross-sectional low magnification STEM-HAADF showing the remarkably flat and smooth sur-
face of the entire film. (d) Pore density analysis using the software ImageJ obtained from the red
rectangular region in (a), with pores coloured in red for quantification. (e) Histogram of pore
area used to calculate the average pore size. (f) Elemental EELS maps of Cu-L edge, Ba-M edge,
0O-K edge, and composite EELS map of Cu (blue)-Ba (yellow).

The microstructural features of the films of the three compositions analysed here reveals
the great similarities between the three cases. Size and distribution of the nanocrystalline pre-

cursor phases in the amorphous matrix are comparable, and the sole relevant distinction may
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be identified in the porosity of the film, decreasing with the increase of the copper content
of the composition: a (2:3) composition film exhibits a porosity of 1.9 +0.3% whereas in the
copper-excess composition this value is reduced to 0.8 +0.2%. Possibly, the discrepancy in the
(Ba:Cu) ratio may lead to slight differences in the thermal behaviour of the chemical solution,
with the varied gas evolution to result in a more dense or more porous film at the end of the
pyrolysis process. Nonetheless, this disparity is not believed to significantly affect the follow-
ing TLAG process, as the films of various compositions display the desired nanocrystalline
phases in the small size ranges necessary for the fast reactivity to enable the ultrafast growth
rates characteristic of TLAG.

3.2.4 Effects of amine additive excess

As discussed in the previous subsection, the nature and careful selection of the additive is
crucial for the successful preparation of homogeneous and reproducible nanocrystalline pre-
cursor films, in the same way as the quantity employed. In Fig. 3.8, an example of the precise
optimization of the amine content in solution is provided, in which it is evident how a mere
variation of 0.2%,,,,, would be decisive for a positive or negative outcome.

With the greatest concerns being the complete dissolution of the metal-organic precursors
and the possibility of reaching high concentrations, one would be prone to use a large quan-
tity of additive, especially when this was proven to be extremely beneficial to the increase of
Cu(Prop), solubility, the precursor showing the greatest issues in the chosen media. To en-
sure an exhaustive knowledge of the effects of an amine additive excess, a (3:7) composition
solution of concentration 1.75 M in total sum of metals and an 8%,,/, MEA was prepared. The
amine content in this case is doubled respect to the optimized solution, and the already fast
dissolution observed in the latter case is, here, incredibly enhanced, reducing importantly the
reaction time. However, a complete analysis of the effects on the nanocrystalline precursor
films is mandatory.

Fig. 3.15 shows the OM image of a one-layered film prepared by using the solution with MEA
excess. Indisputably, the quality of the film has declined: the homogeneity is completely lost
and morphological irregularities are found throughout the entire surface. Moreover, the XRD
pattern measured for this sample displays how adverse an amine excess is to the formation of
the desired nanocrystalline phases: BaCOj is found only in its monoclinic phase and copper
is majorly present as metallic Cu (Cu(0)). It is important to remind that the pyrolysis process
is conducted at 1 atm in a 0.12 mL min~! gas flow of humid O,, employed to favour the hy-
drolysis and oxidation decomposition mechanism of the propionate ligands (see Chapter 2 for
the detailed explanation of all decomposition mechanisms). The presence of the most reduced

phase of copper is, thus, surprising.
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FIGURE 3.15: (a) OM image of a nanocrystalline precursor film obtained by a single deposition
of a solution with excess of MEA (1.75 M + 8%,,/, MEA), with the corresponding XRD pattern
shown in (b).

It has been previously elucidated in detail in Chapter | how detrimental these phases are
for the expected epitaxial nucleation and growth of YBCO through TLAG, as monoclinic
BaCO; presents a prolonged thermal stability, beyond the preferred orthorhombic phase. Fur-
thermore, the strong coarsening phenomena common for metallic Cu, which in this system
is rarely re-oxidized, hinders the fast reactivity towards the homogeneous formation of the
[Ba-Cu-O] transient liquid [52]. Detailed TEM analysis was carried out on the film obtained
through the use of a solution with amine excess, and is shown in Fig 3.16. If the previously
presented morphological features from the OM image and nanocrystalline phases from the
XRD pattern suggested an adverse situation, the microstructural characteristics displayed in
the cross-sectional low-magnification STEM-HAADF images are undoubtedly demonstrating
the absolute contrast respect to the optimized conditions. Despite the thickness is almost 200
nm higher than the case with optimized MEA quantity, being one layer 580 nm thick, the mi-
crostructure confirms the presence of monoclinic BaCO5 and metallic Cu, resembling certain
films obtained when depositing acetate-based precursor solutions [91]. The metallic Cu grains
vary considerably in size, ranging between 10 nm and 100 nm, again providing a general in-
homogeneity in the nanocrystalline film which would yield detrimental results if subjected to
the TLAG process. Moreover, the elemental EELS maps reveal a trend of phase segregation
throughout the film: if analysing it from the substrate to the surface, the larger metallic Cu
grains are isolated to the area closest to the substrate-film interface, successively followed by
a monoclinic BaCO5-rich region and finally two superficial, compact, separate layers of CuO
and BaCOj. The pore density analysis concluded the average pore size to be the minimal value
of 0.49 +0.15%, distributed in a non-homogeneous manner throughout the film, with the most

superficial layer of CuO observed to be poreless.
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FIGURE 3.16: (a) Cross-sectional low-magnification STEM-HAADF image of a single layer

film deriving from a solution with excess of MEA.(b) HR-TEM image proving the presence of
metallic Cu and monoclinic BaCOj5. (c) Magnified STEM-HAADF image showing the thickness
of the layer to be 580+ 50 nm. (d) Elemental EELS maps of Cu-L edge, Ba-M edge, O-K edge,
and composite EELS map of Cu (blue)-Ba (yellow), and Cu (blue)-O (yellow), confirming the
metallic Cu nanoparticles. (e) Pore density analysis using ImageJ software from the red rectan-
gular region in (c), where pores are coloured in red for quantification. Histograms of pore area

are used to calculate the average pore sizes.

To precisely comprehend the phase formation, quenches at successive temperatures were
performed during the thermal treatment, with XRD patterns from the resulting films presented
in Fig. 3.17. The chosen temperatures to quench the films were 260 °C, 300 °C, 400 °C and 500
°C, in accordance with the major mass losses and individual precursor decomposition evinced
from a previous study [52] and from the analysis reported in Chapter 2. The expected tem-
perature for Cu(Prop), complete decomposition in film is approximately 250°C; nevertheless,
before reaching 400 °C there is an amorphous nature of the film showing no apparent formation
of any crystalline phase ascribable to copper species. The straightforward deduction is, thus,
that the decomposition of Cu(Prop), does not coincide with its complete reduction to metallic
Cu. The first crystallization occurs at 400 °C, where the appearance of distinct peaks of Cu,O

are observed, indicating an initial reduction of Cu (II) to Cu (I).
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FIGURE 3.17: XRD analysis of films deriving from a solution with excess of MEA (1.75 M
+ 8%, /v MEA), quenched at various temperatures in order to fully understand the evolution of

crystalline phases during the pyrolysis process.

The final quench performed at 500 °C presents a minor part of the contribution from the
copper precursor identifiable as CuO and Cu,O, but the majority experienced a complete re-
duction to metallic Cu. Monoclinic BaCO; is also formed, with the intense peaks from this
phase being the only result of Ba(Prop), decomposition. The progression between the last two
quenched films indicates that the reduction of Cu,O to metallic Cu occurs at the final stage
of the pyrolysis process. An explanation for the phase evolution observed during the pyroly-
sis process could be found in the microstructure that this film presents: the higher thickness
and the extremely low porosity of the film may be causing a severely diminished gas trans-
port. With the aim of favouring the hydrolysis and oxidation decomposition pathway of the
metal-organic precursors, this specific thermal treatment is conducted in a flux of humid O,,
as explained in Chapter 2. The morphological and microstructural features of this particular
film are believed to hinder the O, diffusion in the layer, and consequently hamper the elimina-
tion of CO, and CO from the lower part of the film: this temperature range coincides with the
final decomposition of Ba(Prop), and Y(Prop)s, thus originating a strong release of CO, and
CO. The amine additive, here in large excess compared to the films presented in the previous
subsection, is additionally responsible for CO, and CO generation. If the elimination of CO
is hindered due to the unfavourable microstructure, a strongly reducing atmosphere may be
locally created, which would be responsible for the reduction of CuO to Cu,O and, finally, to
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metallic Cu, through the following reaction:
3Cu0+2CO - Cu+Cu,0+2CO0, 3.1

This is additionally proven by the presence of CuO solely in proximity of the surface, the area
most exposed to the oxygen flux, whereas the large grains of metallic Cu (the most reduced
phase) are found to be segregated in the most internal part of the film, close to the interface
with the substrate, where the CO, and CO out-diffusion is supposedly most complicated. Ac-
cording to Fick’s law of diffusion [157], the diffusion rate of a substance across a unit area,
such as a film, is proportional to the concentration gradient. When increasing importantly the
thickness of a film, the capability of the gas, in this case CO, and CO, to migrate towards the
film surface and hence be eliminated is significantly reduced. In the specific case of MEA
excess, the elevated thickness and the minimal porosity are both contributing to the impeded
gas transport, resulting in the formation of undesired nanocrystalline phases.

Finally, the analysis of several STEM-HAADF images through the software ImageJ enabled an
estimation of the pore density; additionally, the histograms displayed in Fig. 3.11,3.13, 3.14,
and 3.16, allowed for calculations of the average pore sizes. A comparison of the pore density
analysis and of the average pore size is displayed in Fig. 3.18, with various trends worth noting.
Firstly, it is evident how, upon addition of MEA for the same (3:7) composition, a significant
reduction of the pore density occurs, with the same result showed also for the average pore
size. A film obtained from a solution with no additive has a porosity of 6.4 +0.5%, whereas it
is reduced to 1 +0.2% when optimal MEA quantity is added, and decreased to half this value
when an excess of additive is employed. Let us now consider different compositions: there is
a distinct decrease of porosity, again reflected in the average pore size, with the increase of the
amount of copper in the composition, starting at almost 2% for the stoichiometric (2:3) com-
position and lowering to 0.8 +0.2% for the most Cu-rich (4:11) composition. However, in all
cases of optimized additive content, the distribution of the pores is seen to be homogeneous,
whereas when increasing the amount of MEA above the optimum value, this is found to be
extremely inhomogeneous, displaying almost no porosity in the most superficial CuO layer
and minimal pores presence in the most internal part of the film, along with small average
sizes. Regardless of the case of MEA excess, which is undoubtedly the worst-case scenario,
the low degree of porosity ranging between 1 and 2 % for the films deriving from optimized
solutions is anticipated to be of great benefit to the epitaxial growth of YBCO through TLAG.
This demonstrates the significant advantage of employing an additive, specifically MEA. Re-
markable difference can be noted with the films in which no MEA is added in the solution, and
the extreme case of films prepared through TFA-MOD [126], which present elevated porosity

values of up to 15+ 1%.
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FIGURE 3.18: Estimation of pore density using image analysis of STEM-HAADF via Image]
software for the cases of (a) no MEA, (3:7) composition, (b) 1.75 M + 4.3%, /v MEA, (2:3)
composition, (¢) 1.75 M + 4%U/U MEA, (3:7) composition (d) 1.75 M + 4.1%U/U MEA, (4:11)
composition, and (e) 1.75 M + 8%
for quantification. (f) A plot showing the trend of porosity and average pore sizes for the samples

/v MEA, (3:7) composition, where pores are colored in red

in a-e.

Thus, the novel metal propionate-based solution developed and described in this chapter has
enabled for an optimal degree of porosity to be obtained, which together with the homogeneous
distribution of the three desired nanocrystalline precursor phases, set a promising basis for the
epitaxial growth of these films through TLAG.
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3.2.5 Rheology and chemical analysis of optimized solution

After having explored the effects of introducing an amine additive and how important the use
of an optimal quantity is to the outcome of the nanocrystalline precursor films, it is of utmost
importance to fully understand the role of MEA in the precursor solution. Hence, this subsec-
tion will be dedicated to a comprehensive analysis of the rheological and chemical properties
of the novel precursor solution, with the aim of disentangling the correlation between the pres-
ence of the amine and the advantageous chemical and physical features of the solution. Let us
consider, firstly, the rheological properties. Fig. 3.19 displays several viscosity measurements
obtained from (2:3) and (3:7) composition solutions of 1 M and 1.75 M concentrations (total
sum of metals), with increasing contents of MEA. The evident trend for both compositions
and in both of the tested concentrations associates directly an increase of the MEA content in
solution with an increase of the viscosity. Being both of those factors linked to the resulting
thickness of the nanocrystalline precursor films, this tendency seems to avail the beneficial
use of MEA to the purpose of increasing the final thickness. Nonetheless, as demonstrated
in 3.2.4, a large excess of MEA is hindering the achievement of high-quality nanocrystalline
films. Only a specific %,,/, MEA yields the desired features, thus compelling for a strict agree-
ment between the rheological properties of the solution and the quality of the resulting films.
Rheological properties of all solutions employed in this thesis, including solutions of different

compositions and concentrations, are reported in Table C.1, Appendix C.
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FIGURE 3.19: Viscosity measurements with varying quantity of MEA for solutions of (2:3)
composition (shades of blue) and (3:7) composition (shades of red), with concentrations of 1 M
and 1.75 M.
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A further parameter which is considered important to control is the water content of the
solutions. Several cases in CSD-related literature have shown that the water content in solution
is strongly affecting the final epitaxy and quality of the YBCO film [158, 159], thus establishing
a maximum threshold which ensures this parameter not to be altering the result: these are 1.5
wt% for full fluorine TFA-based solutions and 2 wt% for low fluorine TFA or fluorine-free
solutions [51, 160]. For this reason, a continuous monitoring of the solution is necessary here,
performed through the Karl-Fischer titration method [161].

Clearly, the novel class of solutions described in this thesis are inevitably subjected to Fischer
esterification reaction, as a mixture in the ratio (1:1) of HProp and MeOH are used as solvents,
producing H,O as by-product of the reaction [162, 163]. When monitoring solutions with
and without amine additive, an important difference is easily discernible, as shown in 3.20.
The case of a solution without amine additive shows a rapid increase of the H,Owt% over
time, reaching the pre-established limit already by day 10 after its preparation. Conversely,
despite starting from a higher H,Owt% on day one, the solution which contains MEA in the
optimized quantity displays a slower increase of the H,Owt%, with a value close to the 2 wt%

limit reached by day 28.
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FIGURE 3.20: Evolution of H,Owt% over time for (3:7) solutions with and without MEA,

measured using Karl-Fischer titration method.

The evident difference in the tendency of H,Owt% production in the two solutions can be
ascribed to the presence of MEA as an additive. In fact, the mandatory first step of the Fischer
esterification reaction is the protonation of the carbonyl group of the acid: the activation of the

C atom of the carbonyl group is essential for the following nucleophilic attack performed by



3.2. Development of novel YBCO precursor solution 105

the alcohol in order to form a tetrahedral intermediate which may then continue the renowned
reaction mechanism (displayed in 3.21, for clarification) to form the ester and, as said, H,O.
When adding an amine to an acid, the deprotonation of the acid by the amine occurs, yielding a
carboxylate, and preventing the first fundamental step of the reaction to take place; as a result,
the whole reaction is impeded. As the optimized MEA quantity is certainly not close to be
in stoichiometric ratio with the acid, being the latter in enormous excess, the reaction is only
decelerated and not completely avoided. However, the addition of 4%,,, MEA is seen to raise
the needed time to reach the maximum limit by a factor 3. At this moment, the maximum
H,Owt% considered is taken as a reference from previous studies [51]. Nonetheless, an ex-
tensive analysis of solution ageing, including its effects on the various rheological properties,
one of which being the increasing water content, will be carried out in 3.2.7, where it will
be determined whether the characteristics of aged solutions are truly influencing the epitaxial

nucleation and physical properties of the final YBCO film.
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FIGURE 3.21: (a) Fischer esterification reaction mechanism for HProp and MeOH. Addition of

an amine to an acid (in this case MEA to HProp) reacts through the mechanism in (b).

A comprehensive NMR analysis on the mixture of solvents was used to follow the evolu-
tion of the esterification reaction. Given the paramagnetic nature of copper (II) present in the
precursor solution, this analysis had to be implemented solely on the solvents, disregarding
the case of the ternary YBCO precursor solution. Nonetheless, it can be considered as an ap-
propriate model for the case of the precursor solution: the esterification reaction is catalyzed
by strong acids, high reaction temperatures or the presence of metals, given their renowned
catalytic nature[164]. The analysis on the sole mixture of solvents is disregarding the latter

factor, which may be the cause for a further acceleration of the esterification reaction rate.
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Two solvent mixtures were prepared: one of HProp and MeOH, in a ratio (1:1), being this the
solvent media for the solutions in which no amine additive is used, and the other of HProp

and MeOH in the same ratio, with the addition of 4%, ,,, as in the case of optimized solutions.

vjv’
The NMR spectra were acquired immediately after pré:paration and, from the same solutions,
stored as it would be done with precursor solutions, eight days from the preparation. A com-
parison between the spectra acquired on the different days is shown in Fig. 3.22 and 3.23,
respectively, in which spectra of the solutions with MEA are displayed in dark red, while the
ones from solutions without amine additive are represented in black. In the spectra of the as
prepared solutions one can promptly acknowledge the main difference, as the peaks due to the
methyl propionate (i.e. the ester formed from the esterification reaction between HProp and
MeOH) are present in the mixture of solvents with no amine additive, whereas in the case with
MEA none of the peaks due to this species are visible. This is suggesting that the esterification
reaction is not initiated when the amine is added to the same solvent mixture, in accordance
with the mechanisms proposed in Fig. 3.21. When the measurement on the same solutions is
repeated eight days later, it can be noted that the peak of the ester has increased in the solution
with no amine, and is now identified also in the solution with amine, though with an extremely
low intensity. Through a simple correlation of the area of the peaks due to —C H; groups of
the ester and of MeOH one can estimate the quantity of ester formed in each case. On day one,
the solution without amine additive shows a 4% of ester respect to MeOH, and this quantity
has been calculated to increase to 21% on day eight. Contrarily, the case in which MEA is
present starts from a 0% on day one, as no peak from the ester is identified, and this value is
raised to a mere 4% upon remeasurement on day eight. This conclusive data is corroborating
the hypothesized mechanism and is proving that the production rate of H,O due to Fischer
esterification is strongly reduced in the cases where the amine is present in solution.

A further important feature to be examined is the reactivity of MEA in the chemical system
considered in this thesis, with the aim of explaining the reason for which higher concentrations
are enabled through the addition of this amine species, directly linked to the increase of solu-
bility of Cu(Prop),. The initial hypothesis, considering the rapid dissolution of this precursor
in solutions in which MEA is added, was the possible formation of a complex between the
copper center and the MEA, aiding its solubility and stabilization in solution, resulting in high
concentration solutions of endured stability. To confirm this assumption, Electron Paramag-
netic Resonance (EPR) was used, as it can provide useful insight into the in-plane coordination,
distinguishing various interactions between the electrons of the metal center, here Cu (II), and
those of its surrounding nuclei. As for the previous techniques described, EPR spectra were
acquired for two types of solutions. As the case under study is the possible complexation be-
tween Cu(Prop), and the amine, this precursor is dissolved in one case in a mixture of HProp
and MeOH in a (1:1) ratio to reach a total concentration of 1 M, whereas in the second case in

the same mixture of solvents and total concentration with the addition of MEA in a (Cu:MEA)



3.2. Development of novel YBCO precursor solution

107

(2)

No amine additive

CH3 (MeOH) (s)
335

3.35

CHj; (HProp) (t)
1.05
wv

<

CH, (HProp) ()
2.26

OH (s) o
6.30 CH3 (Methyl Prop) (s) ® o 3| e
3.59 — ci -
2 2 vl N\
i T N
‘ [
L
Amine additive CH3 (MeOH) (s)
335
3.35

CH, (Prop) (@] | M (HProp) (0
26 1.05

N

(b)

OH (s)
6.55 CH, (MEA) (m) CH, (MEA) (m) S
3.00 ©°Q —e
3.74 SIS ISIRS
by o MO =z
M I =) ISNTS]
S < ~ o~
l Oeney Aenco %H & H
=TS ST \ ’)
N en ol e
A YLy JJ&
70 65 60 55 50 45 40 35 30 25 20 15 10 05 0
o (ppm)
No amine additive CH, (HProp+Methyl Prop) (s)
27.59
CH; (HProp+Methyl Prop) (s)
5
CH, (MeOH) (s)
CO (HProp) (5) 020 2 =
Top) (s : :
179.04 CH, (Me;};;;l}?rop) 6 § “‘ @
CO (Methyl Prop) (s) . a8
175.80 |
-
Q o
g
= N 2
g =~ —_ .
| = m “ N
| ‘ -
| \
Amine additive CH, (HProp) (s)
CH; (MeOH) (s) 28.03 CHj; (HProp) (s)
50.23 34
CH, (MEA) (s) | [ CH, (MEA) (s) B3
58.40 42.20 EN
CO (HProp) (s) o 8 \
N )
179.49 =3 N
EY @ |
K \
(=a)
=~ < - -
| = F 3
o™
J I i 3
| I I
180 170 10 15 140 130 10 10 10 % 8 Mo 6@ 5 4 30 220 10
3 (ppm)
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13C spectra.
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molar ratio of (1:0.61). This is the molar ratio corresponding to an optimized solution of (3:7)
composition. Hence, the single difference between the two analyzed solutions is the use of
MEA. As observed in the EPR spectra in Fig. 3.24, the solution without amine additive yields
a classic EPR spectrum expected from a Cu?* octahedral elongated complex, with calculated
values of g;; = 2.358 and A;; = 141 cm™'x107*. A different situation is obtained for the
solution in which MEA is employed, where the identification of two species contributing to
the EPR spectra is suggested from the clear splitting of the bands. The calculation of the g;;
and A, factors give values of g;; = 2.355 and A;; = 141.9 cm~!x10~* for the first species,
comparable to the case with no MEA, and g;; = 2.307 and A;; = 141.1 cm™'x107* for the

second species.
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FIGURE 3.24: EPR spectra of a mixture of HProp and MeOH (1:1) and Cu(Prop), without MEA
(black), and with MEA (red). Inset shows the magnification of the main bands.

An adaptation of data from [165—-167] allows for the construction of a graph that correlates
these two values to a specific coordination arrangement for various copper complexes, shown
in Fig. 3.25 for the solutions studied here. In accordance with the analysis of the EPR spectra,
the in-plane coordination of the copper in the solution without amine additive is due to exclu-
sively four oxygen atoms, only deriving from the —(COO)~ groups of the propionate ligands,
given the absence of any nitrogen in this solution. Conversely, the solution with MEA displays,
as previously suggested by the EPR spectrum, the existence of two species simultaneously in
solution: the first shows an in-plane coordination of the copper atom to four oxygen atoms, as
in the previous case, and the second one in which the copper atom is subjected to an interaction

with two oxygen atoms and two nitrogen atoms. This is the undeniable demonstration of the
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formation of a complex with the MEA in the optimized solution. Given its possible coordina-
tion through both terminal groups, MEA is presumably forming a bidentally chelated complex
with the copper center’. The contemporaneous existence of two species is thought to be due
to the non-stoichiometric ratio between the amine and the Cu(Prop),. In fact, the (Cu:MEA)
molar ratio required for a complete complexation of the copper precursor contained in a (3:7)
composition solution would be (1:2), resulting in a 12.8%,,/, MEA (when a 1.75 M solution is
considered). Nonetheless, the analysis of the EPR spectrum relative to a solution with MEA
excess (respect to the optimised quantity) is also displaying the presence of two species (C.2).
It revealed values of g;; = 2.358 and A;; = 145.3 cm~!x10~* for the first species, again com-
parable to the case with no MEA, and g;; =2.277 and A;; = 166.9 cm™'x10~* for the second
species. The large discrepancy in the hyperfine coupling constant A;; presented by this solu-
tion may be due to a different orientation of the ligands relative to the equatorial plane, despite
the coordination arrangement is still considered relative to two nitrogen atoms and two oxy-
gen atoms. Density functional theory (DFT) models may be used to calculate the contribution
of each ligand to the A;;, given the additivity relationship for equatorial ligands [168], and
thus shed light on the difference in the coordination scenarios ascribed to varying %,,,, MEA.

However, this analysis was out of the scope of the present work.
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FIGURE 3.25: Correlation of the values of A;; and g;; to determine possible ranges correspond-
ing to coordination arrangements for various copper complexes resulting from the solutions with
and without amine additive. Adapted from [165-167].

2Trials to isolate and identify such complex have been carried out without success due to its elevated stability in
the studied solution. Nonetheless, the hypothesis of the Cu-MEA complex being bidentate chelating is feasible.
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The coordination arrangement exhibited by solutions in which MEA is added is, thus, a
possible reason for the higher solubility of the copper precursor which enables for higher con-
centrations to be achieved, given the enhanced stability of this copper-amine complex respect
to the sole Cu(Prop),. Although efforts have been made to crystallize said complex, only
suitable single crystals of Cu(Prop), could be obtained, further proof of the extremely stable
nature of the Cu-MEA complex in the ternary solution, avoiding its precipitation and ensuring
endured stability of the solutions.

3.2.6 Thermal analysis of optimized solution

Finally, to achieve a complete understanding of the novel fluorine-free solutions obtained
through the optimization process described in section 3.2, a comprehensive thermogravimet-
ric analysis coupled to infra-red spectroscopy (TG-FTIR) has been carried out. This technique
allows to register the mass loss due to the decomposition of the components of the precursor
solutions, here present as films deposited through drop coating, besides the in-situ analysis of
the vibrational modes of the evolved volatiles, all while the films are subjected to the same heat
treatment as in the pyrolysis process. Hence, this technique has been fundamental to acquire
valuable information on which factors are determining the result of the thermal treatment and
their correlation to the chemical and microstructural homogeneity of the nanocrystalline pre-
cursor films.

A detailed analysis of the individual metal propionates both in powder and in film is object
of Chapter 2, and the thermal behaviour of the ternary solution is seen to concord with the
decomposition mechanisms and temperatures of the individual metal-organic precursors. As
described in Experimental Methodologies in Appendix A, the pyrolysis process is conducted
in a humid O, atmosphere to favour the hydrolysis and oxidation decomposition mechanism
(eq. 2.2) reaching a maximum temperature of 500 °C. In the following analysis, the films will
be subjected to the same atmosphere and thermal profile, and four kinds of solutions will be
considered: two solutions without amine additive with a final concentration of 1 M in sum
of metals, respectively of (2:3) and (3:7) compositions, and two optimized solutions in which
MEA is employed, one for the (2:3) composition (1.75 M + 4.3%,, Jo MEA) and one for the
(3:7) composition (1.75 M + 4%, /o MEA). For correct comparison between the cases with
and without MEA, similar initial masses were used for the selected films, as it is renowned
that different thickness values, meaning a high difference in the initial mass, may influence the
decomposition temperatures due to variations in the evolution of the gases [52]. The scope of
this section is not to unravel the decomposition mechanisms of ternary solutions, as this has
been object of previous studies both for fluorinated [169, 170] and fluorine-free systems [52,
91]. As for the previous sections, the aim is, here, to comprehend the role of the amine additive
and its effect on the decomposition profile of the ternary solution. The four solutions follow the

hydrolysis and oxidation mechanism for the decomposition of the metal-organic precursors, as
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expected in this atmosphere: the first mass loss is, evidently, only due to solvent evaporation, as
corroborated by the sole evolution of HProp at temperatures below 150 °C (no MeOH is present
as the deposited films are placed on a heating plate at 70 °C for 5 minutes before the thermal
treatment). The metal organic precursor responsible for the first mass loss is Cu(Prop),, as its
decomposition starts as early as 170 °C and is seen to end before 250 °C. This is, in general,
the temperature range corresponding to the promotion of crack formation [91]. In this region
an important mass loss may be observed, equivalent to 29% and 37% for the solutions without
amine additive ((2:3) and (3:7) compositions, respectively) and 21% for the (2:3) composition
with MEA and 33% for the (3:7) composition with MEA (Fig. 3.27 and Fig. 3.26). The con-
siderable reduction of the mass loss when MEA is included in the solution compared to the
case of no amine additive, where the major gas evolution is evidently concentrated in this tem-
perature range, is implying that films from solutions with MEA are more robust against crack
formation up to the films thickness studied. Amine-free solutions have displayed a disposi-
tion to generate cracks when the thickness is increased [126]. It is meaningful to remind that
the formation of cracks is a mechanism of strain-release due to film shrinkage with thermal
increase and an excessive volume of gas eliminated from the film at a given moment during
the decomposition process. Nonetheless, thermogravimetric studies on the thermal stability of
MEA in similar conditions revealed this compound to exhibit volitilization prior to effective
decomposition, occurring in one mass loss around 150 °C in specimens of MEA alone [171],
contrarily to the elevated thermal stability of the widely employed TEA which decomposes at
temperatures above 300 °C. Nonetheless, given the complexation of MEA with copper from
the Cu(Prop), in this system, it is possible that decomposition of the linked amine ligands is
here occurring in the same temperature range as the propionate ligands from this specific pre-
cursor. The enormous excess of the latter impedes the registration of a sufficient signal from
the evolved volatiles deriving from the amine decomposition, complicating the identification
of the temperature at which MEA is eliminated from the film. Nonetheless, the results reported
in this section are a clear evidence of the extraordinary viscoelastic properties MEA conveys
to the films, when used in the optimal quantity. The detected volatiles for the decomposition of
Cu(Prop), are deriving initially from the hydrolysis mechanism [143], thus only a signal from
HProp is acquired, then replaced by the oxidation mechanism when higher temperatures are
reached (220-300 °C), generating mostly acetaldehyde, CO, and HProp from the beginning of
the overlapping decomposition of Ba(Prop), and Y(Prop);. For temperatures above 300 °C
and up to the final temperature of 500 °C, the gas evolution may be ascribed to the oxidation
of the intermediate decomposition products of yttrium and barium precursors, yttrium oxycar-
bonate (Y,0,COj3) and barium oxalate (BaC,0,), which finally form the corresponding oxide
and carbonate, respectively, through elimination of CO, [125, 142]. The mass of the final
residues is in agreement with the values expected for dried precursor solutions, being 45% and
43% expected for, respectively, (2:3) and (3:7) composition solutions with optimized quantity
of MEA, and in the cases without amine additive, 49% for the (2:3) composition and 47% for
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the (3:7) composition. If comparing (2:3) and (3:7) compositions, another fact worth noting is
the discrepancy between the initial mass loss due to solvent evaporation (below 160 °C), being
larger for the solution of (2:3) composition: given the higher viscosity of this solution, it will
be probably hindering a complete drying of the deposited film, resulting in the HProp
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FIGURE 3.26: TG-FTIR analysis of (3:7) composition solutions (a)-(b) 1 M without amine ad-

ditive and (c)-(d) 1.75M + 4%, /v MEA measured in a humid O, flow. The TG and dTG profiles

are displayed in (a) and (c), respectively, together with the gas evolution during the heat treat-

ment. The FT-IR spectra corresponding to the temperatures where the mass losses are greatest
is shown in (b) for the solution without MEA and (d) for the one with MEA.

evaporation to overlap with the same volatile deriving from the first hydrolysis path of the
Cu(Prop), decomposition. Moreover, the distinct (Ba:Cu) molar ratio in the two compositions
considered in this thermogravimetric analysis are seen to affect the amount of CO, evolved:
the (2:3) composition presents higher intensity peaks due to elimination of CO, in the tem-
perature region ascribed to the decomposition of Ba(Prop), (300-500 °C), presumably as this
composition is, in comparison, more rich in barium. Fig. 3.28 exhibits a comparison between
the thermal behaviour of solutions with MEA and without any amine additive for both com-
positions and summarizes the important difference between the two cases. The solutions with
amine additive are seen to follow a less abrupt mass loss and a general smoother decomposition
profile respect to the ones in which no MEA is added.
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FIGURE 3.27: TG-FTIR analysis of (2:3) composition solutions (a)-(b) 1 M without amine addi-

tive and (¢)-(d) 1.75 M + 4.3%,,;, MEA measured in a humid O, flow. The TG and dTG profiles

are displayed in (a) and (c), respectively, together with the gas evolution during the heat treat-

ment. The FT-IR spectra corresponding to the temperatures where the mass losses are greatest
is shown in (b) for the solution without MEA and (d) for the one with MEA.
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centration of the solutions.

The correlation between the characteristics of the TG curve and the robustness of the opti-

mized solution towards avoiding formation of cracks on films of high thickness are suggesting
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that the MEA is able to take part in the elaborate metal-organic skeleton in such manner to
completely release strain originating from the decomposition of the propionate ligands of the
metal propionate precursors. This is yet another evidence of the advantageous nature of MEA
in the chemical solutions employed for TLAG-CSD.

3.2.7 Effect of different storage methodologies on solution ageing

Initially, the storage methodology chosen for the optimized solutions came from the knowledge
acquired during previous studies [53, 55]: the idea of exposing the solution to air was the
major concern, therefore vial caps with a silicon septum were employed. While this storage
methodology was previously found to be satisfactory, during this thesis several problems have
been encountered. A thorough study and a modification of the storage methodology for YBCO
precursor solutions will be described in this subsection in detail. The following analysis has
been conducted solely on (3:7) composition films, although the optimal storage methodology

was then applied to all solutions with same results.

FIGURE 3.29: Types of vials and sealing caps employed during this thesis. On the left, a YBCO
precursor solution stored in a vial with septum cap whereas a solution stored in a vial with a
screw cap is shown on the right. The central insets present the appearance of each type of cap as

an example.

Fig. 3.29 displays the two types of storage possibilities employed: the vials with septum caps
(left) were used at the beginning of this study, later on superseded by the vials with screw caps
(right) due to various reasons. Firstly, the septum and the cap are not sealed together, resulting
in an untight storage. The septum was adopted to be able to take out an aliquot of solution
without having to open the vial and exposing it to air (again, considering the hygroscopic nature
of one of the solvents). However, when puncturing the septum, tears may occur resulting in
pieces of the silicon septum falling in the solution, as shown in Fig. 3.30, where a large piece of
septum is visible inside the vial. When solutions in which this problem was encountered were
used for spin-coating deposition, the result led to films with numerous defects and ultimately,
to the inclusion of Si particles in the films, confirmed by EDX (Fig. 3.30). As explained in
3.2.1, the homogeneous nature of the nanocrystalline precursor films is mandatory in order to
obtain high performance films: such major particle inclusions determine impediment critical
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current percolation, lowering importantly the physical properties of the films, as demonstrated
in Fig. 3.31°.
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FIGURE 3.30: (a) Solution in which a piece of the septum is transferred inside the vial after
puncturing it. (b) Deposition of such solution and example of the result after the pyrolysis pro-
cess. (c) EDX of the large particle found in the nanocrystalline film of (b), indicated by an ochre

square. Major contribution is identified as Si, as expected.
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FIGURE 3.31: (a) Comparison of critical current density (J,) curves with temperature for two
grown films of (3:7) composition, coming from a fully homogeneous nanocrystalline precursor
film (blue triangles, OM image in (b)) and one with Si inclusions due to septum pieces in solution
(purple triangles, OM image in (c)). The clear decrease of J, is ascribable to problems with

current percolation due to the presence of the included particles.

3 A standard profile result of optimization of TLAG processing parameters is used to compare the effect of defects
on the physical properties. More information will be provided in detail in section 4.3.1 of the following Chapter.
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When using screw cap vials, evidently, this will never occur as no puncturing of the septum
is involved. Of course, a screw cap means the solution would be exposed to air during aliquot
extractions. To avoid this, the sealed vial with the solution would be placed below an inverted
funnel connected to a flow of Ar gas. After flowing several minutes, the area below the funnel
is supposedly inert, making it safe to open the vial without risking the solution to come into
contact with air. Besides the septum inclusion in solutions and films, the septum caps were
found to be causing a second, meaningful complication. As previously stated, the septa and
the caps are not produced with a sealing between the two parts: this, together with the fact
that the septa were punctured numerous times for aliquot extractions, was inevitably favouring
the evaporation of part of the solvents in the solution, causing its further concentration with
time and, finally its precipitation. This effect could be completely avoided when the screw
caps were introduced, as it is clearly demonstrated in Fig. 3.32. The level of the solution was
marked following the last aliquot extraction and after a month, it is visible how the solution
level has lowered for the case of the septum cap, whereas it was maintained identical when a

screw cap is employed.

()

FIGURE 3.32: Solution level one month after the extraction of the last aliquot for solutions stored

in a vial with (a) septum cap or (b) screw cap.

For solutions stored with the septum caps, the evaporation of the solvent and the follow-
ing increase of the concentration of the solution has detrimental consequences: the solution
stability is limited to a maximum of two months and the viscosity was demonstrated to vary
significantly in the short time range of only a week. Solutions which were stored in vials with
screw caps were found to be stable for over a year, and viscosity of several solutions was mea-
sured with time. Fig. 3.33 shows the comparison between these two cases. The volume of the
solution (shown as label, in the case of the vials with screw cap) has an impact on the viscosity
the solution exhibits. This may be due to the fact that even the slightest change (i.e. evapora-

tion) on a reduced volume has an augmented effect: the solutions which display highest values
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of viscosity are, indeed, the ones of lowest volume. In fact, a solution of 1 mL measured on
day 66 shows the same viscosity as one measured on day 160 with a total volume of 3 mL.
Thus, to maximize the stability of the solution, working with larger volumes is desirable to

avoid such effects.
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FIGURE 3.33: Viscosity of solutions stored through the two different methods. Solutions stored
in vials with septum caps (red rhombi) are measured during one week, and the inset is showing
the evolution. Solutions stored in vials with screw caps (blue circles) are measured up to 263
days, and the label to each measurement is indicating the total volume of the solution remaining

in the vial when the measurement was performed.

The final, fundamental storage consequence that was investigated was the effect of the aged
solutions on the outcome of the films after the thermal process of pyrolysis for both cases.
Worth noting is the pre-established limit of H,Owt% in previous studies [51, 91], which en-
sured the desired features of the nanocrystalline precursor films to be obtained. It was be-
lieved to be the increased H,Owt% to drastically worsen the microstructural characteristics
of the nanocrystalline film, thus setting the value of 2wt% as maximum threshold. Fig. 3.34
displays the measurement of H,Owt% over time for both storage cases. It can be noted that
the initial increasing trend is similar, demonstrating no significant variation due to choice of
storage method. In correspondence to the day of water content measurements, all solutions
were deposited through spin coating and the microstructure of the resulting nanocrystalline

films investigated by means of XRD.
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FIGURE 3.34: Water content in solutions stored in vials with septum cap (red circles) and with

screw cap (blue circles).

Let us first consider the case of vials with septum cap. As said, solutions stored through this
method are stable for up to two months. However, one can clearly observe from the OM images
of the nanocrystalline precursor films in Fig. 3.35, that the morphological quality is worsening
with the aging of the solution. Similarly, the microstructure is displaying a comparable trend:
a 21-days-old solution favours the formation of detrimental, undesired crystalline phases. This
implies the stability is not in accordance with the shelf-life of the solutions stored in this way,
possibly being an unfavourable effect if the final objective is the application of these solutions
in industrial framework where prolonged lifetime is advantageous cost-wise. When, instead,
solutions stored in vials with screw caps are deposited and nanocrystalline precursor films are
prepared from solutions up to 263 days old, one may immediately notice how the homogeneity
of these is maintained (3.36). The desired nanocrystalline phases are displayed in all the films
prepared through these solutions, despite the last one being more than 250 days old. Addi-
tionally, the increasing amount of water in solution seems to have no direct consequence on
the achievement of the desired crystalline phases, in contrast to the aforementioned previous
studies[51, 91]. This is once more stressing the crucial importance a correct storage method-
ology has on the success rate of the process, especially interesting for the establishment of

CSD-based superconductors in industries.
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FIGURE 3.35: (a) XRD data acquired from nanocrystalline precursor films deriving from solu-

tions 1, 15 and 21 days after their preparation, stored in vials with septum caps. (b) OM images

of the nanocrystalline films in (a), with water content of the corresponding solution shown in the
top part.

Finally, the physical properties of grown YBCO films deriving from aged solutions stored
in vials with screw caps have been measured to identify a possible effect of the elevated water
content on the epitaxy of the film. As shown in Fig. 3.37, the YBCO films display similar val-
ues of critical current density (J,) and critical temperature (7},), independently of the H,Owt%
the solution contains. This suggests there is no direct implication of the water content of the
solution on the epitaxy of the final superconducting film. The initial desirable characteristics of
the nanocrystalline precursor film are not to be overlooked, and any implication of the solution

rheology that may lead to variations in the microstructure must be avoided.
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FIGURE 3.37: (a) Critical current density (J,,) versus temperature and (b) critical temperature

(T,) curves for grown films prepared using solutions of 1, 36 and 66 days old, demonstrating the

high reproducibility of the process despite the long time after solution preparation or H,Owt%.

Growth processing conditions derive from a thorough optimization process on (3:7) composition

films which may be found in 4.3.1.

Undoubtedly, the extensive analysis of rheological and chemical properties, and of thermal



122 Metal-organic precursor solution and nanocrystalline precursor films for TLAG

behaviour may lead to the conclusion that the use of MEA is greatly beneficial considering
various aspects: the promotion of the dissolution of metal propionate precursors, yielding pos-
sibility of increased concentration, the enhancement of the stability of the species in solution,
and the improvement of the mechanical resistance of the films towards cracking phenomena.
Moreover, the final study presented here depicts how the correct storage methodology may
significantly prolong the shelf-life of the solutions, resulting in stability of over a year and
demonstrating an unchanged outcome of the pyrolysis process on films deriving from solu-
tions of over 250 days old. Accordingly, the great potential of the application of this kind of
solutions for the preparation of YBCO superconducting films in the industrial framework is

unquestionable.

3.3 Variation of the RE for the preparation of REBCO pre-

cursor solutions

As introduced in Chapter 1, the widespread interest developed in recent years for different RE-
BCO systems originates from the variation of the irreversibility line for each RE perovskite,
which leads to a plethora of achievable applications. When Sm or Gd are used as substitutes for
Y, a wider range of magnetic field applications are possible due to their intrinsically elevated
irreversibility line, resulting in higher critical temperature (7}) values compared to YBCO.
The characteristic effect of enhanced flux pinning phenomena are consequently increasing the
possible critical current density (J,) values [120, 172-174]. Contrarily, the use of Yb is signifi-
cantly interesting when considering the possible reduction of processing temperatures towards
the implementation of industrial methods with higher energetic efficiency. The YbBCO opti-
mal nucleation conditions are found at reduced processing temperatures compared to YBCO,
again due to an intrinsic difference in the irreversibility line presented from this system [127,
175]. Moreover, in the specific case of the growth of REBCO films through the TLAG-CSD
approach described in this thesis, a variation of the RE will imply its different solubility in
the transient liquid, and consequently different supersaturation conditions, possibly resulting
in tunable growth rate. In this section, the optimized solution for the case of YBCO, which has
proven to yield optimal nanocrystalline precursor films for TLAG, will be adapted to a varia-
tion of the RE. The possible effects on the rheology of the solutions or on the microstructure
of the nanocrystalline precursor films will be investigated.

3.3.1 Analysis of REBCO precursor solutions rheological properties

Following the same preparation procedure explained in detail in Appendix C.1, optimized for
the case of the YBCO precursor solution, REBCO precursor solutions could be obtained for the
cases of RE = Sm, Gd, and Yb. Subsequent to corroborating the high purity of the RE propi-
onates of Sm, Gd and Yb and their thermal compatibility with TLAG heat treatments (Chapter
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2), the use of the different RE precursors entailed no difficulty to the successful preparation
of such REBCO precursor solutions. The entire analysis was conducted on (3:7) composition
solutions only, disregarding any change in stoichiometry to avoid additional effects due to this
parameter.

Rheological properties of the REBCO precursor solutions considered in this section are dis-
played in the following Table 3.2. One can promptly notice how similar the values of viscos-
ity are for all the solutions considered, showing no direct impact of the change of RE propi-
onate precursor on this specific rheological property. However, discrepant values are found
for the contact angle that these solutions exhibit: YBCO and GdBCO precursor solutions are
19.4° +£0.1° and 19.1° +0.1°, respectively, in contrast to the lower values of 12.3° +0.1° for
SmBCO and 13.2° +0.1° for YbBCO. This is suggesting a different wettability of these solu-
tions on the substrates of choice, which may eventually lead to differences in their deposition
and, possibly, the final thickness of the resulting films. An additional slight variation is en-
countered in the initial water content values: as explained in 3.2.5, this parameter is, in our
system, a combination of the H,O produced due to Fischer esterification reaction and the coor-
dinated H,O from the metal propionate precursors. As Ba(Prop), and Cu(Prop), are identical
in the four solutions considered here, the main contribution to this value will be due to the H,O
contained in each RE propionate. From the TGA experiments performed on the powders in
Chapter 2, the Gd precursor is known to display less H,O compared to the rest, thus explaining
the difference in the H,Owt% in this solution.

Water content

REECO on day of

precursor Concentration (M) 5 J ) Viscosity (mPa's)  Contact Angle (°)
solution PRI

(Wt%)
YBCO 1.5M + 3.4%,,, MEA 0.65 +0.06 8.68 £0.05 19.4£0.1
1.5M + 3.4%,,, MEA 0.66 + 0.06 8.96 +0.05 123 +0.1

GdBCO 1.5M + 3.4%,,, MEA 0.43 +0.06 8.94 £0.05 19.1+0.1
YbBCO 1.5M + 3.4%,,, MEA 0.60 + 0.06 8.66 +0.05 13.2+0.1

TABLE 3.2: Rheological properties of REBCO precursor solutions, showing the values of an

optimized YBCO precursor solution as reference. Water content, viscosity and contact angle

reported here are measured on the day of the preparation of the solution to confirm reproducibility
of the rheological properties and of the measurements.

The evolution of the latter parameter over the first month after the preparation of each solu-
tion has been monitored through Karl Fischer titration method and is displayed in Fig. 3.38.
Apart from the aforementioned differences in the initial value, one may observe the general
trends to be similar. By normalizing to the value of H,Owt% on day one, the individual effect

of the RE may be assessed. Y, Sm and Yb solutions show resembling behaviour, with the
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case of the solution with Yb displaying the slowest rate of increase. For what concerns the
Gd solution, instead, it presents the highest rate of H,O production, possibly due to a major
catalytic effect of this particular cation for Fischer esterification.
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FIGURE 3.38: Evolution of H,O wt% with time over the first month after solution preparation.

Inset: same curves normalized to the value of the first measurement (day 1).

Overall, changing the RE from Y to Sm, Gd, or Yb seems to imply no significant impact or
variation to the optimized solution rheology, as all the examined properties are maintained in
acceptable ranges for the desired application; nevertheless, possible effects on the nanocrys-
talline precursor films due to these minor differences will be considered later on in this section.

3.3.2 Thermal behaviour of REBCO precursor solutions

Prior to the deposition of the REBCO precursor solutions and the heat treatment to yield
nanocrystalline films, a thorough thermal analysis on films deriving from these solutions was
mandatory to confirm their decomposition pathway is compatible with the pyrolysis process.
As previously performed on the optimized YBCO precursor solution (3.2.6), the three RE-
BCO precursor solutions underwent TG experiments in a humid O, atmosphere to promote
the hydrolysis and oxidation decomposition mechanism of the metal propionate precursors. A
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comparison of all solutions is displayed in Fig. 3.39, with the YBCO case included as refer-
ence. As explained in Experimental Methodologies (Appendix A), the films for TG processes
are deposited through drop coating: the higher mass presented by the YBCO solution may be
due to a different volume employed during the deposition of this specific solution. However,
it lies within a reasonable difference for its comparison with the other solutions, and no effects

due to elevated thickness are observed, other than a larger, low-temperature mass loss
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FIGURE 3.39: (a) Comparison of TG curves (solid lines) for solutions of YBCO (red), Sm-
BCO (ochre), GABCO (blue) and YbBCO (green), shown with the corresponding time derivative
(dTG) curves (dotted lines, same colours). Initial and final masses of each solution are indicated,
again in the corresponding colour. The final decomposition step corresponding to the conversion

of the oxycarbonate to the sesquioxide is displayed in (b), enlarged.

given by solvent evaporation. The major decomposition processes occur in the same temper-
ature ranges suggesting the REBCO precursor solutions are indeed exhibiting similar thermal
behaviour as the optimized YBCO one. The analysis of the evolved gases through EGA-FTIR
allows for the identification of the same species during the thermal treatment, and confirms the
three REBCO precursor solutions are following the decomposition mechanism already identi-
fied for the YBCO solution, as Fig. 3.40 is corroborating. The first mass loss (below 150 °C) is
solely relative to solvent evaporation, as confirmed by the characteristic bands observed in the
FTIR spectra of all examined solutions. Given the high viscosity of the optimized solutions, a
complete drying of the solvent is not reached in the drying step before the TG experiment. At
240 °C the first relevant precursor-originated mass loss is observed: the majority is ascribable
to Cu(Prop),, which starts its decomposition already barely below 200 °C. Nonetheless, it is
overlapping with the beginning of the RE propionate decomposition, giving rise to the largest
evolution of CO, of the whole thermal process, in addition to HProp and acetaldehyde. Con-
sidering the humid O, atmosphere, the decomposition is initially uniquely due to hydrolysis,
releasing HProp, then immediately superseded by the oxidation of the propionate groups to
form CuO and the respective RE oxycarbonate, at this stage. The following, reduced gas re-

lease found at 300 °C, is corresponding to the inception of Ba(Prop), oxidation: as explained
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in Chapter 2, this precursor displays thermal stability up to temperatures ranging between
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FIGURE 3.40: EGA-FTIR data of the gases released due to precursor decomposition during the
thermal process, together with FTIR spectra corresponding to the most significant mass losses
for (a)-(b) YBCO, (c)-(d) SmBCO, (e)-(f) GABCO, and (g)-(h) YbBCO.

280 °C and 300 °C. In all the analyzed solutions, the last mass loss is related to a pronounced

release of CO, found at 400 °C approximately, and mainly due to two concomitant breakdown
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processes: the intermediate species of barium oxalate (BaC,0,) decomposes to the final prod-
uct BaCOj3 and the sesquioxide of each RE (RE,O3) is formed, both through an elimination
of CO, (details reported in 2.3.2). Worth noting the temperature shift of this last mass loss in
accordance with the different RE following the atomic number in the order Y<Sm<Gd<Yb,
easily identified in the shift in the peak positions of the time derivative (dTG) curves, relative
to the exact decomposition temperature. Given the similar film masses, this effect is presum-
ably due to the varying thermal stability and temperature of formation of each RE,O5. The
masses of the final residues of the TG experiment are in good agreement with the theoretical
ones (45%) for the formation of the nanocrystalline precursor phases of RE,O5, BaCO5; and
CuO, final confirmation of the adequacy of these precursor solutions to the thermal processes
employed in the TLAG-CSD process.

3.3.3 Microstructural analysis of nanocrystalline films

As previously stated, the formation of the nanocrystalline precursor phases of CuO, BaCO;
and the respective RE,Oj is pivotal for the proper epitaxial growth of the REBCO film through
TLAG. However, these must be present with reduced grain sizes and must be necessarily dis-
tributed homogeneously throughout the entire film. Similarly to the case of the YBCO pre-
cursor films, a comprehensive microstructural analysis conducted through XRD and TEM was
carried out to validate that the characteristics presented by the films of the three REBCO sys-
tems considered are suitable for their application in the TLAG process.

The deposition via spin-coating of precursor solutions of SmBCO, GdBCO and YbBCO and
the following heat treatment (pyrolysis) yielded homogeneous films in all cases, as displayed
in the OM images in Fig. 3.41, where the YBCO case is shown as reference. The desired
nanocrystalline precursor phases are obtained, as proven through the respective XRD data.
In order to asses the nanoscale homogeneity in the microstructure of the films, various TEM
techniques have been employed. All films display congruent features, with smooth surfaces
and elevated thickness obtained through a double-fold deposition, between 630 + 10 nm and
680+ 10 nm (Fig. 3.42). Similarly to what observed in the case of multideposited precursor
films of YBCO in 3.11, the preparation of two-layered films has no repercussion on the gen-
eral homogeneity; although in this case no more than double-fold depositions have been tested,
these characteristics suggest several more deposition processes are possible, paving the way
towards the fabrication of thick REBCO films.
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630 £ 10 nm 660 £ 10 nm 680 + 10 nm

1.25+03 % 1.01+0.2% 1.62+0.2%

FIGURE 3.42: Cross-sectional low-magnification STEM-HAADF images of nanocrystalline

precursor film deposited using a 1.5M+3.4%,,,, MEA solution for the cases of (a) SmBCO,

(b) GABCO and (c) YbBCO. Total thicknesses of the two-layered films are determined through

magnified STEM-HAADF images shown in (d), (e), and (f) for the cases of SmBCO, GdBCO

and YbBCO, respectively. (g)-(i) Pore density analysis through the use of the software ImageJ,
with pores displayed in red for their quantification.

Porosity of the films has been determined through the analysis of the STEM-HAADF im-
ages, with the use of the software ImagelJ. The estimations of pore density resultin 1.23 +0.3%
for SmBCO, 1.01 +0.2% for GdBCO, and 1.62 +0.2% for YbBCO, consistent to the value of
1+0.2% found for two-layered YBCO precursor films, considered to be ideal for the TLAG
process. Such reduced values of porosity are believed to importantly augment the reactivity of
the nanocrystalline precursor phases towards the transient liquid formation. A second, crucial
feature which was proven to enhance the growth rates is the presence of the nanocrystalline
precursor phases in small sizes. As explained in Chapter 1, being TLAG a liquid-assisted pro-
cess in which the rates of nucleation and growth of the final REBCO nuclei are governed by
the RE,Oj5 solid nanoparticle dissolution in the transient liquid, when these are presenting a
small grain size, the easiness for their dissolution will be incremented importantly. HR-TEM
was the technique through which spatial distribution, crystalline state, and typical sizes of the
nanocrystalline precursor phases could be established for films of the three REBCO systems
considered in this thesis. Fig. 3.43 proves the identification of all the nanocrystalline phases
relative to each REBCO system under study. Typical sizes for CuO nanoparticles vary be-
tween 10 and 30 nm. As shown in the XRD data in Fig. 3.41, BaCOj is present in both its
orthorhombic and its monoclinic phase: here, it is noticeable how the orthorhombic phase is in
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majority, presenting grain sizes in the range 15-40 nm, whereas the least common monoclinic

phase shows grains of 10-15 nm typical diameters.

Orthorhombic

i Orthorhombic
Cuo Yb,0,

SESm, 08 e

\v) Baco,

Monoclinic

FIGURE 3.43: HR-TEM images collected from (a) SmBCO, (b) GdBCO, and (c) YbBCO
precursor films: the individual sizes and the presence of all precursor phases in the same
area are evidence of a homogeneous distribution of the chemical solutions employed. STEM-
HAADF images of (d) SmBCO, (e) GdBCO, and (f) YbBCO two-layered films deriving from
1.5M +3.4%,,, MEA solution. Elemental EELS maps of O-K edge (pink), Ba-M edge (light
green), Cu-L edge (light blue), RE (Sm-M, Gd-M, and Yb-M) edge (yellow) and composite
EELS map of Cu (blue) and RE (yellow), from red rectangular regions in (d), (e) and (f).

Ultimately, the RE oxides have extremely reduced diameters, being Sm,O5 of 3-7 nm,
Gd, 05 of 3-5 nm, and Yb,O5 of 5-6 nm. These characteristic nanoparticle sizes are in good
agreement with the aforementioned preference for enabling fast reactivity in the TLAG process.
Additionally, employing EELS, the acquisition of elemental maps for Cul, 5 edge, BaM, s
edge, OK edge and RE (Sm-M, Gd-M, and Yb-M) edge was possible, which evinced the uni-
form distribution of the phases, final proof of the high homogeneous nature of these films.
Despite small segregations of the RE,O5 of only 15 nm of maximum thickness are observed,

these are not seen to hinder the distribution of the phases uniformly also in the rest of the film.

The overall outcome of the pyrolysis process regarding both macroscopical and nanoscale ho-
mogeneity of the films described in this section corroborates their suitability for the following
TLAG process to prepare epitaxial films of each of the REBCO systems. The results concern-
ing the epitaxial growth of films of varying RE will be discussed in Chapter 4, specifically in
4.5.
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3.4 Exploring amine additives as feasible alternatives for

YBCO precursor solutions

The final section of this Chapter will be devoted to answering the following question: are differ-
ent amines other than MEA compatible with our system and how do their chemical properties
affect the solution and the resulting nanocrystalline films? Besides the search for the possible
introduction of a new amine additive which might lead to a precursor solution with varying
rheological properties, the focus of this investigation was additionally set on disentangling two
fundamental processes in solution formulation: firstly, the overcoming of difficulties due to
chemical and rheological properties (such as dissolution and stabilization of the metal-organic
precursors) different from the second one, the enhancement of the mechanical and viscoelastic
features of the films during the pyrolysis thermal treatment.

Initially, as explained in 3.2, a careful selection of the additive led to the exclusion of various
possible amine compounds due to strict restrictions on several parameters which are crucial
to obtain the desired favourable outcome. In the work described in this section, an assortment
of amines of various nature were selected, each with distinct chemical features which were
thought to possibly aid the achievement of the final goal: YBCO precursor solutions which
yield thick, homogeneous nanocrystalline precursor films. Following the reason at the basis
of the introduction of MEA in the solution, the central objective is the possibility of reaching
even higher thickness than the ones described in 3.2.3, opening new paths towards the thick-
ness enhancement for future industrial applications of TLAG-CSD.

It must be noted that, as for the case of REBCO precursor solutions, this entire study was con-
ducted solely on solutions of (3:7) composition, with no change in the choice of solvents or
the ratio of the mixture, and performing no modification of the thermal profile of the pyrol-
ysis process. All these parameters were maintained constant to avoid additional information
which, at this moment, was not of interest, being the only focus the effect of each new amine
additive involved. It is, however, anticipated that every one of these parameters may be varied
in a future continuation of this study to further improve the results and, thus, move towards the

applicability of a plethora of additives for this specific solution system.

3.4.1 Understanding complexation scenarios and their effect on the
nanocrystalline films

Among the various possible compounds the amine family may offer, a first, general distinction
must be made, as displayed in the following scheme in Fig. 3.44, between alkyl amines and
aromatic amines. As several amines from these two groups have been tested, giving a simple
definition of each may be relevant at this moment.

Alkyl amines are all of those amines in which the substituent groups bonded to the -N atom
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are of aliphatic nature. Differently, aromatic amines are those organic compounds which have

a benzene ring bonded to the -N atom. This may occur in such a way in which the -N atom

Testing different amines other than
NH,
Ho >N

possibly compatible with our system

Alkyl Amines Aromatic Amines
R—N-R N
Rn =
N
R,R"=H = primary amines Pyridi
R" =H = secondary amines y;l dllle
R, R', R" s H= fertiary amines its derivatives

FIGURE 3.44: Schematic representation of the types of amines inside this large family of com-

pounds.

is bonded to a -C of the six-membered aromatic ring (i.e. aniline) or, as in the case of pyridine,
having the -N atom substituting one of the -C atoms of the aromatic ring. These two families
of compounds consist in a vast number of possible amines which may serve for the purpose
proposed here. However, as this study was intended as a preliminary screening of the behaviour
of various amines, relating it to their chemical structure and reactivity, a limited selection was
mandatory. Several points were considered, as for the initial choice of MEA, as requirements

for the amine additive:

o the eventual formation of a complex with Cu(Prop), to aid its dissolution aiming for
higher concentration of the solutions and, thus, higher thickness of the nanocrystalline

precursor films;

e compatibility with the thermal profile of the pyrolysis process, with its full decomposi-

tion to be reached before the end of the process;

e it must be a constituent of the film in a way to maintain the elevated thickness and, at the
same time, avoid cracking through dissipation of the strain generated by the evolution

of volatiles;

e it must favour the hydrolysis and oxidation decomposition mechanism of the metal pro-

pionate precursors, thus avoid the formation of undesired crystalline phases, such as
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metallic Cu or monoclinic BaCOj3, generated by a strongly reducing local atmosphere

inside the film

Table 3.3 displays the amine additives selected considering the aforementioned require-
ments, together with the chemical properties of each, showing MEA as reference.

Boiling

Viscosity at

Type of . Density
Structure aylzinc point c /mLi 25°C 1 €]
(°C) (mPa-s)
. Alkyl amine
NH
M°n°8twh;‘xamme Ho” T2 (primary), 170 1.012 18.95 9.5
amino alcohol
Ethylenediamine N2 AL lETiTE Ka, =10.712
Y HoN (primary), 116 0.898 1.54 pia, = 19,
(En) diamine pKa, =7.564
CH, .
. . Alkyl amine
T“e(tgi'l;‘;““e e Nr oy, (tertiary) 89 0.727 0.347 10.78
3 SN
HO > Alkyl amine
Triethanolamine (tertiary),
OH
. g \ .
Pyridine | Aromatic 115 0.982 0.879 523
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N
o. H
Pyridine-4- .
carbaldehyde N Aromatic % 1137  Notavailable 472
(4-Formylpyridine) | >
N
X
1-(Pyridin-2-yl)ethan- ‘ Aromati
1-one N e T 189 108 Notavailable  2.64
(2-Acetylpyridine) 4
P @i N N A
,0-Dimethylpyridine omatic
(2,6-Lutidine) - amine 144 0.925 0.93 6.60
N-methylpyridine-2- Sy
(2-(Methylamino) | A ewy MOMUC 500 1052 Notavailable 673
a N N
Pyridine) H

TABLE 3.3: List of the amines considered for the study described in this section, with chemical
properties of interest for their application as additives in the YBCO precursor solution. For

additional simplification, their chemical structure is provided.

A short discussion on the characteristics of each amine and the possible complexation it may
bear is of great interest to better understand the implications on the solution.
Amongst the alkyl amines, three compounds were chosen to conduct this preliminary study:
ethylendiamine (En), triethylamine (Et;N) and triethanolamine (TEA).
It might be observed that En is the diamine corresponding to MEA, where the -OH group is
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substituted by a second —N H,. In this case, a complexation through chelation is likely, and
En is commonly considered a bidentate chelating agent. This primary amine has a relatively
low boiling point (116 °C) and approximately a factor 12 lower viscosity respect to MEA. Val-
ues of pKa are in the same range as MEA, indicating it has similar basicity. Et;N presents the
lowest boiling point of all alkyl amines tested and an extremely low viscosity. This tertiary
amine may show major difficulty towards complex formation due to steric hindrance.

TEA, on the contrary, presents the highest boiling point of all of the tested amines, includ-
ing the aromatic compounds. Additionally, its exceptionally elevated viscosity may result in
highly viscous solutions, a further complication when employed for deposition techniques.
Showing less basic character than the rest of the chosen alkyl amines, this tertiary amino alco-
hol may encounter serious steric hindrance complications: however, the terminal -OH groups
may favour eventual stabilization through hydrogen bonds. Also, TEA was found to facilitate
the formation of coordination polymers with a variety of metal cations [176, 177].

Regarding aromatic amines, it is widespread knowledge that Py generates strong o-bonds
with various transition metals due to the simplicity of the sp® lone pair of the -N atom to
occupy a vacant orbital belonging to the metal[178]. Therefore, it was chosen as the first
candidate of the aromatic amines class, despite its rather low viscosity value if compared to
MEA. With Py being the building block, a series of Py derivatives have been tested, with
various functional groups which are responsible for strong variations of the chemical reac-
tivity. The chosen aromatic amines are: 4-Formylpyridine, 2-Acetylpyridine, 2,6-Lutidine
and 2-(Methylamino)Pyridine. For sake of clarity, a brief, generic explanation on properties
of functional groups is provided (summarized from [178]). An electron withdrawing group
(EWG) is any functional group which attracts electrons from the -C atom it is bonded to, mak-
ing it electron deficient and thus more reactive to an electrophilic attack. Examples of EWG
are —NO,, -CN, -CHO, -COR. Aldehydes are, generally, stronger EWG than ketones as the
former generate a stronger stabilization through mesomeric effect (-M). Contrarily, an electron
donating group (EDG) is any functional group which donates electrons to its neighbouring -C
via a lone pair which leads to stabilization through a mesomeric effect (+M). The increase in
electron density makes the carbon centers more reactive to a nucleophilic attack. Functional
groups such as -OH, —N H, and N R, are some examples of EDG.

4-Formylpyridine has a formyl group at the para position respect to the -N atom which gen-
erates a further mesomeric effect (-M) if compared to the Py alone, due to the strong electron
withdrawing character of this substituent.

The acetyl group from 2-Acetylpyridine, found at the ortho position, exhibits a less intense
electron withdrawing character, giving rise to weaker stabilization through mesomeric effect
(-M). However, complexation through the -N atom may be hindered by the positioning and
dimensions of the acetyl group in this case.

Similar consequence is observed in the case of the 2,6-Lutidine, where the access to the -N
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atom is subject to steric hindrance due to the two methyl groups, making it a worse nucle-
ophile compared to Py, reflected in its higher pKa value.

The EDG —N H in the 2-(Methylamino)pyridine bears possibility of stabilization through me-
someric effects; this compound may form complexes through chelation betweeen the two -N
atoms of the -N-C-N bond.

Now that a general assessment of the chemical properties and reactivity of each of the chosen
amines has been made, the effects of their use in the YBCO precursor solution and the result
of the pyrolysis process will be described.

3.4.1.1 Alkyl Amines

For what concerns the alkyl amines, initial tests on solutions conceived the use of each amine
in the same (Cu:amine) molar ratio as the optimized one for MEA, (Cu:MEA)=(1:0.61). Cer-
tainly this molar ratio is not expected to be optimal in each of the cases, yet it was taken as
starting point to collect initial information regarding the differences between the specific amine
tested and MEA. For alkyl amines, only solutions of concentration of 1.5 M in sum of metal
salts have been prepared. The individual results for each new amine additive will be described

separately.

3.4.1.1.1 Ethylenediamine

This additive has been tested in previous studies in the TFA system and was found incompat-
ible due to precipitation of the solution following its addition[42]. Initial trials on the system
described in this thesis using the molar ratio (Cu:En)=(1:0.61) have led to no dissolution of
the metal propionate precursors. To obtain a fully dissolved solution with no signs of precip-
v/v ED).
Once Cu(Prop), was added to a solution with this molar ratio, the colour changed promptly to

itates, the molar ratio of (Cu:En)=(1:2) had to be reached (corresponding to a 12%

a dark purple, suggesting a difference in the coordination scenario amongst the amine and this

precursor respect to the otherwise bright blue solutions resulting from MEA addition.

(b)

FIGURE 3.45: Colour of the solution resulting from the addition of Cu(Prop), with the presence
of En in (a) the flask during solution preparation and (b) the final solution. The sudden shift to

dark purple suggests coordination between the amine and the metal propionate precursor.
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This change of colour solely occurred when the molar ratio (Cu:En)=(1:2) was reached, co-
inciding with this value being the minimum for a complete dissolution. Presumably, a biden-
tate chelating coordination of En is necessary in order to favour the solubility of Cu(Prop), in
solution in these specific conditions. More information regarding the nature of the eventual
Cu-En complex formed will be given in 3.4.2. This solution appeared to present a high viscos-
ity, which was then experimented at the moment of deposition. The resulting nanocrystalline
precursor films, displayed in Fig. 3.46, indeed present what seems to be a rough surface with
important border effects which are likely due to the rheology of this solution. The thickness

of a two-layered film results in a higher value than one deriving from an optimized solution
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FIGURE 3.46: (a) OM image of a two-layered film obtained from a solution of 1.5 M with the
addition of En. (b) Measurement of thickness of the film in (a) by reflectometry. (c) XRD data

acquired from the sample in (a) showing the presence of the desired nanocrystalline phases of
BaCOj3, CuO and Y,O05.

with MEA, being over 1200+ 50 nm. Most importantly, the XRD data acquired from this
film presents the desired nanocrystalline phases, with BaCO5 found majorly in its preferred
orthorhombic phase. Despite the non ideal aspect of the film, observed in the OM image,
these results can be considered promising for the application of this amine in the preparation
of YBCO precursor solutions for TLAG-CSD.
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3.4.1.1.2 Triethylamine

Similarly to the case of En, when Et;N is employed, molar ratios below (Cu:Et;N)=(1:2) are
insufficient to obtain a complete dissolution of the metal propionate precursors. Therefore,
through the addition of 12.7%,,/,, Et;N a fully dissolved, homogeneous and stable YBCO pre-
cursor solution could be achieved. The considerable amount of amine needed in this case may

be necessary due to the high steric hindrance which makes the -N atom less accessible for
coordination.
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FIGURE 3.47: (a) OM image of a two-layered film obtained from a solution of 1.5 M with
the addition of Et;N. (b) Measurement of thickness of the sample in (a) through reflectometry,
showing average thickness of 520 + 50 nm. (c) XRD data acquired from the film in (a) showing
the presence of the desired nanocrystalline phases of CuO, Y,05 and BaCO;, however with a

higher contribution from the monoclinic phase of the latter.

The outcome of the use of this kind of solution for the preparation of nanocrystalline films
may be found in Fig. 3.47. Despite the moderately homogeneous film obtained, the thickness
of a double-fold deposition is just above 500 nm, merely 100 nm more than what may obtained
with just one layer of a solution in which MEA is employed. Moreover, the nanocrystalline
phases identified in the XRD pattern are showing the presence of a high contribution of mon-

oclinic BaCOj, unpreferable given its elevated thermal stability[52, 126]. The combination of
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these results are indicating that this particular amine is not a suitable additive in this specific

system, especially when considering the enhancement of the thickness as the major objective.

3.4.1.1.3 Triethanolamine

The case of TEA is extremely different from the aforementioned alkyl amines. Starting with a
molar ratio of (Cu:TEA)=(1:0.61), corresponding to an 8%, /v TEA, successive to Cu(Prop),
addition a prompt and complete precipitation of a sky blue solid occurs (Fig. 3.48). The in-
evitable achievement of this solid may be the result of the formation of a coordination polymer
with the precursors of Ba(Prop), and Cu(Prop), present until the moment. Moreover, the XRD
data obtained from the dried powder results in a different pattern than the ones exhibited by

the metal propionate precursors, suggesting the formation of a different species (Fig. C.3).

FIGURE 3.48: Precipitate obtained during the preparation of a solution with 8%,,,, TEA.

v/v

Following this outcome, a lower molar ratio was believed to be more adequate, thus (Cu:TEA)
= (1:0.15), corresponding to 2%, /o TEA was employed. It is important to stress that, de-
spite such low quantity of additive involved, a fully dissolved and stable solution could be
obtained, supposedly aided by the hydrogen bond interactions through the three terminal -
OH groups of the aliphatic chains. After deposition and pyrolysis, a homogeneous film was
achieved. Nonetheless, the thickness of each layer is merely 330 + 50 nm and, additionally, the
nanocrystalline phases obtained are a mixture of monoclinic BaCO;, metallic Cu and a small
contribution of CuO. This unfavourable situation resembles the case of excess of MEA, and the
effects of having such nanocrystalline phases have been explained in detail in 3.2.4. Several
studies have used TEA as an additive for precursor solutions for CSD applications [43, 47, 53].
However, all of these studies used metal acetates as precursors and one a water-based solution.
These conditions may be optimal for the use of TEA as an additive, but seem detrimental in
the solution preparation procedure employed for the present study. A potential interpretation
of the reason for the formation of the undesired phases may be that in this system there is a
preference for TEA to form coordination polymers with one or more of the metals employed.

The thermal stability of such compounds has not been investigated but it may be shifting the
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decomposition of the precursors at different temperatures and thus, favouring the nucleation

of the observed crystalline phases respect to the desired ones.

(@) (b)

(c) 100
90 ~
80

Cu (111)

70

BaCO, monoclinic (-111)

BaCO;3 monoclinic (200)

60
50

BaCO, monoclinic (110)

BaCO; monoclinic (310)

Intensity (a.u.)
BaCO, monoclinic (-212)

Cuo (11-1)
Cuo (111)
BaCO, monoclinic (002)
Cu (200)

20 A

15 20 25 30 35 40 45 50
26 (°)

FIGURE 3.49: (a) OM image of a nanocrystalline film of one layer obtained from the deposition

of a solution of 1.5 M + 2%, /v TEA. (b) Measurement of the thickness of the film shown in (a)

through reflectometry. (c) XRD pattern acquired from the film in (a), showing the presence of
the undesired phases of monoclinic BaCO3, Cu(0) and CuO.

Despite the trials performed with TEA, in these specific conditions it seems to yield incom-
patible results and thus, its use as additive will be discarded. However, based on the various
studies in which TEA led to successful results, possibly a variation of the solvents or a different
thermal profile may generate a positive outcome, making TEA adequate for its use in the CSD

of YBCO precursor solutions.

3.4.1.2 Aromatic Amines

Regarding aromatic amines, an initial optimization using Py in solution has led to the discov-
ery, as will be explained later in detail, that a molar ratio lower than the optimal for MEA
would produce the most suitable results. Here, various concentrations were tested, mainly due

to the extremely elevated capacity of Py and its derivatives to aid in the dissolution of the
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metal propionate precursors, specifically of Cu(Prop),. Again, each amine will be assessed

separately.

34.1.2.1 Pyridine

In previous studies, Pyridine (Py) was applied to fluorine-free metal-organic solutions for the
preparation of YBCO, employing mostly acetylacetonate and acetate metal precursors[88, 179,
180]: Py was used as a solvent, generally mixed with HProp, and only concentrations of 1.5
M or below have been tested. Contrarily, in the findings described here, Py was strictly used
as an additive to enhance the solubility of the metal propionate precursors. Firstly, the optimal
molar ratio for MEA was tested. Thus, a solution of 1.5 M +4.4%,,,, Py was prepared: the ex-
tremely rapid dissolution of all powder precursors was doubtlessly suggesting a possibly strong
coordination, hypothesizing the feasibility of lower molar ratios. Employing this solution for
deposition resulted in films of high homogeneity, as displayed the OM image in Fig. 3.50.

(@)

(c) 200
180
160

140

BaCO3 monoclinic (-111)
BaCO3 monoclinic (200)

120

100

80

Intensity (a.u.)
BaCO3 monoclinic (110)

60

CuO (11-1)

40

BaCO;3 monoclinic (002)

Cuo (111)
Cu (200)

20

FIGURE 3.50: (a) OM image of a one-layered film obtained by depositing a solution of 1.5 M +
4.4%, /v Py, with (Cu:Py)=(1:0.61). (b) Thickness measurement through reflectometry revealing
a thickness of 330+ 50 nm for the sample in (a). XRD data shown in (c), which identifies the
presence of detrimental crystalline phases for the application of such film in the TLAG process.

However, the thickness of only 330+ 50 nm per layer and the undesired nanocrystalline
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monoclinic phase of BaCO; are deleterious for the application of these films in the TLAG
process. Being conscious of the great potential of Py towards an increase of the concentra-
tion of the YBCO precursor solutions, given its propensity to form stable complexes with
copper[181], a lower molar ratio was tested, specifically (Cu:Py) = (1:0.41). In this way, a so-
lution of 1.5 M + 3%,,,, Py was prepared encountering no major difficulty for the dissolution
of the metal propionate precursors and showing an extremely rapid dissolution, suggesting the
solubility limit is far from these conditions. After pyrolysis, this kind of solution results in
two-layered films of approximately 560 + 50 nm with a less homogeneous aspect shown in the
OM image. Nonetheless, the XRD pattern is showing an improvement towards the desired
phases, as the contribution of orthorhombic BaCO5 has importantly increased respect to the

previous film, and no peaks suggesting the presence of Cu(0) can be identified.
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FIGURE 3.51: (a) OM image of a two-layered film deriving from the multi-deposition of a
solution of 1.5 M + 3%U/U Py, with (Cu:Py)=(1:0.41). (b) Thickness of film displayed in (a),
measured through reflectometry. (c) XRD data from film in (a), showing the improvement to-

wards the desired crystalline phases respect to the film prepared with the solution with higher Py

content in 3.50.

Following this result and anticipating the promising possibilities Py may offer towards an
increase of the concentration, and thus thickness, the molar ratio of (Cu:Py)=(1:0.41) was
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maintained while the concentration was raised up to the maximum 3 M in total sum of metals.
Such elevated concentration is expected to yield films of elevated thickness, and effectively
this was the case, as shown in Fig. 3.52. One layer deposited through this solution results in a
thickness of over 750 nm, almost doubling the value obtained for the optimized solution with
MEA. Nonetheless, the film is completely cracked and, thus, unusable for the TLAG process.
In an attempt to avoid the detrimental cracking of the films deriving from this kind of solution,
the total concentration was lowered to 2.8 M, 2.3 M and 2 M. The appearance of cracks was,
alas, not prevented, as it may be observed in the OM images in Fig. 3.52; nonetheless, very
valuable information was comprehended when analyzing the XRD data relative to such films.
The three films deriving from the solutions with higher concentrations (3 M, 2.8 M and 2.3 M)
which result in destructive cracking, are showing impressive thickness values ranging between
1000 nm and 700 nm per layer as well as the sole presence of the desired nanocrystalline
phases in XRD: BaCOj; orthorhombic in majority, CuO and Y,0O5. Contrarily, despite having
a thickness of 500 + 50 nm with only scarce cracking phenomena, the film obtained from the
solution of 2 M shows the unique presence of the undesired monoclinic crystalline phase of
BaCO3, together with a mixture of CuO and Cu,O, and Y,05. Based on the experience with
the films with MEA excess, the excessive cracking displayed by the films of high thickness is
the necessary mechanism of strain release due to the elevated gas evolution deriving from the
decomposition of the precursors. The amount of released volatiles is, in these cases, far beyond
the capability of the film to maintain its skeletal integrity. However, the formation of cracks
allows for a complete elimination of the gases resulting from the decomposition of the metal
propionates and thus the nucleation of the desired crystalline phases following the thermal
process. Different situation is shown by the film deriving from the 2 M solution: the lower
thickness of the film, meaning lower amount of gas to be eliminated, enables the achievement
of an almost crack-free film. However, the small cracks present are insufficient for a complete
elimination of the evolved volatiles where, presumably, as previously seen for the extreme
case of films with MEA excess, the trapped CO, may be reduced to CO and create a localized,
reducing atmosphere, favouring the formation of the unwanted phase of monoclinic BaCO;

and partial reduction of CuO to Cu,O.



3.4. Exploring amine additives as feasible alternatives for

YBCO precursor solutions

143

3M + 6.05 %, , Py

Thickness = 750 = 50 nm

Thickness = 1000-700 + 50 nm

(©)

2.3M +4.62 %, , Py

Thickness = 700 £ 50 nm

(@ 2M +4.02 %, , Py

Thickness = 500 £ 50 nm

FIGURE 3.52: Testing solutions of various concentrations with the molar ratio (Cu:Py) =
(1:0.41). (a)-(d) show OM image and respective thickness measurement through reflectome-
try of one-layered films deriving from solutions of 3 M + 6.05%,,/, Py, 2.8 M + 5.64%,,,, Py,
23M+4.62%,,, Py,2M + 4.02%,,,, Py, respectively. (¢) XRD data for the four films showed

© WCuO [ICu,0
¢ Y;0,
i o @ BaCO, orthorhombig
O BaCO; monoclinic
3
&
2
K7
[
9]
IS

26 ()

in (a)-(d).

3.4.1.2.2 Pyridine and MEA mixture

The employment of Py has demonstrated the possibility of reaching unprecedented concen-

trations of the solutions, given the easiness of this aromatic amine to form a complex with

copper and aiding the dissolution of Cu(Prop),. However, Py alone is not conferring suffi-

ciently strong mechanical properties towards the elimination of great quantity of gas during the
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pyrolysis process. Therefore, to ensure a more robust skeletal integrity, the idea of using a mix-
ture of MEA and Py was tested, believing that MEA would grant the elasticity and resistance
against cracking which had been previously observed in films obtained during the optimization
of the solutions with this amine additive. The optimized molar ratios of both additives were
preserved, being (Cu:MEA) = (1:0.61) and (Cu:Py) = (1:0.41), and final concentrations of 2.5
M and 2 M were tested, encountering no difficulties for the complete dissolution of the powder
precursors during solution preparation. Films resulting from these solutions are displayed in
Fig. 3.53. It may be observed that in both cases the first layer shows a homogeneous aspect
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FIGURE 3.53: OM image and thickness measurement obtained through reflectometry of films

deriving from solutions of (a)-(b) 2.5 M and (c)-(d) 2 M, with the addition of MEA and Py in

molar ratios (CuzMEA) = (1:0.61) and (Cu:Py) = (1:0.41). Films of one layer are shown in (a)

and (c), and the multideposition of two layers is object of (b) and (d) for each solution. XRD

data of the films in (a)-(d) are shown in (e) for the one-layered films and in (f) for the two-layered
films.
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and impressive thickness values, being 750 + 50 nm and 690+ 50 nm for the 2.5 M and for
the 2 M solution, respectively. Nonetheless, when adding a second layer, the 2.5 M solution
yields a cracked film whereas the 2 M solution ensures the achievement of a homogeneous
one. Thickness values are, respectively, 1500 + 50 and 1200 + 50, demonstrating the great po-
tential of this mixture of additives towards the thickness enhancement. The nanocrystalline
phases formed are in agreement with the expected ones for an optimized solution with MEA
in all cases, confirming the success of these kind of solutions; however, the case of two-layered
film from the 2.5 M solution is, again, resembling what previously observed for the Py alone,
requiring formation of cracks due the great stress coming from the evolution of the volatiles.
Possibly, by varying the heat treatment profile, this effect may be reduced or completely elimi-
nated: however, it is of utmost importance to ensure the correct formation of the desired phases
also when a different heating ramp is employed, and a comprehensive microstructural analy-
sis is suggested. Nonetheless, the films from the solution of 2 M fulfill all the requirements
for their application in the TLAG process and are, moreover, demonstrating that an important
increase of the thickness is feasible through the use of the mixture of MEA and Py, without
hampering the homogeneous nature of the film or the formation of the appropriate crystalline
phases in the chosen experimental conditions. A microstructural analysis of such films through
TEM will be described in 3.4.4.

3.4.1.2.3 Pyridine-4-carbaldehyde

Pyridine-4-carbaldehyde (4-Formylpyridine) was initially tested in the same molar ratio as the
optimized solution with MEA, (Cu:4-Formylpyridine) = (1:0.61), to investigate whether the
lower molar ratio was more appropriate for Py but not for its derivatives. Due to the high
solubilizing capability of this aromatic amine, a solution of 1.5 M +4.4%,,,, 4-Formylpiridine
was successfully prepared, showing an extremely fast dissolution for all the metal propionate
precursors. The deposition of such solution and its pyrolysis yields films of 420 + 50 nm which,
however, present cracking along the entire surface (Fig. 3.54). Moreover, the phases identified
in XRD are found to be the undesired BaCO5; monoclinic, a mixture of CuO and Cu(0), and
Y,05. Being this unfavourable result similar to the case of Py when the same, excessive molar
ratio is employed, it was lowered to (Cu:4-Formylpyridine) = (1:0.41). The concentration of
the solutions was increased to 2.6 M and 2 M encountering no difficulty whatsoever for the
dissolution of the powder precursors, demonstrating the great potential of this amine in the
possible complex formation, as anticipated in 3.4.1. Through the use of these solutions, films
of elevated thickness were obtained, being 900 + 50 nm and 820 + 50 nm deriving from the 2.6

M and the 2 M solutions, respectively.
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FIGURE 3.54: (a) OM image of a one-layered film deposited using a solution of 1.5 M + 4.4%,, o
4-Formylpyridine, displaying cracks. (b) Thickness measurement through reflectometry and (c)
XRD data from the film in (a).
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FIGURE 3.55: OM image and thickness measurements (obtained through reflectometry) of films
deposited using solutions of (a) 2.6 M + 5.95%,,/,, 4-Formylpyridine and (b) 2M + 4.57%,,,, 4-
Formylpyridine. (c)-(d) XRD data respective to each film in (a) and (b).
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Despite both films displaying the necessary nanocrystalline phases for TLAG, the surface
appears inhomogeneous and with substantial cracking. In the defined conditions of the ther-
mal profile used, a smooth, crack-free film is unattainable; nonetheless, the possibilities of
thickness enhancement through the use of this aromatic amine are such that variations in the
deposition parameters or in the heat treatment should be implemented in order to maximize
the chances of a positive outcome.

An important comment must be made regarding the reason for which a mixture with MEA was
not considered for 4-Formylpyridine. A common reaction of aldehydes when mixed with an
amine is the formation of an imine releasing H,O, according to the following generic reaction

mechanism, adapted from [182]:

R’ N
. /
)J\ + HN _— )|\ + H,0

R H (3.2)

The formation of the imine would result in an increase in the water content of the solu-
tion, additional to the one given by Fischer esterification, together with the presence of yet
another species in solution which may hamper the correct decomposition of the precursors in
the pyrolysis process. Taking these motivations into account, the idea of using a mixture of

4-Formylpyridine and MEA was discarded.

34.1.24 1-(Pyridin-2-yl)ethan-1-one

For the aromatic additive 1-(Pyridin-2-yl)ethan-1-one (2-Acetylpyridine), considering the pre-
vious results for Py and for 4-Formylpyridine, the molar ratio of (Cu:2-Acetylpyridine) =
(1:0.41) was tested. The initial concentration of the solution with the sole addition of 2-
Acetylpyridine was 1.5 M, and a fast dissolution was observed for the three powder precursors,
suggesting a favourable interaction with this amine additive. After pyrolysis, the resulting film
shows a rough surface and a low thickness, being one layer only 350+ 50 nm. Nonetheless,
the desired nanocrystalline phases are identified in the XRD pattern of this film, suggesting
the correct decomposition pathway was followed.
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FIGURE 3.56: (a) OM image of film deriving from the deposition and pyrolysis of a solution
of L5M +4.1%, /v 2-Acetylpyridine, with its respective reflectometry thickness measurement
displayed in (b) and XRD pattern displayed in (c).

With the aim of enhancing the thickness from the latter, unsatisfactory result, 2-Acetylpyridine
was tested in a mixture with MEA, using both optimal molar ratios as implemented for the
case of Py, specifically (Cu:MEA)=(1:0.61) and (Cu:2-Acetylpyridine) = (1:0.41). It must
be noted that also ketones may react with amines according to the reaction described in 3.2
to form imines; thus, the formation of the imine between the acetyl group of this Py deriva-
tive and MEA may occur. However, the decision to test this combination was taken as higher
concentration than 1.5 M could not be obtained if employing the 2-Acetylpyridine alone. The
preparation of solutions with this mixture may additionally serve as further information regard-
ing which crystalline phases are promoted from such initial conditions. Through the use of the
optimal molar ratios for the two amine additives, solutions of total concentration of 2.6 M and
2 M were successfully prepared. No precipitation of any solid was observed, suggesting that
if imine formation is occurring, this species is stable in solution. Deposition of these solutions
result in the impressive thickness of almost 1 #m in both cases, and the desired nanocrystalline
phases optimal for TLAG were identified in both XRD patterns (Fig. 3.57). Nevertheless, the
homogeneity of the films is non-existent, displaying extreme crack formation and rough sur-
faces. Despite this detrimental result, the appearance of the desired crystalline phases is an

indication of fulfillment of the expected decomposition pathway; as observed
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FIGURE 3.57: OM images and thickness measurements ontained through reflectometry of films
deriving from solutions of (a) 2.6 M and (b) 2 M with a mixture of MEA and 2-Acetylpyridine
as additives in the optimal molar ratios. (c)-(d) XRD patterns measured on films displayed in (a)

and (b), respectively.

previously for the case of Py, the cracking is the inevitable mechanism to release the strain in the
film during decomposition of the precursors. Bearing in mind the impressive thickness value
obtained through the use of this kind of solutions with only one deposition, an optimization of
various parameters may be worthwhile: a comprehensive study of the rheological properties
may allow for a deeper understanding of which parameters are the most appropriate to change

to ensure an improvement towards more homogeneous films.

3.4.1.2.5 2,6-Dimethylpyridine

2,6-Dimethylpyridine (2,6-Lutidine) was firstly used as a single additive in a solution of total
concentration 1.5 M and employing the optimal molar ratio used for the other Py derivatives,
(Cu:2,6-Lutidine) = (1:0.41). This aromatic amine granted a fast dissolution of the powder
precursors, and the deposition of this solution resulted in a relatively homogeneous film, with
the presence of minor defects but no cracking phenomena observed. Nonetheless, the thickness
of one layer is merely 300 +50 nm, around 100 nm lower than in the case of the optimized
solution with MEA. An additional negative feature is the presence of the monoclinic phase of
BaCOj in great majority, together with CuO and Y,0;. Films with these characteristics are
not ideal for their use in the TLAG process.
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FIGURE 3.58: (a) OM image, (b) thickness measurement through reflectometry and (c) XRD
pattern of a film obtained through deposition of a solution of 1.5 M + 4.24%,, /v 2,0-Lutidine.

Considering the latter result, this aromatic amine was tested in a mixture with MEA with
the aim of enhancing the thickness and, expectedly, maintain a crack-free film. Higher con-
centrations of the solution could be reached, specifically 2.6 M and 2 M, keeping the optimal
molar ratios of (Cu:2,6-Lutidine) = (1:0.41) and (Cu:MEA) = (1:0.61). A full dissolution of
the precursors was obtained in both cases, yielding stable solutions; their deposition and the
successive heat treatment resulted in homogeneous and defect-free films, as displayed in Fig.
3.59. The high thickness of the films, specifically being 850+ 50 nm for the solution of 2.6
M and 480 + 50 nm for the 2 M solution (single layer depositions), are the additional result of
the beneficial effect of the mixture of MEA and 2,6-Lutidine: the former was demonstrated to
increase the elasticity and resistance of the films and the latter enabled higher concentrations to
be reached. Nonetheless, it must be noted that the desired crystalline phases are exhibited only
by the film deriving from the 2 M solution. The film deposited with the use of the solution of
highest concentration appears to favour the formation of the detrimental phases of monoclinic
BaCOj; together with Cu(0) as major copper contribution. Presumably, the extremely elevated
thickness of this film, together with the fact that MEA is successfully maintaining its structural
integrity, avoids the formation of cracks but, contemporarily, is trapping the evolved volatiles

inside the film. As previously explained in 3.2.4, the confinement of gases in the film matrix
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may lead to the formation of a localized reducing atmosphere which may favour the nucleation
of the monoclinic phase of BaCOj; together with the full reduction of CuO to Cu(0).
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FIGURE 3.59: OM images and reflectometry thickness measurements of films obtained through

the deposition of solutions of (a) 2.6 M and (b) 2 M with a mixture of MEA and 2,6-Lutidine

using the optimal molar ratios. (c)-(d) XRD data acquired from the films displayed in (a) and
(b), respectively.

On the contrary, the thickness of the film deriving from the 2 M solution is believed to be
optimal to successfully eliminate the gases due to precursor decomposition without hindering
its homogeneity. However, one must take into account the difference of concentration between
2 M and 2.6 M: a solution of intermediate concentration may be found which may still yield
films of the desired characteristics for TLAG with a higher thickness than the film deriving
from the 2 M solution, making the implementation of further experiments with this kind of
solutions of great interest.

3.4.1.2.6 N-methylpyridine-2-amine

With the final aromatic amine tested, N-methylpyridine-2-amine (2-(Methylamino)Pyridine),
the optimal molar ratio obtained from the previous additives has been employed in a solution of
1.5 M concentration. Using the ratio (Cu:2-(Methylamino)Pyridine) = (1:0.41), an extremely
fast dissolution of the metal propionate precursors was experienced, suggesting a strong in-
teraction between the copper and the amine. Nonetheless, the film obtained by its deposition
shows a non homogeneous surface with major morphological defects, a reduced thickness of
only 280 + 50 nm and the crystalline phases with a strong contribution of monoclinic BaCOj.
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FIGURE 3.60: (a) OM image and (b) thickness measurement through reflectometry of a film
obtained by deposition of a 1.5 M + 4.48%,, /v 2-(Methylamino)Pyridine solution. (¢) XRD data

obtained from the film in (a).

Given this uninteresting outcome for the application proposed and the impossibility of ob-
taining a higher concentration with this aromatic amine alone, a mixture with MEA was im-
plemented. Again, as for the previous cases, the optimal molar ratios have not been varied.
However, in this case, a higher concentration than 1.5 M was not achieved, possibly due to a
competition between complexation capabilities of the two additives or an insufficient complex-
ation between the aromatic amine and Cu(Prop),, which in the previous cases was expected to
aid the achievement of a complete dissolution. Despite that, deposition of this solution resulted
in a highly homogeneous film with a final thickness of 560 + 50 nm, increased if compared to
the case of MEA alone. The XRD pattern acquired for this film allows for the identification of
uniquely the desired nanocrystalline phases, with BaCO; orthorhombic being in great major-
ity, together with reflections relative to CuO and Y,0O5 (Fig. 3.61).
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FIGURE 3.61: (a) OM image and (b) thickness measurement through reflectometry of a film
obtained by deposition of a 1.5 M solution with a mixture of amine additives in the molar ratios
(Cu:2-(Methylamino)Pyridine) = (1:0.41) and (Cu:MEA) = (1:0.61). (c) XRD data obtained

from the film in (a).

The positive outcome resulting from the use of the mixture of MEA and 2-(Methylamino)
Pyridine is showing great potential for its application in the TLAG process; however, for a
further enhancement of thickness, solution parameters may be varied in order to augment the
possibility of higher concentrations to be reached, for example the choice of solvents or their
mixture ratio.

As a general observation following this preliminary study on the effect of various amine addi-
tives, it may be concluded that, amongst the tested compounds, aromatic amines are generally
favouring the coordination of copper in the Cu(Prop), precursor, aiding its solubility in the
media, whereas alkyl amines are presenting a mixed behaviour. Further experimental studies
should be conducted and a comprehensive analysis of the rheology of these solutions and their
thermal behaviour in the pyrolysis process jointly with a detailed microstructural analysis of
the nanocrystalline films through TEM techniques are mandatory to obtain the complete infor-
mation required for their successful optimization. Substantially due to time limitations during

this thesis work, such information was retrieved solely on a selection of exemplary solutions
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chosen among the aforementioned cases. To have representation from each of the two classes
of amines tested, an additive from the group of alkyl amines and a second one from the aro-
matic amines were considered for further trials, being En the representative of the alkyl amines
and Py the one for the aromatic amines. The following two subsections will be devoted to a de-
tailed analysis of the chemical and thermal properties of these solutions and a microstructural

analysis of films through TEM techniques.

3.4.2 Rheological analysis of selected solutions with different amine ad-
ditives

An overview of the rheological properties of each of the selected solutions may be found in
Table 3.4, where an optimized solution with MEA is shown as reference values. It may be
noted that the solution with En has the same concentration as the one with MEA, whereas for
the solution with Py, the concentration of 2.3 M was chosen and for the case of the MEA-Py
mixture, both concentrations of 2.5 M and 2 M were analyzed. The water content on the day
of preparation is, thus, a very similar value for the solutions with MEA and En, given their

identical concentration, but increases in the rest of the cases. As specified in 3.2.5, the

‘Water
. content on o o
Amine of choice Concentration (M) (Cu.amm.e) molar day of RSSOy Contac“t
ratio . (mPa-s) Angle (°)
preparation
(Wt%)
Monoethanolamine 1.5M + 3.4%,,, MEA (1:0.61) 0.65+0.06 8.68+0.05 19.4+0.1
Ethylenediamine 1.5M + 12%,,, en (1:2) 0.64+0.06 2042+0.05 27.5+0.1
Pyridine 2.3M +4.62%.,,, Py (1:0.41) 0.89+0.06 22.68+0.05 29.5+0.1
Mixture of © ] —1-
Monoethanolamine and 2™ +2:66%u MEA+ (ChMEA=L061) 6, , 506 76192005 42.1+0.1
- 5.04%,,, Py (Cu:Py =1:0.41)
Pyridine
Mixture of o . .
Monoethanolamine and M+ 4'53‘)A)V/V MEA + (Cu.ME/i— _1'0'61) 0.87+0.06 31.64+0.05 289+0.1
Pyridine 4.02%.,,,, Py (Cu:Py =1:0.41)

TABLE 3.4: Rheological properties of a series of solutions with different amine additives, se-
lected from the preliminary study, with the data from the optimized solution with MEA shown
in the first entry as reference. The parameters that have been taken into account are the optimal
(Cu:amine) molar ratio, water content, viscosity and contact angle. All of these have been mea-

sured on the day of preparation of the solution to ensure reproducibility of the measurements.

H,0wt% at this moment is a combination of the H,O released from the inevitable Fischer

esterification reaction and the one relative to the metal propionate precursors: with an increase
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of the concentration, meaning an increase in the employed quantity of each powder precur-
sor, a more elevated value of this parameter is to be expected. Viscosity and contact angle
measurements reveal a huge increase respect to the case of MEA for the solution with En and
the ones with Py and Py-MEA mixture. In the former case it may be solely attributed to the
elevated quantity of the new additive introduced, as the concentration is kept constant. The
latter, instead, may suffer from a double contribution of the high concentrations and the use
of the additives. The rheology of the extreme case of the 2.5 M solution with MEA and Py,
which displays high values of viscosity of almost 80 mPa-s and contact angle of 42°, provides
an explanation to the quality loss and cracking of the films prepared through its multideposi-
tion (3.4.1.2.1).

To fully understand the complexation scenario of each of the solutions in Table 3.4, EPR mea-
surements were performed similarly to the case of MEA described in 3.2.5. To confirm the
assumed formation of a complex between the amine of choice and the Cu center belonging to
Cu(Prop),, this powder precursor is dissolved in the same solvent mixture used for the prepara-
tion of solutions (HProp and MeOH in a 1:1 proportion), with the addition of each amine in its
optimal (Cu:amine) molar ratio. The hypothesis of the presence of a Cu-amine complex was
formulated following the possibility of dissolving the least soluble Cu(Prop), to form solutions
of endured stability and with extremely high concentrations. Again, the EPR spectrum of the
optimized case with MEA will be used as benchmark, analyzing possible variations between
its coordination mode and the one presented by the other amine additives.

In Fig. 3.62, the EPR spectra of all solutions analyzed are displayed. The three solutions in
which new amines are tested are showing a different behaviour respect to the case of a solution
with MEA. The identification, in the latter case, of two contributions due to the presence of
different species is not possible in the solutions in which either En, Py or the mixture MEA-Py

are involved.
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FIGURE 3.62: (a) EPR spectrum of a solution of 1.5 M + 12%,, /v En, using optimal (Cu:En)
molar ratio of (1:2) (purple). (b) EPR spectra of the solutions with Py (dark aquamarine) and
MEA-Py (light aquamarine). The EPR spectrum of an optimized solution with MEA (red) is

shown in both cases for sake of comparison.
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The optimized solution with En is exhibiting a completely opposed situation than the case of
MEA, suggesting a dissimilar coordination with the metal center. The analysis of the spectra
led to the determination of the g;; and A, factors, being in this case g;; =2.289 and A;; =
110.1 cm~!'x10~*. Through the use of the adapted data from [165—-167], the correlation of the
calculated factors could provide information regarding the coordination of this specific amine
with the Cu(Prop), (Fig. 3.63). As it was expected for En, given its bidentate nature and its
ability of being a strong chelating agent, the in-plane coordination is given exclusively by four
-N atoms. This is a confirmation of the bidentate chelation of two En per Cu?t, a coordina-
tion arrangement which was also hypothesized for MEA (being the ligands in this case two -N
atoms and two -0).

The EPR analysis of solutions with Py and with the mixture MEA-Py is indicating a further
variation from the case of MEA alone. The interesting fact is the identical appearance of both
spectra, disregarding the employment of MEA in the solution. No evidence of a contempo-
raneous concomitance of two species is visible in the EPR spectra of the solution with the
MEA-Py mixture. Moreover, the calculated values for g;; are 2.285 and 2.282 and A, are
171.8 cm~!'x10~* and 172.7 cm~'x10~* for the Py and MEA-Py solutions, respectively. Such
comparable values are strongly suggesting that Py is responsible for the major contribution to
the coordination with the copper center. Indeed, the coordination through its lone pair and the
possibility of stabilization through resonance on the aromatic ring would certainly provide a
stronger complexation capability in conditions of a hypothetical competition with MEA. These
findings are reflected in the correlation between g;; and A, which are resulting in adjacent
points corresponding to the complexation through two -N atoms and two -O atoms. Presum-
ably, the two -N atoms are relative to Py ligands, whereas -O ones may be due to the —(COO)~
groups of the propionate ligands. In fact, if this contribution was due to coordination with MEA
through the oxygen of the terminal -OH functional group, a major difference should have been
exhibited by the EPR spectra of the two solutions, as one is lacking this additive. Consider-
ing this plausible explanation, the simple addition of MEA to the solution changes completely
the outcome of the pyrolysis process, yielding crack-free films only when this additive is em-
ployed. Based on the previous experience with the optimized solution with MEA, supposedly
its role in this solution goes beyond the complexation with the copper precursor and is strictly
linked to the mechanical properties of the film, making it more elastic and resistant towards

the appearance of cracks.
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FIGURE 3.63: Coordination arrangements between each amine additive described in this sub-
section and the Cu center. The data for the cases of Cu(Prop), optimized MEA (1:0.61), and
MEA excess (1:2) are indicated for completion. Data adapted from [165-167].

As established for the case of MEA, through this analysis the formation of complexes of vari-
ous nature between the copper precursor and the relative amine additive was corroborated. The
appearance of such coordination species is allowing for an important increase of the concentra-
tion of the solutions, which results in films of elevated thickness; additionally, these solutions
present endured stability of several months given the strong complexation with Cu(Prop),
which avoids its precipitation, a rapidly occurring phenomenon when no additive is employed.

3.4.3 Thermal behaviour of solutions with new amine additives

To determine the compatibility of the solutions with En, Py and MEA-Py with the thermal pro-
file employed during the pyrolysis process and the effect of each amine on the decomposition,
TG experiments coupled to EGA-FTIR were carried out. As this heat treatment is conducted
in a humid O, atmosphere, as specified in Chapter 2, the anticipated decomposition pathway
followed by the films will be the hydrolysis and oxidation of the metal propionate precursors.
The main expected volatiles will be, initially, HProp, result of the hydrolysis of the propionate
groups, then superseded by their oxidation when higher temperatures are reached, coinciding

with CO,, HProp and acetaldehyde elimination (detailed description of the full mechanism
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may be found in Chapter 2). In Fig. 3.64, the TG profile together with the analysis of the
evolved volatiles is reported for an optimized solution with En. The TG curve evidences a
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FIGURE 3.64: (a) TG curve, time derivative (dTG) and evolved volatiles obtained through EGA-
FTIR registered in a humid O, flow relative to the decomposition process of a film deriving from
an optimized solution with En. (b) FTIR spectra corresponding to the major mass losses observed
in the TG curve, with identification of the detected volatile and indication of the temperature

matching each spectrum.

roughly continuous mass loss up to over 400 °C. Mass losses below 150 °C are expected to
be due to solvent evaporation, and the release of HProp is be an indication of the occurrence
of this process. However, no evidence of the successive oxidation of the propionate groups
may be found when the temperature is increased: no acetaldehyde is released during the entire
thermal treatment and significant evolution of CO, only occurs at temperatures above 325
°C. Moreover, the characteristic temperatures for the decomposition of each individual metal
propionate determined in 3.2.6 are not followed here. Presumably, a different decomposition
pathway is leading to the formation of the desired crystalline phases. Peaks attributable to En or
species resulting from its decomposition, other than the identified ones, could not be detected.
This may be due to different reasons, one of these being a possible oxidation of En through
a radical path [183]. The FTIR spectra corresponding to each main mass loss (coinciding
with the peaks at specific temperatures in the time derivative dTG curve), are confirming the
sole presence of HProp, CO, and H,O. The collected information is insufficient to exactly
determine and propose a decomposition pathway for the metal propionate precursors in this
film. Additional data regarding the intermediate species formed during the process would
be extremely beneficial: their identification would be supposedly possible, for example, by
performing quenches at the temperatures corresponding to the major mass losses followed
by FTIR and XRD characterization of the film at that moment. Due to time constraints, this
determination was regrettably not possible, and establishing the novel decomposition pathway

is pending. Nonetheless, the comparison with the TG curve exhibited by an optimized solution
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with MEA, displayed in Fig. 3.65, depicts the enormous difference in the decomposition profile
followed by this kind of solution: as solutions with En are resulting in nanocrystalline precursor
films with the desired phases for the TLAG process, it may be of great interest to deepen the
lacking knowledge regarding their decomposition mechanisms. The mass of the final residue,
however, must be carefully taken into consideration: being 36% the theoretical value for a dried
precursor solution of 1.5 M + 12%,,/, En, the resulting 44% is implying an 8% discrepancy.
One of the most common difficulties when employing organic additives in solution is their
complete elimination during the pyrolysis process: residual organic matter is detrimental if
this is remaining as carbon contamination in the grain boundaries of the final YBCO, reducing
importantly the physical properties of such superconducting films [149]. The possibility of this
occurring to films obtained through optimized solutions with En cannot be discarded at this
moment, and whether its consequence may be observed in the grown films will be addressed
in Chapter 4.
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FIGURE 3.65: Comparison of TG and time derivative (dTG) curves for optimized solutions with
En (purple) and MEA (red) registered in a humid O, flow following the thermal profile of the

pyrolysis process.

For what concerns solutions with Py and the mixture MEA-Py, Fig. 3.66 shows the TG
curves and the data from the coupled EGA-FTIR for both cases. The two solutions are follow-
ing the expected hydrolysis and oxidation decomposition pathway, as it can be confirmed by
the evolution of the characteristic volatiles. Contrarily to what observed in the solution with
En, here a signal of Py could be detected: in both solutions, its appearance below 200 °C indi-
cates that the degradation of this additive is occurring prior to any major decomposition step,
recalling that Cu(Prop), is the first one taking place between 200 °C and 250°C. Moreover, as

demonstrated in depth in [126], the appearance of cracks is enhanced close to the temperature
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of 240 °C. It is easily noticed how, in the TG curve relative to the film with Py alone, the great-
est mass loss (72.8% of the total) is occurring uniquely in one step which comprises solvent
evaporation overlapped by the initial decomposition of the propionate groups. Films obtained
by deposition of solutions with Py alone resulted in inevitable cracking, as shown in Fig. 3.52,

and the reason for this may now be clarified after examining this TG curve.
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FIGURE 3.66: TG and time derivative (dTG) curves together with the evolution of the detected
volatiles for a solution of (a) 23 M + 4.62%,,,, Py and (b) 2 M + 4.53%,,,, MEA + 4.02%,,,
Py, registered in a humid O, flow. (c)-(d) FTIR spectra corresponding to the major mass losses
of the TG curves in (a) and (b), respectively, allow for the identification of the evolved volatiles.

Corresponding temperature of each spectrum is specified.

Despite the unfavourable morphological features, these films are yielding the desired crys-
talline phases for TLAG, and the mass of the final residue of the TG experiment is in good
agreement with the theoretical value, being the former 43.8% and the latter 44.7%. A different
situation is exhibited by the TG curve of the solution in which the mixture of MEA and Py is
employed. The detection of Py is, once again, during the solvent evaporation step, confirm-
ing its complete evolution before the initiation of any degradative process. Nonetheless, the
evaporation of the solvents and the first major mass loss occur in two easily discernible steps,

resulting in a less drastic mass loss over the same temperature range. This TG curve seems to
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follow thoroughly the thermal behaviour of a film deriving from the optimized solution with
MEA. The successive gas evolution is attributable to the oxidation of the propionate groups of
barium and yttrium precursors: the former decomposing through the oxalate intermediate to
BaCOj; and the latter yielding the final sesquioxide through the oxycarbonate, both by release
of CO, (described in detail in Chapter 2). The formation of these crystalline phases, preferred
for the application of these films in the TLAG process, was previously confirmed by XRD
(Fig. 3.53) and is additionally proven by the mass of the final residue (44% compared to the
40.3% of the theoretical value). A comparison of the TG and time derivative (dTG) curves
of the films deriving from the solutions with Py and MEA-Py with the case of the optimized
solution with MEA is displayed in Fig. 3.67. The almost identical thermal behaviour between
both solutions containing MEA is clearly evinced: the slight shift towards higher temperatures
relative to the film of MEA-Py may be due to the higher film thickness. Similarly, the higher
initial mass loss from solvent evaporation may be given by the high viscosity of the solution,
which, additionally to the elevated film thickness, may hinder a complete drying of the film
performed on a pre-heated heating plate before the TG experiment. These TG curves are de-
cisive proof of the beneficial nature of MEA in solutions. The film deriving from the solution
with Py alone, as mentioned before, exhibits a large mass loss concomitant to the temperature

range where crack formation is favoured and is, in fact, matching the morphological outcome
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FIGURE 3.67: Comparison of TG and time derivative (dTG) curves for optimized solutions with
Py (dark aquamarine), mixture of MEA and Py (light aquamarine) and MEA (red) registered in
a humid O, flow following the thermal profile of the pyrolysis process.

of the pyrolysis process. When MEA is added in the solution, the mass losses in the TG
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curve are less pronounced: it is believed MEA is enhancing the elastic properties of the film,
granting major resistance towards crack formation result of the inevitable gas evolution during
the thermal treatment. This is effectively reflected in the smooth morphology obtained from the
films containing the mixture of MEA and Py, despite their thickness is as elevated as the case
of Py alone. Hence, the addition of MEA in the solution is necessary to ensure a high-quality
morphology, whereas the inclusion of Py allows for an important increase of the concentration
of the solution, which finally results in films of enhanced thickness.

3.4.4 Microstructural analysis of films deriving from solutions with dif-
ferent amine additives

The previous subsections validated the compatibility of different amine additives other than
MEA for their application in the YBCO precursor solutions used for TLAG-CSD. Films re-
sulting from the depositions of such solutions display the presence of the desired crystalline
phases, confirmed through XRD measurements. Through a variety of TEM techniques, a com-
prehensive microstructural analysis is carried out to assure the sizes, homogeneity and distri-
bution of the crystalline phases is in accordance with the strict requirements necessary for a
highly epitaxial growth through TLAG.

Alas, the rough surface presented by the films deriving from optimized solutions with En hin-
ders the preparation of TEM lamellae through conventional methods. Thus, the analysis of
their microstructure through TEM had to be discarded for the moment.

Films obtained from solutions with the mixture of MEA and Py display a homogeneous and
smooth surface, thus presenting no difficulties for their TEM analysis. Therefore, the mi-
crostructure of a film of one layer obtained from a solution of 2.5 M + 5.66%,,/, MEA +
5.04%,,, Py was studied. The film presents a smooth surface and an elevated thickness, as
observed for the previously analyzed films obtained from optimized solutions with MEA in
3.2.3. However, given the high concentration obtained through Py addition, the thickness of
this one-layered film is 760 + 10 nm, almost double of a single layer of an optimized solution
with MEA, as observed in the cross-sectional STEM-HAADF image in Fig. 3.68. Through
the analysis of these images employing the software Imagel, the porosity of the film could be
determined: the estimation of the pore density results in 2.5 +0.15%. The increased porosity
may be due to the result of the pronounced gas evolution during decomposition of the metal
propionate precursors on such an extreme thickness, as well as to the presence of Py in solu-
tion. Moreover, the porosity is varying throughout the film, with the top portion presenting a
more dense and compact aspect. This may be an indication of a non homogeneous distribution
of the crystalline phases. Thus, to evaluate this, EELS was employed to acquire elemental
maps for CuL, ; edge, BaM, 5 edge and OK edge. These are evidencing a similar situation
already observed in the films from solutions with MEA, with high homogeneity maintained

throughout the whole layer. Nonetheless, the sole presence of Ba is found in the area of the
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film which appeared more dense, implying a slight Ba-rich segregation.

BaCO; Orthorhombic

FIGURE 3.68: (a) Cross-sectional STEM-HAADF of a one-layered film deriving from a solution
with MEA and Py in optimal (Cu:amine) molar ratios. Thickness of the film is determined in (b)
to be 760 + 10 nm. (c) Analysis of the STEM-HAADF image through software ImageJ results in
a value of porosity of 2.5+0.15%. (d) HR-TEM images identifying the nanocrystalline phases
of CuO and BaCOj3. (e) EELS elemental maps for Cul, 3 edge, BaM, 5 edge and OK edge
demonstrate the homogeneous distribution of the phases throughout the entire film.

Considering its reduced thickness, it is not expected to hamper the homogeneous formation
of the transient liquid. However, a possible effect of this will be assessed later on the grown
films in Chapter 4. As previously explained in 3.2.3, the importance of small sized crystalline
phases for a fast reactivity in the TLAG process requires their precise determination through
HR-TEM, which can provide relevant information regarding their typical sizes, spatial dis-
tribution and crystalline state. CuO nanoparticles present typical diameters of 24 nm. The
XRD in Fig. 3.53 confirms BaCOj; is present in both its orthorhombic and its monoclinic
phase, with the former being the major contribution. In the HR-TEM images, this is clearly
evidenced, with average grain sizes of 32 nm for the orthorhombic phase and 15 nm for the
monoclinic phase. The latter shows coarsening effects in the grains which are found closer to
the substrate-film interface. Possibly, given the elevated thickness of the film, the area near the
substrate may be subjected to a more challenging elimination of volatiles: this may create a
reducing atmosphere, as previously observed in the extreme case of films with MEA excess in
3.2.4, where the combination of this with a severely reduced porosity favoured the formation
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of large grains of BaCO5; monoclinic and the full reduction of CuO to Cu(0). In this film,
however, the generally adequate porosity is facilitating the gas evolution, resulting in only a
minor coarsening effect. Nonetheless, in films presenting such increased thickness, porosity is
a parameter which must be strictly controlled if the nucleation of unfavourable phases wants
to be avoided.

The presented microstructural analysis revealed that films obtained through the deposition of
optimized solutions with the combination of MEA and Py are showing the required features
for their application of TLAG. The high nanoscale homogeneity conferred by MEA together
with the extremely elevated thickness of the film given by the possibility of increasing the con-
centration of solutions due to Py inclusion is enabling a further thickness enhancement respect
to films of optimized solutions of MEA alone, promoting TLAG-CSD towards an even more

successful industrial application.

3.5 Conclusions

A comprehensive analysis of various precursor solution systems has been provided in this
chapter. The full optimization process for the YBCO precursor solution, which has led to the
introduction of an amine additive, was thoroughly described. The amine additive, MEA, was
demonstrated to enhance the concentration and stability of solutions, and the final thickness of
the films while ensuring a high homogeneity on the macroscale and on the nanoscale, yielding
the desired microstructural characteristics for their successive application in the TLAG pro-
cess. The process of multideposition of this solution confirmed its great potential for its use
in the industrial framework, as films of up to 2.7um through an eight-fold deposition were
successfully prepared, without consequences due to the process on the homogeneous nature
of the films. A detailed microstructural analysis through a variety of TEM techniques demon-
strated the films were fulfilling all of the appointed requirements and evidences the extremely
beneficial nature of the amine additive for the objective proposed. Different techniques were
used to shed light on the role of MEA in solution, and the vast information retrieved from
rheological, NMR, EPR, and TG-FTIR analyses allowed for a complete understanding of the
complex chemical system.

The knowledge obtained through the optimization of the YBCO solution could be further
extended to three REBCO systems, by employing the pre-synthesized metal propionates of
samarium, gadolinium and ytterbium described in Chapter 2. The effect of the change of the
RE was assessed, showing no evidence of significant variations either on the chemical proper-
ties of the solutions or on the microstructural features of the nanocrystalline films.

A preliminary study on the feasibility of introducing novel amines as additives for the YBCO
precursor solutions led to the analysis of the effect of eight new amine compounds, three alkyl
amines and five aromatic amines. The compatibility of each in solution has been tested and

the effect on the outcome of the nanocrystalline films investigated. The initial experiments
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resulted in the selection of solutions with one amine additive from each of the two families,
specifically ethylenediamine for the alkyl amines and pyridine (in a mixture with MEA) for the
aromatic amines. The optimised solutions of both cases underwent an extensive study of their
chemical properties and thermal behaviour to seek compatibility with the TLAG-CSD pro-
cess. In both cases, the decomposition of the metal-organic solutions containing these amine
additives resulted in films composed by the desired nanocrystalline phases after the pyroly-
sis process, setting a promising foundation for the following TLAG process. Moreover, the
case of the mixture of MEA and Py demonstrated the feasibility for an important thickness
enhancement, leading to the thickness of one layer being the equivalent to two layers of the
optimised solution with MEA only. This result is especially interesting when considering the
future implementation of TLAG in industrial framework: the thickness of the film may be pre-
cisely tuned only through small variations of the chemical properties of the precursor solution.
Finally, microstructural analysis on one of these cases confirmed the presence of the favourable
features for TLAG.

The result of the use of all aforementioned solutions on the final epitaxial films obtained

through the TLAG process will be discussed in the following Chapter 4.






Kinetic control of the TLAG process:
intermediate phases and epitaxy

development

In the current chapter the effort towards a full optimization of the TLAG process will be de-
scribed. The high morphological and microstructural reproducibility of the nanocrystalline
precursor films with optimal characteristics described in the previous chapter allowed for a
thorough analysis of the several parameters controlling the complicated TLAG process, re-
vealing the fundamental ones requiring a precise adjustment. As mentioned in Chapter 1, the
complete elimination of the barium precursor phase, BaCOs, is mandatory, being this the lim-
iting step for the transient liquid formation. For this reason, a comprehensive analysis of this
initial step is relevant towards the optimization of high-performance superconducting YBCO
films, and will be object of the entire first section: here, various kinetic parameters will be
taken into consideration with the aim of obtaining the optimal crystalline phases which favour
a straightforward formation of the transient liquid. TLAG was then performed on a large va-
riety of films, starting with an initial optimization focused on the (3:7) liquid composition,
followed by investigation on films of different thickness, and successively pursuing the under-
standing of the effect of a variation in the transient liquid composition, considering the change
in the supersaturation as the copper content is increased from the stoichiometric case. Finally,
preliminary results on the growth of films deriving from variations of the standard solution
will be presented, described in 4.5 and 4.6, showing possible strategies for novel solution
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formulation, including different amine additives and other RE systems, yet resulting in high-
performance superconducting films and opportunities of TLAG, respectively, for modulation

of film characteristics and beyond the sole YBCO system.

4.1 Objectives

One of the most considerable challenges for the fabrication of HTS is the possibility of in-
creasing the film thickness while maintaining high-performance physical properties. In the
framework of the ERC project, unprecedented critical current density (J,) values could be ob-
tained through TLAG on films of 90 nm thickness [53], demonstrating the feasibility of this
innovative method for a possible future industrial application if the thickness of the films can
be increased without compromising the superconducting properties. Through the optimised
chemical solution described in Chapter 3, homogeneous pyrolyzed films of up to 2.7 + 50 ym
thickness were achieved, suggesting a promising foundation for the following TLAG process.
Nonetheless, the initial optimization of YBCO growth through TLAG was carried out ex-
clusively on films of (3:7) composition which underwent a double multideposition process
(800 £ 50 nm after pyrolysis process) and consisting in a final YBCO thickness of 450 + 50
nm, then extended to other specific cases.

As explained in detail in Chapter 1, two routes are possible for TLAG of YBCO films. The
Temperature Route (7-route) consists in heating the films employing fast heating ramps at a
constant oxygen partial pressure (Pp,) until the desired temperature is reached. In this case,
the elimination of BaCO5 and the transient liquid formation are observed consecutively while
heating, and the elevated heating ramps are beneficial to minimize the nucleation of thermo-
dynamically favoured secondary phases. Contrarily, the Oxygen Partial Pressure Route (P, -
route) advantageously decouples the elimination of BaCOj5 from the transient liquid formation
and YBCO nucleation step. This is achieved by performing the heating at low Py, below the
YBCO instability line (T;,), thus in an area of the 7-Py_ phase diagram where YBCO is not
expected as a crystalline phase. During this step, the elimination of BaCOj via its reaction with
CuO yields the formation of the mixed Ba-Cu oxide BaCu,0O, and Cu,O, the crystalline pre-
cursor phases for the formation of the transient liquid through this growth route. Successively,
arapid variation of the P of the system is performed, crossing several orders of magnitude of
Po, in a time range of seconds during which the transient liquid formation and, subsequently,
YBCO nucleation from the liquid are occurring. A schematic representation of both routes
may be found in Chapter 1 (Fig. 1.6). The expected reaction path for TLAG Py, -route is
expressed by the following equation:

BaCO3(§) + CuO(q) + Y203(§) - BaCuZ02(S) + CuzO(s) + Y203(g) -

“4.1)
- [Ba - Cu(I/H)_O](l) + Y203(S) - YB32CU.307_5
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Formation of the solid phases in the upper line of eq. 4.1 is depicting the reactions occurring
during the low- Py, step, at Py, values ranging between 1073 bar and 10~ bar. The lower line,
is instead referring to the rapid pressure change in which YBCO is nucleating and growing from
the [Ba-Cu-O] transient liquid, where copper may show different oxidation state depending on
the specific processing conditions. It must be taken into account that equation 4.1 is, here, not
stoichiometrically balanced. It is solely describing a general mechanism without considering
the specific transient liquid composition. Nonetheless, for compositions with copper excess,
the final step should result in the formation of stoichiometric YBCO together with copper oxide
(CuO and/or Cu,0, once again depending on the growth conditions) given its overabundance
in these compositions. Ideally, in optimally selected 7-F, conditions, copper oxide grains
will be expelled to the surface of the film through pushing effects characteristic of a high c-
axis nucleation, thus not impeding current percolation. In this thesis, experiments regarding
only the Py, -route were carried out and the entirety of the current chapter will be focused on
the optimization of the growth of YBCO (and, partially, other REBCO systems) through the
latter route of TLAG with the aim of understanding the thermodynamic and kinetic parame-
ters controlling the process. Special focus will be given to the role of liquid supersaturation,
with a detailed analysis of TLAG from films of five different liquid compositions seeking a
comprehensive understanding of the effect of supersaturation in the growth from a transient
liquid.

4.2 Analysis of BaCO; elimination

One of the most renowned drawbacks initially considered for the growth of YBCO through
CSD-based methodologies employing fluorine-free metal-organic chemical solutions is the
formation of BaCOj; as the barium precursor phase [89, 90]. It was considered undesirable
given its exceedingly high thermal stability, possibly hindering the entire growth process [42,
91]. In powders, its decomposition temperature is found above 1000 °C [92, 93], thus beyond
the processing temperature for YBCO superconductors, implying a major complication to the
material fabrication. However, it was demonstrated that, in sintered oxide powders of (Ba-
Cu-Y) ternary systems, the decomposition temperature of BaCO; could be reduced up to 200
°C, given the catalytic effect of CuO and Y,0O; phases and through the use of slow heating
rates of d7'/ df = 1 °C/min [93]. Nonetheless, through the use of TLAG, it was previously and
thoroughly demonstrated the presence of this phase not to be an obstacle for the growth of high-
performance YBCO films [51-54, 101]. However, the referenced previous work conducted in
SUMAN group was carried out on films deriving from a commercial metal-acetates-based
chemical solution which led to different microstructural features of the nanocrystalline precur-
sor films for TLAG: besides the lower thickness, a fundamental characteristic was found to be

the higher porosity of these films, ranging between 5 and 17 % [51], especially beneficial as
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the elimination of BaCOj; is obtained through CO, out-diffusion. Given the contrasting mi-
crostructure exhibited by the films described in this thesis, a thorough analysis regarding exclu-
sively the BaCO; elimination step was necessary, as the elevated thickness and the extremely
reduced porosity compared to previous cases may result in a complication to the success of this
step of the process. If not otherwise specified, the following results are regarding two-layered
(3:7) composition pyrolyzed films, presenting a thickness of 800+ 50 nm and estimated pore
density of 1.0+ 0.2% prior to the thermal treatment.

4.2.1 Heating ramp effect: reducing coarsening of secondary phases

Throughout the experimental work performed during the years of this PhD thesis, the growth
furnace employed to realize TLAG Py, -route experiments was improved in several ways. Cer-
tainly, the most important modification of the set-up has been the possibility of significantly
increasing the heating rate of the thermal profile, and a detailed description of both the set-up

and the strategy used to accomplish this may be found in Appendix D. Fig. 4.1 shows a
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FIGURE 4.1: Thermal profiles of (a) standard slow heating ramp (average heating rate is d7 / d¢
=0.2°C s7!) and (b) standard fast heating ramp (average heating rate is d7 / dr = 1.4 °C s™1),
with maximum T,, = 835 °C in both cases. Linear fits were used to determine the heating rate
(dT / dt), calculated on several temperature ranges (of 200 °C or lower) due to the non-linearity
of the heating profile. (c) Comparison of the two thermal profiles in (a) and (b), showing the
impressive reduction of the total processing time when the fast heating ramp is employed.
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comparison between the two standard thermal profiles employed: a slow heating ramp with
an average heating rate of d7 / dt = 0.2 °C s~!, opposed to the case of a fast heating ramp in
which the average heating rate is d7 / dr = 1.4 °C s~!, as indicated in Table 4.1.

Type of ‘?Zf/mﬁe Total time ?Z:;ag)e Total time
heating H t‘i,t Heating c Ft Cooling
ramp fauns (min) oolmg (imin)
(°Cls) (°Cl/s)
Slow 0.2 58 0.07 150
Fast 1.4 15 2.7 9

TABLE 4.1: Comparison between slow and fast heating ramp parameters, indicating the great
differences between average heating and cooling rates, and total time of both processes for the
standard heating ramps shown in Fig. 4.1.

By implementing the fast heating ramp, the total heating time could be reduced by a factor
4 and, more impressively, the total cooling time by a factor 16. This was anticipated to be
extremely beneficial as the films would be exposed to increased temperatures for shorter time
ranges, reducing the coarsening of the precursor phases during heating.
To confirm the feasibility of a complete elimination of BaCO; in the films described in this
thesis, quench processes were performed, consisting of carrying out solely the first step of the
TLAG Py, -route experiment. Thus, the film is heated at low Py, until the desired tempera-
ture is reached and then cooled down as rapidly as possible at the same, constant Py, . This
allowed to identify the crystalline phases of the film' at the moment prior to executing the fast
Py, variation, and decide whether the crystalline phases are favourable for a straightforward
formation of the transient liquid in the following step of an eventual growth process. The pro-
cessing conditions chosen for a standard quench process, result of initial optimization trials,
are the following: a base pressure (POZ,base) of 1073 bar and a set temperature (T,,,) of 835 °C.
Several kinetic parameters will be varied in the subsequently reported results with the aim of
determining the optimal conditions for BaCOj5 elimination in this process. As indicated by the
processing times of heating and cooling shown in Table 4.1, the set-up employed for the ex-
periments with slow heating ramp was limiting a rapid execution of the cooling, and possible
effects of this on the microstructure will, thus, have to be considered.
Fig. 4.2 displays the grazing-incidence XRD (GIXRD) patterns of two films which underwent
quench processes through the use of the aforementioned heating ramps. Evident differences

IDetermination of the crystalline phases after the quench process was obtained through grazing-incidence XRD
(GIXRD) measurements. Details regarding the specific measurement conditions are presented in Appendix D.
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may be observed in the resulting XRD patterns, the most striking being the presence of reflec-
tions corresponding to numerous phases in the quenched film when using a ramp of 0.2 °C s~!
(Fig. 4.2(a)).

(a) 1 Bacu0,(112) (b) BaCu0, (200) g,y 0, (211)
BaCu,0, (111)

g BaCu,0, (103)
BaCu,0; (201)

Intenisty (a.u.)
Intensity (a.u.)

YCuO, (104)
BaCu,0, (204)

FIGURE 4.2: GIXRD of two (3:7) composition films subjected to quench processes at
0r pase = 107> bar heated to T,, = 835 °C with (a) a slow heating ramp (average heating rate
of dT' /dr=0.2°C s~1) and (b) a fast heating ramp (average heating rate of d7'/ dr = 1.4 °C s~ 1).

The film quenched through the use of the slow heating ramp exhibits the desired majoritar-
ian phase, BaCu,0,, found amongst a mixture of various others: the mixed oxides of yttrium
and copper, YCuO, and Y,Cu,Os, the Y,BaCuOs ((211) phase), its presence being extremely
undesirable at this moment of the process, and the Ba-Cu mixed oxide BaCu;0,. In the sec-
ond film, which was subjected to a quench process using an average heating rate of 1.4 °C s~!,
BaCu,O0, is indisputably the principal contribution observed, together with only minor peaks
due to YCuO, and BaCu;0,. The variation of intensity deriving from contributions of ad-
ditional and undesired secondary phases may find an explanation in the extreme discrepancy
between the heating rates employed. Films subjected to a slow heating ramp would experi-
ence temperatures above 600 °C for over two hours considering heating and cooling, favouring
greatly grain coalescence once the first nuclei are formed. The possibility of these phases to be
enlarged by the extremely slow cooling process is, indeed, very high, despite the cooling not
being relevant for the successive step of the TLAG process. The presence of Y,Cu,Os, only
visible in the case of this specific quench process, is an indication of the transformation from
the Cu(I) to Cu(Il) oxidation state mixed oxide due to the fact that, during the slow cooling, the
system is crossing several areas of the phase diagram slowly enough to allow for their trans-
formation. Moreover, the dual presence of both phases of Y-Cu mixed oxide suggests that also
the slow heating is playing a role in the formation of large grains of YCuO, phase, favoured at
higher temperatures [184]. A further indication of important coarsening effects when the slow

heating ramp is employed is the intensity of the peaks of the BaCu;0, phase, which displays
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a stronger contribution if compared to the same phase in the film quenched with increased
heating rate. Likewise, the Debye-Scherrer crystallite size for BaCu,O, grains is in the range
of 44 nm for the films quenched by heating at 1.4 °C s~!, and up to 70 nm for the films heated
at 0.2 °C s~!. Despite being the desired crystalline phase, its coarsening is not ideal towards a
fast reaction in the successive step of the process: the presence of large grains prolongs their
melting and hinders the straightforward formation of the transient liquid. It must be specified
that an insignificant contribution from BaCO5 monoclinic is present in the film quenched with
fast heating ramp, contrarily to the case of slow heating, in which no contribution from any
of the barium carbonate precursor phases can be identified. For the given film thickness and
microstructure, the elimination of BaCOj is, here, kinetically controlled by the heating rate
and the fast heating ramp is allowing for the complete removal of the orthorhombic phase of
BaCO3, but not for its monoclinic one. This is in accordance with other works, in which the
monoclinic phase of BaCOj is notably showing higher thermal stability at reduced oxygen
partial pressures [52, 93]. Despite this minor contribution from BaCO5; monoclinic, the com-
bination of BaCu,0, being the majoritarian phase with smaller grain size and the absence of
detrimental and coarsened secondary phases is an indication that the use of the fast heating
ramp is anticipated to be advantageous towards a successful growth of YBCO through TLAG
in this particular route and for these particular films. From this starting point, the effects of
different kinetic parameters, such as dwell times, set temperature, and base pressure, will be
modulated with the aim of demonstrating the complete elimination of BaCOj5 is possible in
this kind of system, additionally for different film thickness. The use of the slow heating ramp
is thus discarded, given the unfavourable abundance of coarsened secondary phases and the
non-exclusive formation of the BaCu,0, mixed oxide. Moreover, the poor epitaxy and low-
performance physical properties demonstrated from the growth of YBCO films employing the

slow heating ramp confirmed its unfavourable application in the TLAG process.

4.2.2 Consequences of increasing dwell time

As shown in Fig. 4.2(b), the elevated heating rate employed results in a remaining contri-
bution from the monoclinic phase of BaCOj;, and despite it being only minor, its presence is
not desirable in the following step of the process. In fact, the rapid P, variation results in
the transformation of the solid BaCu,0, and Cu,O phases into the [Ba-Cu-O] transient lig-
uid: a large amount of BaCO; present at this moment would necessarily require its reaction to
form BaCu,O0, first, which will then follow the expected mechanism. However, the change in
Py, is occurring in a time range of seconds, and any solid transformation deflecting from the
TLAG mechanism will inevitably complicate and slow down YBCO nucleation. As a result, if
BaCOyj is reacting during the Py jump, the transient liquid formation will be inhomogeneous
throughout the film and possibly shifted at higher Po, values, consequently initiating the Y,0O;

dissolution and YBCO nucleation at unfavourable Py, conditions for full c-axis growth. This
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issue will be thoroughly discussed later on in this chapter and in Chapter 5, regarding in-situ
XRD experiments on the TLAG Py, -route process, in which the particular set-up conditions
are shown to affect the elimination of BaCOj5 in specific cases and a detailed analysis of the
consequence of this on the transient liquid formation will be presented. Here, to ensure the
complete elimination of BaCO; during the low- Py, heating, different kinetic parameters were
analysed, beginning with the implementation of various dwell times after reaching T,,. Fig.
4.3 displays the GIXRD acquired on three films quenched at the same T,, of 835 °C (at con-
stant POZ,busez 1073 bar) which were subjected to dwells of 0, 2 and 5 minutes once the T,
was reached. It is evident that formation of the majoritarian crystalline phase of BaCu,0, is
comparable in the three experiments, displaying no variation in intensity or broadness of the

peaks, thus suggesting no relevant differences in its grain size or crystallinity. However,
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FIGURE 4.3: GIXRD of three films subjected to quench processes with increasing dwell times
of 0, 2 and 5 minutes duration once the T,, = 835 °C was reached. 20 ranges relative to peaks
of BaCOj5 phases are highlighted in dark and light green, corresponding to the orthorhombic and

the monoclinic phases, respectively.

shifting the focus on the elimination of BaCOs, one can observe how the films from exper-
iments with 0 and 2 minutes dwell times are both showing the presence of peaks relative to
this phases. Contrarily, an increase of the dwell time to 5 minutes is sufficient to eliminate
completely all contributions deriving from BaCOj;, indicating the elimination of this phase
may be kinetically controlled through longer dwell time. Considering the same heating rate,
film thickness and microstructure, the process of BaCOj5 elimination is regulated by CO, out-

diffusion: as the porosity of these kind of films is as low as 1.0 +£0.2%, gas removal may be



4.2. Analysis of BaCO5 elimination 175

more demanding and short dwell times are not sufficient for it to reach completion. Fig. 4.4
displays a focus of the 26 range corresponding to the BaCO; peak positions in the previously
shown GIXRD of the three films discussed here. The integration of the peaks relative to the
barium precursor phases allows for an understanding of the elimination of BaCOj5 as a func-
tion of the dwell time employed. As prime consideration, it must be noted that, despite the
film quenched with no dwell shows the presence of minor peaks deriving from both BaCO4
orthorhombic and monoclinic phases, their contribution is reduced to below 5% and below
15% for the orthorhombic phase and the monoclinic phase, respectively, if compared to the

initial values after the pyrolysis process (taken as 100%).
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FIGURE 4.4: (a) Zoom in on the 26 range corresponding to the BaCO5 peak positions from

the GIXRD of the three films quenched with d7' / dt = 1.4 °C s™! to 835 °C at Po,,..= 1073

bar shown in Fig. 4.3. (b) Representation of the percentile peak area reduction relative to the

BaCOj5 orthorhombic (dark green) and monoclinic (light green) phases after quench considering
the maximum value to be the one resulting from the pyrolysis process.

When analysing the dwell time effect on the peak area relative to each phase, the film
quenched without performing any dwell displays similar contribution from both orthorhombic
and monoclinic phase of BaCO5. Given the high heating rate, a complete elimination in this
case is not reached due to the fast kinetics of the process which preclude a total CO, evacuation.
If the dwell time is increased to 2 minutes, the orthorhombic phase of BaCOj5 is completely
removed, whereas an increase in the peak area of the monoclinic phase is observed here. This
may be due to the partial amorphous nature of the nanocrystalline precursor films: in the HR-
TEM images in Fig. 3.9 it is clear how the nanocrystalline phases of BaCO5, CuO and Y,0;
are embedded in an amorphous matrix. Upon heating during the quench process, crystalliza-
tion of amorphous phases may occur as the temperature is increased”. This is the case of the
monoclinic phase of BaCO;, which displays higher crystallinity when the film is subjected

2Crystallization of the precursor phases, especially BaCOj, will be clearly observed during the low—PO2 heating
performed in in-situ XRD experiments at synchrotron facilities, reported in Chapter 5.
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to a higher temperature for a longer time range. Finally, the film quenched with a 5 minute
dwell confirms the possibility of a complete removal of both BaCO; phases, demonstrating
the kinetics of the process may be modulated and a complete CO, evacuation is possible in the
system described here, through a simple increase of the time at which the film is maintained

at the same, elevated temperature.

4.2.3 Result of base pressure variation on film microstructure

The modification of a second processing parameter was examined and the GIXRD of two
films quenched employing different Pozyhm are displayed in Fig. 4.5, with the tested values
of base pressure being Poume = 107> bar and Po, e = 1076 bar. A dwell of 5 minutes was
implemented in both cases, as previously demonstrated to be optimal for complete BaCO;
elimination at POZ,base =107 bar. As for previously reported results, the same heating rate
of dT / dt = 1.4 °C s~! was employed and both films were heated at a final T,, of 835 °C.
Despite the formation of comparable crystalline species, noticeable variations between the re-
sulting XRD patterns are observed, with the film quenched at lower base pressure generally
displaying broader and less intense peaks of the majoritarian solid phase of BaCu,0,. More-
over, despite no orthorhombic BaCOj is present, a contribution deriving from the monoclinic
is visible, demonstrating that the complete removal of CO,, and as a result, BaCOs, is not fully
achieved in these conditions. Apart form the kinetic control of the process through heating rate
and dwell time, an explanation for this result may additionally be found in the thermodynamic
equilibrium lines for gas solid-reactions relative to O,/CO, [95]. Both the oxygen partial
pressure (Pp,) and the carbon dioxide partial pressures (Pco,) play key roles in the elimina-
tion of BaCOj3, however through opposed effects. Specific Py, conditions will determine the
oxidation state of copper in the system, thus regulating the formation of Cu,O or CuO, and
BaCu,0, or BaCuO,. As stated, the working conditions in TLAG Py -route are fixed at low
oxygen partial pressures during the heating, therefore only the reduced phases of copper will
be formed.

Contrarily, Pco, is directly linked to the speed and equilibrium of the conversion reaction of
BaCOj; into either BaO, BaCu,0, or BaCuO, (again, the latter is not present in this specific
growth route). This parameter may be strongly affected by a local CO, build-up generated
by complicated gas evacuation (generally caused by poor gas flow or small furnace sizes and
geometries). In the particular furnace set-up used for the experiments in this chapter (Fig.
D.1), the large volume of the sample environment is sufficient for complete gas evacuation, as
demonstrated from the results described in this section, avoiding detrimental CO, accumula-

tion in proximity of the film surface.
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FIGURE 4.5: GIXRD of two films quenched at 835 °C employing the same heating ramp (d7’

/dr = 1.4 °C s71), comparing the effect of different base pressures: POz,bm =107 bar and

POz‘;,m = 107 bar (indicated on the right side of the graph). In both experiments, a dwell of
5 minutes was performed when the T, was reached.

Nonetheless, two general mechanisms are competing when POz’ and consequently, Pcoz’
are varied:
BaCO; + Cu,0 < BaCu,0, +CO, 4.2)

BaCO; <> BaO+CO, (4.3)

Considering the same Ty,, = 835°C, as visible in Fig. 4.6, the decomposition of BaCOj shifts
towards the mechanism in equation 4.3 when the P, is lower, which is directly correlated to
a decrease of Poz- In this case, an eventual accumulation of CO, inside the film, which may
be occurring due to the reduced porosity, will move the equilibrium of the reaction to the left
side, stabilizing BaCO5 and delaying its elimination.

Taking into account the presence of the remaining, detrimental BaCO5; monoclinic phase and
the broader aspect of the peaks relative to the other crystalline phases in the film, thus sug-
gesting lower crystallinity, the POZ,baxe of 107 bar was selected as most suitable option for the
optimization of the TLAG process. This is mainly due to the requisite of a film composed
by the crystalline phases of BaCu,0, and Cu,O with small grain sizes, necessary for the fast
reactivity towards the generation of the transient liquid. The extreme rates of nucleation and

growth achieved through the transient liquid are hindered when large crystallites are present,
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as these experience prolonged melting and are, thus, limiting the velocity of the second step

of the growth process.

Temperature (°C)
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FIGURE 4.6: Thermodynamic equilibrium lines of CO, gas-solid reactions as a function of

Pco, for equilibrium reactions of BaCOj3 to BaCu; O, (blue solid line, when copper is present in

the system) and to BaO (lilac solid line, relative to the sole BaCO5 decomposition). Plot adapted
from [95].

4.2.4 Evaluation of BaCO; phase evolution during the low- P, heating

With the aim of a better understanding of the BaCOj5 elimination process, quenches at various
T,

ser Were performed to follow the evolution of this phase in the low- Py, heating, with the first

chosen temperature to be as low as 760 °C, a second intermediate one of 835 °C and a final,
elevated one of 900 °C. Besides revealing information on the thermal behaviour of the barium
precursor phase in the studied system, these experiments are interesting for the application of
TLAG Py, -route for the growth of other REBCO systems: the T

in the case of the YbBCO system, which displays characteristic nucleation temperatures even

o« Will be especially crucial
100 °C lower than the YBCO case [127, 175], particularly appealing when considering higher
energetic efficiency of industrial fabrication processes of CCs.

Fig. 4.7 displays the GIXRD of the three films quenched with increasing T,,. Important to
specify that no dwell was performed in any of those experiments, as the objective was to ob-
serve the evolution of the phases of BaCOj; to understand its mechanism in this system, and
not exclusively reach a complete elimination in each process. Similarly to the previously in-
vestigated cases, all films exhibit comparable reflections relative, in majority, to the desired
mixed oxide of barium and copper (BaCu,0,). However, the quench at 760 °C yields an ele-
vated contribution of the orthorhombic phase of BaCO5, with an additional minor one deriving
from its monoclinic phase (a focus on the 26 region where the principal peaks of BaCO; are
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FIGURE 4.7: GIXRD of three films quenched with increasing T, of 760 °C, 835 °C and 900 °C.

26 ranges where BaCOj5 peaks appear are highlighted in dark and light green, respectively for the

orthorhombic and monoclinic phase. Processing parameters are chosen considering the optimal

ones resulting from the previously described experiments: POz,;me = 107 bar and average heating
rate of 1.4 °C s~!. No dwell was performed in any of those experiments.

found is shown in Fig. 4.8(a) for a straightforward visual identification). Undoubtedly, a final
temperature of 760 °C is excessively low to fully eliminate the barium precursor phase from
the film. Nonetheless, its elimination process has already initiated at this temperature: the
integration of the peaks relative to BaCOj, reported as percentile compared to each of their
maximum values obtained after the pyrolysis process, have reduced to almost 11% and 22%
for orthorhombic and monoclinic phases, respectively (Fig. 4.8(b)). When considering the
GIXRD relative to the film quenched at T, = 835 °C, it is evident how the orthorhombic
contribution has been drastically reduced, suggesting its elimination to be almost complete.
However, an intensity increase of the monoclinic peak implies a thermally induced crystal-
lization is occurring, possibly deriving from an amorphous portion of the initial film. Finally,
reflections relative to both BaCO5 phases disappear completely when the T,; of 900 °C is
reached. The corroboration of the evolution of the percentile contribution of both phases as
a function of the Ty, is represented in Fig. 4.8(b). Here, the monotonic decrease of the or-
thorhombic phase is directly correlated to the temperature increase, whereas the monoclinic
phase exhibits a slight increase at intermediate temperatures, to result in a null contribution of

the two concomitant with the most elevated T, tested.
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FIGURE 4.8: (a) Zoom of the 20 range corresponding to the BaCOj5 peak positions from the
GIXRD of the three films quenched with dT / df = 1.4 °C s~! to different Ty, at Po, e = 1073
bar shown in Fig. 4.7. (b) Representation of the peak area reduction relative to the BaCO;
orthorhombic (dark green) and monoclinic (light green) phases as a percentage normalized to
the value from the GIXRD resulting from the pyrolysis process. Solely the quench processes
at 760 °C and 835 °C data points are labelled with the percentage value, as the last experiment

yields a film free of any BaCOj5 phase.

To investigate the possible crystallization process and further gather insight on the mech-
anism of BaCOj3 elimination in these films during the low-Py, heating, TGA experiments
coupled to MS and FTIR have been performed, and the results are reported in Fig. 4.9. Since
the elimination of BaCOj is obtained through CO, out-diffusion exclusively, this is the only
volatile species registered with EGA throughout the thermal treatment. The MS spectrum in
Fig. 4.9(a) is evidently showing the release of CO, (m/z = 44) is occurring in two consecu-
tive stages, the first being at T = 576 °C and the second at 7' = 772 °C. The elimination of the
barium precursor phase in this film may thus be described by two independent processes: a par-
tial elimination at temperatures below 600 °C, which is presumably corresponding to a phase
with lower thermal stability, outlived by a second phase enduring until higher temperatures.
The second decomposition peak above 770 °C is decisively demonstrating the elimination of
BaCOj; can be completed in such a thermal treatment at reduced oxygen partial pressures.
The identification of the phases responsible for each decomposition step of the MS spectrum
was possible through the additional acquisition of FTIR on the same film throughout the TGA
experiment, and Fig. 4.9(b) displays the comparison between the spectrum acquired from the
film prior to the heat treatment and the one acquired at 640 °C (an intermediate temperature
between the two peaks obtained in the MS spectrum). The broad peak shown in the spectrum
after pyrolysis is the total contribution of both phases of BaCO;>, whereas at 640 °C the contri-

bution deriving from the orthorhombic phase is reduced almost completely, only displaying a

3 As shown in the XRD data of the (3:7) composition films after pyrolysis reported in Fig. 3.7, BaCOj is present as a
mixture of its orthorhombic and its monoclinic phases, with the former in majority compared to the latter, additionally
confirmed through TEM analysis.
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sharp peak relative, thus, to the monoclinic phase. Consequently, the first decomposition peak
in the MS spectrum can be certainly attributed to the complete elimination of the orthorhom-
bic phase successively followed by the monoclinic one, as expected at higher temperatures
given its increased thermal stability at low Py, [95]. These results are, indeed, in good accor-
dance with the phase evolution of BaCO5 observed in the quenches performed at increasing

temperatures shown in Fig. 4.7.
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FIGURE 4.9: (a) TGA-MS registered during a low-Po2 heating of a two-layered (3:7) composi-
tion film, showing the release of CO, (m/z = 44) is occurring through independent processes at
two different temperatures. (b) TGA-FTIR was acquired on the same film: here, the spectra of
the film before the low- Py heating (after pyrolysis, black line) and at 640 °C (red line) during
the thermal treatment are rhepresented, with the temperature value being chosen in between the
two decomposition steps observed in the MS spectrum. The peaks relative to BaCO3; monoclinic

and orthorhombic are indicated, respectively, with a light green and a dark green solid circle.

The results reported to this moment are successfully demonstrating that the process of
BaCO; elimination in the films described in this thesis during the first step of the P -route is
kinetically-driven. Simple tuning of the processing parameters allows for a complete removal
of this phase, confirming that the presence of BaCO;5 as the sole nanocrystalline precursor
phase of barium is not a limitation for the fabrication of YBCO through CSD-based method-
ologies. More specifically to this work, these findings are establishing encouraging foundations
for the growth of epitaxial YBCO films through TLAG Py -route.
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4.2.5 Challenges of BaCO; elimination on thick films

With the aim of boosting the industrial fabrication of YBCO (and in general, REBCO) super-
conducting films, high-performance physical properties should be demonstrated on films of
elevated thickness through the use of the TLAG-CSD methodology. Investigating the possi-
bility of BaCOj5 elimination in thick films has thus been of utmost importance to this goal.
Consequently, quench processes were carried out on films of (3:7) composition with a three-
fold and fourfold increase of the thickness compared to the ones described in the previous
subsections: specifically, six-layered and eight-layered films, with thickness of 2200 + 50 nm
and 2700 + 50 nm, respectively (prior to the low- Py, heating). Previous studies evinced that
the process of BaCO; elimination is strictly controlled by the thermally activated process of
CO, out-diffusion [52]: the processing temperature is, therefore, playing a key role in the elim-
ination of the barium precursor phase, as it was also observed in 4.7. The temperature required
for a complete CO, evolution is higher when the thickness of the film is significantly increased,

given that the volume through which this volatile species must diffuse is raised.

' - H

Tse: (°C)

Thickness (nm)

800 nm

FIGURE 4.10: Schematic representation of CO, out-diffusion as a function of thickness with a
general correlation to the T,,. The thickness values examined in this subsection are represented
in scale, taking as a reference the thickness of a two-layered film (800 + 50 nm), considered the

standard.

Fig. 4.11 displays the quenches performed on films of elevated thickness evaluated for their
successive growth through TLAG Py, -route. If comparing to the thickness of a two-layered
film (800 + 50 nm after pyrolysis), widely employed throughout this thesis as standard thick-
ness for optimization of processing conditions, the factor three and four increase in this param-
eter requires the processing temperature to be raised. The minimum T, tested for the quench
processes reported in this subsection is, thus, 860 °C. In both of the films employed, the ma-
jority of BaCOj; is eliminated by performing a dwell of 5 minutes once the T, is reached,
similarly to what previously observed for films of lower thickness (4.2.2). The six-layered film
displays complete removal of the orthorhombic phase, and a remaining minor contribution
deriving from the monoclinic phase of the barium precursor. The unprecedentedly examined
extreme thickness of the eight-layered film required a fine adjustment of the processing tem-

perature, and quench processes with two consecutive T;,, were implemented. A temperature
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of 860 °C is not sufficient to eliminate BaCOj in this specific case, and the contribution of this
species is solely corresponding to its orthorhombic phase. Considering the previously reported
phase evolution, the simultaneous presence of remaining orthorhombic BaCO; and absence
of monoclinic suggests the film might be in the final moment of the first decomposition step
observed in the MS spectrum in Fig. 4.9(a). Upon temperature increase to T,, = 870 °C, the
orthorhombic phase is completely eliminated and a minor contribution from the monoclinic
one is now visible, indicating that the mechanism of BaCO; elimination is not affected by the

considerable increase in film thickness.
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FIGURE 4.11: GIXRD of two thick films quenched at Po, = 1075 bar employing an aver-
age heating rate of 1.4 °C s~!: (a) six-layered film quenched at a Tse; = 860 °C and (b) two
eight-layered films quenched at T,, = 860 °C and T;,, = 870 °C. In both plots, the 26 ranges
corresponding to BaCO5 phases are indicated by highlighted regions, respectively dark green for

the orthorhombic phase and light green for the monoclinic one.

A focus on the 20 range corresponding to the BaCO; peak positions from the GIXRD of the
quenches performed on the eight-layered films is reported in Fig. 4.12(a), here shown together
with the GIXRD after the pyrolysis process. Despite at T;,, = 860 °C BaCO; orthorhombic
is remaining in the film, the enormous reduction of the peak relative to this phase is clearly
evident if compared to the same peak after the first thermal treatment. The integration of these
peaks reveals the quench process at this temperature eliminates orthorhombic BaCO; to below
10%. A 10 °C increase in the final temperature of the process is thus sufficient to completely
remove the contribution of this phase. For what concerns the monoclinic phase, an increase
directly linked to the increase in temperature is observed, as anticipated from the results pre-
viously described. The microstructural analysis reported in 3.2.3 revealed the nanocrystalline
phases of BaCO;, CuO and Y,05 are embedded in an amorphous matrix. The temperature
increase may consequently favour crystallization of, possibly, part of the BaCO; monoclinic
which was initially found as amorphous, augmenting its contribution to roughly 10% when the

temperature of the process is increased from 860 °C to 870 °C. It is assumed that this minor



184 Kinetic control of the TLAG process: intermediate phases and epitaxy development

monoclinic BaCOj5 contribution can be completely removed with an adequate fine-tuning of

the Ty,,, presumably possible through a subsequent 5-10 °C increase.
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FIGURE 4.12: (a) Zoom on the 20 range corresponding to the BaCO5 peak positions from the
GIXRD of the quench processes performed on the eight-layered films from Fig. 4.11. GIXRD
corresponding to the films following the quench processes are shown in red, with the correspond-
ing T, indicated. For comparison, the GIXRD of the film after pyrolysis is also reported (black),
to evince the reduction of the BaCOj5 phase. (b) Reduction of the contributions of BaCO5 phases
subsequent to the quench processes, as a percentage normalized to the peak area of the GIXRD

after pyrolysis.

Overall, the quench processes described in this subsection have demonstrated the feasibil-
ity of a significant thickness increase for the successive TLAG, with the aim of proving the
viability of this innovative growth method in future industrial applications. In previous pre-
liminary studies on TLAG of thick films, a complete BaCO; removal was demonstrated on
films of up to 800 nm thickness [55] deriving from a metal acetates-based chemical solution.
In this thesis, this parameter has been duplicated and, through an uncomplicated optimization
of the processing temperature, the full elimination of BaCO5 can be achieved, regardless of

the chosen film thickness.

4.2.6 Influence of copper content on the BaCO; elimination process

In Chapter 1, several strategies adopted throughout the decades with the objective of tuning
the melt supersaturation, resulting in the possibility of widening the c-axis nucleation window
of processing conditions and, additionally, lowering the temperatures of the YBCO (or other
REBCO systems) manufacturing processes, have been presented and described in detail. An
appealing one, which also constituted one of the main objectives of this work, is the possi-
bility of tuning the transient liquid composition by a simple variation of the copper content
of the initial metal-organic chemical solution. Through the preparation of films with copper
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excess respect to the stoichiometric amount necessary to form YBCO the supersaturation of
the transient liquid is changed, consequently altering the optimal epitaxial nucleation condi-
tions. Moreover, studies on the Ba-Cu binary system evidenced the catalytic role of CuO in
the elimination of BaCOj; for the successive reaction towards the formation of a mixed oxide
of barium and copper [96]. To ensure the complete elimination of the barium precursor phase
during the low-Pp, heating of the TLAG and additionally obtain information regarding the
possible influence of the copper content in this system, four films of each of the considered
compositions have been subjected to a standard quench process (POZ,base = 1073, heating to T,
=835°C atdT / dr = 1.4 °C s~!, 5 minutes dwell when the final temperature is reached). A
comparison between the GIXRD of each film after pyrolysis and after the quench process is
reported in Fig. 4.13. A primary consideration must be made before analysing the outcome
of the quench process. After pyrolysis, there is a correlation between the crystallinity exhib-
ited by the phases in each film and the liquid composition: films with lower copper content,
specifically the stoichiometric (2:3) composition and the one with lowest copper excess, (3:6)
composition, display a general increased intensity and sharp aspect of the peaks, significantly
pronounced for the BaCO; phases. Contrarily, the compositions with copper excess, (3:7) and
Y-rich (4:11) compositions, are characterized by XRD patterns with broad, low-intensity peaks
of the barium precursor phase. An explanation for this feature is found in the same composition
of the films: a wide variation of the copper content results in a presumable shift of the BaCO;
nucleation to higher temperatures. As the optimised pyrolysis thermal profile is the same, this
leads to the films with higher copper content to have an increased amorphous character respect
to the ones with low copper content, which have crystallised sufficiently throughout the du-
ration of the thermal treatment. The microstructural features of the nanocrystalline precursor
films are of extreme importance to the success of the TLAG process and the effects of these
discrepancies will be taken into account in section 4.4, where the growth of YBCO from dif-
ferent transient liquids will be investigated.

A relationship between the crystallinity of the nanocrystalline precursor film and the success of
the quench process concerning complete BaCOj; elimination can be perceived from the GIXRD
in Fig. 4.13. Despite the majoritarian phase formed after quench is the expected mixed oxide
of BaCu,0, in the four cases considered, films of compositions with lower copper content
are displaying a major impediment towards the full removal of the barium precursor phases.
A contrasting outcome is obtained for films of the eutectic and the composition with highest

copper excess, where a complete elimination of all BaCO; phases is achieved.
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FIGURE 4.13: Comparison between GIXRD of films of the various liquid compositions (in-

dicated next to each of the corresponding plots) considered in this thesis after pyrolysis (upper

panel) and after the quench process (lower panel), performed at Pp_ ;450 = 1073 bar, heating until

T,., = 835 °C with an average heating rate of d7'/ d = 1.4 °C s~! and a dwell of 5 minutes before

the fast cooling of the system. All of the films represented here are 800 + 50 nm thick (twofold
deposition) prior to the heat treatment.

The integration of the peaks relative to BaCOj resulting from the low- Py heating is related
to the copper content of each composition in Fig. 4.14. The contribution of BaCO; phases is

especially elevated for copper contents of 3 and 4 molar concentrations (respectively, (2:3) and
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(3:6) compositions), with the monoclinic phase in great majority compared to the orthorhom-
bic one. This may be deriving from a combination of two effects. The initially elevated crys-
talline character of BaCO; phases after pyrolysis implies a higher thermal stability, hindering
the complete removal of these phases at the selected processing conditions. Additionally and
most importantly, the lower copper contents of these compositions denotes a higher (Ba:Cu)

ratio compared to the one of the films with copper excess, producing an impairment in the

catalytic effect of CuO towards its reaction with BaCOj5 to form BaCu,O,.
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FIGURE 4.14: Peak area as a function of the copper content (molar concentration) obtained
through the integration of the BaCOj5; orthorhombic (dark green) and monoclinic (light green)
peaks in the GIXRD of the films of the four compositions after quench displayed in Fig. 4.13.

The chosen processing temperature for the quench of films of these compositions seems,
thus, not to be sufficient for BaCOj5 full elimination, suggesting both these compositions re-
quire the implementation of higher T',,;. Nonetheless, considering both the ideal reduction of
the processing temperatures for HTS fabrication processes and the likelihood of coarsening of
solid phases directly linked to an excessive temperature, the use of compositions with a copper
excess seems to be beneficial when analysing strictly the process of BaCO; elimination up to
this point. In fact, (3:7) composition and Y-rich (4:11) composition are showing a null contri-
bution deriving from both BaCOj; phases in the quench process performed. A combination of
the catalytic effect of CuO, here in large excess, and the higher amorphous character of the ini-

tial nanocrystalline films are presumably facilitating its complete removal in the case of films
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of the latter compositions.

The delicate control of BaCO; elimination and how it may affect, together with the differences
in transient liquid supersaturation, the epitaxial nucleation of YBCO in TLAG Po,-route will
be thoroughly discussed in the following section of this chapter, concerning growth processes
performed at ICMAB in the set-up described in Appendix D, and in Chapter 5 (specifically in
5.3.2) focused on YBCO growth through TLAG Py, -route performed at synchrotron facilities
which allowed to follow the phase evolution through in-sifru XRD experiments.

4.3 Towards the growth of high-performance YBCO super-

conducting films

Subsequent to the detailed analysis of BaCO5 elimination in the specific set-up used for TLAG
Po,-route at ICMAB, illustrated exhaustively in Appendix D, a thorough investigation of the
following step, the liquid-assisted nucleation and growth of YBCO, was carried out. The
growth furnace described in D.1 was designed in-house and became operative coinciding with
the start of this thesis. As a consequence, no previous information regarding the processing
parameters to favour c-axis nucleation of YBCO in this set-up was available, and an initial
evaluation of those with the aim of optimizing the growth process was mandatory. The op-
timization was solely focused on films of (3:7) composition, disregarding momentarily the
growth from different transient liquids in order to avoid further complications due to the un-
known effect of varying liquid supersaturation. Additionally, the repercussions of increasing
film thickness on the achievement of high c-axis YBCO orientation were investigated as pre-
liminary study on the fabrication of thick YBCO films of high-performance through TLAG
Po,-route. The final analysis centered on the influence of tuning the liquid supersaturation
on the c-axis oriented nucleation of YBCO, achieved through the growth of films of different
transient liquid compositions, will be presented in the following section, where a comprehen-
sive review considering the tendencies resulting from variations of liquid supersaturation will

lead to a broader understanding of the kinetic parameters governing TLAG.

4.3.1 Promoting c-axis YBCO nucleation in films of eutectic liquid com-
position

Similarly to the analysis presented in section 4.2, the optimization of the YBCO growth step
of the process was executed while studying the effect of the heating ramp. As explained in
Appendix D, the set-up was limited at first to a slow heating ramp with an average heating
rate of d7 / df = 0.2 °C 5!, not adjustable differently due to furnace specifications. Further
on in the project the set-up was modified to ensure tunability of this parameter, leading to the

achievement of films matching the microstructural requirements of the solid precursor phases
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for an optimal growth of YBCO through TLAG following the low-Py, heating. The entire
optimization process that follows was conducted on films of (3:7) composition and displaying
a thickness of 800450 nm prior to TLAG, yielding final YBCO films with thickness in the
range of 400-500 nm. Any variation to this parameter will be thoroughly specified, when in-
troduced.

The extensive, initial optimization was focused on the variation of the processing parameters
of T,,, and final oxygen partial pressure (Poz,finul)’ and a large set of those have been tested.
Previous knowledge allowed for the selection of these parameters to a confined region. The
establishment of the TLAG kinetic phase diagrams for films deriving from the previously em-
ployed metal acetates-based chemical solution has determined the optimal c-axis nucleation
window for TLAG: this coincides with the regions where the formation of the [Ba-Cu-O] tran-
sient liquid occurs and the system surpasses the free energy barrier (AG;) of the nucleation
of YBCO solid phase from the melt [54, 101]. The Py -route Kinetic phase diagram derived
from previous studies using acetate solutions is shown in Fig. 4.15, and represents the regions
of melting and phase formation observed in this system.
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FIGURE 4.15: Representation of the TLAG Py, -route constructed by Rasi et al. [101] from
the phase evolution observed during in-situ XRD experiments at SOLEIL Synchrotron facility.
Striped lines are corresponding to regions of coexistence of solid phases and liquid. The pink
to blue shaded area represents the T-Py, conditions for full [Ba-Cu-O] liquid formation, with a
colour gradient corresponding to the ch;mge in copper oxidation state. Solid lines are referring
to: CuO()-Cu, Oy (blue line) [185]; BaCuO, () -BaCu, Oy (red line) [95]; eutectic melting of
BaCqu(s)—CuO(s) (Tg) [186]; peritectic melting of YBCO (Tp) [187]; YBCO instability line
(Tins) [188].

It is important to notice the several blurry transitions between different regions of coexisting
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phases. This is mainly due to the insufficient number of experiments, limiting the precise de-
termination of these transitions. Nonetheless, this diagram greatly aided in the identification
and establishment of the preliminary processing conditions employed in the experimental work
performed in this thesis. Additionally, it is significant to remind this is a kinetic phase diagram,
obtained from previous experiments carried out at synchrotron facilities: heating ramps of 4.5
°Cs~! were employed at Po, e = 0.01 mbar (Pror pese = 0.05 mbar) and pressure jumps
of time ranges of several seconds (larger times than the ones used in the growth furnace at
ICMAB employed for the experiments described in this chapter). Solid lines are taken from

literature (see figure caption for references), and the YBCO instability line (T;,,) and peritectic

ns
line (T'p) are setting the upper boundaries for YBCO formation. No stable YBCO nucleation
is observed at 7-Pp, values below T;,,; [188] where instead the solid phases of BaCu,0, and
Cu,O are favoured*, allowing for the first step of the TLAG Po,-route to be performed as
explained in the previous section. At temperatures greater than Tp, incongruous melting of
YBCO to the Y,BaCuOs (211) phase + liquid is observed [187].

YBCO growth with high c-axis orientation was reported in previous studies in a window of
processing conditions corresponding to the full-liquid regions of the kinetic phase diagram [51,
54, 101]. Therefore, the optimization process described in this subsection has been carried out
employing T,, values ranging between 815 °C and 850 °C and Poz,fimzl between 1 mbar and
6.7 mbar. The solid points on the kinetic phase diagrams displayed in Fig. 4.16 refer to the
exact T-Pp, conditions selected for each sample part of the optimization process.

To assess epitaxial quality of the resulting films, analysis of the 2D-XRD patterns acquired
with a Bruker-AXS D8 Advance diffractometer equipped with general area detector diffrac-
tion system (GADDS) for each sample shown in this figure has been carried out. A procedure
for the integration of the peaks relative to each phase observed in the 2D-XRD was followed in
order to obtain the contribution of each secondary phase to the epitaxy of the film. Complete
description of the measurement conditions for grown films and the method of peak integration
can be found in the Appendices, specifically in A.5.1 and D.2.2.1, respectively. This analysis
led to obtaining the resulting contributions of secondary phases as a percentage normalized
to the epitaxial YBCO (005) reflection, allowing for their straightforward quantification and
simplifying the optimization process. As a reminder for the reader, these values are not an indi-
cation of the volume percentage of each phase in the sample but only a ratio between integrated
areas of the corresponding reflections observed in the 2D-XRD patterns. Initial deductions can
be made from Fig. 4.16, in which the contributions of randomly-oriented YBCO grains, (103),
and of the Y,BaCuOs (211) secondary phase are represented as a colour map corresponding
to each condition of T'POz,/maz tested. One may immediately perceive a major difference be-
tween the two cases: there is a predominance of the two analysed phases in most of the tested
conditions when employing the slow heating ramp, obtaining percentage values

“In the binary BaO-CuO system, at temperatures beyond the T,

ins and reduced Pp,, BaCu, O, melting occurs
[187].
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FIGURE 4.16: Optimization process for TLAG Poz-route of (3:7) composition films through
the use of (a) a slow heating ramp (average heating rate d7' / dr = 0.2 °C s~1) and (b) a fast
heating ramp (average heating rate d7' / dr = 1.4 °C s™1). The position of each single point is
corresponding to the T-Poz.fml conditions, whereas the colour map is relative to the contribu-
tions of randomly-oriented YBCO grains (left side of the full circle) and (211) secondary phase
(right side of the full circle) to the epitaxy of the film (see legend on the right side). The labels
next to each point are indicating the percentage of the respective contribution, obtained through
integration of the corresponding peaks in the 2D-XRD patterns of every film.

of up to 10 % and 8 % for the (103) and (211) phases, respectively. Contrarily, in all of the
growth conditions of T-Py, tested using the fast heating ramp (average heating rate of 1.4 °C
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g1 ), the contributions relative to these phases are consistently below 2 %, with the most el-
evated ones corresponding to the highest value of POz,fmaz tested (6.7 mbar). The origin of
this outcome may be interpreted additionally considering the comparison presented earlier in
this chapter regarding films quenched with the use of these two different heating ramps (Fig.
4.2). When employing a slow heating ramp, despite the elimination of BaCOj; is ensured, one
is probably facing important coarsening effects. The enlarged grains present at the end of the
low- Po, heating are undesirable for the successive Po, jump. A potential explanation for this
may be found in the following hypothesis. While the pressure is changed rapidly in the sys-
tem to reach the Poz,final’ the transient liquid is formed: however, larger grains present longer
melting times compared to smaller grains of the same phase, postponing their participation in
the formation of the transient liquid. The result is an insufficient or inhomogeneous transient
liquid generation: areas of the film will be presenting full liquid composition opposed to the
contemporary presence of undissolved, solid phases in other regions of the film. This unideal
situation will result in nucleation conditions which are far from the optimal ones for a fully
epitaxial layer to be grown: as a consequence, secondary phases or misoriented YBCO grains
can be easily formed. Nonetheless, the use of both heating ramps coincide in yielding a re-
gion of confined 7- Py, conditions in which the contributions of both phases are low (< 2 %),
specifically for the T,,, of 835 °C. The films grown through heating at 0.2 °C s~!, however,
show a more reduced range of POZ,finaI values with low secondary phases contributions, rang-
ing from 1 mbar to 2.8 mbar, with several processing conditions resulting in values of (103)
contribution close to 2 %. Contrarily, this situation is observed for films grown through the fast
heating ramp only at Poz’fml = 6.7 mbar, and the same range of optimal processing conditions
is enlarged up to final pressure of 4 mbar.

Fig. 4.17 considers solely the contributions of said phases from films obtained selecting this
optimal processing temperature (T,, = 835 °C) and observes the effect of an increase in POZ,final
for the two different heating ramps. Exclusively one set of processing conditions is adequate
to reduce entirely the (103) contribution in the case of the d7 / df = 0.2 °C s~! heating ramp,
corresponding with Pozyf”m[ = 2.8 mbar. Four PO2,/'imzl conditions are instead displaying no
presence of the (211) secondary phase (1, 2.2, 2.4 and 2.5 mbar). The majority of the tested
conditions are resulting in a significant percentage for both of the analysed phases. Apart from
the highest PO2,final value tested (in the case of the slow heating ramp, this value coincides with
4 mbar), there appears to be no evident trend linking the increase of Py with a predominant
amount of secondary phases. Possibly, the aforementioned coarsening effects occurring during
the low-Pp, heating are fundamentally limiting the success of the transient liquid formation
and thus increasing the propensity towards nucleation of secondary phases or higher degree
of YBCO misorientation. Moreover, the resulting epitaxy may be intrinsically affected as the
grain size of the precursor phases may additionally not be reproducible.
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FIGURE 4.17: Contribution of (a) YBCO misoriented grains (103) and (b) (211) secondary

phase to the epitaxy of the films considering the increase of POz_f,m[ for films grown at a constant

T,,; employing the slow heating ramp (burgundy full circles) and the fast heating ramp (red full

circles). Shaded areas highlight the resulting contributions of majority of films from heating at
0.2°C s~! (red) and at 1.4 °C s~! (green).

Contrarily, in the case of the films grown through the use of the fast heating ramp, the con-
tributions of (103) and (211) are close to 0 % in all of the tested conditions, demonstrating an
important improvement to the epitaxial nucleation and the possibility of a wider range of pro-
cessing conditions resulting in high c-axis YBCO. A slight increase in the (103) contribution
may be observed at Poz’fml = 6.7 mbar. As discussed in Chapter 1, specifically in the section
regarding Y solubility in [Ba-Cu-O] melts in 1.2.4.4, the supersaturation of a (3BaO:5CuO)
melt at high P, was hypothesized to be lower, given the improved solubility in this case at el-
evated temperatures. The lack of accurate data in a temperature range closer to the processing
conditions employed in the TLAG experiments described here only allow for an assumption
to be provided. The non-optimal increased formation of misoriented YBCO grains when el-
evated POZ,/'inal is selected is an indication of a possible increase of liquid supersaturation for
elevated final pressure, with the consequence of mixed nucleation [113].

A complementary straightforward consequence of these considerations is observed in the re-
sulting critical current values of the films grown in the aforementioned conditions, as evidenced
in Fig. 4.18. A clear division is noticeable regarding the J,. values of the films grown employ-
ing the fast and the slow heating ramp, the former leading to generally incremented values
respect to the latter. This anticipated outcome is a direct consequence of the increased epitaxy
of the films grown through the use of the fast heating ramp, which results in the reduced pres-
ence of misorientation and (211) secondary phase. In all of the tested conditions, the J, at 5 K
is above 15 MA cm~2, whereas solely in two cases when the slow heating ramp was employed
such increased J, values could be reached. Nonetheless, these two optimal conditions display

lower maximum critical current density than several of the ones grown through the use of the
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fast heating ramp.
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FIGURE 4.18: Values of J, at (a) 5 K and (b) 77 K for the films shown in Fig. 4.17, increasing
Pp, at the constant T, of 835 °C, employing the slow heating ramp (burgundy full circles) and
the fast heating ramp (red full circles).

Comparing the effect of the presence of YBCO misoriented grains and (211) on the epitaxy
and thus on the resulting physical properties (J, measured at 5 K) of films grown through
TLAG using the two heating ramps described in this Chapter (Fig. 4.19), it is evident how the
general increase in the window of possible conditions for full c-axis nucleation and growth of
YBCO through heating at 1.4 °C s~! leads to enhanced J, values. For films grown through
the use of the slow heating ramp, as previously stated, only two conditions are leading to
physical properties comparable to the fast heating ramp. Nonetheless, it must be noted how
the contribution of (103) grains is significantly decreasing J, only in specific films, suggesting
other parameters may be responsible for current percolation impediment. Considering now the
(211) secondary phase, a similar situation is observed here, with the films heated at 0.2 °C s~!
again displaying only two cases with high-performance physical properties. However, several
films showing no contribution of this phase are resulting in reduced J,, again suggesting as for

the presence of (103) grains that the physical properties are influenced by additional variables.
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FIGURE 4.19: Effect of presence of (a) YBCO (103) grains and (b) (211) secondary phase on
the J, (measured at 5 K) for films grown through TLAG using the slow heating ramp (burgundy
full circles) and the fast heating ramp (red full circles).

The extensive analysis of all the different processing conditions tested employing both heat-
ing ramps led to the selection of the optimal growth conditions, based on the enhanced critical
current density value exhibited by the film obtained from such process. Firstly, as previously
observed for the quenched films in 4.2.1, d7 / dt = 1.4 °C s™! is the ideal heating rate amongst
the two tested. Excellent epitaxy is obtained when performing the Po, jump at Ty, = 835 °C,
from POZ,base =105 bar to POZ,finaI = | mbar, as shown in Fig. 4.20, where a comparison with
a film grown in the same processing conditions but heating at d7 / d = 0.2 °C s~! is reported.
Evidently, the presence of YBCO (103) grains in the film grown using the slow heating ramp
is noticeable in the 2D-XRD image and in the granular surface morphology in the SEM image.
Conversely, highly epitaxial YBCO reflections may be observed in the 2D-XRD image relative
to the film grown with the fast heating ramp. Moreover, this shows a flat YBCO layer with
the CuO deriving from the copper excess intrinsic of the (3:7) composition found as superfi-
cial precipitates. This is the exemplary surface morphology when copper-rich compositions
are considered: the excess of copper must be ideally expelled to the surface to ensure it is not
impeding current percolation by sectioning the continuity of the YBCO epitaxial film. This is
characteristic to liquid-assisted growth methodologies and the ultrafast growth rates typical in
TLAG enable the CuO to be pushed to the film surface. The YBCO film should be formed as a
continuous layer, with no evident porosity or areas presenting bad wetting. From this moment

on, films exhibiting these morphological features will be described as having a flat surface.



196 Kinetic control of the TLAG process: intermediate phases and epitaxy development

dT/dt=0.2°C/s o . J

SIS
S o
(<) (5]

STO (200)
YBCO (006)
YBCO (003)

< YBCO (004)

A

YBCO (0057
-+ STO (100)

”~ 9 0’3%)\

G\

o
S
=
o
o
|a
>

= YBCO (004)
+ STO (100)

'+

YBCO (005)4"

FIGURE 4.20: 2D-XRD images acquired from GADDS and corresponding SEM image for

two films grown through the same processing conditions (T,; = 835 °C and final POz,f,»,m, =

1 mbar) using the slow heating ramp (upper panels) and the fast heating ramp (lower panels).
Identification of the crystalline phases is indicated in proximity of the relative reflection.

The integration in y of the YBCO (005) peak from the 2D-XRD for the two cases reveals
an increased breadth for the film grown through the slow heating ramp, suggesting major mis-
alignment of the (001) reflection (Fig. 4.21(a)), as opposed to the film grown with the fast
heating ramp, which displays a narrower peak: the full width at half maximum (FWHM) can
be reduced from 0.88° to 0.63° when increasing the heating rate, indicating the c-axis orien-
tation of YBCO is improved. Consequently, when comparing the physical properties relative
to the two films, the latter is displaying J, values which are doubled respect to the former, at
both 5 K and 77 K.

Considering now exclusively the films resulting from the optimized growth conditions with av-
erage heating rate of d7'/ dr = 1.4 °C s~! displayed in Fig. 4.17 and 4.18, an assessment of the
reproducibility of TLAG has been carried out by repeating the growth in the same processing
conditions for eight films. The samples represented here were prepared over a time frame of
8 months from deposition of different batches of the metal-organic precursor solution. More-
over, independent thermal treatments (pyrolysis and growth processes) were employed for each

film.
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FIGURE 4.21: (a) Integration in y of the YBCO (005) peak of the 2D-XRD shown in Fig. 4.20,
comparing the case of the slow heating ramp (burgundy) and the fast heating ramp (red). (b)
J.(T) curves for the same films considered in (a), demonstrating the great enhancement of the

physical properties when the fast heating ramp is employed.
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FIGURE 4.22: Evaluation of reproducibility of the TLAG process for eight films grown in the

same, optimal processing conditions: heating to T,, = 835 °C at 1.4 °C s~! and POMM, =1

mbar. The films are obtained from deposition of different batches of the metal-organic chemical

solution, proving the use of the CSD methodology coupled to TLAG Py, -route can yield highly
reproducibile results.

The critical current density values are ranging between 22 and 28 MA cm~2 at 5 K and be-
tween 2 and 2.5 MA cm™2 at 77 K, demonstrating the high reproducibility of the growth process
as well as the entire TLAG-CSD approach employing the chemical solutions described in this
thesis.
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The correlation between J, values and presence of YBCO (103) grains and (211) secondary
phase displayed in Fig. 4.19 suggests that the heating ramp is an extremely relevant parameter,
and the reduced physical properties resulting from the use of a slow heating ramp during the
growth process are a demonstration of this effect. The proposed explanation provided thus
far was finally evaluated and corroborated through TEM analysis, which aided in the under-
standing of the causes behind the difficult J, enhancement in the case of films grown through
the slow heating ramp. Here, an extensive comparison of the microstructure of films grown
employing both heating rates was performed.

As previously reported in this section, the growth of YBCO through TLAG Py, -route em-
ploying the two heating ramps can yield highly epitaxial films of high-performance when op-
timal processing conditions are selected in each specific case. The low magnification STEM-
HAADF images shown in Fig. 4.23 are indeed demonstrating this, given it displays two epi-
taxial YBCO films obtained through the use of slow and fast heating ramp, respectively 4.23(a)
and (b). However, the causes behind the differences in quality of the epitaxy, as seen from the

previously presented results deriving from XRD analysis, will now be assessed.

FIGURE 4.23: Low magnification STEM-HAADF image for two epitaxial YBCO films grown
employing optimised processing conditions for each of the two heating ramps studied in this

section: (a) slow heating ramp and (b) fast heating ramp.

Comparable, homogeneous thickness of 400-450 nm is exhibited by both films, with the
image corresponding to the fast heating ramp depicting the presence of a large grain of CuO
pushed to the film surface, as desirable for the growth from eutectic liquid composition.
Nonetheless, a first, major distinction between the two cases, previously identified in the XRD
analysis, is the major formation of secondary phases (identifiable as darker circles) in the film
grown heating at low rates. Moreover, interruption of the YBCO film may be observed. This
is clearly evidenced by the intermediate magnification cross-sectional STEM-HAADF image
shown in Fig. 4.24, where the latter case displays a rough surface, non homogeneous thickness
of the c-axis YBCO and large grains of secondary phases (over 100 nm in diameter) distributed

throughout the film. Conversely, a highly epitaxial orientation, homogeneous thickness and
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smooth surface is exhibited by the film grown employing the fast heating ramp. These findings
are in line with the previously reported results for the slow heating ramp, demonstrating the

preferential grain coalescence during the thermal treatment in such conditions.
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FIGURE 4.24: Intermediate magnification cross-sectional STEM-HAADF images of two films
grown through heating at (a) 0.2 °C s~! and (b) 1.4 °C s~!. The improvement towards the reduc-
tion of formation and coarsening of secondary phases when increasing the heating rate is clearly

discernible.

Identification of the secondary phases was possible availing EDX mapping, and the STEM-
HAADF images in Fig. 4.25 display the detrimental situation of the distribution of secondary
phases in a film obtained through the growth with slow heating rate: big CuO and Cu,O grains
are trapped in the inferior region of the film close to the interface with the STO substrate, to-
gether with a large grain of the Y,Cu,Os5 (225) secondary phase. This is further corroborating
the outcome of the quench process described in the previous section, in which the formation
and coarsening of this phase in the GIXRD of quenched films with slow heating ramp was
believed to be originated by the long heating and, especially, cooling times of the thermal
treatment. Moreover, the aggregation of these phases is such that the c-axis YBCO is com-
pletely interrupted in this section of the film, generating major impediment to critical current
percolation. Additionally, the defect landscape of such films comprises lattice bending close
to these grains, as in the image shown in Fig. 4.25(b), where the large barium- and copper-rich
crystallite (possibly, BaCu;0,) is creating such a distortion in the YBCO lattice.
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(b)

STO

FIGURE 4.25: Intermediate magnification cross-sectional STEM-HAADF images of two areas

of a film grown through the use of the slow heating ramp. (a) The epitaxial YBCO film (c-

YBCO) discontinuity caused by the presence of largely coarsened (225), CuO and Cu,O grains.
(b) Bending of c-YBCO around the borders of a barium- and copper-rich secondary phase.

Likewise, this defect is perceptible in the YBCO surrounding the grains of two secondary
phases displayed in Fig. 4.26, where EDX maps of the Y K-edge, Ba L-edge, Cu K-edge and
O K-edge allowed for the identification of the (211) and (225) in two different regions of the
film. Several approaches of YBCO growth through CSD-based methodologies take advan-
tage of the common formation of secondary phases in nanoparticle sizes (generally ranging
between 5 and 20 nm in diameter). Defects generated during the crystallization of YBCO in
the growth process, defined as natural pinning centers, are believed to be beneficial as these
may additionally generate secondary defects in the microstructure due to nanostrain effects
[8, 189—191]. However, the secondary phases embedded in the films grown through the slow
heating ramp exhibit typical diameters of over 150-200 nm, which will provoke limited current
percolation. Nonetheless, in the TEM analysis of TLAG films reported in previous studies, an
elevated presence of YBa,Cu,Oyg intergrowths, generally termed 248 stacking faults (SFs),
was found to be characteristic of the growth through this method [54]. Such defects are know
to be at the origin of an increase of strain at the local scale (nanostrain), and have been demon-
strated to additionally induce a local Cooper pair suppression, beneficial to vortex pinning [40,
190]. The presence of long 248 SFs is also confirmed in the films described in this thesis, as
is clearly evidenced in the HR-TEM image in Fig. 4.27, and are observed in the films grown
through the use of both heating ramps.

Finally, despite the achievement of high c-axis YBCO in films grown through the use of both
heating ramps, the quality of films obtained through slow heating rate is evidently worsened by
the formation of large grains of secondary phases as a result of coarsening phenomena due to
the prolonged times the films are exposed to elevated temperature during the growth process.
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@ 1

FIGURE 4.26: Analysis of two different regions of a film heated at 0.2 °C s~! through EDX

mapping of the area highlighted by a yellow square in the cross-sectional STEM-HAADF images

for secondary phase identification. Y K-edge, Ba L-edge, Cu K-edge and O K-edge maps confirm
the grain in (a) to be (211) and the one in (b) the (225) secondary phase.

FIGURE 4.27: HR-TEM image of an epitaxial YBCO film grown through TLAG in which the
long 248 intergrowths are visible throughout the entire thickness, indicated by yellow arrows.

Considering the entirety of the results presented in this subsection, one may conclude that
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the increase of the heating ramp from an average heating rate of 0.2 °C s~! to 1.4 °C s~! enables
the elimination of a wide portion of these undesired phases, and the simultaneous reduction of
the size of the ones which are present. Moreover, the characteristic effect of the liquid-assisted
growth promotes pushing effects of the copper precipitates to the film surface, an additional
feature which avoids hindrance to current percolation and allows for high-performance super-
conducting films to be obtained. The drop in physical properties displayed by the majority
of the films grown at 0.2 °C s~! may thus be ascribed to the strong coarsening resulting from
the prolonged heating time needed to reach the T,,. Prior to performing the Py, jump, the
film displays large, crystalline grains of BaCu,0, and Cu,O besides a variety of other sec-
ondary phases. Moving to the following step during the Py, variation, their inevitably slow
melting will consequently result in the formation of the [Ba-Cu-O] transient liquid inhomo-
geneously throughout the film: this is anticipated to modify detrimentally the supersaturation
conditions, favouring competing mechanisms between secondary phases grain coalescence
and YBCO nucleation.

4.3.2 Preliminary studies on TLAG of thick YBCO films

Following the attainment of high-performance films with high reproducibility through TLAG-
CSD on a thickness of 400 nm and considering the great industrial interest for thick films of
competitive performance, the implementation of the growth of YBCO films of higher thick-
ness was carried out, employing both the slow and the fast heating ramp.

TLAG of thick films with the slow heating ramp was conducted on films of three and four
layers, resulting in, respectively, 600 = 50 nm and 800 + 50 nm of final YBCO. A film of two
layers is used as reference for comparison with an optimised case. The selected processing
= 835 °C, with an
average heating rate of d7 / d = 0.2 °C s~! and performing a Pp, jump to the final value of 1.8

conditions in this case were: heating at a constant Fo, e of 1073 bar to T},
mbar once the desired temperature is reached®. The 2D-XRD images acquired with GADDS,
the corresponding integrated XRD patterns and SEM images relative to such films are dis-
played in Fig. 4.28. The two-layered film evidently displays high epitaxy and optimal surface
morphology, with the CuO excess found as superficial precipitates. No apparent presence of
secondary phases is visible in the integrated XRD, suggesting the ideal nucleation conditions
were accomplished for the growth of this film. When increasing film thickness, despite the
optimal surface morphology is maintained, a loss of epitaxy is observed, especially for the
film of four layers: the 2D-image displays lower degree of textured YBCO reflections, indica-

tion of a certain degree of misorientation around the c-axis, and the integrated XRD patterns

SIn theoretically ideal TLAG conditions, supersaturation is given by the dissolution of a certain amount of solid
yttria nanoparticles in the [Ba-Cu-O] transient liquid. If a large part of yttrium is involved in the formation of other
solid phases, the supersaturation will be additionally varied.

5These processing conditions were found to yield high epitaxy and elevated critical current density in the two-
layered films grown through the use of the slow heating ramp.
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are showing a higher contribution of the YBCO misoriented grains (103). Moreoever, the ap-
pearance of peaks due to additional secondary phases, such as the (211) phase and the mixed
oxide of yttrium and copper (225), are suggesting further optimization is needed for films of
such thickness in order to reduce their contributions towards the enhancement of current per-

colation. An increase in the T, may be found beneficial when increasing the thickness with

set
the aim of favouring c-axis nucleation, given the supersaturation conditions of the transient
liquid formed in these processing conditions appear to be excessive for a favoured c-axis nu-
cleation. As described in 1.2.4.4, a possibility of decreasing the supersaturation in the same

melt composition is a thermal increase, as this results in a higher Y solubility.
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FIGURE 4.28: Comparison between the films of different thickness grown through TLAG Py, -

route employing the slow heating ramp (d7 / dr = 0.2 °C s~!). From top to bottom: two-, three-

and four- layered films, leading to 400 + 50 nm, 600 + 50 nm, and 800 + 50 nm of final YBCO,

respectively. (Left) Integration in y of the 2D-XRD acquired from GADDS (centre). Peak iden-

tification is indicated in the top panel of the former, and shaded areas are extended to the lower
panels. (Right) Surface morphology relative to each film.

Conversely, the investigation of thick films grown through the use of the fast heating ramp
was implemented with more elevated thickness values: specifically four-, six-, and eight-
layered films were employed, corresponding to 800 + 50 nm, 1100 + 50 nm, and 1400 +
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50 nm of final YBCO. Considering that the thickness was here doubled to the previous case
and taking into account the inadequate processing conditions for the thicker film heated at 0.2
°C s~!, incremental T,,, were selected correlated to the thickness increase. Starting from the
optimised processing conditions for the films of two layers, with T,, = 835 °C, the temper-
ature was increased to 850 °C, 860 °C and 880 °C for the four-, six-, and eight-layered films,
respectively. These desired temperatures were reached by heating at 1.4 °C s~! at a constant

01 pase = 107 bar, followed by the Po, jump to the final value of 1 mbar. Given the prelim-
inary nature of this study, only the parameter of growth temperature was varied, selecting the
optimal values of the others from the optimization of the two-layered films reported in 4.3.1.
The 2D-XRD images with the respective integrated XRD patterns and surface morphology

analysis of said films are displayed in Fig. 4.29.
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FIGURE 4.29: Analysis of the outcome of TLAG Py, -route on films of different thickness

grown through the use of the fast heating ramp (d7'/ d¢ = 1.4 °C s~!). From top to bottom: two-,

four-, six-, and eight-layered films, leading to 400 + 50 nm, 800 + 50 nm, 1100 + 50 nm, and

1400 + 50 nm of final YBCO. (Left) Integration in y of the 2D-XRD patterns together with the

corresponding 2D image (centre). Peak identification is indicated in the top panel, and shaded

areas are extended to the lower panels. (Right) Surface morphology displayed by SEM images
relative to each film.
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Similarly to the case of the films grown employing the slow heating ramp, as the thickness of
the film is increased a slight degree of c-axis misorientation is observed. Nonetheless, epitaxial
YBCO was obtained up to a thickness of 1400 + 50 nm of final YBCO. An equivalent trend is
also observed for what concerns the presence of secondary phases, again predominant in the
films of higher thickness: the films of six and eight layers are exhibiting some contributions
from the (211) and the (225) secondary phases. Moreover, the 2D-XRD relative to these are
showing the simultaneous presence of CuO and Cu,O, the oxides of copper of two oxidation
states: the latter is formed given the extremely elevated processing temperatures selected for
the TLAG process, and is partially oxidised to the former upon cooling, when crossing the
CuO,)-Cu, O line in the phase diagram (Fig. 4.15) [95, 185]. The morphological features
are optimal for the two- four- and eight-layered films, displaying a flat surface on which the
copper oxide excess is found as segregated precipitates. Contrarily, the six-layered film is
evidencing the formation of copper oxide as dendritic-like structures (confirmed by EDX, Fig.
D.12). Nonetheless, the unfavourable feature encountered in the films of highest thickness is
the formation of microcracks, indicated by arrows in Fig. 4.30. Possibly, the elevated thickness
may be provoking extreme in-plane tensile stress, either during the growth or during the post-
annealing oxygenation process. Further investigation is necessary in order to determine at
which point of the process the microcracking is occurring, given that the results presented
here are only the product of preliminary tests. Nonetheless, depending on the depth of the
formed cracks, these may be causing an important drop in the physical properties of such films

due to major current percolation impediment.

()

FIGURE 4.30: Back-scattered electrons (BSED) SEM images of films of (a) six and (b) eight
layers grown through TLAG Py, -route employing the fast heating ramp, displaying the formation
of microcracks (indicated with yellow arrows).

Finally, the measurement of the physical properties for the thick films grown in the two
variations of processing conditions described above may be found in the following Fig. 4.31.



206 Kinetic control of the TLAG process: intermediate phases and epitaxy development

The case of the slow heating ramp results in similar physical properties for the two- and three-
layered films, possibly due to the combination of similar thickness and use of optimised pro-
cessing conditions. The thickness increase to four layers sees a decrease by more than half on
the final J, values, both at 5 K and 77 K. This may be likely caused by the decreased texture
of the grown YBCO film, evident from the ring intensity around the (00l) diffraction spots
of YBCO in the 2D-XRD image in Fig. 4.28. For the films grown through the use of the fast
heating ramp, a main enhancement of the physical properties is possible on films of four layers,
yielding 800 =+ 50 nm of final YBCO with critical current density values of 19 MA cm™2 at 5
K and 2 MA cm~2 at 77 K, almost equalling the outcome of the optimised two-layered films
while doubling their thickness. However, once again an important drop in J, values is experi-
enced when increasing the thickness to the six- and eight-layered films. The lower degree of
epitaxy of these films together with the presence of microcracking, shown in Fig. 4.30, may

be considered to be the cause of the reduction of the physical performance.

100 T
(a) : (b) ;
104 i J, = 2.3 MAlem?]
> Ao 10 4 J. =2MA/em?
14, =5MA/cm? i
E 1
5 \(¢
= H
- H Y
9
0,01 4—®— 2 layers (400 nm YBCO) H \
—e— 2 layers (400 nm YBCO), —o— 4 layers (800 nm YBCO) :
—e— 3 layers (600 nm YBCO), —o— 6 layers (1100 nm YBCO), :
—e— 4 layers (800 nm YBCO 7 —0— 8 layers (1400 nm YBCO) 77 K.
0101 T T T T T T T T T 0v001 T T T T T T T T T
10 20 30 40 50 60 70 80 90 10 20 30 40 5 60 70 80 90
Temperature (K) Temperature (K)

FIGURE 4.31: J,_ as a function of temperature for the films of different thickness grown in TLAG

P, -route employing (a) the slow heating ramp (average heating rate d7'/ dr = 0.2 °C s~1) and

(b) the fast heating ramp (average heating rate d7'/ dr = 1.4 °C s~!). Other processing parameters
are specified for each case earlier in the text.

Given the high-performance exhibited by the film of four layers, TEM analysis was carried
out to investigate the microstructure, with the resulting images displayed in Fig. 4.32. The
high homogeneity of the thickness of epitaxial YBCO, being 750 + 50 nm, is evident from the
cross-sectional STEM-HAADF image in Fig. 4.32(a). The film displays a smooth surface with
minor presence of secondary phases. The most superficial region of the film, approximately
80-90 nm thickness from the surface (darker upper segment of the film), is the sole portion
where a high defect density is found. Through STEM-EDX elemental maps, secondary phases
of (211), (225) can be identified, as displayed in Fig. D.13. Nonetheless, their small size and
low distribution are again believed to be of no hindrance to the superconducting performance,
as proven by the high J, value exhibited by this film. However, minor presence of a Ba-Ti-O
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reactivity phase with the STO substrate, possibly BaTiOs, is found, with the probably origin
being the renowned highly corrosive nature of the transient liquid. Despite here being only
found in small amount, the presence of reactivity phases with the substrate may be enhanced
when increasing the growth temperature. However, these can be straightforwardly avoided
through the use of buffer layers. The high epitaxy is evidenced by the HR-TEM image shown
in Fig. 4.32(b), where the c-axis oriented YBCO is displayed. Moreover, as previously found
typical in TLAG YBCO films [54], long 248 intergrowths are present close to the interface
with the substrate (Fig. 4.32(c)). As previously stated, the presence of these SFs is beneficial

due to the nanostrain causing an increase of the vortex pinning.
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Ba-Ti-O
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FIGURE 4.32: (a) Low magnification cross-sectional STEM-HAADF image of a four-layered

film grown through TLAG Py, -route. High thickness homogeneity of the highly epitaxial YBCO

film are evident, in addition to the presence of twin boundaries in the entire film thickness. Sec-

ondary phases labels are placed in proximity of the corresponding grain. (b) HR-TEM image

displaying the defect-free c-axis oriented YBCO grown on the STO substrate. (c) Evidence of

the presence of 248 intergrowths close to the substrate-film interface, showing a distortion of the
lattice.

The values of critical current (I,) for all of the thick films analysed in this subsection are
displayed as a function of film thickness in the plot in Fig. 4.33. A great improvement is
observed when considering the films of two and four layers grown through the use of the fast

heating ramp if compared to the ones in which the slow heating ramp is employed: the I, is
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doubled for the two-layered films and, more impressively, almost quadruplicated for the case of
the four-layered one. This promising outcome is certainly demonstrating the fundamental role
played by kinetic parameters in the growth through TLAG. As previously reported and evident
in the comparison of the TEM images of the films grown employing the two heating ramps, the
increase of the average heating rate is substantially reducing the coarsening effects responsible
for the crystallization of large grains which are supposed to then lead to an insufficient or
inhomogeneous transient liquid formation. This is inevitably hindering the uniform nucleation
of epitaxial YBCO and promoting secondary phases which coarsen and coalesce to large grains
causing major impediments to current percolation. Films of higher thickness (six and eight
layers) are displaying reduced I, values for the several reasons reported previously, with the

feasibility of an enhancement through further optimization of the processing conditions.
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FIGURE 4.33: Plot showing I, values as a function of final YBCO thickness for films grown
through TLAG Py, - route employing the two heating ramps described in this section.

Nonetheless, this initial investigation regarding the effect of film thickness increase has
yielded encouraging results towards the demonstration of the relevance of TLAG-CSD in the
industrial framework. The elimination of BaCO53 was confirmed not to be a limitation when
elevated thickness was considered, as described in 4.2.5, contrary to general knowledge. High-
performance physical properties are additionally demonstrated on YBCO films of almost 1 ym
thickness, undoubtedly boosting the suitability of the TLAG-CSD approach developed in this

thesis towards the commercial sector.
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4.4 TLAG from films of various liquid compositions: influ-

ence of supersaturation

The growth optimization on the eutectic composition object of the previous section evinced
the importance of controlling kinetic parameters such as the heating rate and the combination
of T;,, and POz,f,-na/ to, respectively, reduce the coarsening of secondary phases and improve
the epitaxy by tuning supersaturation of the melt. In the current section, a detailed analysis
of the influence of varying the transient liquid supersaturation through the growth of films of
different liquid composition will be presented.

As previously described in detail in Chapter 1, the innovation at the basis of the TLAG process
is the kinetic preference to form a [Ba-Cu-O] transient liquid in non-equilibrium conditions,
specifically in regions of the phase diagram where YBCO is the predicted stable phase. Yt-
trium is found in the liquid as dispersed crystalline Y,O5 nanoparticles, resulting from the
pyrolysis process. The driving force of TLAG is the Y supersaturation in the transient lig-
uid following the dissolution of the yttria nanoparticles. The atomic mobility of the yttrium
atoms is enhanced by the liquid assistance to the process, favouring the Y migration towards
the substrate-to-liquid interface which acts as nucleation front of YBCO nuclei and induces its
epitaxial growth, if the processing conditions are selected correctly. However, as evidenced in
1.2.4.4, only limited knowledge is available in literature regarding the Y solubility in the [Ba-
Cu-0O] melt (Ceq), and thus its correlation to supersaturation, deriving from several studies
obtained in equilibrium conditions. The attainment of the even more relevant data regarding
the real concentration of Y (C,,,,,) in the kinetic conditions characteristic to TLAG is yet to
be acquired. Generally, the Y supersaturation may be controlled through changes in several
processing parameters (T, POz.fmaz’ heating rate), as seen in the previous sections, or in lig-
uid composition: in this thesis, its variation was achieved through the straightforward tuning
of the stoichiometry of the metal-organic precursor solution, directly correlated to the compo-
sition of the resulting transient liquid. To reach a comprehensive understanding of the TLAG
mechanism and the fundamental role played by the modification of the supersaturation deriv-
ing from modifications of the transient liquid composition, the effects of growth from films of
various compositions will be analysed, starting with some initial considerations regarding the

formation of the [Ba-Cu-O] transient liquid.

4.4.1 Introductory considerations on liquid supersaturation

Several studies were the object of extensive analysis of the mechanism controlling the melt-
ing of BaO-CuO mixtures, both in film and powder form, especially following the discovery
of superconducting behaviour in La,_,Sr,CuO,_, (LSCO) and YBCO systems [186, 192—
194], given the great interest in understanding the growth of the newly discovered materials

from such melts. It is renowned that the crystalline state of the studied sample strongly affects
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the temperature at which thermally-controlled phenomena (i.e. melting) occur. Specifically,
investigation of BaO-CuO mixtures deriving from grinded powders exhibit higher melting
temperature compared to the case of films obtained through CSD methods [94, 186, 194]. The
latter case displays characteristic melting temperatures up to 150 °C lower than the past studies
on powders, demonstrated at first from films of metal-trimethylacetates and metal-hydroxide
based precursor solutions [99] and corroborated in the last decade on solutions of metal-acetate
precursors [195]. The effort of all these studies has led to the construction of a pseudo-binary
phase diagram of the BaCuO,-CuO system through the analysis of quenches of said mixtures
in a variety of gas atmospheres. A schematic model may be found in Fig. 4.34, in which the
mol% of CuO of the four liquid compositions considered in this thesis have been indicated. In
the mentioned studies, given that BaCO5 decomposition is the limiting step for the formation
of BaCuO,, this latter phase is present at lower temperatures in solid form together with CuO
if the carbonate elimination had began or was completed at the specific quenching tempera-
ture. T is indicating the eutectic line, determining the melting onset temperature. The (3:7)
composition is the sole to show congruent melting at the eutectic point, where the (Ba:Cu) ra-
tio corresponds to 3(Ba0):7(CuO). For compositions with lower copper content, specifically
the stoichiometric (2:3) composition and the first investigated with copper excess respect to
that, the (3:6) composition, the BaO-CuO mixture melts partially and displays the presence
of crystalline BaCuO, until the liquidus temperature, 7} . Contrarily, the (4:11) composition
shows the presence of solid CuO after partial melting, given its characteristically elevated cop-
per excess. Above 77 in all cases, the homogeneous melt of BaCuO,-CuO is generated. It was
demonstrated that copper-rich melts promote higher yttrium equilibrium concentration in the
melt, with the result of decreasing the corresponding supersaturation (as described in 1.2.4.4).
Therefore, the use of compositions with great copper excess was explored in this thesis, fol-
lowing investigations on other REBCO systems [34, 68, 78], as a further possible approach to
reduce the optimal processing temperature for c-axis YBCO growth, particularly interesting
when considering the feasibility of TLAG in more energetically efficient industrial processes.
A variation of the (4:11) composition, namely Y-rich (4:11) composition, is additionally em-
ployed in the following investigation of the influence of liquid supersaturation reported in this
section. The (Y:Ba:Cu) molar ratio in this specific composition is (1.35:2:5.5), thus allowing
for the formation of the same 4(Ba0):11(CuO) transient liquid but with a higher solid compo-
nent due to the added yttrium content compared to the other compositions.

Nonetheless, it must be taken into account that the aforementioned studies employed for the
adaptation of the pseudo-binary phase diagram have been carried out through thermogravi-
metric analysis conducted with slow heating rates (below 0.15 °C s~!) and on samples with
highly different features compared to the films described in this thesis work. The optimization
of the fast heating ramp on the eutectic composition films described in the previous subsection

demonstrated that the increase in the heating rate to 1.4 °C s~! is optimal to preserve small
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nanocrystalline precursor grain sizes, fundamental to favour the fast reactivity during the tran-
sient liquid formation and the YBCO growth from it. The entire study regarding the influence
of supersaturation on the epitaxial growth of YBCO from different liquid compositions will,
thus, be performed through the sole use of the fast heating ramp (average heating rate of d7 /
dt =1.4°Cs7!)in TLAG Py, -route experiments.

(3:7)

A

(BaCu02 - CT/IO)(S)

BaCuO,,
+ liquid

(B(JCO3 - CI/IO)(S)

50 55 60 65 70 75 80 85 90 95 100
[mol % CuOQ]

FIGURE 4.34: Schematic representation of the BaCuO,-CuO phase diagram adapted from [94,
99], to include the liquid compositions described in this thesis. Ratios of Ba and Cu for each
liquid composition are specified as (Ba:Cu), corresponding to each mol% of CuO indicated with
arrows on the phase diagram. Specific eutectic and liquid formation temperatures are depending

on various processing parameters (atmosphere, grain size of precursor phases, sample type).

Following the optimization of TLAG Py, -route on films of (3:7) composition, the initial in-
vestigation on the growth of films of the five different transient liquids considered in this thesis
work was conducted adopting the optimal processing conditions determined for the eutectic
mixture (heating to T,, = 835 °C at a constant POz,bm = 107 bar, performing a pressure jump
to POz,f.-na/ = 1 mbar). It must be specified that all films described in this section are exhibiting
an approximate thickness of 800 + 50 nm prior to the TLAG process (result of twofold depo-
sition and pyrolysis process), yielding final YBCO in the range of 400-500 nm. No variation
of this parameter has been investigated in films of different liquid compositions, given that the
understanding of the influence of supersaturation to the epitaxial nucleation of YBCO was the
prime objective of this section.

Fig. 4.35 reports the 2D-XRD images acquired from GADDS and the corresponding surface
morphology of films of all compositions. Clearly, the eutectic composition is discerning be-
tween optimal c-axis nucleation conditions, with the two compositions with higher copper
excess displaying similarly high epitaxy, in contrast to the low-copper content ones which are
exhibiting strong contributions of misorientation around the c-axis (rings are visible around

the (001) diffraction spots). Moreover, the optimal film surface showing flat and continuous
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c-axis YBCO with the copper excess nucleated as superficial CuO grains is solely exhibited by
the copper rich (3:7) and the two (4:11) compositions. The least copper rich ones are display-
ing a highly granular surface, coinciding with misoriented YBCO nucleation: in the extreme
case of the (2:3) composition, the formation of large grains of YBCO (103) is denoting the
non-optimal supersaturation conditions, enhanced by the inadequate growth parameters. De-
spite the stoichiometry of the (3:6) composition is more copper-rich, surface analysis shows no
presence of CuO precipitates: these are possibly trapped inside the film and a misorientation

of the c-axis YBCO is appreciable.

Y-rich
(4:11)

FIGURE 4.35: XRD and SEM results from the initial testing through TLAG Po, -route process

on films of different transient liquids. Copper is increased in the stoichiometry of the liquid going

from left to right (exact composition identified on the upper-left of each panel). 2D-XRD images

are shown in the upper panels and surface morphology analysis through SEM in the lower panels.

Films are grown at a Tget = 835 °C at a constant base Py = 1075 bar, performing a pressure
Jjump to a final Pp, of 1 mi)ar.

and, depending on size and distribution, may be disrupting importantly current percolation.

A comparison of the rocking curves (w-scans) measured on the five films is displayed in Fig.
4.36. The correlation between elevated copper content of the liquid composition and high
epitaxial texture of the film is evident, with the eutectic composition yielding a film with Aw
= 0.18° and the (4:11) and Y-rich (4:11) composition films both resulting in a value of 0.19°.
Previous studies in the group reported values of Aw < 0.6° to be linked to improved current
percolation [54], suggesting the extremely low ones reported here for the copper-rich films
to be promising towards high-performance physical properties, similar to the state-of-the-art
YBCO grown on single crystalline substrates through conventional methods. As anticipated
from the 2D-XRD images showing higher misorientation of YBCO in the compositions with

lower copper content, the relative rocking curves have a similarly broader FWHM (Aw =
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0.31° and Aw = 0.30° for the (2:3) and for the (3:6) composition, respectively), suggesting the

elevated supersaturation in these liquids is promoting mixed nucleation.
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FIGURE 4.36: Rocking curves relative to the grown films of the five transient liquid compositions
displayed in Fig. 4.35. Values of Aw are indicated in the inset, using the same colour as the
plotted curves.

The analysis of the physical properties measured on these films follows a foreseeable, com-
parable trend (Fig. 4.37). J, values measured at 5 K on such films are plotted as a function
of Aw, and the great enhancement of current percolation is tangible when considering the
copper-rich compositions characterised by lower Aw values. Compositions with lower cop-
per content are, instead, displaying a decrease in J, by more than half together with more
elevated Aw. Accordingly, the comparison of the T, curves is further demonstrating the im-
proved outcome of the eutectic composition and the compositions with larger copper excess,
which display critical temperatures above 90 K and sharp transitions distinguished by reduced
AT, values, strong indication of optimal oxygen doping and no phenomena linked to current
percolation hindrances (such as presence of large secondary phases, reactivity phases or C ac-
cumulation in the YBCO grain boundaries). Contrarily, the 7T, relative to the stoichiometric
(2:3) and the (3:6) composition are showing critical temperatures below 90 K in addition to
broader transitions, indicative of phenomena linked to suppression of superconducting proper-
ties. This correlation is characteristic to the measurement of these properties through SQUID
magnetometry (details on the measurement may be found in A.5.3), as it measures the flux
penetration in the superconducting film. Any hindrance to current percolation will be evident
due to the broadening of such transitions.

J., T, and AT, values for each film object of this initial investigation are reported in the fol-
lowing Table 4.2.

The reported preliminary results suggest the supersaturation of the liquid in the same pro-
cessing conditions is crucially controlling the conversion of homogeneous to heterogeneous
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nucleation, giving rise to homogeneously nucleated YBCO when the supersaturation is high
(compositions with lower copper content) transformed to highly epitaxial YBCO when the
liquid supersaturation is lowered (eutectic and copper-excess compositions). As previously
mentioned in 1.2.4.4, in the case of the reported studies on Y solubility in [Ba-Cu-O] melts,
two melt compositions were tested, namely (3Ba0:5CuO) and (3Ba0:7CuO) [74, 79, 80].

(a) 24 @ (2:3) composition (b) —e— (2:3) composition
@23 @234 © (3:6) composition 1—* (3:6) composition &
224 8 (3:7) composition —e— (3:7) composition :’70/
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FIGURE 4.37: (a) J, values measured at 5 K reported as a function of the Aw obtained from

the rocking curves of samples of the five liquid compositions, showing the increase by more than

double directly correlated to the increase in copper content in the precursor solution stoichiom-
etry. (b) Comparison of the T, curves measured on the same films as in (a).

O 5K
Liquid J. 5K J. 77K T, (K)

Composition (MA/cm?) (MA/cm?)

(2:3) 40 04 89.3 7.0
(3:6) 8.2 0.9 89.6 6.0
3:7) 23.0 25 90.0 5.0
(4:11) 20.8 2.0 90.3 5.0
Y-rich (4:11) 234 23 91.0 44

TABLE 4.2: Physical properties of films of the five compositions grown employing the pro-
cessing conditions resulting from the optimization process conducted for the (3:7) composition
described in 4.3.1.
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Substantial decrease in supersaturation could be achieved when increasing the copper con-
tent of the melt. When analysing the solubility of samarium in [Ba-Cu-O] melts of four com-
positions [78], specifically (3Ba0:4Cu0), (3Ba0:5Cu0), (3Ba0:7Cu0), and (3Ba0:9Cu0O),
which straightforwardly finds a parallelism with the study of different liquid compositions car-
ried out in this thesis for the case of Y, the trend was increasingly evident. The increase in
the copper content of the melt composition results in an important increase in the solubility of
the RE in the melt, when the same processing conditions are considered. Thus, with a simple
increase of the copper content, lower supersaturation may be reached, previously linked to a
favoured nucleation of c-axis REBCO [113].

With the aim of understanding the parameters controlling the nucleation and growth of YBCO
through TLAG from different supersaturation conditions, a wide variety of growth profiles
have been tested on films of the five liquid compositions and several contributions to the final
epitaxy will be taken into account to identify possible tendencies correlated to liquid supersat-
uration. A final evaluation of these contributions will clearly elucidate the crucial parameters

determining high-performance film properties.

4.4.2 Determining the effects of different liquid supersaturation on
YBCO epitaxial nucleation

A total of 57 samples of the five different liquid compositions have been grown through TLAG
Py, -route employing a large set of processing conditions. Considering the optimization previ-
ously performed on (3:7) composition films, the tested temperature ranged from 825 °C to 850
°C and the Poz’fmm values extended over the range 1-7 mbar. The first step of the process was
unvaried for all experiments, given the use of the fast heating ramp (average heating rate d7"/ d¢
=1.4°Cs~!)and the Pozvbm = 107 bar were previously demonstrated to yield optimal crys-
talline precursor phases for the formation of the transient liquid. Thorough characterization
of all films has been carried out, specifically through various XRD techniques, SEM analy-
sis to evaluate surface morphology and TEM analysis to inspect microstructural features, and
physical properties to determine their superconducting performance. Correlations between the
results of all of the former characterization techniques have been analysed to fully evaluate the
outcome of varying supersaturation on the epitaxy, and discussions will be regarding two main
subjects: the contribution of secondary phases and the morphological characteristics of film
surface. The data analysis methods employed for the results described in this subsection are

thoroughly explained in Appendix D, specifically in D.2.2.

4.4.2.1 Epitaxy and the contribution of secondary phases

This first portion of the analysis will be exclusively devoted to the investigation of how the su-
persaturation of each specific liquid composition affects the epitaxy of YBCO and the eventual

promotion towards nucleation of secondary phases.
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A perceptible tendency may be observed when comparing the contribution of the epitaxial
texture (Aw) to the critical current density, showing a comparable trend at both 5 K and 77 K
(Fig. 4.38). Similarly to the preliminary results from a single set of growth conditions (Fig.
4.36), the films of compositions with lower copper content exhibit here larger values of Aw,
suggesting worsening of the texture in films of these liquid compositions. Possibly, the ele-
vated supersaturation conditions are unfavourable for full c-axis orientation and are thus lying
in the region of mixed nucleation (Fig. 1.13). The low epitaxy hinders current percolation,
inevitably leading to a general drop in the values of J, for both (2:3) and (3:6) compositions.
Conversely, the compositions more rich in copper result in higher epitaxial nucleation and,
thus, generally more elevated values of critical current density. However, despite this trend,
one may observe a significant overlapping of the Aw values of all compositions around the

range 0.25-0.30° in which the J, is strongly increased only in the films of copper-excess.
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FIGURE 4.38: J, values measured at (a) 5 K and (b) 77 K as a function of the Aw values
obtained from the rocking curves of the films of the five liquid compositions grown in all of the
tested processing conditions in TLAG Fo,-route.

This result is clearly demonstrating the texture is an important parameter, but by no means
the sole contribution to the improvement or deterioration of the physical properties. Therefore,
a complete analysis of the correlation of several possible parameters to the high-performance
of the films considering the differences in supersaturation is necessary to be able to precisely
control the nucleation conditions regardless of the transient liquid composition.

A detailed analysis of the 2D-XRD patterns of the films of the five liquid compositions grown
in all of the tested conditions was carried out. Integration in y of the peaks relative to phases
judged as a disruption to the full epitaxy allowed for a quantification of the contribution (as a
percentage) of the individual phase to the epitaxial moiety. Details regarding the evaluation of
the secondary phases and the method followed for integration may be found in D.2.2.1. The
phases considered to be of major relevance towards the worsening of the epitaxial film quality

are: a/b-grains and homogeneously nucleated YBCO grains (random orientation, (103)), and
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the secondary phases of (211) and (225). In Fig. 4.39 the contribution of each one of the
listed phases to the YBCO (005) peak is represented for each individual liquid composition
as a colour map on the TLAG kinetic phase diagram, with each point indicating the partic-
ular set of (7, POZ,final) conditions selected. Several considerations are to be made, dividing
the focus on the phases deriving from a mixed homogeneous and heterogeneous nucleation,
namely misoriented YBCO (103) and a/b-grains (respectively, (a) and (d) in Fig. 4.39), from
the secondary phases of (211) and (225) (Fig. 4.39 (b) and (d), respectively). The contributions
of randomly-oriented YBCO (103) and a/b-grains are predominant in the compositions char-
acterized by low copper content, specifically important in films of (2:3) composition grown
at elevated POZ,final in all of the tested temperatures, where values of the contribution of the
latter phase to the epitaxy close to 70% are reached’. Supersaturation increases with the T,,,
and the Poz’fma[ [113]: for same processing conditions, the supersaturation is higher in liquid
compositions with low copper content, thus favouring the emergence of a/b-oriented YBCO
and misoriented grains due to the competing homogeneous-heterogeneous nucleation. Films
of copper-rich compositions exhibit null contributions deriving from a/b-grains in all of the
tested conditions, demonstrating the decrease in supersaturation through tuning of the tran-
sient liquid composition is successfully promoting the c-axis growth. Nonetheless, the (4:11)
and Y-rich (4:11) compositions display the highest presence of secondary phases. Evidently,
Y-rich (411) composition greatly favours the nucleation of (225) grains, given the large excess
of copper and, additionally, of yttrium intrinsic to the stoichiometry, and is found to be indi-
rectly correlated to the T,,,. Nonetheless, this phase is present in the other compositions as
well, with the sole exception being the eutectic one. Formation of secondary phases is pre-
sumably favoured in the compositions of lower copper content due to the non-ideal nucleation
conditions for c-axis YBCO: as explained in 4.2.6, the initial hindrance to the elimination of
BaCOj; is an additional parameter negatively affecting the full formation of the transient lig-
uid. Besides favouring homogeneous nucleation of YBCO, the possible inhomogeneities in
the transient liquid layer will lead to competition between growth of specific secondary phase
and YBCO, as a result of localized elevated concentrations of a particular metal cation. For
what concerns the contribution of the (211) secondary phase (Fig. 4.39(b)), the sole com-
position presenting significant formation of such crystalline phase is, again, the Y-rich (4:11)
composition in several of the tested growth conditions. Promotion of the nucleation of such
phase has been previously reported in YBCO growth from Y-rich melts, which resulted in
a mixture of YBCO and (211) in the cases of melt-textured techniques [196-202] and zone
melting processed specimens [203, 204]. The (211) phase is at times intentionally included in
epitaxial YBCO samples as it was proven to enhance critical current densities due to pinning
effects [197, 203].

7A reminder for the reader, these values are employed as a straightforward quantification of the contribution of a
specific phase to the epitaxy, but are not indicating the volume fraction of the analyzed phase. For more information
regarding the calculations leading to the attainment of these values, please see D.2.2.1
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FIGURE 4.39: Contributions of individual secondary phase to the epitaxy of the film repre-
sented as colour maps on the TLAG kinetic phase diagram for each of the five transient liquid
compositions. The points correspond to the specific conditions of T, and POz,f,-,, , in which each
film is grown. Contributions of (a) randomly-oriented YBCO (103), (b) (211) secondary phase,
(c) (225) secondary phase, and (d) a/b-grains are considered for this analysis, with respect to
the YBCO (005) peak. The liquid composition is indicated in top-left of each panel. For easier

visual understanding, the scale is adapted according to the maximum intensity of each phase.
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However, as reported in 4.2.1, when employing the slow heating ramp large coarsened nuclei
of this phase were demonstrated to be at the origin of critical current percolation impediment.
For the films described here, a further analysis to unravel possible correlation between the pres-
ence of these secondary phases and the physical properties of the YBCO film was conducted
through TEM studies, and will be presented further on in the text.

An overview of the contribution of each of the phases considered to be disrupting the epitaxy
of the films to the J, (measured at 5 K) may be found in Fig. 4.40. Similarly to the previous
discussion, a distinction between contributions from misoriented or homogeneously nucleated

YBCO grains and other secondary phases may be made. Observing the dependence of J,

@ (2:3) composition
© (3:6) composition
@ (3:7) composition
O (4:11) composition
@ Y-rich (4:11) composition
(a) 28 ® ' T T (b) 28 ® T T T T T T T
26 B 26 4 B
244 B 24 4 ]
{ ]
22 @ p 2] 8 ® ° L B
20 | p 20 p
& 184 B gg 18 [ J 1
£
5 16]@ 4 5 164 4
< 14 ] (5} ] < 141 ]
T u P I 5
< 124 i p = 12 ° B
S
solee {1 s e e .
84 @0 B 84 © B
640 p 6 ‘ p
44 r. ' - 44 @ ) -
24 ‘ [ B 24 o 4
0] % e o] o] 8 ]
T T T T T T T T T T T T T T T T T T T T T T T
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8
___Aw(103) (%) __Anl211) (o)
[Ain(103) + A, (005)] [Ain(211) + A;(005)]
(c) 28 1 ® T T T T T T T (d) 28 ® T T T T T T T
26 - B 26 - 4
24 1 24 p
[
22188 ® b e b 22 B
07 @ © 1 2018 p
< 181 ®Oe o o 1 <188 ]
5 16 o ® 1 58] ]
] ] < 141 ]
s 144 @ ° I g
< 12 [ ) i S 124@ ]
S10] @ ™ 1 e ]
84 @ (@) q 8@ (@) i
6 @) 1 6 p
44 !‘ @ ®oe ® B 4A' B
24 a» ... 4 2] o ]
0] 0 @ 1 0 0 ® L © 3
T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 0 10 30 40 50 60 70
__Am(225) (o) Ay (alb-grains) ___ (%)
[A(225) + A,,,(005)] [Ai(a/b-grains) + A;,(005)]

FIGURE 4.40: J, (measured at 5 K) dependence on the contribution of (a) YBCO (103) grains,
(b) (211) secondary phase, (c) (225) secondary phase, and (d) a/b-grains for the films of the five

liquid compositions grown in the processing conditions shown in Fig. 4.39.

on the presence of YBCO (103) and a/b-grains, it is evident that the increased presence
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of these phases is leading to a significant drop in the physical properties. In line with the
results presented until now, this is principally found in the films of compositions with low
copper content, where the elevated supersaturation conditions intrinsic to the transient liquid
are unfavourable for the nucleation of the sole c-axis orientation of YBCO in the processing
conditions tested. No contributions from these phases are displayed by the films of copper-
rich compositions, leading to values of J, 5k of up to 28 MA cm~2. Liquid supersaturation
in these compositions seems to be optimal for the promotion of c-axis oriented stable YBCO
nuclei. Nonetheless, when considering the contributions of (211) and (225) secondary phases,
previously determined to be more significant in the compositions with larger copper-excess,
no specific correlation to the physical properties can be observed linked to the increase or de-
crease of the secondary phases in question. Hypothetically, these phases are exhibiting such
small grain sizes as to avoid the disruption of the film, thus creating no hindrances to current
percolation. Moreover, if present in the appropriate size range, these may act as natural pin-
ning centers and enhance physical properties through defect generation in the YBCO lattice,
demonstrated to increase vortex pinning [8, 189-191].

Microstructural analysis through TEM confirms this hypothesis. The cross-sectional STEM-
HAADF image shows the film displays homogeneous thickness of the epitaxial YBCO layer
with the presence of a large grain of CuO on the film surface (Fig. 4.41(a)). Considering
its size, the superficial position is desirable to avoid hindrances to current percolation, and as
previously mentioned, is indicative of a rapid heterogeneous nucleation consequently pushing
these grains to the surface. Nonetheless, despite several grains of secondary phases are ob-
served inside the film, their reduced sizes (< 100 nm) are not limiting the physical properties
through current blockage. Through the acquisition of STEM-EDX elemental maps acquired for
Ba L-edge, Y K-edge, Cu K-edge, and O K-edge, the identification of these secondary phases
is possible. As expected due to the liquid composition of this film, the secondary phases are
predominantly yttrium- and copper-rich, possibly identifiable with the mixed oxide Y,Cu,Os.
The additional minor presence of grains composed by barium and copper suggest the formation
of the mixed oxide of these elements. Epitaxial YBCO grown through TLAG is characterized
by (248) intergrowths, as observed in Fig. 4.41(b), and in this film, these are majorly present in
the upper portion. However, the growth of highly epitaxial YBCO is obtained, as displayed in
Fig. 4.41(c). The absence of a direct correlation between the prevailing presence of secondary
phases of (211) and (225) in films of Y-rich (4:11) liquid composition and an expected decrease
in the physical properties finds thus an explanation in the TEM images presented here. Despite
the formation of several grains of the aforementioned secondary phases, the superconducting
properties of the films of this composition display high-performance given the reduced size of
these grains which are not an obstacle to current percolation or present no major disruption of
the highly epitaxial grown YBCO.
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(b)

FIGURE 4.41: (a) Cross-sectional STEM-HAADF image of a film of Y-rich (4:11) composition
grown through TLAG Py, -route heating to a T, = 835 °C with the use of the fast heating ramp
ata POz,bm = 0.01 mbar and performing a pressure jump to POZ,final = 1 mbar. STEM-EDX
elemental maps are acquired on the region of the film indicated by a yellow rectangle for Ba
L-edge, Y K-edge, Cu K-edge, and O K-edge, and allow for the identification of the secondary
phases. (b) Evidence of the formation of long (248) intergrowths, distorting the YBCO lattice.
(c) HR-TEM displaying the growth of highly-epitaxial YBCO. Darker area is corresponding to
the substrate (STO) single crystal lattice.

Let us now consider the overall correlations of physical properties to the presence or absence
of the phases considered in this analysis. The most determinant cases are the ones of com-
plete absence of the analysed phase: if considering each individual composition, J,, values
are increasing when the contribution of the phase is close to zero. However, if considering the
global trend on the films of all the compositions studied, the low-copper content ones are yield-
ing films of decisively lower performance compared to the copper-rich films. This tendency is
visually distinguished in Fig. 4.42, where critical current density values are plotted as a func-
tion of the copper content in each liquid composition. (2:3) and (3:6) composition films exhibit
maximum J, values of 4 MA cm~2 and 14.5 MA cm™2, respectively. In contrast, besides the

higher maximum J, values, films deriving from the eutectic liquid composition and the ones
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with copper excess display critical current densities in a range of more elevated values, with

the lowest-performing cases coinciding with the leading ones from the compositions with less

copper.
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FIGURE 4.42: Values of J, measured at 5 K as a function of the copper content in each liquid

composition, relative to films grown through TLAG Po,-route described in this subsection.

Therefore, taking into account the best-performing films for each composition where the
presence of phases disrupting the epitaxial YBCO film is nonexistent or close to zero, further
parameters must be affecting the physical properties and seem to have a significant relation
between these and the specific transient liquid composition. In light of this, the final analy-
sis conducted on the films of different compositions described in this subsection has been a

thorough examination of the surface morphology from SEM images.

4.4.2.2 Morphological features of film surface

With the objective of attaining a complete evaluation, a system of classification of morpholog-
ical features observed in the SEM images has been developed. Firstly, a distinction between
"ideal surface morphology" and "contributions to current blockage" was made, and a definition
of each is now given. As illustrated in 4.2.1, "ideal surface morphology" is linked to highly
epitaxial YBCO, expected to be smooth and continuously homogeneous, with the possibility
of terrace-like steps characteristic of the liquid-assisted growth process. If the film under ex-
amination is deriving from a copper-rich composition, precipitates of copper oxide are to be
found as protrusions on the film surface in order to avoid hindering current percolation through
the c-axis YBCO. Conversely, "contributions to current blockage" are all of the phenomena
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linked to a disruption of the film continuity, such as dewetting, presence of grains deriving
from substrate-liquid reactivity (usually, needle-like formations), granular morphology which
is generally linked to a higher contribution of misoriented YBCO, and a/b-grains, which are
typically visible given their 90° orientation respect to the epitaxial film surface. Detailed ex-
planation of how these features were classified is given in Appendix D, specifically D.2.2.2.
Representative cases of surface morphology from films of the five liquid compositions in sev-
eral processing conditions are shown in the following Fig. 4.43, where the mentioned typical
features may be observed.
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FIGURE 4.43: SEM images of used for the analysis of surface morphological features of films
of the five liquid compositions grown through TLAG Py, -route, represented on a T- Py, diagram
with corresponding processing conditions.

One may notice how the compositions more rich in copper present a smooth surface with
the precipitates due to the excess of copper found as superficial precipitates, and in some cases
of the (4:11) or Y-rich (4:11) compositions, as dendritic-like structures. Major features con-
sidered to be hindering current percolation are most commonly visible in the films of lower
copper content liquids, which are exhibiting granular morphology and dewetting phenomena,

the latter mainly found in proximity of large grains of secondary phases or misoriented YBCO.

Following this evaluation, a method to visually represent an overview of this qualitative anal-
ysis had to be established. Considering the concomitant use of machine-learning based al-
gorithms in the group for the study of several parameters linked to the TLAG-CSD approach
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[156], categorical variables were chosen for the representation of these morphological features.
In this context, a binary model (0,1) was employed: when one of these surface characteristics
was present in the film, it was indicated with a 1, whereas a 0 was assigned to the complete
absence of such features. Through the use of this model, plots showing the correlation be-
tween the two distinguished morphological categories as a function of POZ,fina[ could be built
considering the two (constant) processing temperatures of 835 °C and 845 °C. The results are
displayed in Fig. 4.44. In these plots, the quantification of presence or absence is visibly iden-
tifiable and several considerations may be made. The stoichiometric (2:3) composition shows,
at both of the tested T,,,

phenomena contributing to current blockage in all of the selected Py, il conditions. The ele-

complete absence of a smooth surface and a persistent presence of

vated supersaturation intrinsic to this liquid composition is never successfully lowered enough
to promote full c-axis nucleation through variations of the processing conditions, resulting in
films with generally granular morphology at low PO,final and more elevated contributions due
to misorientation and homogeneous nucleation, with the addition of dewetting, when this pro-
cessing parameter is increased. This may be suggesting a different trend than what observed
in the studies of Y solubility as a function of P, reported in Chapter 1, specifically in 1.2.4.4,
where an increase of the latter parameter, at elevated temperatures, was linked to an increased
Y solubility in the melt, and thus a lowering of the supersaturation. Again, these studies were
performed in conditions of thermodynamical equilibrium, far from the out-of-equilibrium con-
ditions characteristic of TLAG. Here, the films of (2:3) composition, a liquid which displays an
intrinsically high supersaturation deriving from its stoichiometry, seems to show an increase
of the supersaturation when the Po,final final is increased.

Similar trend is observed in the films of (3:6) composition grown at low T,,, which nonethe-
less show an improvement at lower POz,fmaz conditions with the increase of temperature to 845
°C. This is anticipated by the data displayed in Fig. 1.15, in which the supersaturation when
considering one single melt composition may be importantly lowered through an increase in
temperature, as the Y solubility in the melt is enhanced. Nonetheless, with a POZ,finaI increase,
there seems to be a direct correlation to the liquid supersaturation, with the result of worsening
the nucleation conditions for c-axis YBCO. However, these results are suggesting the intrinsi-
cally elevated supersaturation for these compositions at the selected T-Poz,final conditions are
still excessive for the promotion of full c-axis nucleation: the formation of misoriented and
homogeneously nucleated YBCO in these films in addition to the fast growth rates typical of
TLAG are favouring the presence of secondary phases and other morphological phenomena
responsible for the impediment of critical current percolation, resulting in the general drop in
physical performances demonstrated in Fig. 4.42.

The eutectic composition is instead characterised by optimal surface morphology in all of the
tested growth conditions, with only exception being the film grown at lower temperature (835
°C) and at the highest final Poz,ﬁna[ tested (6.7 mbar): here, a highly granular morphology and

the absence of CuO precipitates on the surface of the film are indicating lower c-axis oriented
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FIGURE 4.44: Representation of the surface morphology analysis quantified through the use
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morphology and contributions to current blockage (as defined in the text) are displayed for films
grown at (a),(b) 835°C and (c),(d) 845 °C as a function of PO2 il
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YBCO resulting from the increase in supersaturation directly correlated to the extreme increase
in Pp,. The tendency of supersaturation with Py, variation is therefore an extremely relevant
one, and further investigation to fully evaluate the Y (or other RE) solubility with the increase
of this parameter is essential, especially in the working temperature range of TLAG.

The low supersaturation characteristic of the liquid composition with highest copper excess,
the (4:11), is favouring the formation of highly epitaxial films with optimal surface morphology
and complete absence of any phenomena linked to current impediment in all of the selected
POZ,fina[ values at 835 °C. Contrarily, in the only film of this composition tested at a higher
temperature, the combination of additionally elevated Py, is leading to a rough surface with
no copper oxide precipitates present, strong indication of an increased supersaturation of the
liquid and thus, promotion of homogeneous YBCO nucleation. The presence of higher solid
portion in the transient liquid of Y-rich (4:11) composition (thus higher supersaturation com-
pared to the case of (4:11) composition) seems instead to be detrimental for the achievement of

optimal surface morphology when low T, and low Py, il (coinciding with low supersatura-

et
tion due to processing conditions) are selected. However, the increase of the latter parameter
at the constant, low T, = 835 °C seems to be beneficial for an improvement towards an ide-
ally smooth epitaxial YBCO surface with protrusion of CuO precipitates. Additionally, the
increase in Ty, to 845 °C provides optimal conditions for films with smooth surfaces to be
obtained, presumably due to an enhancement of the Y solubility in the liquid (thus lowering
of the supersaturation), with only one condition of Poz.fim (2.8 mbar) showing dewetting phe-

nomena contiguous to visible grains of secondary phases.

Finally, a brief discussion is required after analysing the factors at the origin of the correlation
between the supersaturation of the transient liquid and the resulting physical performance of the
films, influenced by the contributions of secondary phases and misoriented or homogeneous
nucleation to the c-axis YBCO. Undoubtedly, this is a multi-parameter problem: several, dif-
ferent factors are to be favourably controlled in order to enhance the final physical performance
of the superconducting films. Additionally, small contributions of these are at the origin of im-
portant decrease in the physical properties, requiring a precise tuning of the supersaturation
through processing parameters for each liquid composition. As shown in Fig. 4.38, the texture
of the epitaxial YBCO film is a fundamental parameter to be controlled, and the decrease of the
Aw obtained from the rocking curves is directly linked to the increase of the physical properties
of the film, if other parameters are not affecting the outcome. However, it is evident that for
compositions of lower copper content, even when Aw values were reduced, no improvement
to the performance of the films could be achieved, suggesting other variables to be playing an
important role. In the tested processing conditions, however, the high supersaturation of the
melts deriving from the (2:3) and (3:6) compositions are greatly favouring the homogeneous
nucleation of YBCO, together with the presence of misoriented grains. Tuning the growth

parameters of T, and Pp, Final is not leading to a sufficient lowering of the intrinsically high
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supersaturation of these liquid compositions. Moreover, as reported in 4.2.6, the incomplete
elimination of BaCOj in the first step of TLAG, the low- Py, heating, may additionally result
in an inhomogeneous formation of the transient liquid, from which stable nuclei of secondary
phases may arise. This is further reflected in the highly defective surface morphology observed
for the films of these compositions, which exhibit granular morphology characteristic of poor
epitaxy. Due to the extreme growth rates of TLAG, in proximity of secondary phases or large
misoriented YBCO grains, dewetting phenomena are present, again a contribution to current
percolation impediment and the plausible cause of a general drop in the physical properties
of such films. To overcome such complications, higher processing temperatures are believed
to be beneficial for (2:3) and (3:6) composition films for two main reasons: firstly, the elim-
ination of BaCO5; would reach completion if higher T},, were employed, leading to the full
layer involved in the transient liquid formation. Secondly, considering the elevated percentage
of homogeneously nucleated YBCO determined in the tested processing conditions, it is as-
sumable that with higher temperature the supersaturation conditions would be shifted towards
heterogeneous nucleation, favouring the c-axis orientation of YBCO. However, through the
use of copper-rich liquid compositions, a general lowering of the supersaturation of the [Ba-
Cu-O] transient liquid is obtained, directly correlated to the attainment of highly epitaxial films
at lower temperature processing conditions, where the compositions of lower copper content
display mixed nucleation. Additionally, considering one of the future objectives is to facil-
itate the industrial application of the TLAG-CSD approach, higher processing temperatures
are generally undesirable, especially due to the global transition to more energetically efficient
processes for CCs production. For this reason, films deriving from the eutectic and the copper-
excess liquid compositions are more appealing towards the use in the industrial framework,
given the wide high epitaxy window found at lower temperatures. The lower supersaturation
characteristic of the transient liquids of these compositions are determining excellent hetero-
geneous nucleation in a wide region of Py, values together with the possibility of maintaining
a reduced temperature of the growth process. High-performance films are obtained in several
T-PO2 conditions in films of (3:7), (4:11) and Y-rich (4:11) compositions, demonstrating that
a careful control of the transient liquid supersaturation contributes to the achievement of full
c-axis YBCO nucleation with negligible presence of secondary phases and optimal surface
morphology. Moreover, the optimization of the kinetic parameter of the heating ramp results
in the reduction of coarsening phenomena: despite the films of Y-rich (4:11) composition ex-
perience the formation of significant amounts of (211) and (225) secondary phases, their small
grain sizes were proven to be of no obstruction to current percolation and high critical current
densities were obtained in several growth conditions from the transient liquid of this specific

stoichiometry.
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In Chapter 3, the investigation of different variations to the optimised solution for YBCO
film fabrication have been motivated and presented. In section 3.3, various RE metal propi-
onate precursors have been employed for the preparation of precursor solutions of the SmBCO,
GdBCO and YbBCO systems. Contrarily, section 3.4 was entirely devoted to an implemen-
tation of not previously introduced amine compounds as additives for the YBCO precursor
solution. In both of the presented cases, metal-organic solutions with desired rheological and
chemical features were obtained, and those led to the preparation of homogeneous nanocrys-
talline precursor films with the required microstructural characteristics for their growth through
TLAG. In the following two sections, the preliminary results deriving from the application of
such films in TLAG Py, -route will be presented, demonstrating the feasibility of TLAG for
REBCO systems other than YBCO and additionally the prospect of having a wide range of

chemical solutions to choose from depending on the deposition or film requirements.

4.5 TLAG of REBCO (RE = Sm, Gd, Yb) films

Initial testing on REBCO (RE = Sm, Gd, Yb) films deriving from metal-organic chemical so-
lutions in which the Y(Prop); precursor has been substituted with Sm(Prop);, Gd(Prop);, and
Yb(Prop)s, as described in detail in 3.3, led to interesting considerations for a possible imple-
mentation of TLAG to the fabrication of various REBCO systems. Following the literature
analysis reported in 1.2.4.4, the change of RE is directly correlated to a substantial variation of
the supersaturation conditions of the system, given each RE presents characteristic solubility in
the same [Ba-Cu-O] melt [74, 76, 79]. Despite the information in the range of processing con-
ditions close to TLAG is at the moment unavailable, the anticipated difference in RE solubility
is considered an appealing strategy to vary the supersaturation, and thus promote the c-axis
nucleation in the same [Ba-Cu-O] liquid composition®. As previously stated, the significance
of varying the RE is the broad variety of possible applications of each REBCO superconductor.
Considering YBCO as a reference, if Y is substituted with Sm or Gd, their use in a wider range
of magnetic field values may be implemented due to their fundamentally higher irreversibility
line which, in the specific case of these REBCO systems, yields higher critical temperature
values compared to YBCO. This property is demonstrated to enhance significantly flux pin-
ning phenomena and, consequently, critical current density values [120, 172—174]. Contrarily,
the use of Yb instead of Y finds great relevance towards the reduction of processing temper-
atures, particularly interesting when implementing industrial methods with higher energetic
efficiency. This important feature is the result of YbBCO optimal nucleation conditions being
significantly lower than YBCO, again due to an intrinsic difference in the solubility of this
RE in the transient liquid, varying importantly the supersaturation of the system [127, 175].
Additionally, among the approaches employed to enlarge the high epitaxy window and, thus,

81n this section, only films of (3:7) composition have been considered.
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the processing conditions, solutions with RE mixtures have been optimised with encouraging
outcomes, the most common system being Y, ;Gd( 3Ba,Cu;0;_s ((Y,Gd)123) [205, 206].

Given the different solubility of each RE in the [Ba-Cu-O] transient liquid, with the general
tendency yet to be accurately determined (see 1.2.4.4, specifically Fig. 1.22), even more com-
pelling in the out-of-equilibrium TLAG conditions, the processing conditions had to be chosen
specifically depending on each REBCO film. Due to time constraints, and being this solely
an initial testing with a proof-of-concept objective, a small number of 7-Fy, conditions were
tested for each case. Fig. 4.45 reports a comparison between the optimal result achieved for
each REBCO, considering YBCO as the "standard criterion”. The low-Pp  heating was per-
formed for all films at Py, = 107 bar, with average heating rate of d7'/dt = 1.4°Cs~!, and
finally performing a pressure jump to POZ,final = 1.8 mbar. With SmBCO and GdBCO systems
displaying higher RE solubility at higher temperatures in 1.22, it was anticipated that a lower
supersaturation, and thus higher c-axis nucleation, would be achieved for higher temperatures
if compared to the case of YBCO. Therefore, these films were grown selecting the same pro-
cessing temperature of T,, = 870 °C, approximately 30 °C higher than the optimal one for
YBCO. From the GADDS 2D-XRD images, it is clear how both these films show a highly
epitaxial orientation of REBCO, with narrow spots corresponding to the (001) reflections. No
presence of secondary phases is observed in the corresponding integrated XRD patterns, other
than peaks from copper oxides CuO and Cu,O, expected given the intrinsic copper excess of
these films’. In the case of SmBCO, a minor contribution from a mixed oxide of barium and
copper phase is observed, preventable with a more extensive tuning of the growth conditions.
Optimal surface morphology is obtained for the case of GABCO, which is displaying a highly
smooth surface, indication of a high c-axis orientation, with, in addition, the copper excess in
form of oxide precipitates successfully pushed to the film surface. As determined in section
4.3, nucleation conditions in films of (3:7) composition must ensure the expulsion of the in-
trinsic copper excess (due to the stoichiometry of the transient liquid) to the film surface to
avoid current percolation impediment and, thus, ensuring high-performance films. For what
concerns SmBCO, the flat surface is disrupted by several pores. Small, superficial grains of
CuO are visible, together with larger grains of a solid phase of barium and copper species (con-
firmed by EDX shown in Fig. D.14). These features are an indication of non-optimal c-axis
nucleation conditions, especially complex when considering SmBCO, given the similar atomic
radii of Sm and Ba (2.59 A and 2.78 A, respectively) which commonly allows for Sm/Ba sub-
stitution in the perovskite-type structure [ 174]. Nonetheless, the high epitaxy displayed by this
film is demonstrating the feasibility of TLAG for the growth of this REBCO system, once the

processing parameters will be correctly controlled.

9 A reminder for the reader: the study of REBCO films has been exclusively conducted employing solutions of
(3:7) composition to avoid further complications originated by variation of the supersaturation conditions, given the
limited knowledge regarding RE solubility in the [Ba-Cu-O] transient liquid
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FIGURE 4.45: Comparison between the films of different REBCO systems grown through TLAG
PO2 -route. From top to bottom, following the increasing ionic radius of the RE: YbBCO, YBCO,
GdBCO, SmBCO. (Left) Integration in y of the 2D-XRD (center). Peak identification is indi-
cated in the top panel of the integrated XRD, and shaded areas are extended to all the lower

panels. (Right) Surface morphology displayed by the SEM images relative to each film.

Conversely, the selected temperature for the TLAG process on the film of YbBCO was set to
T,.; =785 °C, significantly lower than the YBCO case, due to the lower peritectic temperature
of YbBCO respect to the one of the YBCO system. Moreover, according to the data presented
in Fig. 1.22, the solubility of Yb in the [Ba-Cu-O] melt at low temperatures is seen to be
higher than the one presented by Y, with the consequence of a lower liquid supersaturation,
directly linked to higher c-axis YbBCO nucleation [113]. However, a consideration regarding
the process must be made at this point. As presented in section 4.2, the complete elimina-
tion of BaCOj5 is mandatory before performing the pressure jump, given the removal of this
species is the limiting step of the reaction. In the YBCO films quenched at various, increasing
temperatures (Fig. 4.7), it is evident how, at a T}, = 760 °C, BaCOj is still showing an impor-
tant contribution in the film. Therefore, performing the pressure jump from such unfavourable

initial conditions implies an additional complication towards the epitaxial nucleation, as the
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remaining BaCO; must react to form BaCu,O, in order for this phase to participate in the tran-
sient liquid generation. This is possibly varying considerably the supersaturation conditions
of this liquid, and leads to a slight misorientation around the c-axis of the final YbBCO. An
important contribution due to secondary phases is additionally evident in the integrated 2D-
XRD pattern. However, the SEM image displays a rather smooth surface morphology with
presence of CuO grains, indicating the supersaturation conditions to be close to the optimal
for high c-axis nucleation and a possible improvement is anticipated with further optimization
of the processing parameters.

Fig. 4.46 evidences the variations in the rocking curves (@w-scans) presented by the four RE-
BCO films considered in this section. As explained above, the GABCO film results in high
epitaxy after the TLAG process, yielding a rocking curve with Aw = 0.17°, comparable with
the value registered for the YBCO case in the optimised growth conditions (Aw = 0.18°).
SmBCO film presents a broader rocking curve, with Aw = 0.38°, demonstrating the misorien-
tation observed in the XRD patterns is significantly contributing to a reduction of the epitaxial
texture. However, the most unfavourable outcome is obtained for the YbBCO film, in which

substantial misorientation around the c-axis YbBCO results in an elevated value of Aw = 0.50°.
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FIGURE 4.46: Rocking curves of the four REBCO systems grown through TLAG Py, -route
described in this section. Values of Aw are indicated in the inset with corresponding colour as

the rocking curve relative to each film.

Considering these results, the liquid supersaturation is supposed to be optimal for the cases
of GABCO and YBCO at the selected processing conditions. The necessary increase in temper-
ature going from YBCO to GdBCO seems to be in accordance with the trend observed in the
data deriving from literature reported in Fig. 1.22 at higher temperatures: the increased ionic
radius of the RE results in its higher solubility in the [Ba-Cu-O] melt of the same composition,
and the consequent lowering of the liquid supersaturation results in high c-axis nucleation.
Conversely, the supersaturation conditions in the cases of SmBCO and YbBCO appear to be

too elevated for the promotion of a fully epitaxial nucleation. Following the trend observed in
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Fig. 1.22, Sm solubility in the [Ba-Cu-O] melt is highly enhanced when higher temperatures
are selected. The degree of misorientation observed in the 2D-XRD of the film of this REBCO
system is suggesting an increase in the growth temperature would be beneficial towards lower-
ing of the supersaturation, and the subsequent improvement of the epitaxial texture. Similarly,
the misorientation in the film of YbBCO is indicating the nucleation to be originated from ex-
cessive supersaturation conditions. The promotion of c-axis YbBCO nucleation requires for a
decrease of the supersaturation, obtained through enhancement of the Yb solubility in the tran-
sient liquid. This may be attained through either a slight thermal increase at the same Poz,ﬁnal
or through a decrease of the latter parameter (based on the correlation between supersaturation
and PO2,f[naI observed in TLAG films of YBCO described in the previous sections). Overall,
given the proof-of-concept nature of this study and the limited time dedicated to the optimiza-
tion, the presented results are considered satisfactory and highly epitaxial REBCO films are
anticipated through minor tuning of the growth conditions.

Finally, physical properties measured on these films confirm the need for further efforts to-
wards a more accurate optimization of TLAG for the REBCO systems analysed here (Fig.
4.47), as was previously carried out for YBCO films which, here, display the highest critical

current density values of the four REBCO systems considered. Despite the values of J,

(a) e = B MACM 4 MAVem? b ersmendt K (b) T=—vweco
e, 77K = 2+ cm 14
10 \-J*: MAjcm? —e— YBCO
Dy, —e— GdBCO
! e, \\ —o— SmBCO :
1] o N .\ , 0,8 o
n Y
£ Iy ® Q ‘\ .I
= 0.05 MA/cm*®, ®
2 o] e Twio || Fosq
s " e, 6 Y ¢
:u (Qb‘ \o .\o ®
0,01 4 %\O % 0,4 °
Vool
—e— YbBCO 1 e 4
0,001 4707 020 o\ \ 0.2
—e— GdBCO % 1
—o— SmBCO R Y °
1E-4 T T T T T T T T 0 T T T T T
10 20 30 40 50 60 70 80 90 65 70 75 80 85 90
Temperature (K) Temperature (K)

FIGURE 4.47: (a) J, curves as a function of temperature measured through SQUID magnetom-

etry at 5 K and 77 K for the films of the four REBCO systems grown through TLAG described

in this section. (b) T, curves from resistivity as a function of temperature for the same films in
(a), obtained through the Van der Pauw method normalized to each value at 95 K.

registered for YbBCO are promising, exhibiting 9.4 MA cm™2 and 0.9 MA cm~2 at 5 K and
77 K, respectively, the other REBCO systems present lowering of the physical performance.
The GdBCO film additionally exhibits high J, at 5 K, with a value of 7.6 MA cm™2, however
followed by an extreme drop to null values at 77 K. Similarly, the extreme case of SmBCO
displays null values at both temperatures. This effect is believed to be caused by an inade-
quate oxygenation process following the growth, presumably yielding a low degree of oxygen
doping in the REBCO structure. An additional indication of this is the exceptionally broad
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transitions displayed from the 7, curves from resistivity obtained through the Van der Pauw
method, shown in Fig. 4.47(b), reflecting an inhomogeneous oxygen distribution within the
samples [207]. Complications during the oxygen in-diffusion process are common in REBCO
systems, and several efforts are being made to understand the kinetics of the oxygen diffusion
process, especially important for CCs fabrication [208, 209].

The preliminary results obtained for the three REBCO systems other than YBCO implemented
in this thesis are demonstrating true feasibility of the application of TLAG to the fabrication
of REBCO superconducting films. Moreover, the preparation of such films through the depo-
sition of the optimised solution in which the in-house synthesized metal propionates of Sm,
Gd and Yb were employed proves that the entire TLAG-CSD approach may be extended to
other systems with favourable outcomes. Nonetheless, further optimization of the process-
ing conditions for each REBCO system should be carried out to ensure the achievement of

high-performance properties comparable to the in-depth studied case of YBCO.

4.6 TLAG of YBCO films deriving from solutions with dif-

ferent amine additives

In Chapter 3, specifically in section 3.4, a vast analysis of possible amine additives to substitute
MEA in the metal-organic chemical solution employed for the CSD of YBCO superconducting
films has been presented, assessing the effect of the chemical properties on the complexation
achievable with the metal propionate precursors in solution. Despite several amine compounds
showed interesting results, a major focus was set on two cases: ethylenediamine (En) and the
mixture of MEA with pyridine (Py), each of them being a promising representative of the two
families of amine compounds tested (aliphatic and aromatic, respectively).

In this subsection, an analysis of the growth of these films through TLAG Py, -route will be
presented. Similarly to the case of the films deriving from the optimised solution with MEA,
the initial stage of this study was to ensure the complete elimination of BaCO5 during the low-
P, heating. Therefore, a quench process for each film has been carried out and the resulting
GIXRD are displayed in Fig. 4.48. In both films from solutions with En and MEA-Py mixture,
only a minor contribution from BaCOj; phases is visible, with the latter film showing exclu-
sively a small peak from the monoclinic phase. This may be due to the small microstructural
variations observed in the TEM of this film after pyrolysis (Fig. 3.68): the grain size of BaCO4
was found to be larger in average compared to the films from optimised solutions with MEA,
presumably due to the doubled thickness after pyrolysis of one layer in this case, which may
lead to variations in the decomposition temperature of the metal-organic precursors during the
thermal treatment. Nonetheless, the full elimination of the barium precursor phase is believed
to be possible in such film through the selection of a moderately higher processing temperature.

For the film deriving from the solution with En, the extremely elevated thickness (estimated
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1200 + 50 nm), is believed to be the reason behind BaCOj still being present in the film, in

spite of the orthorhombic and monoclinic contributions to be negligible. The rough
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FIGURE 4.48: GIXRD of films deriving from solutions with different amine additives following
the quench process: mixture of MEA and Py (aquamarine solid line) and En (purple solid line).
Optimised solution with MEA is shown as reference for this comparison (red solid line). The
processing conditions for the three films are identical: T, = 835 °C, with average heating rate
of dT /dt = 1.4 °C s~! and POz,bw =107 bar. BaCO; orthorhombic and monoclinic principal
contributions are identified by highlighted areas corresponding to their 260 peak positions, respec-

tively dark green and light green.

surface of this particular film does not allow for TEM analysis to be conducted through con-
ventional sample preparation methods, and microstructural analysis of the nanocrystalline
precursor film prior to TLAG is at the moment pending. Despite BaCOj; is present in both
films, the insignificant contributions are believed not to be a hindrance to the growth of YBCO
through TLAG, especially given the fact that the majoritarian crystalline phase present in both
quenched films is the desired mixed oxide of BaCu,0,, with comparable crystallinity to the
optimised case of a film prepared from a solution with MEA.

Fig. 4.49 displays the results of TLAG Py, -route on the films from solutions with different

amine additives mentioned up to now. Undoubtedly evident from the 2D-XRD images, all the
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FIGURE 4.49: Comparison between the YBCO films obtained from solutions of different amine
additives grown through TLAG Py, -route. From top to bottom, films from solutions with: MEA
(shown for reference purposes), mixture of MEA and Py (1 layer of a solution of 2 M concentra-
tion in sum of metal salts, reaching a final thickness of 400 nm of YBCO after growth), mixture
of MEA and Py (1 layer of a solution of 2.5 M concentration in sum of metal salts, reaching a
final thickness of 600 nm of YBCO after growth), En. 2D-XRD images acquired from GADDS
(center) and corresponding integration in y (left). Peak identification is indicated in the top panel
of the integrated XRD, and shaded areas are extended to all lower panels. (Right) Surface mor-

phology displayed by SEM images relative to each film.

films lead to a highly epitaxial orientation of YBCO, and the presence of secondary phases
is exclusively relative to reflections of CuO and Cu,O species, expected given excess of cop-
per contained in the eutectic transient liquid composition of these films. Moreover, the SEM
images are showing optimal surface morphology features. Comparing the obtained results to
the film deriving from an optimised solution with MEA as a reference of the ideal surface
morphology, exhibiting the characteristic flat surface of the c-axis YBCO and superficial CuO
precipitates, the films from solutions with MEA-Py mixture and En display similar quality. In
the case of the film of higher thickness prepared from a solution with MEA-Py, the CuO on
the surface is present as dendritic-like structures, previously observed in films of (4:11) com-

position. This unusual shape may be caused by different parameters governing the nucleation
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process of CuO in films of such composition due to the copper excess, which are resembling
the situation in the film described here, given its elevated thickness and minor microstructural
deviations from the optimal case with MEA.

Texture analysis to determine out-of-plane tilt of the c-axis oriented YBCO was carried out
and the rocking curves (w-scans) of the four cases are reported in Fig. 4.50. The film prepared
through a solution with MEA-Py mixture of 2 M concentration in sum of metal salts yields a
similar final YBCO thickness to a film obtained with the optimised solution with MEA only:
given the optimal processing conditions for the growth of the latter case were selected here,
one may observe how comparable values of Aw are achieved (respectively, 0.17° and 0.18°),

indicating highly epitaxial YBCO.
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FIGURE 4.50: Rocking curves of the films deriving from solutions with different amine additives

(optimised solution with MEA shown as reference) grown through TLAG Py, -route described

in this subsection. Values of Aw are indicated in the inset, in the colour corresponding to the
rocking curve relative to each film.

Contrarily, the epitaxy of the thicker films, specifically the ones deriving from the solution
with MEA-Py mixture and from the solution with En, present broader rocking curves resulting
in larger Aw values, being 0.40° and 0.27° respectively. While the latter is in line with previ-
ously reported Aw values for high-performance YBCO films, the lower epitaxy of the former
may be ascribed to the fact that the processing conditions must be adjusted to the more elevated
thickness of this specific film, here favouring a mixed homogeneous and heterogeneous YBCO
nucleation. Further, straightforward optimization of the processing conditions is believed to
lead to a film exhibiting full c-axis YBCO orientation, given no exceptional complications
were encountered in the growth of such film.

Physical properties have been measured on all of the above mentioned films, and the J,. and
T, curves as functions of temperature are shown in Fig. 4.51. Despite the J, curves showing
lower values compared to the reference film obtained from deposition of an optimised solution
with MEA only, the physical properties exhibited by the films studied in this subsection are
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found to be encouraging for the possible implementation of metal-organic solutions of various
chemical characteristics for the fabrication of epitaxial YBCO films. Higher values of J, are
assumed to be readily obtained following a thorough optimization of the growth conditions,
according to the corresponding film characteristics. Nonetheless, the T, curves are showing
superconducting transition to occur at 90 K or over for all of the films and sharp transitions
with AT, values consistently below 7 K. The T, values close to the reported 90-92 K for YBCO
[4] are demonstrating the feasibility of these kind of solutions for the epitaxial growth of high-
performance YBCO through TLAG. Moreover, such elevated T, values are a demonstration
of no carbon contamination on the grain boundaries of the grown YBCO, confirming no hin-
drance to the full decomposition of all organic matter is occurring during the pyrolysis process
regardless of the new additive employed.
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FIGURE 4.51: (a) J, and (b) T, curves for the films deriving from solutions with different amine

additives, showing the curves of the grown film from the optimised solution with MEA as a

reference case. Values of J,, at 5 K and 77 K are indicated on the plot in (a), in the same colour

corresponding to the curve relative to each film, similarly for the values of AT, indicated on the
plot in (b).

The preliminary results reported in this subsection are demonstrating the great potential of
the TLAG-CSD methodology for the growth of epitaxial YBCO films, with possibility of tun-
ing the chemical and rheological properties of the precursor solution according to the require-
ments of either deposition technique or desired film characteristics. In this thesis, a variety
of amine additives has been tested and only two compounds have been considered for the ap-
plication to the final step of the growth through TLAG. Through the implementation of these
new amine additives, the thickness of the film was successfully enhanced resulting in highly
epitaxial YBCO films and maintaining competitive physical performance. Moreover, the dif-
ferent amine additives provide variations to the solution rheology, which are anticipated to be
the foundation towards the development of a large selection of solution possibilities and attain-
ment of a plethora of optimized precursor solutions for the growth of YBCO through TLAG.



238 Kinetic control of the TLAG process: intermediate phases and epitaxy development

However, further experimental work on this topic is believed to be of significant impact and

several other amine compounds may be implemented with successful outcome.

4.7 Conclusions

A complete analysis of several parameters controlling the growth of YBCO through TLAG
has been conducted in this chapter. An initial, detailed investigation regrading the widely sup-
posed complicated elimination of BaCO5 from the films described in this thesis was reported.
Despite the presence of this phase was demonstrated not to be of any limitation towards its
elimination in previously studied films through TLAG, the significant microstructural differ-
ences presented by the films developed employing the novel metal-organic chemical solution
(object of Chapter 3) compared to former cases resulted in the mandatory examination of this
process. BaCO; was successfully eliminated from films of different thickness and different
liquid compositions following a careful optimization process which consisted in the tuning of
kinetic parameters, observed to be useful in the regulation of the kinetically-controlled CO,
out-diffusion through which the barium precursor phase can be removed. Insights on the mech-
anism of BaCO; elimination were given, and the feasibility of its removal in all of the films
presented here has been demonstrated, showing the first step of TLAG Py, -route is yielding
the desired crystalline phases of BaCu,0O, and Cu,O with optimal microstructural features for
the successive [Ba-Cu-O] transient liquid formation.

The optimization of TLAG Py, -route on films of eutectic compositions led to the understand-
ing of how kinetic parameters are controlling the epitaxial nucleation of YBCO: regulation
of the heating rate, achievable through an important modification of the experimental set-up,
resulted crucial to reduce the coarsening and coalescence of grains of secondary phases. The
presence of these in YBCO films grown through the use of a slow heating ramp are seen to
detrimentally decrease the superconducting properties, and a major enhancement of the possi-
ble window of processing parameters resulting in c-axis YBCO nucleation (and thus, physical
properties) is demonstrated when the heating rate is increased from 0.2 °C s~! to 1.4 °C s~
Additionally, initial investigations on TLAG of thick films resulted in the achievement of high-
performance films of almost 1 ym, boosting the possibilities of application of TLAG-CSD to
the industrial framework.

Further knowledge regarding the complicated control of liquid supersaturation has been ob-
tained from the vast analysis of films of different compositions grown through TLAG Py, -
route. The generally high supersaturation of (2:3) and (3:6) liquid compositions resulted in
the promotion of mixed homogeneous and heterogeneous YBCO nucleation in all of the tested
conditions, suggesting the necessity for higher processing temperatures to be achieved. The
addition of higher amounts of copper to the stoichiometry of the initial metal-organic chemical

solution yields liquid compositions of greater copper excess, namely (3:7), (4:11) and Y-rich
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(4:11) compositions. The intrinsically lower supersaturation conditions are here greatly favour-
ing full c-axis YBCO nucleation and growth in the majority of the tested processing conditions.
Nonetheless, a comprehensive analysis of the contribution of secondary phases and of the sur-
face morphology of all films was pivotal to deeply understand the growth mechanism from
these various liquid compositions, shining new light on the relevance of liquid supersaturation
in the innovative growth of YBCO through TLAG.

Finally, preliminary studies of TLAG on films deriving from variations of the optimized solu-
tion with MEA were tested with promising results. The growth of three REBCO systems other
than YBCO, specifically SmBCO, GdBCO and YbBCO, led to the achievement of epitaxial
films with good surface morphology. Further optimization of the growth parameters is needed
to improve the physical performance of such films. Nonetheless, the reported results are set-
ting an encouraging foundation for the application of TLAG to other highly interesting REBCO
systems, widening the possibilities of TLAG for CCs fabrication. The growth of YBCO from
films deriving from solutions with different amine additives (respectively, En and a mixture of
MEA and Py) resulted in highly epitaxial films with good physical properties and optimal film
morphology, demonstrating the feasibility of a wide variety of metal-organic chemical solu-
tions to select from, according to deposition requirements or microstructural preferences of the
final films. The introduction of new amines has led to the attainment of an important thickness
increase: the enhanced solubility of the metal propionate powder precursors resulting from
the improved coordination between the Cu(Prop), and the newly employed amine compounds
allowed for higher concentrations of the precursor solutions to be reached, as explained in 3.4.
This led, in the specific case of the mixture of MEA and Py for example, to thickness of one
layer being the same as the thickness resulting from a doublefold deposition deriving from a
solution with MEA only. The highly epitaxial YBCO obtained from the growth of the films in
which new amine additives have been employed sets a promising foundation for the increase of
film thickness through modulation of solution properties, especially interesting for industrial
applications or when different deposition methods are implemented, each demanding prede-

fined requirements.






Understanding the kinetic
mechanism of TLAG through in-situ
XRD experiments

The previous chapter demonstrated the unquestionable potential of TLAG for the attainment of
reproducible, high-performance superconducting films through this innovative, high-throughput
method based on the inexpensive chemical solutions described in Chapter 3. Exemplary epi-
taxy and elevated J, values could be obtained for films of different compositions of the tran-
sient liquid and films of different thickness. The sole use of ex-situ techniques allowed for
assumptions and trends to be observed and postulated. The entirety of the present chapter,
contrarily, will be devoted exclusively to unravelling the mechanisms occurring during the
TLAG process by means of a detailed analysis of numerous in-situ XRD experiments car-
ried out during the time of this PhD thesis. Two synchrotron facilities hosted a total of five
beamtimes in which the experiments were conducted: three stays at the DiffAbs Beamline at
SOLEIL Synchrotron in Saint-Aubin, France, under the guidance of Beamline Scientist Dr.
Cristian Mocuta, and two stays at the NCD-Sweet Beamline at ALBA Synchrotron in Cer-
danyola del Valles, Spain, with the support of Beamline Scientist Dr. Eduardo Solano. The
development of a custom-made set-up aided in recreating the experimental conditions of the
standard ex-sifu experiments performed at ICMAB, and it was upgraded during the years ac-
cording to the complications encountered. The strategies to overcome eventual difficulties and
understand the complex kinetic mechanisms at the base of TLAG will be carefully explained,
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yielding valuable, novel, and detailed knowledge for a further optimization of YBCO growth
through the TLAG-CSD approach.

5.1 Objectives

Several of the cardinal points that have to be fulfilled in order to grow highly epitaxial YBCO
films through the TLAG process have been previously explained in Chapter 4. Through the
fulfillment of those and a thorough optimization of the processing conditions, the resulting
films displayed epitaxial texture and competitive physical properties.

The great advantage of in-situ XRD experiments is the possibility of observing the phase trans-
formation during the entire growth process, clearly evidencing which of those are governing
the process and which processing parameters are the most relevant. From the description of
the TLAG mechanism in Chapter 1, it is evident how the complete elimination of BaCO; is
necessary for the epitaxial growth, as its removal via its reaction with CuO to yield solid phases
of BaCu,0, and Cu,O is the limiting step prior to the formation of the transient liquid. Some
considerations must be made before entering the detailed analysis of the in-sifu experiments.
The initial microstructural characteristics of the films resulting from the pyrolysis process have
been found optimal for the ex-situ growth through TLAG in the tubular furnace described in
Chapter 4, in which the large volume of the sample environment in the furnace is avoiding
stagnation of evolved gases, facilitating CO, exchange and thus the elimination of BaCO;.
Contrarily, the reduced volume of the conduction-type Anton-Paar furnace employed in the
in-situ set-up has previously been linked to unfavourable gas flow conditions [52]. This may
compel for novel experimental strategies to be adopted in order to overcome the effects arising
from this problem. A schematic representation and full description of the custom-made ex-
perimental set-up employed in the in-situ XRD experiments performed in the two synchrotron
facilities may be found in Appendix E. The processing conditions adopted throughout all in-
situ experiments are the result of a set of experimental trials (not discussed here) which led to

the determination of the following:

e A heating ramp of 4.5 °C s~ (300 °C min~!) has been used in the majority of the in-
situ experiments. This is higher than the heating ramp of the optimal ex-sifu conditions,
which was limited to an average of 1.4 °C s~! due to the furnace heating capacity. The
fast heating ramp results beneficial to avoid coarsening effects during the heating, main-
taining the small sizes of the nanocrystalline phases and ensuring fast reactivity in the

TLAG process. If not specified otherwise, this is the selected value.

e A gas flow of 500 mL min~!' employed during the pressure jump step has shown im-
provement in YBCO epitaxy respect to more reduced values tested. This was the maxi-
mum gas flow possible with the combination of mass-flows available in the experimental

set-up.



5.1. Objectives 243

o Setting the final total pressure (Pr7) of the experiment to elevated values has resulted
in majorly c-axis YBCO, contrarily to the cases of lower values which, instead, favoured
homogeneous nucleation. As explained in the description of the experimental set-up in
Appendix E, in this growth system, differently from the one employed at ICMAB for
growth processes (described in D.1), the Pror # PO2, therefore the use of mass-flows
ensured the desired Py, corresponding to each value of Pror selected in the experi-
ments. A Pror of 32, 35 or 100 mbar was employed in the experiments described in

this chapter, and the exact value will be specified when relevant.

e The value of the move valve set to 100% ensures the fastest pressure jump possible in
the custom-made set-up. The importance of a fast transition between low- and high-
pressure systems is pivotal, as this step coincides with the transient liquid formation.
Being TLAG a kinetically-driven process, if the system crosses slowly areas of the phase
diagram in which solid secondary phases are thermodynamically preferred, it is possible
for those to be formed preferentially, thus hindering the correct formation of the transient
liquid and, consequently, of highly epitaxial YBCO film. Further studies resulting from
the variation of the opening of the move valve are anticipated to be of great interest,

however were not the object of the experiments described in this thesis.

Regarding the acquisition time of the experiments, mainly two ranges have been employed.
Initially, a 2D-XRD frame was acquired every 100 ms during the entire experiment. Despite
this being the favoured option when analyzing the behaviour of the precursor phases in the first
step of the process (low-pressure heating), given their low intensities, it was clear that during
the nucleation and growth of YBCO (during the pressure jump) valuable information was be-
ing lost due to the ultrafast nature of the growth process. For this reason, in collaboration
with Beamline Scientist Dr. Cristian Mocuta of DiffAbs Beamline at SOLEIL Synchrotron,
experiments with ultrafast acquisition times were implemented, reducing this time to only 2
ms per frame. This allowed for the unprecedented following of the processes occurring during
the pressure jump, when the precursor phases react to form the transient liquid and YBCO
nucleation and growth takes place. A complete description of how the data presented in this
chapter was acquired and the methods used for its analysis is reported in E.1.2.

One must consider that the development and adaptation of the experimental conditions re-
quired for the in-situ growth of YBCO through the TLAG Py, -route was particularly demand-
ing. In the initial beamtime runs during the time of this thesis, the vacuum set-up was carried
dismounted to the beamline and assembled there prior to the experiments. The Anton-Paar
furnace was provided by the beamline, thus no previous optimization of the thermal profiles
could be implemented given the short, valuable time available for in-situ experiments. The
work conducted in previous theses had already evidenced a complicated control of the pres-
sure jump in the in-sifu experimental set-up [51, 52, 54], and the experiments described in

this chapter are no difference. Large variations in the selected temperature and the step of the
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pressure jump have been observed throughout the various beamtime runs, and are believed
to be linked to the slight modifications in the assembling of the vacuum system: after every
set of experiments, novel information would lead to the implementation of changes in the set-
up, thought to overcome experimental difficulties encountered during the in-situ experiments.
However, owing to the entrance of gas in the confined sample environment at the time of the
pressure jump, a different thermal response from the Anton-Paar inductive furnace was ob-
served. In some cases, overshoots of up to 20 °C were occurring during the pressure variation,
whereas in others, the entrance of gas coincided with a drop in temperature and the following
oscillation to establish the initially determined T,,. Some examples of such thermal profiles

are shown in the following Fig. 5.1.
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FIGURE 5.1: Examples of the thermal profiles of experiments deriving from the (a) second

and (b) fifth beamtime runs carried out throughout this thesis work. In both experiments the

Pror was set to 100 mbar and the Pp, approximately 7 mbar. The differences in the set-up

configuration resulted in a large overshoot in the former case, and a drop in temperature in the
latter one at the time of the pressure jump.

As previously stated, the moment of the pressure jump is corresponding to the formation
of the transient liquid and the initiation of YBCO nucleation and its successive growth. Un-
controlled variations of the processing conditions and irreproducibility of this delicate step
resulted in pressure jumps of various speeds: reaching the desired final pressure in a long time
range is inevitably worsening the epitaxial nucleation. Nonetheless, at the time, no further
set-up optimization was allowed, and attempts to deal with the complications arising from this
were made in several ways. The realization that the strict control of the processing conditions
was not ensured led to the construction of a movable rack through a project in collaboration
with ALBA Synchrotron (PTI+TransEner CSIC programme for Spanish NGEU). This allows
for the set-up to be mounted and optimized prior to beamtime experiments to fully control
the system and overcome any possible difficulty previously encountered. However, during the
time of this thesis, only initial experimental trials could be carried out with this system, and

a complete control of the processing conditions was still under process. At present, further
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work is being conducted to implement reproducible growth processes with successful out-
come. Nevertheless, interesting results were obtained from the in-sifu experiments carried out
during the five beamtime runs of this thesis, and are believed to be a valuable contribution
towards a deeper knowledge on TLAG mechanisms and kinetics.

As explained in Chapter 4, the TLAG Py, -route displays the advantageous possibility of de-
coupling the elimination of BaCO5 from the growth of YBCO. As the former is identified as
the limiting step of the whole process, with its incomplete elimination shown to hinder the
epitaxial growth of YBCO and favouring its homogeneous nucleation, a special focus on this
step will be made. Therefore, the following section will be concentrating solely on the process
of BaCOj; elimination. Comparisons between the cases of Binary (Ba-Cu-O) and Ternary (Y-
Ba-Cu-0) films of (3:7) composition will be presented’, followed by the analysis of how to
promote c-axis nucleation in the system described. Having determined the optimal conditions
for the in-situ experiments regarding the first step of the process in the case of films of (3:7)
composition and an assessment on the growth rate, the rest of the chapter will be devoted to
understanding the growth kinetics of films of different compositions and an evaluation of the
influence of varying the transient liquid supersaturation on the final epitaxy of YBCO will be
given. The final section will consider the consequences of increasing film thickness on the

growth of YBCO in the set-up for the in-situ XRD experiments.

5.2 In-situ analysis of the BaCOj; elimination

The analysis described in detail in 4.2 clarified how a complete understanding of the parame-
ters controlling the initial step of the process is mandatory. The possibility of an in-situ study
of the BaCOj; elimination process is highly advantageous to attain comprehensive information
regarding the removal of this phase and the proceeding of the TLAG mechanism.

Similar experimental conditions were employed for the TLAG of YBCO in the work of former
PhD theses in the group [51, 52, 54, 55]. However, in these cases the nanocrystalline precursor
films used for the TLAG process were deriving from metal acetate-based solutions which pre-
sented a different microstructure with lower thickness and a higher distribution of pores than
the one displayed by the films described in the current work. Rasi ef al. [91] had previously
shown how the different microstructure in these kind of films would affect the elimination of
BaCO;, with the films showing a more compact aspect presenting a major delay in the reac-
tion of BaCO5 with CuO to form the intermediate of BaCu,0,°. A similarity with the films

resulting from the novel chemical solution developed during this PhD thesis may be found, as

! As for the results shown in the previous chapters, the (3:7) composition is referred to as the standard case, and
several studies will be carried out exclusively on films of this composition.

2In the case of this particular study, the difference in microstructure was resulting from solution ageing and an
increased water content in the solution. In 3.2.7 it was demonstrated how the ageing in the solutions developed in
this thesis is not leading to any significant microstructural variations, showing in addition that the novel solution
formulation is effectively solving this problem.
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these show high thickness (800 nm after pyrolysis) and unprecedentedly low porosity (in the
range of 1-2 %).

As presented in Chapter 4, YBCO growth through TLAG Po,-route is divided in two steps,
allowing for the elimination of BaCO; and the formation of the transient liquid from which
YBCO nuclei are generated to occur in two separate and consecutive moments. Initial testing
of TLAG Py, -route in the in-situ XRD experiments revealed serious difficulties towards the
elimination of BaCOj5. Fig. 5.2 presents a comparison of the I(26) diffractograms plotted with
temperature between a standard film prepared through CSD (Fig. 5.2(a)), as the entirety of
the samples described in this thesis, and a YBCO precursor film prepared through PLD (Fig.
5.2(b)), which results in the absence of BaCO3, possibly aiding towards a faster kinetic mech-
anism for the formation of YBCO [210]. Both films were grown with the same processing
conditions: low-pressure heating (Pro7 pgse = 0.05 mbar, Fo, . = 0.01 mbar) until T,, =
860°C with heating rate of 4.5 °C s~!, and reaching Pozyﬂm = 1 mbar (Pror fing =5 mbar)
through the pressure jump. These experiments have been carried out to corroborate that the
complication towards the epitaxial growth is a result of the difficult elimination of BaCO; in
the set-up employed for the in-situ XRD experiments, given that the sole difference between
the initial microstructure of these films is the presence of the latter phase. In both cases, the
first [(20) diffractogram represented coincides with the last frame acquired prior to the pressure
jump, indicated in both figures as a blue dashed line. The time corresponding to the tempera-
ture increase is additionally indicated. The film prepared by CSD is showing a large time range
(almost 18 minutes) after the change in pressure in which this precursor species is still present
and, consequently, YBCO nucleation and growth is impeded as the transient liquid formation
is not occurring or is highly insufficient. Only the successive thermal increase allowed for a

diminished BaCO5 contribution and, as a result, the increase of the peak relative to YBCO.
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FIGURE 5.2: 1(26) obtained through the integration in y of the acquired 2D-XRD images,
represented here as evolution of temperature for (a) a standard film prepared through CSD and
(b) a film prepared through PLD. The first I(20) diffractogram is corresponding, in both cases, to
the 2D-XRD image acquired prior to the pressure jump (represented as a blue dashed line). Po,
values are represented on the z axis, and the total time of the temperature increase is indicated
on the graph. Identification of the peaks is indicated in correspondence to each 26 position.



5.2. In-situ analysis of the BaCO5 elimination 247

Contrarily, the film prepared by PLD, lacking BaCOj; in all of the I1(26) scans considered,
shows immediate and straightforward growth of YBCO during the diffractograms following
the pressure change (in a total time of 3.5 min), prior to which the solid precursor phases for
the transient liquid formation (BaCu,0O, and Cu,0) are observed. In the former case, no trace
of the mixed oxide of barium and copper is visible, as the constant contribution of BaCO;
is suggesting the formation of this phase through its reaction with CuO is impeded. This
result is clearly evidencing that the difficulty encountered in the case of the CSD films for
the elimination of BaCO; is having a detrimental effect on the formation of epitaxial YBCO
in the set-up configuration employed for in-situ XRD experiments. As explained in detail
in 4.2, the elimination of this phase is strictly controlled by CO, out-diffusion. In a large
tubular furnace as the one employed for the growth processes at ICMAB, the evolution of this
volatile is not impeded, and the reaction can reach completion by simple tuning of processing
parameters. In the case of the Anton-Paar inductive furnace employed in the set-up for in-
situ XRD experiments, the reduced volume and geometry of it is believed to be hindering the
complete removal of CO, due to poor gas evacuation, and thus the proceeding of the reaction
towards the full elimination of the barium precursor phase. With the main objective being the
detailed analysis of the kinetic mechanisms governing the TLAG process, the development of
a method to enhance BaCO; elimination was mandatory, given that no major modifications of
the set-up could be implemented at the time. Two main strategies were proposed to face this

problem, and will be described in detail in the following subsections:

o In-situ phase transformation process: in order to increase the likelihood of the system
to eliminate BaCOj;, successive to the heating at low pressure to the determined set
temperature, the Py, of the system is changed to 0.1 mbar. This value is below the
YBCO instability line, thus avoiding its formation. The gas renewal due to the variation
of pressure is believed to be aiding the elimination of residual BaCO5; which could not
be removed completely during the heating by favouring the evacuation of accumulated
CO,. The possible causes behind the difficult BaCO5 elimination will be explained in

detail in the corresponding subsection.

o Elimination of BaCO; through an ex-sifu quench process: previous elimination of
BaCOj; through a quench process performed ex-situ in the growth furnace at ICMAB as
described in Chapter 4. The resulting films are stored in vacuum containers and brought
to the synchrotron facility to be employed in in-sifu conditions having eliminated the

barium precursor phase prior to the experiment?.

Benefits and drawbacks of each strategy will be discussed in the following subsections, and
the resulting repercussions on the TLAG process due to the use of films deriving from both

cases will be analyzed and discussed in the successive sections.

3Details regarding the procedure of ex-sifu quench and storage in vacuum containers can be found in D.2.1.
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5.2.1 In-situ Phase Transformation Process

One of the strategies towards the enhancement of BaCOj3 elimination in TLAG Py -route was
the employment of a four-steps process which may be subdivided into two main parts: the
process here denominated as In-situ Phase Transformation Process (steps 1 and 2), with a
following standard TLAG Py, -route process (steps 3 and 4). A schematic overview of the
combination of the two is represented in Fig. 5.3, and it is divided in the following points:

1. Heating at low pressure: the film is heated with a rate of d7/dt =4.5°C s~ to T}, =
850 °C at a constant pressure of Pror 4, = 0.05 bar, corresponding to Py, = 0.01

mbar.

2. Pressure jump to Pror r;,, = 35 mbar, Py, vl = 0.1 mbar: rapid change (<20 ) in
the pressure of the system to reach Pror f;,4 = 35 mbar, corresponding to POZ,final =0.1
mbar, a value below the YBCO instability line. This step was introduced to favour the
elimination of residual BaCOj3, expected due to the gas renewal inside the in-situ furnace
as a result of the pressure increase, contemporarily ensuring no YBCO formation. A

dwell is performed at this 7-P conditions, followed by cooling of the system.

3. Second heating at low pressure: following the elimination of BaCO5 from the previ-
ous steps, the system is now composed by the desired precursor phases for the TLAG
process. This heating is, therefore, the same low-pressure heating of a standard growth
process, with the use of a heating rate of d7 / dr = 4.5 °C s~! to the desired set tempera-
ture (in the scheme, 850 °C is chosen as an example). However, the fact that the system
underwent a previous thermal process must not be disregarded, and possible coarsening

effects must be considered.

4. Pressure jump to final YBCO growth conditions: rapid change in the oxygen partial
pressure of the system to reach the desired, final pressure value for YBCO nucleation
and growth. Here, Pp, vl = 7 mbar is chosen as an example (Pror fipq = 100 mbar),
as this combination of Pror f,, and POZ,final was found to be favouring high epitaxy.
However, several final temperature and pressure conditions were tested, and will be eval-

uated in section 5.3.

In this subsection, only steps 1 and 2 of the scheme displayed in Fig. 5.3 will be discussed,
being these the processing conditions of the in-situ phase transformation process. As explained
in Chapter 1, the elimination of BaCO; and reaction with CuO at low Py, yields the mixed
species of BaCu,0, together with Cu,O [95], given the reduction of Cu(Il) to Cu(I) when
crossing the Cu(II)/Cu(I) reduction line upon heating [95, 185]. When performing step 2, the
system ends in the area of the kinetic phase diagram where both these phases are favoured in
their solid form. The mixed oxide of barium and copper is unstable at atmospheric conditions

and it reacts promptly with CO, to form BaCOjs, thus it is optimal to avoid air exposure of
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the films once steps 1 and 2 are completed. The entire in-sifu phase transformation process
was conducted at the reduced pressure of 0.05 mbar (POZ,basc = 0.01 mbar), as is evidenced
by the values of Py shown in Fig. 5.3. However, a clarification must be made regarding the
reason for which the Py, value was lowered again in step 3, instead of increasing it to the final,
desired value directly after step 2, avoiding a second heating and possible coarsening effects.

The experimental set-up allows solely for one pressure setting prior to the experiment.

Temperature (°C)

time (s)

FIGURE 5.3: Schematic overview of the in-situ phase transformation process. In the upper and
lower panels, respectively, the Po, and temperature profiles are displayed. The pressure jumps
(steps 1 to 2 and 3 to 4) are represented in this scheme as an instantaneous change, however as
observed in Fig. 5.1, these occur over a time range between 9 and 45 seconds, depending on the

PTOT,final selected.

The combination of mass-flows responsible for the exact mixture of N, and air resulting
in the desired PO2 is controlled remotely from the control room; contrarily, the needle valves
which are allowing for the precise control of the total gas flow (and thus the total pressure) can
only be operated manually and this must be done by physically entering the experimental hutch.
Therefore, if step 3 was to be avoided, the hutch had to be opened to enter and adjust the valves
to the final pressure of the growth process, followed by the mandatory safety procedures before
the experiment could be resumed. This would mean several minutes of the film undergoing

a dwell at the constant temperature of 850 °C and 0.1 mbar, also a highly probable cause
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of coarsening phenomena. Moreover, the reproducibility regarding the time needed for this
pressure adjustment would be impossible to determine, being it operator-dependent. For these
reasons, it was decided to proceed to a fast cooling of the system after the pressure jump at 0.1
mbar, adjust the final pressure with the system being at low temperature, and finally perform

steps 3 and 4.

5.2.1.1 In-situ Phase Transformation on Binary and Ternary films

As a starting point to understand the mechanisms at the basis of BaCO; elimination, binary
(Ba-Cu-0) and ternary (Y-Ba-Cu-O) films of (3:7) composition were employed. The analysis
of binary films finds its relevance given the elevated complexity of the system: an initial focus
on the case of nanocrystalline films only composed by BaCO5 and CuO is thought to aid in
the understanding of the system kinetics, then widened to the complete ternary system. Binary
and ternary films described here are obtained by deposition of solutions containing the same
amount of barium and copper precursors in the (Ba:Cu) molar ratio corresponding to a (3:7)
composition, to ensure precise comparability.

A consideration on the microstructure of the nanocrystalline precursor films must be made
before analyzing their phase evolution in the in-situ process. The comparison between the
integrated 2D-XRD scans of a binary and a ternary film after pyrolysis is displaying a major
difference in the crystallinity of the phases, with the crystalline character of the binary being
higher than the ternary one, as evidenced by the sharp, intense peaks in Fig. 5.4. This may
find an explanation in the step of decomposition of the metal-organic precursors during the
pyrolysis. Despite the decomposition temperatures being similar, as demonstrated previously
in the work of Rasi et al. [91], the crystallization of the phases is detected at different tem-
peratures: a binary film yields the formation of CuO, simultaneously to the initial presence
of BaCO; orthorhombic, at temperatures below 350 °C, contrarily to a ternary film in which
this phase is observed at higher temperature. Thus, as both films undergo an identical thermal
process with maximum temperature of 500 °C, the higher nucleation temperature observed in
the ternary will result in lower crystalline aspect of the nanocrystalline phases. The grains of
CuO and BaCOj; formed earlier for the binary films will be subjected to coarsening effects and
crystallization throughout the thermal increase in the final part of the heating ramp followed

in the pyrolysis process.
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FIGURE 5.4: Integrated 2D-XRD scan of binary (burgundy) and ternary (red) nanocrystalline
precursor films prior to the in-situ process. The curves are obtained through integration in y of
the acquired 2D-XRD images with an acquisition time of 1 s.

The different crystalline nature of the nanocrystalline precursor films is expected to lead to
variations in their thermal response. In the first low-pressure heating (step 1 in the scheme in
Fig. 5.3), similar phases are observed during heating between 500 °C and 850 °C represented
through temperature-dependent colour mapping for the cases of the binary and ternary films
(Fig. 5.5). However, through the integration of the peaks of interest in the I(26) throughout
the entire experiment, the temperature-dependent phase evolution for all crystalline precursor
phases exhibited in the two films during the heating process is obtained, and shown in Fig.
5.6. Here, striking differences are evidenced. The higher crystallinity of the binary film al-
lows for the following of the CuO peak (1), whereas in the ternary film the peak relative to
this phase shows a reduced intensity which makes its integration unfeasible. Moreover, the
more amorphous film quality presented by the ternary film results in a crystallization process
occurring upon heating: this is reflected clearly in the evolution of the BaCO; orthorhombic
peak, which shows an abrupt increase in its contribution at a temperature of approximately
775 °C in Fig. 5.6, corresponding to a well defined thermal shift and intensity increase in the
temperature dependent colour mapping phase evolution. Contrarily, at this temperature the
binary film shows the additional appearance of the monoclinic phase of BaCO5. The contri-
bution of the orthorhombic phase is, however, unaltered, suggesting a possible initial presence
of the monoclinic phase in an amorphous state which undergoes crystallization at this ele-
vated temperature. It is absent in the phase evolution of the ternary film supposedly due to its
initial generally amorphous character, which instead experiences only crystallization of the or-
thorhombic phase. Coinciding with these phenomena, the reduction of the copper species from
CuO to Cu,0 is found (2). The decrease of the CuO peak concomitant with the increase of the
one relative to Cu, O is only identifiable for the binary film and occurs at 750 °C approximately,
almost 100 °C higher than what expected from literature data [95].
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FIGURE 5.5: Phase evolution during the low-pressure heating between 500 °C and 850 °C (dT'

/dr = 4.5°C s~1) displayed through 26-temperature dependent colour mapping, comparing the

case of a binary film (upper panel) and a ternary film (lower panel) of (3:7) composition. 26
positions of the identified phases are labelled at the top.

One must keep in mind the high heating ramp used in this kind of experiments (d7' / dt = 4.5
°C s7!); the use of high heating ramps in the out-of-equilibrium TLAG process shift decom-
position temperatures to higher values than the ones obtained in equilibrium conditions [101].
Nonetheless, the appearance of Cu,O in the ternary film at a temperature of only 20 °C higher
suggests similar behaviour, despite the peak of CuO never reaching sufficient crystallinity to
be integrated. Above 800 °C an unexpected phase formation occurs: the further reduction of
Cu, O to Cu(0) with the associated presence of the mixed oxide of BaCu,0,. According to the
phase diagrams of the BaO-Cu-CuO system [95] and to previously established TLAG mecha-
nisms [51, 52, 54], the reaction between BaCO5; and CuO should lead to the formation of the
reduced Cu(I) mixed oxide of barium and copper (BaCu,0,) and Cu,O (in compositions with
copper excess, as would be the case here for films of (3:7) composition) at the selected com-
bination of Pror — Py, , according to the mechanism in equation 4.1. The phases identified in
the low-pressure heating in Fig. 5.6 suggest a variation of that mechanism to the following,
with the sole low-pressure heating step described:
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BaCO3(S) + CuO(S) + Y203(S) s BaCO3(S) + CuZO(S) + Y203(S) -
d BaCO3(S) + BaCuZOZ(S) + Cu(O) + YZOS(S)

5.1)

In both of the present films, the appearance of the most reduced phase of copper together
with the formation of the mixed oxide BaCu, 0O, suggests a duality in its oxidation state. Addi-
tionally, the minor decrease in the contribution of BaCOyj is clearly evidencing its elimination

is far from complete. The contemporary presence of these three phases is suggesting the
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FIGURE 5.6: Temperature dependent phase evolution result of integration of the peaks relative to

the precursor phases observed during the low-pressure heating, in the temperature range between

500 °C and 850 °C, for a binary and a ternary film. The fundamental steps of the process are
identified with enumerated dashed lines, further explained in the legend.
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advance of the reaction according to the expected mechanism is hindered. As previously stated,
the films developed in this thesis present thickness of approximately 800 nm prior to the growth
process and an almost null porosity. In addition, the small size and geometry of the furnace
employed for the in-sifu experiments is presumably causing poor gas flow or, extremely, static
flux conditions.

At this point, it is important to remind that the elimination of BaCOyj is solely possible through
CO, out-diffusion from the film, and the reaction of the carbonate with CuO will proceed to
the formation of the desired mixed oxide of BaCu,0, in this system. The combination of
the low porosity of the films and the insufficient gas evacuation in the sample environment
supposedly results in the system reaching an equilibrium between the CO, liberated inside the
furnace, which cannot be completely removed, and the CO, still inside the film. Moreover, the
presence of the reduced phase of copper is a further suggestion of the difficult evacuation of
CO,: formation of Cu(0) is not expected and this phase should not be present in the Pror — Pp,
conditions to which the system is subjected. The reduction of Cu,O to Cu(0) is, thus, the
consequence of the presence of a reducing agent. Given that the only gas species result of
the process of BaCO; elimination is CO,, it is believed that this suffers the reduction to CO in
presence of carbon (possibly deriving from the graphite dome, from non-decomposed residues
of the solvents contained in the Ag paint used to glue the samples, or any eventual impurities

present from the general use of the Anton-Paar furnace) through the mechanism:

Considering the stagnation of gas to be one of the main reasons for the impossibility of elim-
inating BaCO;5 from the system, which in different furnace conditions has been demonstrated
to be undoubtedly achievable in 4.2, the anticipated advantage of the in-situ phase transforma-
tion process is the gas renewal inside the furnace resulting from the change of pressure. Fig.
5.7 displays the pressure dependent phase evolution (Pror — Po,) during the pressure jump to
Pror, fina = 35 mbar and POZ,final = 0.1 mbar (below YBCO instability line) for the binary and
ternary films whose low-pressure heating process was discussed up to now. Both films display
the formation of the same crystalline phases, with the additional presence of YCuO, for the
ternary case, evidently given the presence of Y,0O5 as yttrium precursor phase. Nonetheless,
some differences are to be mentioned. The decrease of the contribution of Cu(0) may be ob-
served to be promptly occurring with the initial pressure increase. The rapid raise in the oxygen
partial pressure results in the oxidation of this species to Cu,0, its Cu(I) oxidation state oxide.
Together with the increase in the contribution of BaCu,0,, the formation of these two solid
phases is expected when the final value of PO2,final = 0.1 mbar is reached. Nonetheless, the

null contribution of BaCO; orthorhombic is only obtained at elevated pressure values, being
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Py, = 0.07 mbar and Pro7 = 22 mbar for the binary film and, even more extremely, Py, =

0.096 mbar and Pror = 33.7 mbar for the ternary one.

Such elevated values are a further proof of how difficult the gas transport inside this particular

furnace environment is and what enormous effect the renewal of gas has towards the successful

elimination of this precursor phase which is hindering the entire process. In addition, the

elimination of BaCOj5 orthorhombic seems to be only partially obtained, as the phase transition

to BaCO; hexagonal is observed in the final part of the pressure change. However, from the

non-normalized phase evolution relative to the peaks of these two phases of BaCO; (Fig. E.8,

Appendix E), the contribution relative to the BaCO5 hexagonal is evidently low, suggesting

the majority of the BaCOyj is, indeed, removed.

During the cooling process, starting at 600 °C, a phase transition from BaCO; hexagonal back
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to orthorhombic occurs, expected given the hexagonal phase is predominantly stable at elevated
temperatures. The thermal stability of these phases was previously described by Arvanitidis
et al. [92]. Despite this study made use of different processing conditions, such as lower
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FIGURE 5.8: 1(20) scans resulting from the integration in y of the 2D-XRD images acquired
during the cooling process of the in-situ phase transformation for the ternary film. The 1(20) cor-
responding to the 2D-XRD frame acquired prior to the pressure jump is represented (in black)
for comparison. Color-graded plots of the I(26) scan acquired every 10 scans, between the tem-
perature of 600 °C (green) and 350 °C (red). In this temperature range the phase transition from
BaCOj5 hexagonal to orthorhombic is observed. The contribution from the latter phase appears
to be minor if compared to the initial intensity of its peaks prior to the pressure jump (represented
as a black line), suggesting the elimination of BaCO; has almost reached completion through this

process.

heating ramps, it demonstrates an interesting point on the importance of the morphology of
the sample: both BaCO; powder and densely compacted spheres were thermally treated in
argon, displaying a higher difficulty for the spherical samples towards a complete decomposi-
tion. The density of the sphere hinders optimal gas transport, resulting in an unreacted BaCO;
core and decomposition temperature shifting to higher values, supporting the idea behind the
hindrance of the elimination of BaCOj in the films described in this thesis in this particular
set-up configuration. Nonetheless, the thermally-driven phase transition yields an extremely
low final contribution of BaCO; orthorhombic, compared to the initial one prior to the in-situ
phase transformation process. However, a consideration regarding the success of the process
must be made. When comparing the 1(20) scans of the films described in this subsection re-
sulting from the 2D-XRD images acquired at RT following the process, one may determine the
binary film to show a higher contribution of BaCO5 orthorhombic remaining after the process.

Additionally, a minor contribution from the monoclinic phase of BaCOj is displayed in the
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1(20) scan relative to the binary film, absent in the ternary one. This may find an explanation,
as for the phase evolution process, in the difference in crystallinity of the initial films. Such
behaviour was observed in films quenched ex-situ (described in detail in 4.2), in which ternary
nanocrystalline precursor films of higher crystalline nature presented more complications to-
wards a straightforward elimination of the barium precursor phase respect to films with a more
amorphous initial character. Therefore, the difference in the contributions of the orthorhombic
phase of BaCO; resulting from the in-sifu phase transformation process may be ascribed to this
phenomenon.
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FIGURE 5.9: (a) 1(20) scans for the binary and ternary films which underwent the in-sifu phase
transformation process, resulting from the integration in y of the 2D-XRD images acquired at
RT following the experiment employing an acquisition time of 1 s. Both films yield in majority
BaCu,0, and Cu,0, the expected phases at the value of final Py established for this process.
(b) Focus on the 26 range relative to BaCO5 peak positions, shO\;ving a higher contribution of

this phase in the binary film (burgundy) respect to the case of the ternary one (red).

Nonetheless, the expected phases of BaCu,0, and Cu,O are found in majority, and the
absence of peaks relative to Cu(0) demonstrates the entirety of this reduced phase is finally
oxidized to Cu,0O, again suggesting the great benefit of the pressure jump towards the gas
renewal in the furnace environment.

5.2.1.2 In-situ Phase Transformation on ternary films of different liquid composition

Having determined the pathways towards BaCO; elimination in binary and ternary films of
(3:7) composition, this same analysis was widened to films of the four liquid compositions
considered in this thesis, subjected to the in-situ phase transformation process. Before pro-
ceeding with the study of the phase evolution for the four films, the initial microstructural
characteristics of the nanocrystalline precursor films of each composition must be taken into
consideration. In Chapter 4, the GIXRD of the four films after pyrolysis (Fig. 4.13) display

a pronounced difference in the crystalline aspect of the nanocrystalline phases composing the
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pyrolyzed films. As the amount of copper in the liquid composition (thus, in the stoichiometry
of the metal-organic precursor solution) is increased, the film appears to be more amorphous.
This is especially visible for the (111) and (021) reflections of BaCO5; orthorhombic phase
(peaks with major intensity relative to this crystalline phase), which show an important de-
crease in intensity and broader peaks going from (2:3) composition, the least copper-rich, to
the (4:11) composition, the one with highest copper content. In Chapter 4, specifically in 4.2.6,
it was observed that in the case of ex-situ quenches performed in the tubular furnace used for
growth processes at ICMAB, a higher crystallinity of the pyrolyzed film would hinder the
complete elimination of BaCO; when the same processing conditions were employed. Films
deriving from compositions with copper excess, instead, showed no difficulty in achieving a
complete elimination of the barium precursor phase, and this is a consequence of the combi-
nation of two effects: the higher amorphous nature of the nanocrystalline precursor film and
the catalytic effect of CuO in the elimination of BaCOj5 [96], in large excess in films of said
compositions.

Films of the four liquid compositions with the aforementioned microstructural differences un-
derwent the in-situ phase transformation process, and the phase evolution relative to the low-
pressure heating (step 1 in the diagram reported in Fig. 5.3) is shown in Fig. 5.10. As for the
ternary film previously described, it is not possible to follow the peak relative to CuO during
heating due to the extremely low intensity which makes its integration cumbersome. There-
fore, during the initial part of the process, the peak from BaCO; orthorhombic is the only one
to be observed in the four cases considered. No variations in the intensity of this phase occur
until approximately 770 °C, when the the formation of Cu,O is observed (1), as a result of the
reduction of CuO expected when crossing the Cu(Il) to Cu(I) reduction line with the increase
in temperature. Coinciding with this event, as previously shown in the binary-ternary phase
evolution comparison, films of (3:6), (3:7) and (4:11) compositions show an abrupt increase
in the contribution of BaCOj, suggesting that a thermally-induced crystallization is occurring.
The stoichiometric (2:3) composition is the only one to show no evidence of any crystallization
process in this temperature range. The high crystalline character of the initial film microstruc-
ture may be the reason for which the intensity of the BaCO; peak contribution is similar in
average throughout the entire heating for this specific liquid composition. The formation of
Cu, 0O is ranging between 765 °C and 775 °C, suggesting a similar thermal behaviour. However,
the speed of this particular process is highly enhanced in the films which are richer in copper
((3:7) and (4:11) compositions), which show a rapid growth of the contribution of this phase,
respect to the compositions with less copper, in which the increase to saturation is gradual. The
unexpected reduction of the Cu(I) phase, Cu,O, to Cu(0) is also observed in the in-situ phase
transformation of these films above 820 °C. Films of (3:6), (3:7) and (4:11) compositions ad-
ditionally show the concomitant formation of the expected mixed oxide of barium and copper,
BaCu,0,, with a minor decrease in the contribution of BaCOj5 (2). Again, the coexistence of

these three phases is not ideal, as no complete elimination of BaCOj is achieved in any of
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the described cases during the heating. The reduction of oxidation state of copper to zero is
a suggestion of a strongly reducing atmosphere, but the contemporary formation of BaCu,0O,
with only partial decrease of the BaCO; peak intensity is evidence of an initial progress of
the process, additionally indicating local atmosphere variations inside the film may be occur-
ring. As previously explained, the poor gas transport and the extremely low porosity presented
by the four films considered, ranging between 1% and 2%, are factors hindering the reaction
completion. An equilibrium is reached between the evolved gas in the furnace atmosphere
and the CO, still in the film, blocking the advance of BaCO; elimination towards the forma-
tion of BaCu,0,. The additional presence of Cu(0) is moreover suggesting the formation of
areducing agent, as identified in the previous subsection possibly due to the presence of C in
the furnace environment deriving from several possible causes. The extreme copper excess
in the (4:11) composition results in a predominance of the metallic phase of copper and a si-
multaneous decrease of the BaCu,0O, contribution, possibly due to Cu(0) grain coalescence
phenomena forcing a regression of BaCu,0O, to BaCOj; (note the rather small increase in the
contribution of the latter phase). Contrarily, in the (2:3) composition no BaCu,0O, formation
is observed, and the intensity of the BaCO5 orthorhombic peak remains unaltered until the end
of the heating. The sole presence of the reduced Cu(0) and BaCO5; may be implying that the
initial highly crystalline microstructure of this film is responsible for an extreme enhancement
of the thermal stability of the barium precursor phase which, combined with the insufficient
gas evolution, results in a complete obstruction of the progress of BaCO; elimination in the
given conditions.

The time-dependent phase evolution of the pressure jump (POZ,final = 0.1 mbar; Pror fina =
35 mbar) is displayed in Fig. 5.11, in which the raw intensity is represented in order to evaluate
the variations associated with each liquid composition during the in-sifu phase transformation
process. In the four cases, during the pressure jump, Cu(0) is promptly oxidized to Cu,O and
the intensity of BaCu,O, increases: these are the expected phases to be found in solid form
in the specific conditions of pressure and temperature of the process according to the TLAG
kinetic phase diagram [101]. In all cases, the phase transition of BaCO; orthorhombic to
hexagonal is occurring during the change in pressure. Nonetheless, the intensity of the latter
phase is varying depending on the liquid composition: the stoichiometric (2:3) composition
displays the highest contribution of the four cases considered, additionally exhibiting the for-
mation of the expected mixed oxide of BaCu,0O, only minorly. Moreover, this composition
is the sole to present a further formation of Cu(0) when reaching POM“al = 0.1 mbar. A rea-
son for this may be the extreme crystallinity of the initial pyrolyzed film combined with the
detrimental coarsening resulting from the low-pressure heating process, also suggested by the
presence of a significant amount of BaCO; prior to the pressure variation. The gas renewal
due to the change in pressure seems to be insufficient in this case for the complete progression
towards the formation of BaCu,0,, with the unexpected reduction of Cu,O to Cu(0) evidenc-

ing this. Increasing the copper content in the liquid composition, one may observe a similar
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phase evolution in the remaining three cases, with the amount of BaCO5 hexagonal reduced
to half when increasing Cu mol% from (3:6) to (3:7) and (4:11) compositions. None of these
liquid compositions display further reduction to metallic phase of copper following the jump
which, associated to the minor contribution of BaCO5 hexagonal, suggests the in-situ phase

transformation process to be favourable.
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FIGURE 5.11: Time-dependent phase evolution displaying the change in pressure for (a) (2:3),
(b) (3:6), (c) (3:7), and (d) (4:11) liquid compositions. Values of PO2 are indicated in the upper
part of each plot, indicating the time range in which the pressure jump occurs. The represented
time range is varying in each case as it depends on the start of the data acquisition, not always
coinciding with the launch of the heating ramp of the furnace. Raw intensity is displayed to fully

compare the contributions depending on a specific liquid composition.

The formation of YCuO, phase is observed, again, only in the films of the (3:6), (3:7), and
(4:11) compositions. Stability of this phase at elevated temperatures in the pressure conditions
employed is expected [211, 212], given processing conditions to coincide with the Cu(I) ox-
idation state region in the phase diagram. Moreover, this phase seems to be favoured in the
cases of compositions with copper excess, in which the increased amount of copper may easily
react partially with the yttria present. As it was previously observed in ex-situ growth of films
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of Y-rich (4:11) composition, in 4.4, the increased amount of copper and yttrium in this par-
ticular liquid composition promoted the formation of Y-Cu mixed oxides, whose augmented
presence was demonstrated to be of no hindrance to current percolation.

To summarize, the mechanism observed in the in-situ phase transformation process reported

up to the moment may be described with the following reaction scheme:

Low Pressure Heating
BaCO3(S) (0) + CUO(S) + Y203(S) - BaCO3(S) (0) + CU2O(S) + Y2O3(S) -

BaCO3(S)(O) + BaCuZ02(s) + Cu(O)(s) + Y203(S) — (5 3)
Pressure Jump .

BaCO3(S) (h) + BaCuZO2(S) + CU2O(S) + Y2O3(S) + YCUO2(S)

To be noted, BaCOj3q)(0) and BaCOs ) (h) are respectively indicating the orthorhombic and the
hexagonal phase of barium carbonate. It is additionally important to specify that this scheme
is a general description based on the observation of the phase evolution, and the chemical re-
actions are thus not balanced. Moreover, Y,0j3, and CuO are here listed despite the absence
of peaks relative to these phases in the phase evolution, as mentioned before due to their low
crystallinity and/or contributions of low intensity.

When analysing the cooling process, an interesting event is worth considering. As previously
mentioned for the cases of binary and ternary films described earlier in this chapter, during
cooling the phase transition from BaCO5 hexagonal back to orthorhombic could be observed.
The exceptionally minor contribution from the resulting BaCO5 orthorhombic is suggesting
the complete removal of this phase as a consequence of the in-situ phase transformation pro-
cess. Once more, the microstructure in these films, directly depending on the copper content,
is playing a major role, as already observed for the comparison of the phase evolution plots of
the heating and pressure jump. Fig. 5.12 shows the cooling process for two exemplary cases, a
film of (3:6) and one of (3:7) compositions. In the temperature range between 640 °C and 350
°C, the composition with lower copper content shows a phase transition from BaCO; hexago-
nal to a majority of its monoclinic phase, and partially, orthorhombic. Contrarily, cooling of a
film of composition with higher copper content displays a transition to only an extremely low
contribution of the orthorhombic phase, suggesting BaCO5 can be almost entirely eliminated
through the use of this process. Again, the important difference between these results may be
ascribed to the combined effects of differences in the initial crystalline nature of the films and
insufficient CO, elimination in the furnace environment. These two features are responsible
for an unfavourable elimination of BaCOj; for the films with more crystalline precursor phases
(the ones deriving from liquid compositions of lower copper content), thus resulting in a high

contribution of BaCO5 remaining after the in-situ process. Contrarily, the compositions with
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copper excess, which initially show a more amorphous nature of the precursor film, display full
elimination of the barium precursor phase successive to the in-situ phase transformation pro-
cess, given the straightforward formation of the expected solid phases of BaCu,0, and Cu,O
as the gas renewal during the pressure jump was seen sufficient to eliminate the remaining
BaCO;.
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FIGURE 5.12: 1(20) scans resulting from the integration in y of the 2D-XRD images acquired
during the cooling process of the in-situ phase transformation for ternary films of (a) (3:6) and (b)
(3:7) compositions. Plots are displaying one of every ten 1(260) scans in the indicated temperature
ranges during the cooling of each film, where the phase transition from BaCO5 hexagonal to
orthorhombic is observed. In the case of the liquid composition with low copper content, this
phase transition results in the appearance of a strong contribution from the monoclinic phase of
BaCOj, and a minor one from the orthorhombic phase, suggesting the elimination of the barium
precursor phase to be unsatisfactory.

As above, the phase transformations occurring during cooling may be described as:

Cooling
BaCO:;(q)(O) + (BaCO3(§)(m)) + BaCuZOZ(S) + Cu20(s) + (Cu(O)(g)) + Y203(q) + YCHOZ(S)

5.4

where BaCOj ) (0) and BaCOs ) (m) are respectively indicating the orthorhombic and the mon-
oclinic phase of barium carbonate. The phases indicated in brackets are only observed in the
exceptional case of films of (2:3) composition, in which the elimination of BaCO; is facing
the most adverse conditions, leading to a strong contribution of monoclinic BaCO5 and further
(partial) reduction of Cu, O, to Cu(0).

The 1(26) scans result of the integration in y of the 2D-XRD images acquired at RT following

the in-situ phase transformation process for the films of each liquid composition is displayed in
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Fig. 5.13, with an additional focus on the 26 range where BaCO; peaks appear. An important
difference is evident and a clear separation between compositions with low copper content and
the ones with copper excess may be defined. The latter liquid compositions, namely (3:7) and
(4:11), display the formation of the expected phases at the conditions chosen for the in-situ
phase transformation process: the barium and copper mixed oxide BaCu,0, and Cu,0O, with
contribution of the YCuO, mixed oxide. Contrarily, in the films of liquid compositions with
low copper content, specifically (2:3) and (3:6), elevated contributions of BaCO5 (orthorhom-
bic and monoclinic) may be observed. In the extreme case of the stoichiometric (2:3) com-
position, the presence of an intense peak belonging to metallic copper combined with only a
minor formation of BaCu,0, suggests the failure to eliminate the barium precursor phase dur-
ing the in-situ experiment, combined with the coarsening of the most reduced phase of copper.
The contrast in the success of the in-sifu phase transformation process depending on the liquid
composition is clearly observed in the focus on the 260 range characteristic to BaCO; peaks.
The (2:3) and (3:6) compositions yield films with incomplete phase transformation and which,
moreover, present a phase transition to the monoclinic phase of the barium precursor, the most
unfavourable one towards a positive outcome of the TLAG process due to its elevated thermal
stability [91, 93]. The copper-excess liquid compositions exhibit I(26) patterns in which the
contribution of BaCO5 peaks is only minor or nonexistent, demonstrating the elimination of
BaCOj; is possible in this experimental set-up through the phase transformation process.

The evidence presented regarding the in-sifu phase transformation process on binary and ternary
films and on films of various compositions show a similar trend to the one previously observed
in ex-situ quench processes performed at ICMAB described in 4.2.6. Films which initially
exhibit a higher crystalline nature of the nanocrystalline precursor phases (binary films and
films of liquid compositions with low copper content) undergo a demanding process towards
the elimination of BaCO;. The reaction between BaCO5 and CuO to form the mixed oxide

BaCu,O0, is impeded due to the following factors:

e poor gas transport in the Anton-Paar furnace which hinders CO, evacuation, necessary
for the reaction to progress (as previously described in 4.2, the elimination of BaCO; is

strictly controlled by CO, out-diffusion);

e higher crystallinity of the initial phases obtained from the pyrolysis process, which are

prone to have elevated thermal stability.

This effect yields films which present high contributions of BaCO5 and coarsened Cu(0), the
latter a consequence of the presence of CO acting as reducing agent. The only minor formation
of BaCu,O, is a further suggestion of the stalling of the reaction to the side of the precursor

phases.
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However, the elimination of the barium precursor phase is demonstrated to be possible on
films of liquid compositions with higher copper content, again due to a combination of two

effects:

e more amorphous nature of the nanocrystalline precursor phases in the films resulting

from the pyrolysis;

o catalytic effect of CuO in the elimination of BaCOj3, in these compositions found in great

€XCess.

The strategy of using an excess of copper is known to lower the processing temperatures due to
the catalytic effect of CuO through its reaction with BaCOs, favouring its elimination and the
subsequent formation of the barium and copper mixed oxide [96]. In the films described in this
thesis, the additional characteristic of presenting a more amorphous microstructure following
the pyrolysis process, thus less coarsened phases, is further seen to aid in the elimination of
barium carbonate. In the experimental set-up for the in-situ XRD experiments, the limited
gas evacuation is an added hindrance to the proceeding of the reaction: in the case of films of
compositions with low copper content, the gas renewal in the sample environment resulting
from the pressure jump is insufficient to promote the complete CO, out-diffusion from films
in which the highly coarsened BaCOj5 phase is showing significant stability. Conversely, the
entrance of gas in the furnace due to the pressure variation is enough to completely remove
the CO, out-diffused from the more amorphous films of copper-excess compositions, in which
the reaction is seen to be favoured considering the lower coarsening of the initial phases. The
in-situ phase transformation process on the latter films results in the formation of phases ex-
pected from the TLAG kinetic phase diagram [101] with a complete elimination of BaCOs,
demonstrating the feasibility of the full removal of the barium precursor phase in the set-up

employed for in-situ XRD experiments.

5.2.2 Elimination of BaCO; through an ex-situ quench process

The second strategy adopted for the elimination of the barium precursor phase, as stated ear-
lier, was to perform an ex-situ quench process in the growth furnace at ICMAB. In Chapter
4 it was demonstrated how the optimization of this kind of process led to a successful, com-
plete elimination of BaCOj;. This strategy was implemented solely on binary and ternary films
of (3:7) composition. The films which underwent such process were then stored in vacuum
containers* and carried to the synchrotron facility for the in-situ XRD experiments. The im-
portance of a correct storage of the ex-sifu quenched films is explained in detail in D.2.1. An

exemplary GIXRD pattern acquired on a Bruker D8 Discover X-ray diffractometer of a ternary

4The mixed oxide of barium and copper which is formed through a quench process in the TLAG P, -route,
BaCu,O0,, is unstable in atmospheric conditions and reacts promptly with CO, from air to form a superficial layer of
BaCO;. The storage in vacuum conditions avoids such reaction to occur.
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(3:7) composition film which underwent an ex-sifu quench process is reported in Fig. 5.14, for

reference of the crystalline phases formed during such thermal treatment.
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FIGURE 5.14: GIXRD measured on a Bruker D8 Discover X-ray diffractometer of a film of
(3:7) composition which was quenched ex-situ in the growth furnace at ICMAB (details regard-
ing measurement configurations may be found in D.2.1). The major crystalline contribution is
deriving from the mixed oxide of BaCu,0,. The presence of Cu,O is also expected, however
the peak positions coincide with the ones from BaCu,0,. No presence of BaCOj is observed,
suggesting the elimination of this phase and its reaction with CuO to form the mixed barium and

copper oxide has reached completion.

The process yields majorly BaCu,O,, with minor contribution from the secondary phase of
YCuO, and other mixed oxides of barium and copper which may be formed during the cooling
process. Cu,O is expected to be present, but the peak positions of the reflections relative to this
phase coincide with the ones from the most intense BaCu,0,. Clearly, the absence of BaCO;
peaks is suggesting its successful removal through the quench process. The reproducibility
of the initial conditions was examined on the quenched ex-situ films employed for the in-situ
synchrotron XRD experiments, and 1(26) scans resulting from the integration in y of the 2D-
image acquired at RT with 1 s acquisition time are displayed in Fig. 5.15. The presence of
the aforementioned phases is evidenced, with similar crystallinity and absence of any peaks

relative to the BaCO; precursor phase, both in binary and ternary films.
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FIGURE 5.15: 1(26) scans resulting from the integration in y of the 2D-XRD images acquired
prior to the in-sifu experiment, at RT with 1 s acquisition time for all the (a) binary and (b) ternary
films employed in this analysis. Phases present in majority are identified and the 26 range where
peaks from BaCOj5 should appear is shaded in dark green, with a clear absence of any contribution

19

20

in this area.

26 (°)

17

19

20

From this comparison, the reproducibility of the ex-sifu quench process is further demon-

strated and it can be assumed that the films are initiating the in-situ XRD experiments from
comparable situations. As the current section is devoted to explaining the strategies adopted
for BaCOj; elimination in the set-up employed for the in-situ XRD experiments, in this sub-
section the effect of using pre-quenched films on the formation of the phases solely during the
low-pressure heating of TLAG Py, -route experiments performed in synchrotron facilities will
be assessed. The second step of the process, in which the growth of YBCO from such films
occurs, will be described later on.

The low-pressure heating process was performed in identical conditions on three binary films

and three ternary films of (3:7) composition and the comparison of the phase evolution of such

experiments may be found in Fig. 5.16 and Fig. 5.17, respectively.
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FIGURE 5.16: (a) Temperature-dependent phase evolution plots of three binary films subjected

to the same low-pressure heating to T,,, = 830 °C with a heating rate of 4.5 °C s~ Pror pase

and POZ,ba:e values are set to 0.05 mbar and 0.01 mbar, respectively. (b) 2D-XRD image corre-

sponding to the last frame acquired during the heating process for each binary film in panel (a).

Identification of the phases at characteristic 20 peak positions are indicated in the upper part of
the panel.

When observing the temperature-dependent phase evolution plots of both binary and ternary
films one striking point is evident: a major issue of irreproducibility in the nucleation temper-
ature and the intensity of the crystalline phases. As previously explained, the starting point
is a combination of BaCu,0, and Cu,O. At the temperature and pressure conditions of the
process these solid phases are expected to be stable [95]. However, solely in one experiment
for both binary and ternary films this occurs and these two phases are the ones present in ma-
jority before the pressure jump (respectively in Fig. 5.16(a) and Fig. 5.17(a), upper panels).
Contrarily, in the rest of the experiments, at the temperature of 700 °C or above, the contribu-
tion of the mixed oxide of barium and copper decreases abruptly to be substituted by metallic
copper and BaO. The reactivity phase with the substrate, BaTiOj; is additionally observed, ma-
jorly in the binary films but can be occasionally found also in the ternary ones. In rare cases,
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presence of insignificant contributions of BaCO; has been observed. When this occurs, the
high-temperature phase transformation from orthorhombic to hexagonal follows, and the lat-
ter phase is transformed to BaO through CO, out-diffusion above 800 °C, as observed in Fig.
5.17(a), lower panel.
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FIGURE 5.17: (a) Temperature-dependent phase evolution plots of three ternary films subjected
to the same low-pressure heating to T},, = 830 °C with a heating rate of 4.5 °C ™. Pror pase
and POMW values are set to 0.05 mbar and 0.01 mbar, respectively. (b) 2D-XRD image corre-
sponding to the last frame acquired during the heating process for each ternary film in panel (a).
Identification of the phases at characteristic 20 peak positions are indicated in the upper part of

the panel.

Several points should be considered upon the observation of the unexpected evolution of
phases mentioned above:

e No information regarding the microstructure of the films quenched ex-situ is available,
as the analysis of such films through TEM techniques is very complicated due to their
instability at atmospheric temperature and pressure conditions and due to their rough

surface, which hinders a successful preparation of the TEM lamellae during the polishing
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step. Nonetheless, considering the extremely low porosity of a nanocrystalline precursor
film before undergoing a quench process (1-2 %), one may estimate the porosity of the
films successive to the ex-situ quench process to be below this value, as BaCO; has
been completely eliminated and the film has supposedly been compacted, yielding an
even more dense microstructure. This may influence negatively the gas evolution from
the inner parts of the films. Difficulties on the gas transport have been demonstrated in
the previous subsection to be enhanced in the particular set-up employed for the in-situ

synchrotron XRD experiments.

e An ex-situ quench process means the films have undergone a low-pressure heating pro-
cess to temperatures above 800 °C prior to the experiments in the synchrotron facility.
Subjecting the films to a second heating is possibly favouring coarsening phenomena,
unfavourable towards a fast reaction in the TLAG process, in which small sizes of the

nanocrystalline phases are demonstrated to be optimal [53, 54, 101].

Considering the points above, the decomposition of BaCu,0, and the formation of phases
such as Cu(0) and BaO suggests a strongly reducing atmosphere, generated by the possible
aforementioned factors in the text. The initial presence of solely Cu(I) species in the films com-
bined with the formerly described insufficient gas transport in the furnace environment may
lead to formation phases which in literature are reported to be formed at lower values of Py,
[95]. The impeded gas evolution may result in the system reaching an equilibrium between the
evolved CO, inside the furnace environment which cannot be evacuated (due to deficient flux
conditions) and the gas which is being evolved from inside the film. The formation of reduced
phases, such as Cu(0), are the likely consequence of the reduction of CO, to CO in presence
of C contamination in the sample environment. Moreover, the irreproducibility of the phase
evolution may be enhanced by the unknown initial conditions of microstructural morphology
of these films. Despite the 1(26) scans in Fig. 5.15 corresponding to the 2D-XRD images
acquired prior to the in-situ experiment show the presence of the same crystalline phases in all
films, whether these are distributed homogeneously in all of the films is undefined. Possible
inhomogeneous distribution or variations in the grain sizes of the precursor phases may easily
lead to the different thermal behaviour, yielding contrasting evolution of the phases. Addition-
ally, when approaching the pressure jump with phases which are not the preferred precursors
for the fast formation of the transient liquid (such as Cu(0) and BaO, as observed in the phase
evolution of the ternary films, for example), the change in Py, will force the oxidation of cop-
per when the local pressure resulting from the renewal of gas will be adequate. This will also
allow for the nucleation of BaCu,0O,, crystalline or amorphous, and from here, the proceeding
of the expected TLAG mechanism: BaCu,0, and Cu,O will form the [Ba-Cu-O] transient
liquid during the pressure jump, and the dissolution of the Y,O5 nanoparticles in the liquid
will result in YBCO nucleation and growth. The oxidation of the copper species occurring

during the pressure jump may delay the whole process: this transformation may be occurring
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gradually and not simultaneously in the entire film, resulting in major inhomogeneities. An
example of the reoxidation of Cu(0) during the jump and the detection of a minor contribution
of crystalline BaCu, O, is shown in the phase evolution in Fig. 5.18, in which the rapid growth
of YBCO may indicate that most of the formed mixed Ba-Cu oxide was amorphous before
promptly proceeding to the transient liquid formation. The presence of other oxides of copper
is anticipated, but the absence of any relative peaks may be due to either their formation in
amorphous form, not detected through XRD, or the extreme rapidity of the process (YBCO
growth initiates in a time range below 10 s), which is limited by the acquisition time of the
specific experiments. Possible effects of the growth of YBCO through TLAG Py, -route from

this kind of films will be presented later on.
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FIGURE 5.18: Pressure-dependent phase evolution during the jump of one of the ternary films
previously quenched ex-sifu and then subjected to the in-sifu synchrotron XRD experiment. The
only crystalline phases present before the pressure jump, Cu(0) and BaO, upon gas renewal and
increase of Py, proceed to the formation of BaCu,O,, here formed at Py, > 1 mbar. With a
further pressure increase this phase reacts with Cu,O to form the transient liquid and, finally,
YBCO. The insignificant contribution of the peak intensity relative to this phase may suggest
that a portion of it has proceeded to the formation of the transient liquid from an amorphous
form, undetectable through XRD.

As a summary of the results analysed up to now regarding the elimination of BaCO; in the
experimental set-up employed for the in-situ XRD experiments, interesting insights could be
gained. The two strategies presented for the enhancement of the complicated elimination of
BaCOj; in a set-up which suffers from poor gas transport conditions led to the attainment of
important knowledge regarding the system employed and the thermal behaviour of the films
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in such circumstances. When initiating the low-pressure heating from films composed by
nanocrystalline BaCO5, CuO and Y,05, major complications are encountered towards the
proceeding of the elimination of the barium precursor phase in the experimental set-up de-
scribed here: the small volume of the furnace environment combined with the insufficient gas
evacuation results in the out-diffusion of CO, from the films to reach an equilibrium with the
atmosphere inside the furnace, hindering the reaction to reach completion. This is evidenced
by the concomitant presence of BaCO; and BaCu,0, whose plateaued intensity suggest no
further advancement in the elimination of the former towards the formation of the latter is oc-
curring. Moreover, the CO formed due to possible C impurities in the furnace environment
yield the full reduction of copper to the unfavourable Cu(0), renowned to be prone to strong
coarsening phenomena. However detrimental these conditions seem to be, the development
of the in-situ transformation process has demonstrated to produce the complete elimination of
BaCOj;. In this scenario, the use of films of liquid compositions with copper excess is seen
to be preferable, resulting in an easier elimination of the barium precursor phase. The more
amorphous microstructure of the initial nanocrystalline precursor films of (3:7) and (4:11)
compositions show a more straightforward advancement of the reaction from BaCOj; to the
mixed oxide of barium and copper, additionally catalysed by CuO contained in large excess
in these compositions. The gas renewal deriving from the pressure jump is, here, sufficient
to completely eliminate the remaining BaCO5 through the final CO, out-diffusion and yields
films of the desired solid precursor phases of BaCu,0, and Cu,O for the transient liquid forma-
tion in the successive step of the TLAG process. The microstructure of films of compositions
with low copper content, conversely, display highly crystalline initial phases which present
elevated thermal stability, hindering the elimination of BaCO5; moreover, these compositions
are experiencing a lower catalytic effect of CuO given its reduced presence due to composition
stoichiometry. To possibly overcome this complication, films of (2:3) and (3:6) compositions
could be subjected to a pressure jump to a Pozqual > (.1 mbar (still maintained below the
YBCO instability line), to allow for the entrance of a larger amount of gas in the furnace
and, possibly, favour the out-diffusion of the remaining CO, which is hindering the complete
elimination of barium carbonate. However, this hypothesis has not been tested, but one must
consider that the important coarsening effects observed in these films may not change the out-
come of the process.

The second strategy is straightforward, as the elimination of BaCOj; is ensured through the use
of an optimized quench process in the tubular furnace at ICMAB, in which the complete re-
moval of this phase and the formation of the desired BaCu,O, and Cu,O has been thoroughly
demonstrated in 4.2. However, irreproducibility in the temperature dependent phase evolution
of ex-situ quenched films when employed in the growth process in synchrotron facilities may
lead to complications in the analysis of in-situ XRD experiments aimed at the study the kinet-
ics of TLAG.

Detailed evaluation of the second step of TLAG Py, -route, in which the transient liquid of
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[Ba-Cu-0O] is formed and YBCO nucleation and growth occurs, will be presented in the fol-
lowing section, starting from films deriving from both strategies described up to now. Deep
understanding of the process was attained considering the initial situation resulting from the

various methods employed to eliminate the BaCO5 phase.

5.3 In-situ analysis of TLAG Kkinetic mechanism

Following the detailed analysis regarding the challenging elimination of the limiting phase of
the TLAG mechanism, BaCOj3, under the unfavourable conditions faced in the set-up employed
for in-situ synchrotron XRD experiments described earlier in the chapter, this section will
be focused on the growth mechanisms and kinetics of YBCO through TLAG. Films which
underwent the processes presented in section 5.2 will be employed as precursor films for the

in-situ analysis of the growth mechanism.

5.3.1 Promoting c-axis nucleation: growth in full-liquid regions

Kinetic phase diagrams have been recently established [101] for the two growth routes pos-
sible for YBCO growth through TLAG, namely 7-route and Py, -route. Considering the sole
interest of the latter route for the experimental work described in this thesis, representation and
description of the TLAG kinetic phase diagram for Py, -route was provided in Fig. 4.15. De-
spite several characteristic processing conditions in said diagrams are relative to films of lower
thickness deriving from an acetate-based chemical solution, the identification of a large region
in which c-axis YBCO nucleation is enhanced was demonstrated to be valid also in the case
of the films described in this thesis (see Chapter 4), with only slight variations. The presence
of two main full-liquid regions is reported, with the subdivision coinciding with the Cu(II)
to Cu(I) reduction line reported in literature [95, 185]. Nonetheless, a well-defined oxidation
state of copper close to this line is not expected, and a continuous transition between liquid
compositions presenting both cases is possible.

In order to promote c-axis nucleation and obtain highly epitaxial YBCO, several films were
grown through TLAG Py, -route in both of the full-liquid regions of the kinetic phase dia-
gram and the process was followed through in-sifu synchrotron XRD experiments. All films
described in this section are (3:7) liquid composition presenting same thickness (400 + 50 nm
of final YBCO). The main difference which will be analyzed here is the effect of growth from
films which were subjected to an ex-situ quench prior to the growth in the in-situ synchrotron
set-up (consequences on the phase evolution during the low-pressure heating in this set-up
were previously described in 5.2.2) and films which are grown with no previous thermal treat-
ment to formerly eliminate BaCO5 (here denominated as "growth from single heating", given
that ex-situ quenched films are subjected to a second heating when employed in the in-situ
synchrotron XRD experiment). Despite these films displayed major difficulty towards BaCO5
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elimination during the low-pressure heating step, the analysis of the full growth process led
to particularly interesting considerations. Given the highly corrosive and reactive nature of
the transient liquid and the rapid pressure variation during the jump (with corresponding gas
renewal inside the furnace), BaCOj is seen to finally react and proceed towards the expected
TLAG mechanism. However, the detrimental conditions of the crystalline phases deriving
from the low-pressure heating step are seen to complicate the growth process, as will be de-
scribed in the following part of the text.

Fig. 5.19 shows the analysis of the randomly-oriented contribution normalized to the epitaxial
YBCO (005) reflection in a total of 27 films grown in in-situ conditions, exhibited as a colour
map with the position of each symbol corresponding to the growth temperature and POZ,final
conditions”. As explained at the beginning of this chapter, complications towards the precise
control of the desired thermal profile at the moment of the pressure jump were encountered,
with important variations between the experiments in the different beamtime runs. The final
temperature reported here is, thus, not the T, selected when initiating the growth process,
but the real temperature registered in correspondence to the saturation of the YBCO (005)

peak. Considering the large deviations from the desired T,,, it was believed that following

er’
this method a realistic representation of the experimental results could be provided.

A noticeable distinction is observed. Ex-situ quenched films result in generally higher epitaxy,
with a maximum contribution of the randomly-oriented YBCO of 20%. Over half of all the
considered ex-sifu quenched films (specifically, 54%) result in a contribution of (103) grains
of 5% or below, and in only two cases the contribution of this phase is reaching values of
20% (maximum value obtained for such films), demonstrating that the majority of this type of
films in all of the conditions tested led to preferentially epitaxial YBCO nucleation and growth.
Contrarily, films which are grown without a previous thermal process to remove BaCOj dis-
play more inconsistent results: a wider distribution of the contribution of randomly-oriented
nuclei is observed, with maximum values reaching 55% corresponding to 20% of the this kind
of grown films. Moreover, various samples grown using similar processing conditions yield
discrepant results. An explanation may be found in the presence of BaCOj in the latter films
at the moment of the pressure jump, given the inconceivability of its complete elimination
during the low-pressure heating process, as established in 5.2.1. In the previous chapter, it was
demonstrated how several parameters are strictly affecting the straightforward formation of the
transient liquid. The effect of slow heating ramps on coarsening of precursor phases shows the
detrimental delay in the dissolution of these and, thus, their participation in the homogeneous
formation of the transient liquid. A large amount of remaining BaCOj; is seen to favour the
homogeneous nucleation of YBCO due to this phase needing to react towards the formation of
BaCu,0, (crystalline or amorphous) during the time of the pressure jump, when the transient
liquid is being generated. This results in an inhomogeneous transient liquid along the film and

3The procedure followed for the integration of the peaks relative to each reflection is the same as the one described
in D.2.2 employed for the analysis presented in Chapter 4.
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a mixed nucleation, with final YBCO films of misoriented texture.

In both of the types of films considered in this subsection, it is clear how highly epitaxial YBCO
can be obtained with the correct tuning of the processing parameters. Considerations regard-
ing the supersaturation of the transient liquid as a function of the Poz’fml increase observed in
the optimization of TLAG on (3:7) composition YBCO films described in the previous chap-
ter, together with several testing in the in-situ synchrotron experimental set-up, have led to the
understanding that c-axis nucleation is favoured, for this composition and in this set-up, when
higher values of POZ,finaI and Pror finq are employed. Targeting the growth of YBCO in the
area of the phase diagram ranging between 830 °C and 870 °C of T},, and a value of POZ,final
between 6 mbar and 7 mbar (with corresponding Pror fine ©f 32 mbar or 100 mbar), yields
highly epitaxial YBCO films with contribution of (103) grains below 5% independently of the
initial microstructure of the precursor film. Nonetheless, some considerations must be made.
In this high c-axis window, ultrafast growth rates can be obtained for both types of films with
values well above the state-of-the-art 100 nm s~! [53], yielding an unprecedented maximum
value of 2207 nm s~! for 400 nm thick YBCO films.
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FIGURE 5.19: Colour map relative to the contribution of randomly-oriented YBCO grains in

films grown in-sifu in the full-liquid regions of the pre-established TLAG Py, -route Kinetic phase

diagrams [101]. Films subjected to an ex-situ quench process prior to the growth in the in-situ

synchrotron XRD experiment are shown as solid rhombi, whereas films grown with no previous

thermal treatment to eliminate BaCO; are represented with solid circles.

However, films deriving from an ex-sifu quench process prior to their employment in in-

situ synchrotron XRD experiments, result in majorly higher growth rate values, as is shown in
Fig. 5.20(a), where the growth rates exhibited by this kind of films through the use of three
different processing conditions led to the achievement of 400 nm of highly epitaxial YBCO
grown between 500 nm s~! and 2207 nm s~!. Conversely, three highly epitaxial YBCO films
resulting from the growth without any previous thermal treatment to eliminate BaCOj; (thus,

through a single heating in the in-sifu synchrotron XRD experiment) are ranging from the low
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value of merely 32 nm s~! up to the ultrafast growth rate of 1433 nm s~!.

Undoubtedly, these films are demonstrating how ultrafast growth rates are possible and char-
acteristic to TLAG Po,-route, boosting the possibilities of industrial implementation of this
innovative growth method towards more environmentally friendly and energetically efficient
CCs fabrication. Nonetheless, an interpretation of the reasons behind the observed differences
is considered necessary at this point. Solely judging by the growth rates obtained, one may
be prone to believe that the use of films which have undergone an ex-sifu quench prior to their
implementation in the beamtime experiments is preferable, as high c-axis YBCO orientation
is obtained with the highest growth rate values. However, in 5.2.2 it was thoroughly demon-
strated that a major issue is encountered with the reproducibility of the phase evolution during
the low-pressure heating of these films. Despite the elimination of BaCOj; to be fundamen-
tal, given it limits the progression of the TLAG mechanism, the formation of phases differing
from the ones expected in the established reaction pathway during the low-pressure heating is

undesirable. In contrast, the generally slower growth rates of films grown directly in the
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FIGURE 5.20: (a) Growth rate values obtained from selected experiments comparing the case
of films quenched ex-situ prior to the experiment (red rhombi) and films grown in-situ with no
previous thermal treatment (single heating, light coral circles). The represented growth rate val-
ues are deriving from films grown in similar conditions of Po, (between 6 mbar and 7 mbar).
The two results highlighted through a light blue shading are evidencing the great difference be-
tween these two cases, and the growth rate value for these films is shown in (b) and (c), for a film

quenched ex-situ and one grown directly in-situ, respectively.

set-up used for in-sitru XRD experiments through one single heating may find an explanation

in the fact that these are displaying the presence of unreacted BaCOj; prior to the pressure
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jump. Considering that the heating rate and the pressure configurations are identical for all
experiments regarding the low-pressure heating step, differences in the microstructure may
and the degree of CO,
out-diffusion reached: as films of the same (3:7) composition are considered in this analysis,

depend strictly on the level of coarsening deriving from the selected T,
only slight variations between the amount of remaining BaCO; following the low-pressure
heating should be observed. However, the microstructural situation prior to the pressure jump
is unknown, and there might be significant differences between the phases formed during the
low-pressure heating in their grain size and distribution. Initiating a pressure jump, during
which the precursor phases are expected to promptly melt to generate the [Ba-Cu-O] transient
liquid, with large amount of BaCO; may retard the liquid formation. In fact, the remaining
BaCOj; is expected to react to yield BaCu,0, in either crystalline or amorphous form, which
will then progress in the TLAG mechanism towards the transient liquid. Moreover, one must
remember that in these kind of experiments, as observed in the previous section 5.2, there is
the simultaneous presence of the three phases of BaCO5, BaCu,0,, and the reduced phase of
Cu(0). The latter must additionally be oxidized during the pressure jump to be able to take
part in the transient liquid generation. The ensemble of these factors are believed to be at the
origin of the wider variety of growth rate values obtained for such films. The formation of the
transient liquid will suffer from higher degree of inhomogeneities which are difficult to predict.
Unreacted and crystallized BaCOj is far from preferable, and further strategies to enhance its
elimination prior to the pressure jump must be found, possibly in the direction of a modification
of the set-up to favour gas evacuation: renewal of gas in the furnace during the low-pressure
heating will remove the out-diffused CO, and allow for the progression of the elimination of
this phase, promoting the formation of the expected precursor phases of BaCu,0, and Cu,O

prior to the jump.

At this point, an assessment of the outcome of each strategy developed aiming for an improved
epitaxial growth of YBCO in the experimental set-up employed for in-sitru XRD experiments
is due. Fig. 5.21 reports the I(20) scans result of the integration in y of the 2D-XRD images
(shown in correspondence) acquired at RT following the in-situ TLAG process for films de-
riving from the three strategies described in this chapter. This comparison is carried out solely
on ternary (3:7) composition films of same thickness (400 nm of final YBCO), and grown
through the use of the same processing parameters, therefore with expected similar supersatu-
ration conditions, as the analysis of the growth from films of different liquid composition will
be object of the following section.

The case of a film grown from a single heating in the set-up employed for in-situ XRD exper-
iments with no prior thermal treatment and the film previously subjected to the in-situ phase
transformation process both display a mixture of epitaxial and random nucleation (respec-
tively, Fig. 5.21 upper and central panels). The former film results in a higher contribution
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of the randomly-oriented phase and a general polycrystalline character of YBCO, as it can be
evinced by the ring-like aspect of the YBCO (005) reflection in the corresponding 2D-XRD im-
age. In the latter film, despite the presence of (103) grains, the lower intensity of this phase and
higher epitaxy suggests an improvement towards a higher c-axis orientation when employing
the in-situ phase transformation process. The final case of a film which underwent an ex-situ
quench prior to the growth in the set-up for in-sifru XRD experiments displays optimal epitaxy,
exhibiting an intense epitaxial orientation and the complete absence of any randomly-oriented

grains. One must remember that, among the three cases considered, the complete
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FIGURE 5.21: 1(26) scans (left) and corresponding 2D-XRD images (right) obtained with 1s
acquisition time following the in-situ TLAG process of ternary films of (3:7) composition de-
riving from the three strategies explained in this chapter. Displayed from upper to lower panels,
respectively, a film grown in-situ without any previous thermal treatment to eliminate BaCO3,
a film deriving from the in-situ phase transformation process, and a film which underwent an
ex-situ quench prior to the experiment. The films were grown in the TLAG P, - route with a
Tget = 850 °C, base pressure conditions of Prop = 0.05 mbar/Pg, = 0.01 mbar, final pressure
conditions of Prgr = 100 mbar/Pg, =7 mbar.

elimination of BaCOj is achieved principally in the case of the ex-situ quenched films. Consid-
ering the supersaturation conditions expected to be similar, the differences in the homogeneity
of formation of the transient liquid are here fundamentally influencing the outcome. Despite
the irreproducibility in the phase evolution during the low-pressure heating exhibited from the
latter type of films (reported in 5.2.2), it is believed that the absence of the barium precursor

phase at the moment of the jump is allowing for a rapid and more consistent transient liquid
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formation compared to the cases of the other two kinds of films analysed here. Possibly, in the
films deriving from the in-sifu phase transformation process, the highly coarsened crystalline
phases due to the two consecutive heating processes are delaying the reaction of the precursor
phases towards the liquid formation, regardless of the possible elimination of BaCOj5 through
this strategy in (3:7) composition films. The fact that BaCOj is eliminated during the pressure
jump to Po, i = 0.1 mbar may result in the formation of BaCu,0O, and Cu,O grains of dif-
ferent size and distribution respect to the case of a film in which these solid phases are formed
at a Pg, one order of magnitude lower during the heating process (and in a different furnace
configuration). Considering the generally higher epitaxy of the films obtained from an ex-situ
quench displayed in Fig. 5.19, this strategy seemed to be, at the moment of this thesis work,
the most suitable option to overcome the complications encountered for the TLAG process in
the set-up employed for the in-situ synchrotron XRD experiments. Nonetheless, despite being
able to overcome the complicated elimination of BaCOj in the particular set-up described in
this chapter and obtaining highly epitaxial YBCO films through three different film preparation
methodologies, it must be considered that the ideal case for a detailed analysis of the TLAG
mechanism through in-situ XRD experiments would require the efficient elimination of the
barium precursor phase during the low-pressure heating process through one single heating,
as in the cases of films of lower thickness and different microstructure analyzed in previous
studies preformed at synchrotron facilities [53, 54, 101]. To achieve this, major modifications
of the experimental set-up are believed to be necessary, and the ongoing work continued in the
group towards that direction has yielded the first promising results on a more straightforward
elimination of BaCO;.

5.3.2 Variations of the TLAG Kkinetic mechanism due to differences in
transient liquid supersaturation

Growth of YBCO films of the four liquid compositions considered in this thesis through TLAG
Py, -route has been analyzed employing in-sifu XRD synchrotron radiation. Similarly to the
description in the previous chapter, the optimization of the processing conditions through the
use of the sole (3:7) composition has availed the achievement of optimal 7-P ranges in which
high epitaxy is favoured. Employing these predetermined conditions to the growth of films of
different liquid compositions allowed for a detailed evaluation of the influence of the liquid
supersaturation on the epitaxial nucleation of YBCO, here deriving from the varying cop-
per content in the solution stoichiometry. As aforementioned in this chapter, the additional
hindrance to the elimination of BaCO; encountered in the set-up employed for in-situ XRD
experiments has led to the development of several strategies to overcome this. In the case of
films of different liquid compositions, the solution to enhance the difficult removal of BaCO4
has been the development of the in-sifu phase transformation process, described in detail in

5.2.1.2. Following the latter analysis, a detailed evaluation of the growth from ternary films
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of various compositions which have undergone such process compared to films which faced
no additional thermal treatment to eliminate BaCOj; (as denominated earlier, "growth from
single heating") will be conducted here. Two main objectives will be the focus of this subsec-
tion. Firstly, the determination of whether the microstructure resulting from the in-sifu phase
transformation process is adequate to be employed as precursor films for the following growth
through TLAG in the set-up employed for in-situ synchrotron XRD experiments, or whether
the use of pyrolyzed films is the optimal alternative, despite the difficulties encountered in
BaCO; elimination in these set-up conditions. Secondly, to evaluate the influences of the vari-
ation of supersaturation characteristic to the transient liquid of each composition and how these
may affect the nucleation of epitaxial YBCO in TLAG.

5.3.2.1 Coarsening phenomena as a consequence of the in-situ phase transformation

process

A concerning effect which must be analyzed when studying the TLAG mechanism is whether
films which have undergone the in-situ phase transformation process present coarsening of
the crystalline phases when subjected to the thermal treatment during their growth (step 3 in
the schematic overview in Fig. 5.3). For clarification, films of such type will be referred to as
undergoing a second heating, whereas pyrolyzed films which are being grown without any pre-
vious thermal treatment to remove BaCO; will be referred to as subjected to a single heating.
The difficulty of eliminating BaCOj; on ternary films of different composition in this particular
set-up is evident and fully explained in 5.2.1.2. This is reflected in the temperature-dependent
phase evolution of the low-pressure heating in Fig. 5.22, in which the presence of BaCOj; or-
thorhombic is observed in the single heating of the films of all compositions until reaching the
set temperature of 850 °C (lower panels). As explained in the previous subsections, the poor
gas transport in the furnace environment hinders the removal of the evolved gases, reaching an
equilibrium which impedes the progression of the reaction between BaCO5; and CuO to form
the mixed oxide of BaCu,0,. Corroborating this hypothesis, this phase is only formed above
800 °C and exhibits minor contributions, with the intensity of BaCO5 showing no important
decrease. A different situation is presented by the films undergoing a second heating, given
the elimination of BaCOj5 (full or partial, depending on the specific liquid composition) was
performed in the previous in-sifu phase transformation process. As explained in the section
devoted to the latter process, the elimination of BaCOj; displayed a higher success rate for the
compositions with copper excess, specifically (3:7) and (4:11) compositions. The composi-
tions with lower copper content, (2:3) and (3:6), resulted in major complications which led to
the phase transition and crystallization of the monoclinic phase of BaCO;5 as an addition to
the irremovable orthorhombic one. This was a consequence of the combination of the higher
crystallinity of the pyrolyzed films of these compositions, resulting in higher thermal stability

of the barium precursor phase, and the low copper content, reducing the catalytic role of CuO
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in its reaction with BaCOj5 towards its elimination to form the mixed Ba-Cu oxide, BaCu,0,.
In the second heating of the films of the latter compositions, shown in the upper panel in Fig.
5.22, the presence of the thermally stable monoclinic BaCO5 together with the most reduced
phase of copper are resulting in an intricate mechanism which yields only minor contribution
from the expected BaCu,O, phase. As for previously explained cases, the stoichiometric (2:3)
composition displays the most adverse situation, as the coarsening of Cu(0) is presumably
limiting the amount of copper participating in the necessary reaction with BaCOj5 to form the
desired mixed oxide. Despite the (3:6) composition is also displaying an important contribu-
tion from monoclinic BaCOj3, none of the other liquid compositions display a further reduction
to metallic copper in this thermal process. Moreover, the intensity relative to BaCu,O, phase
is increasing with the increase of the copper content in the liquid composition, combined with
a factor-two decrease of the BaCO; contribution moving from (2:3) to (3:6) to (3:7), and finally
with complete absence of this phase in the (4:11) composition.
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FIGURE 5.22: Temperature-dependent phase evolution for films of varying liquid composition
which are undergoing a second heating following the in-situ phase transformation process (upper
panels) and films which are being grown without any previous thermal treatment aimed to the
elimination of BaCOj5 (single heating, lower panels). Phases are identified in each plot. The
low-pressure heating is at Pp,, == 0.01 mbar and a corresponding Pror pgse = 0.05 mbar (air)
and the displayed temperature range is between 500 °C and 850 °C (d7T / df = 4.5°C s™1).

Despite the successful elimination of the barium precursor phase for copper-rich compo-
sitions through the in-situ phase transformation process and thus initiating the pressure jump
from complete absence or insignificant contribution of BaCOj, the effect of a second, consec-
utive thermal treatment on the grain size of the crystalline phases must not be disregarded. In
Fig. 5.23, the Debye-Scherrer crystallite size for the precursor phases of BaCO; orthorhombic,
Cu,0, BaCu,0, and Cu(0) are displayed. The unmistakable trend of grain size increase from

films of single heating and films subjected to two consecutive thermal treatments is evidenced
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in all of the analyzed crystalline phases. TLAG is a non-equilibrium, ultrafast growth process
in which crystalline phases of reduced sizes are optimal to enhance the fast reaction and the
atomic mobility to the YBCO nucleation front [53, 101]. Surely, enlarged grains of the pre-
cursor phases are unideal: the formation of the transient liquid will be slowed down given the
prolonged dissolution of large grains, delaying the YBCO nucleation and possibly favouring

nuclei of other solid secondary phases to form.
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FIGURE 5.23: Debye-Scherrer crystallite size for the major precursor phases observed during
the heating process. Relation between the grain sizes of a single heating process (solid circles)
and films undergoing two successive thermal treatments (such as the growth after an in-situ phase
transformation process, shown as solid thombi) depending on each liquid composition consid-
ered. The increase in the grain size of all crystalline phases analyzed is evidencing, as expected, a
strong coarsening phenomenon occurring for films which are subjected to two consecutive heat-
ing processes. Error bars are not shown for films subjected to a second heating given the fact that
only one process of such type was performed for each liquid composition.

Nonetheless, the presence of BaCO5 during the jump is an additional hindrance to a fast
growth, given its necessary reaction to form the mixed oxide of BaCu,0O, first, which only
then may form the transient liquid and progress with the nucleation of YBCO following the

established TLAG mechanism. Therefore, a compromise between highly coarsened crystalline
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phases in films in which no BaCOj is present or films displaying this phase but with smaller
grains must be reached. The effects of this on the formation of YBCO during the pressure
jump in TLAG Po,-route will be analyzed next.

5.3.2.2 YBCO nucleation from films of different composition varying in the state of
nanocrystalline precursor phases

The second step of the TLAG Py, -route process for films of various liquid compositions is
performed, and films deriving from either a single heating or two consecutive ones, with the
aforementioned consequences, are subjected to a rapid change in the pressure conditions to
nucleate and grow YBCO with the assistance of the [Ba-Cu-O] transient liquid. Two main
effects will be analyzed here: the outcome on the epitaxy of YBCO starting from different
microstructural scenarios of the two types of films considered, and the influence of the varia-
tions of supersaturation linked to each specific liquid composition. Studies on the solubility of
RE in [Ba-Cu-O] melts of different (Ba:Cu) molar ratio have evidenced an important increase
in this parameter when the copper content of the melt is increased, thus leading to lowering
the supersaturation [74, 78-80]. Moreover, given the enhanced solubility of RE in melts of
higher copper content, a reduction of the processing temperatures is possible, fundamental to-
wards the widespread of more energetically efficient CCs fabrication processes. In Chapter 4,
specifically in 4.4, the increase of the supersaturation of the transient liquid when decreasing
copper content from the (4:11) to the (2:3) composition were demonstrated to have detrimen-
tal effects towards a high c-axis nucleation of YBCO when the same processing conditions are
employed, resulting in films of (2:3) and (3:6) compositions to show mixed nucleation in all
of the conditions tested.

The pressure-dependent phase evolution plots resulting from the analysis of the growth process
employing in-situ synchrotron XRD radiation are shown in Fig. 5.24 for the cases of single
and second heating on films of the four liquid compositions. The implementation of a fast
acquisition rate (2 ms/frame) enabled the following of the ultrafast formation of YBCO nuclei
through the transient liquid. Details regarding data acquisition may be found in E.1.2. Due to
the high acquisition rate, the intensity of the phases is reduced, an effect especially significant
when observing the peaks of the precursor phases. Raw intensity of the evolution of each peak
are represented to be able to quantitatively compare between the different cases. Substantial
differences may be evidenced and the use of the fast acquisition has led to a detailed obser-
vation of the transformations occurring during the pressure jump. Following the same trend
observed in the previous chapter regarding the nucleation of c-axis oriented YBCO, a division
between liquid compositions with low copper content and the ones with copper excess may be
defined, with the (3:7) and (4:11) compositions generally favouring epitaxial orientation given
the lower supersaturation conditions at the moment of transient liquid formation. This is in

contrast to the situations exhibited by the compositions with lower copper content, (2:3) and
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(3:6), which are displaying a reduction in the intensity of the (005) reflection of YBCO of half
or more, simultaneously to a significant increase in the contribution of the randomly-oriented
grains. Now that this differentiation has been determined, a further subdivision can be noted
with regards to the growth of the two types of films of each individual liquid composition.
Again, starting the evaluation from the most favourable case of the compositions with higher
copper content ((3:7) and (4:11) compositions), the films deriving from the in-situ phase trans-
formation process (upper panels in Fig. 5.24 (c) and (d)) promote the nucleation of a highly
epitaxial orientation of YBCO, with only a minor contribution of the randomly-oriented phase
present. The only precursor phases in these two cases are, effectively, the expected ones fol-
lowing the thermal treatment aimed at BaCO; elimination: the mixed oxide of BaCu,0, and
Cu,0. Conversely, films of the same liquid compositions which have been grown without any
previous thermal treatment to remove BaCO; (lower panels in Fig. 5.24 (c) and (d)) show the
presence of this crystalline phase until extremely elevated pressure values during the pressure
jump (Poz,final = 6.5 mbar and POZ,f[naI = 5 mbar, for the (3:7) and (4:11) compositions, respec-
tively), almost reaching the final Py selected for the experiment. In the case of films of (3:7)
composition, there is an additional phase transformation from orthorhombic to monoclinic dur-
ing the pressure jump, and a higher contribution of the YBCO (103) orientation compared to
the desired (00I) is obtained. The phase evolution displayed by this film clearly evidences that,
even in optimal supersaturation conditions, the presence of undesired solid phases may vary
detrimentally the formation of the transient liquid in sufficient amount and/or homogeneously
along the entire film. As a result, a loss in epitaxy is obtained. This effect is not as crucial
if the copper content of the liquid composition is further increased, lowering even more the
supersaturation conditions. This is the case of a (4:11) liquid composition film grown through
single heating, which despite showing the presence of crystalline BaCO; during the pressure
jump, displays a predominance of epitaxial growth compared to the undesired (103) grains.
Possibly the enhancement of the Y solubility in this liquid is accelerating the formation of
YBCO nuclei and the presence of insignificant amounts of BaCO5 are promptly dissolved in
the transient liquid. Shifting the focus to the compositions with lower copper content, namely
(2:3) and (3:6) compositions, a different trend is observed. The (2:3) composition is show-
ing the most adverse conditions towards the success of the experiment given the intrinsically
higher supersaturation conditions presented in these films. Moreover, the coarsening of the
crystalline phases deriving from the in-situ phase transformation process (Fig. 5.24(a), upper
panel) results in the disappearance of contributions relative to BaCu, 0O, and Cu,0 at Py, =
2 mbar and the simultaneous presence of crystalline BaCO3; monoclinic until Py, > 5 mbar:
this is a clear evidence of how inhomogeneous the transient liquid formation is in films of this
case, where the dissolution of highly coarsened solid grains of BaCOj is slowly progressing to
their inclusion in the transient liquid. This will cause the already high supersaturation of this
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FIGURE 5.24: Pressure-dependent phase evolution plots relative to the pressure jump of films

of (a) (2:3), (b) (3:6), (c) (3:7), and (d) (4:11) liquid compositions comparing the case of films

deriving from two consecutive thermal treatments (following the in-situ phase transformation

process, upper panels) and from a single heating (lower panels). Identification of the crystalline

phases is shown in each single plot for clarification. Raw peak area is displayed with the same
scale for all plots to evince differences on epitaxy due to each liquid composition.
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specific transient liquid to be increased even more, given the fact that a lower amount of liquid
will be formed until the remaining BaCOj; reacts. As a consequence, the nucleation of ma-
jorly randomly-oriented YBCO is obtained. The case of a film of this composition subjected
to a single heating displays a more favourable outcome, possibly given the lower degree of
coarsening of the precursor phases which, despite also presenting the contribution of BaCO;
during the pressure jump, results in its inclusion in the transient liquid at lower Py, values,
leading to an ideally improved transient liquid formation and higher epitaxy compared to the
latter film. Nonetheless, the unfavourably high supersaturation conditions of this specific tran-
sient liquid composition in the selected processing conditions are resulting in both films of
(2:3) composition to show the lowest epitaxial nucleation of all of the cases considered. It is
believed that an enhancement of the epitaxial nucleation in films of this composition could be
obtained, as previously proposed in Chapter 4, with the use of higher processing temperatures.
Nonetheless, with a slight increase of the copper content to the (3:6) composition, the effect
of the in-situ phase transformation process appears to be beneficial towards the final epitaxy
of the film, despite BaCO5; monoclinic being present during the pressure jump. Possibly, a
combination of the partial removal of the barium precursor phase and the minor lowering of
the supersaturation compared to the (2:3) composition may favour the formation of a more
homogneneous transient liquid in this case, however resulting in a mixed nucleation of YBCO
(005) and (103), and a final epitaxial contribution of half if compared to the compositions of
higher copper content. Conversely, the growth of a film of (3:6) composition from a single
heating shows the initial nucleation of exclusively misoriented grains, then overruled by the
(005) orientation. The final contribution of (103) is double than the case of a film of this com-
position grown following the in-situ phase transformation process, suggesting the formation
of the transient liquid may thus be improved despite the supersaturation conditions not to be
optimal in these specific processing conditions.

A general consideration may be made at this point. As observed during the analysis of the in-
situ phase transformation, the films of liquid compositions with lower copper content, which
are the ones with higher initial crystalline microstructure, display a more difficult elimination
of BaCOj in this process, making the resulting coarsening effects due to the two consecutive
heat treatments detrimental towards the formation of epitaxial YBCO in the TLAG process.
Nonetheless, the growth of films of these compositions in which no previous elimination of
BaCO; is performed, are also showing major impediments towards the nucleation of fully epi-
taxial YBCO, given the intrinsically higher supersaturation of the transient liquids of these
compositions. It is believed, as evidenced from the results in 4.4, that these films would profit
from higher processing temperatures than the ones employed in the experiments described,
given that the solubility of RE in [Ba-Cu-O] melts decreases with the decrease of the cop-
per content of a composition, but can be improved through an increase in temperature when

considering the same (Ba:Cu) molar ratio [78].
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FIGURE 5.25: Integrated 1(26) corresponding to the 2D-XRD frame acquired at RT following

the in-situ growth process for the films of (a) (2:3), (b) (3:6), (¢) (3:7), and (d) (4:11) liquid

compositions, comparing the case of a film grown following a single heating (solid lines) and a

film grown following the second heating after the in-situ phase transformation process (dashed
lines).

Nonetheless, the global pursue towards greater energetic efficiency of the industrial pro-
cesses implies a general preference of selecting lower processing temperatures [7]. On this
regard, the excess of copper in the (3:7) and (4:11) compositions is aiding in decreasing the
processing conditions to lower temperatures and this effect is observed in the more favourable
outcome of the in-situ phase transformation process. The disadvantage of coarsening due to
the second thermal treatment has no detrimental effect in these cases, and it outweighs the
complication residing in BaCO; elimination during the pressure jump, resulting in higher epi-
taxy. This effect is a possible consequence of the optimal supersaturation conditions of the
transient liquid formed for these compositions: the higher solubility of Y in these liquids is
thought to be favouring the fast reactivity of the process. An evidence of this is the fact that
films of (4:11) composition seem to be unaffected by the microstructural differences of the ini-
tial film, considering this liquid composition to be presenting the highest solubility of Y, thus
lowest supersaturation, of the four cases analyzed in this thesis. Despite the minor presence
of BaCOs in the films of this composition grown with a single heating, the generation of the
liquid with optimal supersaturation conditions is promoting the dissolution and reactivity of

the latter phase and the proceeding of the mechanism similarly to the case in which no BaCO;
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is present at the moment of the jump. Through the use of the fast acquisition, as previously
mentioned implemented to follow the ultrafast evolution of the phases throughout the pressure
jump, the formation of the transient liquid in a film of (4:11) composition could be unprece-
dentedly detected. Fig. 5.26 displays the time-dependent phase evolution colour map of the
time range relative to the YBCO formation during the pressure jump. In this experiment, the

contribution of the crystalline precursor phases of BaCu, 0O, and Cu,O are visibly disappearing
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FIGURE 5.26: Time-dependent phase evolution colour map showing the time range correspond-
ing to the pressure jump for a (4:11) composition film grown through TLAG which was previously
subjected to the in-situ phase transformation process. Identification of the phases according to
their 26 peak positions is specified in the upper part of the graph. The time-range in which no
peaks deriving from crystalline phases are visible is indicated through a light grey rectangle.

towards the formation of the final YBCO, majorly (005) with only a minor contribution of
the (110) and (103) orientations, and CuO due to the copper excess in this specific liquid
composition. The fact that during 3.8 seconds no contribution relative to any crystalline phase
is visible is thought to be correspondent to the formation of the transient liquid, followed by
the nucleation and successive growth of YBCO, clearly evidenced from the high intensity of

the peak of the epitaxial phase. This exceptional identification has been possible through the
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use of the fast acquisition of 2 ms per frame implemented at SOLEIL Synchrotron, which
allows to follow the TLAG process in its ultrafast mechanism. The complete elimination of
BaCOj; through the use of the in-sifu phase transformation together with the correct tuning of
the transient liquid supersaturation conditions through stoichiometry of the initial precursor
solution is ensuring the formation of the necessary precursor phases for a homogeneous and

complete formation of the transient liquid and ideal epitaxial nucleation of YBCO.

5.4 Challenges of growing thick films in in-situ conditions

As evinced in the previous sections, the greatest challenge of the epitaxial growth of YBCO
through TLAG in the experimental set-up employed for the in-sitru XRD experiment was the
elimination of BaCOj3, demanding due to the various reasons explained in detail. Clearly, with
a thickness increase, the difficulty towards the complete removal of the barium precursor phase
is also enhanced. Therefore, the growth of YBCO through TLAG Py, -route in in-situ condi-
tions applied to thick films was implemented solely adopting the two strategies described in
section 5.2, and an analysis of their application on ternary films of (3:7) composition of six
and eight layers (2.2 ym and 2.7 um after the pyrolysis, respectively) is carried out here.

The six-layered film has been subjected to the in-situ phase transformation process described
in 5.2.1 to evaluate the possibility of eliminating BaCO; on films of elevated thickness in the
set-up employed for the in-situ XRD experiments. Analysis of the evolution of phases relative
to the low-pressure heating and to the pressure jump to Poz,final = 0.1 mbar (steps 1 and 2 of the
schematic overview shown in Fig. 5.3) are displayed in Fig. 5.27. The phase evolution during
the low-pressure heating exhibits the same pathway as for the case of a film of two layers of this
liquid composition (shown in Fig. 5.10): BaCOj is not eliminated during the thermal treat-
ment, and its crystallization above 800 °C coincides with the reduction of CuO® to Cu,O. The
reaction between BaCO; and CuO leads to the formation of BaCu,0,, nonetheless only with
a minor contribution due to the simultaneous reduction of Cu,O to metallic copper. As previ-
ously observed for ternary films, the low porosity of the initial microstructure combined with
the insufficient gas flow inside the furnace leads to the attainment of an equilibrium between
the gas evolved from the film and the gas stagnating in the furnace environment. This results in
only a partial elimination of BaCOj5 and the presence of unexpected phases, specifically Cu(0),
which is fully reduced given the presence of C contamination (as mentioned before, possibly
deriving from the graphite dome, residues of the organic solvents from the Ag paint employed
to glue the samples in place, or other unknown impurities) which lead to the formation of CO

in the furnace atmosphere.

6As for the case of ternary films of lower thickness, the insufficient intensity of the CuO peak due to its low
crystalline nature impedes its integration.
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FIGURE 5.27: (a) Temperature-dependent phase evolution relative to the low-pressure heating of
the in-situ phase transformation process in the temperature range between 500 °C and 850 °C for
a six-layered ternary film of (3:7) composition. (b) Pressure-dependent phase evolution relative
to the pressure jump below the YBCO instability line (Poz,f,-,,a, = 0.1 mbar and Pror fipq = 35
mbar) aimed at the elimination of the barium precursor phase in the same six-layered film shown

in (a).

The renewal of gas inside the furnace due to the pressure jump to the area of the kinetic phase
diagram below the YBCO instability line is clearly promoting the formation of the desired
crystalline phases of BaCu,0, and Cu,0O. Nonetheless, the thickness of the film is such that a
complete elimination of BaCOj is unattainable, and the phase transition from orthorhombic to
hexagonal is observed with a significant contribution in the final part of the pressure jump. The
cooling process confirms the disadvantage of an incomplete removal of the barium precursor
phase. Similarly to the films of lower thickness displaying a more troublesome elimination
of this phase (specifically, the ones of (2:3) and (3:6) compositions for the reasons presented
before), the high amount of BaCO5 hexagonal is transformed to a mixture of the orthorhombic
and, majorly, the monoclinic phase with the decrease of temperature, as clearly evidenced in
Fig. 5.28. The formation and coarsening of the monoclinic phase of BaCOj5 resulting from
this process is evidencing the disastrous outcome of the in-situ phase transformation process
when applied to the case of thick films in the unfavourable conditions of the current set-up.
Furthermore, the inadequate formation of BaCu,0O,, consequence of the hindrance towards the
removal of the barium precursor phase, is setting the initial conditions for the TLAG process
to be particularly disadvantageous, given the renowned elevated thermal stability of BaCO;
monoclinic [91, 93]. Fig. 5.29 displays the 1(20) deriving from the integration in y of the
2D-XRD image acquired at RT following the in-sifu phase transformation process, evincing

the presence of strong contributions of BaCO5 orthorhombic and monoclinic.
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FIGURE 5.28: (a) Temperature-dependent phase evolution colour map showing phases present
during the cooling of the in-sifu phase evolution process of the six-layered film. (b) Temperature-
dependent phase evolution relative to the phase transition of BaCO; from hexagonal to the mix-
ture of orthorhombic and monoclinic observed during cooling, with a major contribution of the

latter phase.
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FIGURE 5.29: 1(20) scan resulting from the integration in y of the 2D-XRD image acquired
at RT following the in-situ phase transformation process for the six-layered ternary film of (3:7)
composition, demonstrating the unsuccessful outcome of the thermal treatment towards the elim-

ination of BaCO5 and additionally resulting in coarsening of the monoclinic phase.

The second type of film considered in this section was the case of an eight-layered ternary
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film of (3:7) composition previously subjected to an ex-sifu quench process to ensure the elim-
ination of BaCOj; prior to the growth in the set-up of the in-siftu XRD experiments. Despite
the result of such quench process shows the presence of only a minor contribution of BaCOj,
possibly due to the imprecise adjustment of the processing conditions for such an elevated
thickness, the major contribution of BaCu,0, suggests the elimination of the barium precur-

sor phase had almost reached completion (Fig. 5.30).
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FIGURE 5.30: 1(20) result of the integration in y of the 2D-XRD image acquired at RT prior
to the growth process process on an eight-layered ternary film of (3:7) composition which was
subjected to a previous ex-situ quench process. The minor contribution of BaCO5 orthorhombic
is supposedly due to inadequate processing conditions for a film of such a thickness. Nonetheless,

the major formation of BaCu, O, displays the favourable precursor phases for the in-situ growth.

Now that the microstructural conditions of both thick precursor films for the growth process
have been described, the analysis of TLAG on these films will be conducted through in-situ
XRD experiments. The initial focus will be set solely on the first step of the growth process, the
low-pressure heating, and the temperature-dependent phase evolution colour map is shown in
Fig. 5.31. Both films exhibit high intensity of the peaks relative to BaCu,0,, suggesting both
processes have advanced towards the elimination of BaCO5 and the formation of the mixed
barium and copper oxide. Nonetheless, if the focus is set to the 26 range between 10° and 12°,
corresponding to the peak positions of BaCO5 phases, an immediate difference is clear: the
BaCO; contribution in the ex-situ quenched film is scarce and the phase transition from the

initial mixture of orthorhombic and monoclinic to only hexagonal induced by the temperature
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increase occurs. Contrarily, the film which underwent the in-situ phase transformation process
presents a strong contribution deriving from the BaCO5; monoclinic peak throughout the entire

heating process, consequence of its coarsening during the previous thermal treatment. The
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FIGURE 5.31: Temperature-dependent phase evolution colour map relative to the low-pressure
heating of the in-situ growth process for the cases of the two thick films considered in this sec-
tion. Identification of the phases according to their 20 position is labelled in the top part. Small

variations in the 26 positions of the phases are deriving from slight beam energy fluctuations.

combination of higher intensity of the BaCu,0, phase and lower intensity of the peaks rel-
ative to BaCOj; reflections in the former film suggest that, on such thickness, the success of
the in-situ phase transformation process is reduced if compared to the ex-situ quench process.

To enhance the elimination of the barium precursor phase in the experimental set-up used for
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in-situ XRD experiments, modifications must be made in order to enhance gas evacuation, al-
ready demonstrated to hinder the process on films of two layers, now clearly more crucial with
the thickness increase.

When performing the second step of TLAG, the pressure jump, on thick films of such dis-
crepant initial microstructural situation, the analysis reveals different consequences on the epi-
taxial nucleation of YBCO. A consideration on the processing conditions must be made at this
point: the films were grown in different beamtime runs, in which the variations to the set-up
resulted in different control of the thermal profile, as explained at the beginning of this chapter.
Moreover, the pressure jump was performed at different pressure values, being PO”’_M[ =6.7
mbar, Pror, finq =32 mbar for the ex-situ quenched film and POz,/maz =T mbar, Pror fing =
100 mbar for the film subjected to the in-situ phase transformation process, as the higher total
pressure in the latter case was believed to aid in favouring the epitaxial nucleation of YBCO.
The temperature during the pressure jump exhibited an overshoot to 871 °C in the former case
and an oscillation in the latter one, dropping almost 50 °C while reaching the final pressure
(Fig. 5.32). Therefore, to fully evaluate the consequences of these two cases, a strict control
of the thermal process should be implemented, and is object of current improvements to the
set-up in the ongoing work in the group. Nonetheless, a comparison is provided here as pre-
liminary results on the growth of thick films analysed through in-sitzu XRD radiation, as this
had not been previously studied in the group.
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FIGURE 5.32: Temperature (red) and Pror (blue) profiles as functions of time during the pres-
sure jump for (a) a film of eight layers which was quenched ex-situ and (b) a film of six layers
which was subjected to the in-situ phase transformation process, both prior to the growth pro-
cess. Variations of the experimental set-up result in variations of the thermal response of the

Anton-Paar inductive furnace when the entrance of gas due to the pressure jump occurs.

Fig. 5.33 displays the I(20) scans resulting from the integration in y of the 2D-XRD image
acquired at RT following the growth process in the in-sifu experimental set-up, comparing the
resulting epitaxy. The film which was subjected to the in-situ phase transformation process

(upper panel) and initiated the growth with the presence of unfavourable crystalline phases
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FIGURE 5.33: 1(20) scans resulting from the integration in y of the 2D-XRD image acquired

at RT after the growth process for the thick films deriving from the two processing conditions

described in this section. Identification of the crystalline phases according to their 26 position is
displayed in the upper part and with shaded areas in both plots.

results in a mixture of majorly random and heterogeneous nucleation combined with, less im-
portantly, the homogeneous one. The high amount of BaCOj still present at the moment of
the pressure jump is possibly influencing the transient liquid formation, yielding its inhomo-
geneous generation and varying detrimentally the supersaturation conditions. This is believed
to be hindering the fast reaction of the process and the necessary inclusion of barium of the
BaCOj; in the liquid is delaying its formation and competing with YBCO nucleation, which
as a result leads to YBCO nuclei to be formed in orientations different than the desired c-axis
one. Especially concerning is the case of BaCO5; monoclinic which, presumably, is found in
the form of highly coarsened grains due to the two consecutive thermal treatments that this
film underwent. This phase is known to have high thermal stability and its presence in the
precursor films was previously linked to nucleation of majorly misoriented YBCO [91].

Contrarily, the film deriving from the ex-situ quench process (lower panel) yields a highly
epitaxial YBCO orientation, with only a mere contribution of randomly-oriented grains. The
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time-dependent phase evolution of the time range relative to the pressure jump is represented
in Fig. 5.34. It is evident how the growth of c-axis YBCO is not hindered by the initial minor
presence of BaCO5 hexagonal, as the majority of the crystalline contribution is deriving from
the desired BaCu,0,.
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FIGURE 5.34: Time-dependent phase evolution of the time range relative to the pressure jump

from the growth process of an eight-layered film which was previously subjected to an ex-sifu

quench process. The Fp, values of the correspondent time-dependent pressure jump are indicated
at the top of the graph and extended with dashed lines.

During the initial section of the pressure jump (< 4 seconds), the contributions relative to the
precursor phases promptly disappear and YBCO nucleation and growth occurs, demonstrating
the ultrafast nature of the transient liquid assisted process. Less than 1% of YBCO is present in
the (103) orientation, showing the supersaturation conditions at the selected processing condi-
tions in this specific liquid composition are optimal for the formation and growth of epitaxial
nuclei. The w-scan acquired on this film following the growth process in the in-situ experi-
mental set-up reveals a Aw value of 0.30° further demonstration of a high c-axis orientation.
Considering the elevated thickness of this film, estimated to be 1400 nm of final YBCO, these
promising results are demonstrating that no limitation deriving from high film thickness to the
epitaxial nucleation of YBCO is observed in the experimental set-up used for in-situ XRD ex-
periments. Nonetheless, a further optimization of the set-up must be implemented to enhance
the elimination of BaCOj in films of such thickness, given the difficulty already encountered
in two-layered films. The strategy of employing a previously ex-situ quench process in the
case of films of high thickness is crucial, as the incomplete elimination of BaCOj is limiting

a homogeneous formation of the transient liquid and resulting in mixed homogeneous and
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FIGURE 5.35: Rocking curve (w-scan) acquired on a Bruker D8 Discover X-ray diffractometer
at ICMAB, for an eight-layered film following the growth process through TLAG in the in-situ

XRD synchrotron experiment. This film underwent an ex-sizu quench prior to the growth. Value
of Aw is indicated in the graph.

heterogeneous nucleation, as observed for the film which underwent the in-sifu transforma-
tion process. This approach, which showed important improvement to the epitaxial orientation
of the final YBCO in two-layered films, is here unsuccessful due to the excessive thickness and
critical coarsening of BaCOj in its monoclinic phase. However, once the initial step of the pro-
cess is controlled through set-up modifications, TLAG mechanism can be thoroughly analysed

also in the case of thick films through the essential tool that is the analysis of the growth process

through in-situ XRD experiments performed in synchrotron facilities.

5.5 Conclusions

An overview on the TLAG kinetic mechanism on a wide range of films has been presented in
this chapter. The initial analysis of a binary (Ba-Cu-O) and a ternary (Y-Ba-Cu-O) film has
evinced the implications that a different initial microstructure has on the process. The elim-
ination of the BaCO5 phase, identified as the limiting step of TLAG, was effectively a great
challenge faced in the in-situ XRD experiments. The characteristics of the set-up employed,
especially the small size and geometry of the Anton-Paar furnace, result in insufficient gas
flow or, possibly, static flux conditions. This feature, in combination with the extremely low
porosity of the microstructure of the films developed in this thesis work, are detrimentally hin-
dering the elimination of the barium precursor phase in this particular set-up configuration.
An equilibrium is reached between the evolved CO, resulting from the elimination of BaCO;

in the furnace environment, and is blocking the progression of the entire process, impeding the
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expected reactions to occur and, additionally, favouring the formation of undesired and adverse
crystalline phases. To overcome this difficulty, two strategies have been implemented, given
that, at the time of the experimental work described here, no major modifications to the set
up could be implemented. The advantages and main drawbacks of both approaches have been
thoroughly analyzed on ternary films of the four liquid compositions and on ternary films of
high thickness, exclusively for the (3:7) composition case. Evaluation of the several effects of
the implementation of these strategies on the final YBCO epitaxy was carried out. This yielded
interesting considerations on both the identification of the most beneficial circumstances of
precursor phases and on the directly linked mechanisms of transient liquid formation, YBCO
nucleation and epitaxial growth. However difficult the elimination of the barium precursor
phase could be, highly epitaxial YBCO could be obtained in several cases, both for films of dif-
ferent liquid composition and on films of (3:7) composition of a final YBCO thickness of 1400
nm. This evidences how fundamental a correct control of the liquid supersaturation conditions
is to the success of the process. In this chapter, in line with results presented in the previous
one, the use of transient liquid of high copper content, namely (3:7) and (4:11) compositions,
resulted in a significant enhancement of the Y solubility in the liquid. Consequently, the su-
persaturation is reduced if compared to liquids of lower copper contents (specifically, (2:3)
and (3:6) compositions) in the same processing conditions. The growth of films of the latter
compositions solely resulted in mixed homogeneous and heterogeneous nucleation due to the
intrinsically high supersaturation conditions, unideal for a predominantly c-axis growth. An
increase in temperature may aid in shifting the window of processing conditions to a situation
of more favourable epitaxial nucleation in these cases. Finally, the growth on thick films in
the experimental set-up employed for the in-situ XRD experiments is hindered by the difficult
elimination of BaCOj;: despite considering a film of (3:7) composition, the extreme thickness
resulted in an incomplete removal of this phase in the otherwise effective in-situ phase transfor-
mation process on films of the same composition presenting lower thickness. However, the use
of an ex-situ quenched film, in which the BaCO; was eliminated prior to the growth process,
led to the attainment of a highly epitaxial YBCO film of a thickness of almost 1.5 ym. This
is demonstrating the high thickness is not a limitation towards the growth of c-axis oriented
YBCO in the set-up employed for in-situ XRD experiments, once an improved control of the
first step of the process is obtained. In regards to this, the determination of the kinetic mech-
anisms of TLAG Py -route is preferably identified from experiments in which the expected
mechanism is followed, where BaCOj; is eliminated during the low-pressure heating. During
the beamtime runs and the experiments that are described in this thesis, given that the straight-
forward elimination of this phase could not be obtained for the several reasons explained in
the chapter, different solutions were implemented to be able to study nonetheless the TLAG
mechanism through the in-situ XRD experiments. However, as mentioned, towards the end
of this thesis, through the collaboration with ALBA Synchrotron, a movable rack containing

the entire vacuum system necessary for the Py -route experiments could be developed. The
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possibility of an ex-sifu optimization of this set-up allows for a strict control of the processing
parameters when the in-situ XRD experiments are then performed, leading to the possibil-
ity of the analysis of the TLAG mechanism with higher precision and without the necessity
of overcoming problems occurring during the beamtime run. The ongoing work is showing
promising results, and modifications to the initial set-up have demonstrated an improvement in
the step of elimination of BaCOj5, undoubtedly facilitating the success of the entire process and
the precise analysis of the TLAG mechanism and kinetics. Moreover, successful optimization
of the thermal profile could be attained, leading to the feasible growth of YBCO (and other
REBCO systems) through TLAG with great rigour and control over the temperature during
the delicate step of the pressure jump.



General Conclusions

With the major objective being the development and progress of novel growth approaches
for the fabrication of REBa,Cu;0,_; (REBCO) superconducting films, inexpensive chemical
solution deposition (CSD) based methodologies were coupled with the kinetically-driven out-
of-equilibrium transient liquid assisted growth (TLAG) process. The nanocrystalline precursor
phases of BaCO3, CuO and RE,O; resulting from the pyrolysis of the previously deposited
metal-organic chemical solutions are observed to kinetically react, upon heating, towards the
formation of a transient liquid of [Ba-Cu-O], not predicted by the equilibrium ternary phase
diagram. The RE,Oj is here present in the form of dispersed solid nanoparticles. Following
their dissolution in the highly corrosive melt, the incorporation of RE in the liquid results in
its supersaturation, subsequently promoting the generation of stable REBCO nuclei when the
crystallization conditions are adequate. For the application proposed in this thesis, an accurate
tuning of the supersaturation is pivotal to favour the nucleation of c-axis oriented REBCO.
The complex correlation between the correct supersaturation conditions of the liquid and sur-
passing the free energy of nucleation barrier for the desired heterogeneous nucleation (here,
c-axis orientation) is strictly controlled by several parameters. Processing conditions, such as
temperature and oxygen partial pressure (P, ), but also choice of liquid composition, with the
possible variation of the Ba:Cu molar ratio, and selection of the RE, are fundamental factors
for the delicate modulation of supersaturation. With only limited knowledge on this intricate
topic available in literature, and no data ever reported in the range of processing conditions
where TLAG occurs, the work conducted in this thesis is seeking to provide insights into the
observed trends of transient liquid supersaturation and the parameters which are governing the
kinetic growth of REBCO through TLAG.
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Previous studies on TLAG have demonstrated the feasibility of high-performance films dis-
playing critical current density (J,) values of 5 MAcm~? obtained with ultrafast growth rates
in the range of 100 nms~!. Nonetheless, the limitations on the thickness of the films of 100
nm, mainly due to low metal-organic precursor solubility in the chosen solvents, was found
as a major drawback to be overcome. Envisioning the future industrial application of TLAG-
CSD, the development of a novel metal-organic chemical solution was a necessity, especially
considering the requirement of elevated film thickness in the CCs fabrication framework. The
widespread use of commercial metal acetates of RE, Ba and Cu as precursors for the metal-
organic chemical solution was disregarded, given the incomplete conversion of acetates into
propionates when dissolved in the mixture of propionic acid and methanol, commonly em-
ployed as solvents. The presence of undesired mixed species or chemical compounds deriving
from secondary reactions in solution are especially detrimental to the decomposition pathways
followed during the first thermal annealing (pyrolysis), where the organic matter deriving from
the aliphatic chains of the ligands must be fully decomposed. For this reason, the optimization
of synthetic routes for the preparation of propionate salts of the metals of interest for the forma-
tion of REBCO (in this thesis, copper (Cu(Prop),), yttrium (Y (Prop);), barium (Ba(Prop),),
samarium (Sm(Prop);), gadolinium (Gd(Prop),), and ytterbium (Y (Prop);), and additionally,
cerium (Ce(Prop);)) have been developed. Thorough characterization and structural investiga-
tion revealed the high purity of the powders obtained through facile, cost-effective and one-pot
synthetic methods and standard purification procedures. Moreover, complete analysis of the
thermal behaviour of all compounds, both in form of powder and in form of films, has been
carried out to corroborate their compatibility with the thermal process of pyrolysis employed
for TLAG-CSD, with the final confirmation of the formation of the oxides of all the metals
and BaCOs;.

The implementation of these compounds as precursors resulted in a highly robust chemical so-
lution. Throughout the use of a carefully selected amine additive, monoethanolamine (MEA),
substantial enhancement of the solution concentration in total sum of metals could be straight-
forwardly obtained. Given the bidentate nature of MEA, formation of a complex between
the copper propionate and the amine promoted its otherwise difficult solubility in the solvent
mixture and, as a consequence, the stability of this complex in solution, resulting in solu-
tions displaying shelf-life of over a year. A detailed rheological, chemical analysis of the
precursor solutions led to the observation of the copper-MEA complex through electron para-
magnetic resonance (EPR). Additionally, thorough thermogravimetric analysis (TGA) coupled
with evolved gas analysis through Fourier-transform infra-red spectroscopy (EGA-FTIR) al-
lowed for the identification of the decomposition pathways these solutions follow during the
thermal treatment, evidencing a slower decomposition profile compared to the case of solu-
tions without any additive. The combination of the rheological features and the thermal be-

haviour are believed to be at the origin of the enhanced viscoelastic properties of the films
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towards the strain generated during the pyrolysis thermal treatment, yielding highly homoge-
neous and defect-free samples. Moreover, with one of the main targets of this thesis being
the detailed study of the kinetic mechanism of TLAG from films of different transient liquids,
solutions of various stoichiometries were prepared through simple modification of the copper
content. Precursor solutions varying from a stoichiometric (2:3) composition, to the slight
copper-rich (3:6) composition, the eutectic (3:7) composition and the highest copper excess
ones, the (4:11) and its variation Y-rich (4:11) composition, were feasible through the precise
fine-tuning of the Cu:MEA molar ratio. Despite an excessive use of MEA is seen to enhance
importantly the solubility of the metal propionate precursors and the stability of the solution,
the application proposed in this thesis compels for a compromise between solution rheological
and chemical properties and its thermal behaviour to yield homogeneous and defect-free films
of the desired nanocrystalline phases. Through the use of the metal-organic chemical solution
containing optimized amounts of MEA, nanocrystalline precursor films of each of the five sto-
ichiometries were obtained. These display extreme homogeneity, both on the macroscale and
on the nanoscale, confirmed by detailed microstructural analysis. X-Ray Diffraction (XRD)
and transmission electron microscopy (TEM) studies corroborated the formation of the desired
orthorhombic phase of BaCO5, CuO, and RE,O5 with reduced grain sizes and homogeneous
distribution throughout the films, both required features for a fast reaction in the TLAG pro-
cess. Following what mentioned above, the example of a solution containing a great excess of
MEA is seen to form detrimental phases of BaCO3; monoclinic, undesired due to its elevated
thermal stability resulting in its complicated elimination in the successive growth of REBCO
through TLAG, and Cu(0), which is known to suffer from strong coarsening phenomena.

Following the optimization of the first step of the process, the homogeneous and reproducible
nanocrystalline films obtained from the pyrolysis were then subjected to the TLAG process, in
this thesis exclusively employing the TLAG Py, -route. The general advantage of this growth
route is the possibility of decoupling the elimination of BaCOj, the limiting step of the process,
occurring during a low-pressure heating (generally, at a POZ,buxe = 107> bar), from the forma-
tion of the transient liquid, generated during the rapid variation of P, which, performed at the
desired set temperature (T,,), leads the system to the 7-Py, conditions of the phase diagram
where REBCO is favoured. Considerable efforts were devoted to the analysis of the first step
of the process, the elimination of BaCOj3, and variation of several processing parameters led
to the understanding of the factors controlling its desired, complete removal from the system.
Through tuning of heating ramp, Ty,;, dwell time and Py , ., full elimination of the barium
carbonate precursor phase was demonstrated on films of thickness up to almost 3 ym. More-
over, the analysis of elimination of this phase on films with varying copper content provided
important insight in the fundamental, catalytic role of CuO for the progression of this reaction,
and how differences in the crystallinity of the initial films are seen to affect significantly the

final outcome.
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Through selection of the optimal parameters for the complete elimination of BaCOj in the first
step of the process, the growth of YBCO films through TLAG was performed. An initial opti-
mization carried out exclusively on films of (3:7) composition through the use of a slow and a
fast heating ramp, respectively 0.2 °Cs~! and 1.4 °Cs~!, led to the identification of a wide region
of the TLAG Kkinetic phase diagram in which highly epitaxial YBCO is obtained. Nonethe-
less, the strong coarsening phenomena resulting from the slow heating when the heating rate
of 0.2 °Cs~! is employed limit the final physical properties of the films. The implementation
of the fast heating ramp led to a general enhancement of the epitaxy and reduction of the for-
mation of secondary phases in all of the conditions tested, followed by the attainment of films
of high-performance superconducting properties of up to 2.7 MAcm™2 in a reproducible man-
ner, additionally confirming the success of the TLAG-CSD approach. Moreover, preliminary
studies on the growth of YBCO thick films through TLAG demonstrated the feasibility of a
substantial thickness increase while maintaining high c-axis orientation of the grown YBCO,
on thicknesses up to 1.5 ym. These results are an evident manifest of the feasibility of TLAG
for a future industrial application, given no substantial complication towards the attainment of
epitaxial YBCO on elevated film thickness was encountered, and high-performance is antici-

pated through fine tuning of the processing conditions.

The growth of YBCO through TLAG from different transient liquids yielded important knowl-
edge regarding the correlation of liquid supersaturation to the c-axis nucleation of YBCO. As
previously mentioned, only few works reported on the solubility of Y and other RE in [Ba-Cu-
O] melts of different compositions, all of which were performed through melt-textured growth
(MTG), liquid phase epitaxy (LPE) or hybrid liquid phase epitaxy (HLPE) among others, and
in processing conditions far from the working window of TLAG. Therefore, the results pre-
sented in this thesis are believed to be of great interest for the community, given the possibility
of a straightforward control of the transient liquid supersaturation through the simple variation
of its copper content. Through the use of copper-rich compositions, in this thesis specifically
the eutectic (3:7) composition and the copper-excess (4:11) and Y-rich (4:11) compositions,
important improvement of the epitaxy was achieved at lower temperatures compared to the
compositions with lower copper content (namely, (2:3) and (3:6) compositions). The reason
is thought to lie in the higher solubility of Y in transient liquid of higher copper content, as
previously displayed in the studies of MTG, LPE, and HPLE, though these were obtained in
processing conditions far from the ones employed in TLAG. When the solubility of a RE in
a melt increases, its supersaturation decreases, thus if the same processing conditions are se-
lected for several liquid compositions, the copper excess will promote the lowering of this
parameter. Decreased supersaturation conditions are demonstrated to be linked to a promotion

of the c-axis nucleation, necessary for the resulting YBCO films to display high-performance.
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The in-depth analysis of the kinetic growth process of YBCO through TLAG was performed
in in-situ XRD experiments at two synchrotron facilities, specifically at DiffAbs Beamline of
Soleil Synchrotron and NCD-SWEET Beamline of ALBA Synchrotron. The importance of
this particular kind of experiments lies in the vital information obtained on the evolution of
the phases during the growth of YBCO through TLAG, unattainable through other ex-situ
techniques. Highly epitaxial YBCO was obtained through the in-situ synchrotron XRD exper-
iments, and additional knowledge regarding the kinetic mechanism of TLAG was generated.
Throughout the time of this thesis, the additional complexity of a limited control of the ex-
perimental set-up when performing the synchrotron experiments resulted in the development
of several strategies for the difficult elimination of BaCOj3, hindered by the small volume of
the Anton-Paar inductive furnace employed and the poor gas transport inside it. Following the
overcoming of these difficulties, the use of fast acquisition during the pressure jump, besides
allowing for a more accurate tracing of the phase evolution in this step of the process, led to the
determination of unprecedented growth rates beyond 2000 mns~!. This is a clear indication
of the great industrial interest of TLAG, which surpasses the growth rates presented by the

conventional CCs fabrication methods by several orders of magnitude.

Finally, two additional preliminary studies were performed during the work conducted through-
out this thesis, the first being the substitution of Y for other RE (here, RE = Sm, Gd, YD) for
the preparation of different REBCO systems, and the second being the development of metal-
organic chemical solutions with a variety of different amine additives to modulate solution
and film characteristics. The preparation of REBCO films through the simple variation of
the RE metal propionate precursor maintaining the optimized solution formulation resulted in
solutions of similar rheological properties and films of comparable microstructure and homo-
geneity. The application of these nanocrystalline precursor films in the TLAG process required
tuning of the processing parameters according to RE solubility in the [Ba-Cu-O] melt: again,
information regarding this parameter is not available for the TLAG conditions. As the su-
persaturation is seen to decrease when the solubility is enhanced, supersaturation control is
fundamental for the promotion of c-axis nucleation of the final REBCO. The careful selec-
tion of the growth temperature resulted in films of high epitaxy for the SmBCO, GdBCO, and
YbBCO systems. This study with proof-of-concept objective resulted in competitive physical
properties, and fine tuning of the processing parameters is anticipated to yield a further en-
hancement of the final J, values in all of the films. The case of solutions of different amine
additives opened a new scenario towards the possibility of solution modulation according to
requirements of deposition methodology and an important film thickness increase. Several
amine compounds were tested, and the complete TLAG-CSD process was performed on films
deriving from metal-organic solutions containing ethylenediamine (En) and the mixture of

MEA and pyridine (Py). These two systems were found to be the most interesting towards
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a substantial enhancement of the film thickness while maintaining the highly homogeneous
microstructure following the pyrolysis. Through the use of previously optimized processing
conditions for the TLAG process, highly epitaxial YBCO films of high-performance could be
obtained, again demonstrating the great versatility of TLAG towards the preparation of com-

petitive superconducting films.

Overall, the work conducted in this thesis provides the community with novel solution formu-
lations, considering the importance of controlling the purity of the precursors employed for
its preparation. Moreover, the strict control of the chemical and rheological features of the
metal-organic precursor solution is found to be at the origin of the attainment of defect-free
films displaying high microstructural homogeneity in a reproducible manner, fundamental for
the implementation of the following step of the process. The substantial knowledge acquired
on the several parameters controlling the kinetic mechanism of TLAG led to the achievement
of high-performance YBCO and REBCO films. Moreover, the demonstration of the formation
of YBCO with unprecedented growth rates is a strong confirmation of the great interest of
TLAG-CSD as a novel methodology to be introduced in the commercial framework of CCs

fabrication.
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Experimental Methodologies

The experimental procedures regarding each point of the method for the fabrication of YBCO
and REBCO superconducting films through the TLAG-CSD approach are reported in detail in
the Appendix of each Chapter, as follows:

Appendix A (Experimental Methodologies) will be devoted to the description of the nu-
merous characterization techniques employed throughout the entire thesis in the several
steps of the process. Besides giving information regarding each technique, the reason

behind its use for the specific point in the experimental process will be provided.

Appendix B (Appendix to Chapter 2) describes the synthetic procedures and full char-
acterization of the synthesized metal propionates employed as powder precursors for the

preparation of the YBCO and REBCO precursor solutions.

Appendix C (Appendix to Chapter 3) reports the protocol followed for the preparation
of the optimised YBCO precursor solution, then widened to the cases of different amine
additives or variation of the RE propionate powder precursor to obtain the different RE-

BCO precursor solutions tested in this thesis.

Appendix D (Appendix to Chapter 4) presents the tubular furnace and vacuum equip-
ment employed for the quench and growth experiments in TLAG Py, -route performed at
ICMAB. Moreover, methods used for data treatment and analysis relative to the results

presented in the Chapter are fully described.

Appendix E (Appendix to Chapter 5) reports the complexity of the experimental set-up
used in the TLAG Po,-route growth experiments performed at synchrotron facilities to
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analyse the growth process in-situ through the use of synchrotron XRD radiation. Com-
plete description of the data acquisition, data treatment and analysis and the upgrades
implemented on the experimental set-up during the years of this PhD thesis are given.

A.1 Characterization techniques for metal propionate pow-

ders

The final powder products of all metal propionates are characterized through various tech-

niques.

Fourier Transform Infrared Spectroscopy (FTIR) spectra were measured on a spectropho-
tometer Jasco 4700 equipped with attenuated total reflectance (ATR) accessory, in the energy
range 4000-500 cm™!. This technique allows for identification of the main functional groups
present in a molecule. The IR radiation is absorbed by a molecule and transformed into energy
of molecular vibration. An FTIR spectrum results from irradiation of a sample (here in form
of powder) through the use of a beam of infrared radiation. Following the Fourier transform
of the registered signal, the absorbance (or trasmittance) spectrum may be represented. The
position of the bands (wavenumber) are correlated to the type of vibrational mode, and allow

for the identification of the corresponding functional group present in the molecule.

Elemental Analysis (EA) was measured on a Perkin Elmer 2400 series instrument and the
analysis was conducted at the Unitat d’Analisi Quimica of the Serveis Tecnics de Recerca of
the Universitat de Girona (UdG) through collaboration with the GRMT group of Prof. Dr.
Jordi Farjas. This quantitative technique determines the amount of C, H, and N present in each
compound, allowing for structural determination of each powder. The powder is dissolved in
nitric acid (HNO3). The element of interest is precipitated and its mass measured, or volatilized

and the mass loss is measured.

Structural invesitgation was performed on the metal propionate compounds through two
techniques.
Powder X-ray diffraction patterns (PXRD) were measured using a Siemens D-5000 diffrac-
tometer, with Cu Ka radiation of 4 = 1.5418 A and recorded in the range 26 = 5° to 60°, with
step scan of 0.02° and acquisition time of 1s per step. This analysis was conducted in the XRD
Service Laboratory of ICMAB by the service technician Joan. B. Esquius, following discus-
sion regarding the measurement conditions.
Single Crystal X-Ray Diffraction (SCXRD) was measured for the single crystal of all syn-
thesized compounds obtained through the various crystallization methods reported in Chap-
ter 2, through a collaboration with Prof. Dr. Elies Molins of the Advanced Structural and
Functional Crystallography (ASFC) group at ICMAB. Single crystals of all of the compounds
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described in 2.2 were selected and mounted for X-ray single crystal diffraction experiments.
Crystallographic data was collected on a Bruker APEX-II CCD diffractometer, using a graphite
monochromated Mo Ka radiation (4 = 0.71073 A). Crystallographic data were collected at
294(2) K. Data reduction was performed using SAINT V6.45A and SORTAV [213] in the
diffractometer package. Data were corrected for Lorentz and polarization effects and for ab-
sorption by SADABS [214]. The structural resolution procedure was made using SHELXT
[215]. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were introduced in
calculated positions and refined riding on their parent atoms, except for those belonging to wa-
ter molecules which were refined under restrictions of forming the hydrogen bonds expected
from a crystallographic perspective [216]. Selected crystal and data collection parameters are
reported in the corresponding Table 2.1 and Table 2.2. Complete crystallographic data for
the structural analysis have been deposited with the Cambridge Crystallographic Data Centre,
CCDC n° 2304806-2304811. Copies of this information may be obtained free of charge from
the Director, Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, CB21EZ,
UK. (fax: +44-1223-336033, e-mail: deposit@ccdc.cam.ac.uk or via: www.ccdc.cam.ac.uk).
The analysis of the geometry of each Gd(III), Sm(III), Ba(Il), Y(IIT) and Ce(IIl) center for
the six crystal structures has been carried out using the SHAPE software, version 2.155. This
uses a low continuous-shape measure (CShM) of the S value [217] to determine the closest
geometry. The atomic coordinates for each metal center have been specified from the .cif data.

A.2 ' YBCO precursor solution rheological and chemical

characterization

Comprehensive analysis of the rheological and chemical properties of the YBCO precursor
solution involved the use of several characterization techniques, all reported in this section.

A.2.1 Rheological Properties

Rheological properties of optimized solutions were characterized through three techniques.

Viscosity was measured on a HAAKE RheoStress RS600 from Thermo Electron Corp located
in the Nanoquim Clean Room Service at ICMAB, using the "controlled stress method". Rhe-
ology studies the deformation of a sample (which may be in solid, liquid or gas form) when
subjected to stress. In the case described here, the resistance of the solutions (liquid form) to
an applied force is determined through the measurement of the shear rate resulting from the
liquid placed on a rotating plate, which can be then correlated to its viscosity.

Contact angle was measured on a Drop Shape Analyzer DSA 100 from Kiriiss located in the
Nanoquim Clean Room Service at ICMAB. This technique ensures the quantification of the de-

gree of wettability of a liquid on a specific surface, thus was conducted for all solutions on STO



310 Experimental Methodologies

substrates (the same employed for deposition of films). The analysis of the images collected of
the sessile drop employing the Axysimmetric Drop Shape Analysis (ADSA) technique [218]
resulted in the angular values of contact angle, 6, as illustrated in Fig. A.1.

FIGURE A.1: Acquired image of a 2uL sessile drop employed for the analysis of the contact
angle, 0, of the YBCO precursor solution on an STO substrate.

Water content of the solutions is crucial, as it may influence the final properties of the
REBCO layers; it is thus monitored through the Karl Fischer Titration Method employing a
Nittoseiko Analytech, Model CA-310 equipped with VA-200 vaporizer [219] from the Super-
conducting Materials and Functional Nanoengineered Structures (SUMAN) group at ICMAB.
The solutions are generally used until H;Owt% < 2 wt%, as it was initially believed that more
elevated values of this parameter would lead to crack formation during the pyrolysis process or
a decrease in the final superconducting properties [51, 91]. However, a detailed analysis on the
stability of solutions and the storage method revealed this not to be the case for the optimised

solution developed in this thesis (full study reported in 3.2.7).

A.2.2 Chemical Analysis

Electron Paramagnetic Resonance (EPR) measurements were carried out on certain solu-
tions to examine the role of MEA on a Bruker ELEXYS E500 X band EPR spectrometer located
at the Spectroscopic Techniques Laboratory at ICMAB. The measurements were performed
by EPR technician Vega Lloveras.

EPR measures the absorption spectrum for systems with unpaired electrons, such as organic
radicals or paramagnetic transition metals. In the solutions described in this thesis, it is em-
ployed to understand the interaction between the Cu®>* metal center and its ligands resulting
from the formation of the Cu-MEA complex as described in 3.2.5. In an EPR experiment, the
frequency, v, is fixed and a varying magnetic field By, is applied, and the energy difference be-
tween the molecular states is measured, considering the Zeeman effect: the applied magnetic
field B, will produce two energy levels for the magnetic moment y of the electron, one aligned
with it (lowest energy state) and one aligned against it (highest energy state). The energy of
each orientation will be described by the equation:

H= msgeﬂBO (Al)
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where f is the Bohr magneton and g, the spectroscopic g factor for a free electron (a constant).
Therefore, considering the energy levels for an electron to be m; = +1/2, and y = m,g_f, the

product of u and By, describes the energy difference between the states according to:
AE =gfB, (A.2)

where g is defined as g factor and contains information on the nature of the electronic structure
of the molecule (generally referred to as the fingerprint of the molecule). In the case of more
than one molecule (as in a solution), every paramagnetic molecule will display a principal axis
system with principal g factors, namely g, g,, and g,. Depending on the coordination of the
ligands with the paramagnetic metal, the resulting g factor will have a different value for B
parallel to z-axis (axial coordination) or for By, parallel to the x-y-axes (equatorial coordina-
tion).

The interaction between the unpaired electron and the magnetic nucleus will define the nuclear

hyperfine splitting, resulting in eq. A.2 to be rewritten as:
hv =gfBy+hAm, (A3)

where A is the hyperfine coupling constant and m; is the magnetic quantum number for the nu-
cleus. Given there are (21+1) possible values of the latter parameter, the hyperfine interaction
splits the Zeeman transition in (2141) lines of equal intensity, as illustrated in Fig. A.2. The
derivative of the absorption spectrum is represented in order to enhance all the details deriving

from the different coordination modes.
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FIGURE A.2: Representation of the energy levels, the acquired absorption curve and represen-
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tation of the first derivative in an EPR experiment.
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A generic EPR spectrum for a Cu>* complex displays a characteristic splitting in four lines
(given the nuclear spin for copper isotopes is 3/2). More information is deriving from the
in-plane coordination of the ligands, described by the g,, factor, if compared to the ligands
presenting axial coordination. A possible interaction of the copper metal center with a neigh-
bouring nucleus (such as a N atom from a ligand) will produce a superhyperfine splitting,
resulting in more than the expected four lines.

The parameters relative to an EPR spectrum are indicated as an exemplary case in Fig. A.3
on the EPR spectrum of Cu(Prop),, a well described Cu?* center with four in-plane ligands

deriving from the propionate groups.

Cu(Prop),

EPR Spectra Intansity (a.u.)

T T T T T T T T T T T T T T T T
2600 2700 2800 2900 3000 3100 3200 3300 3400
B (Gauss)

FIGURE A.3: EPR spectrum registered on a solution containing Cu(Prop),, as an example of
a spectrum relative to a Cu?* species. Parameters of hyperfine coupling constant A, g factor for

in-plane coordination of the ligands (g,,) and g factor for axial coordination (g, ) are indicated.

A.3 Thermal Analysis on Powders and Films

Themorgravimetric Analysis (TGA) was conducted on all the metal propionate powders and
on films of solutions of the individual metal propionates to determine their decomposition
pathway and compatibility with the application in TLAG-CSD (discussion may be found in
Chapter 2). Moreover, it was performed on films of the YBCO and REBCO precursor solution
to assess differences amongst their thermal behaviours (Chapter 3). TGA allows for the mea-
surement of the thermal evolution of a material (weight loss due to decomposition in powders
or films) subjected to different gas atmospheres. TGA and differential thermal analysis (DTA)
were registered, and the TGA derivative (dTG) represented in order to clearly identify the main
decomposition steps (corresponding to peak maxima in the dTG). Additionally, the evolution
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of gases was registered through Evolved Gas Analysis (EGA) coupled to FTIR, which allowed
for the identification of the species resulting from the decomposition of the powders or films,
and thus the determination of the decomposition mechanism followed. Studies comparing
YBCO precursor solutions of different composition with the addition of MEA and without
any additive are reported in 3.2.6; evaluation of the thermal behaviour of solutions in which
other amine additives other than MEA (specifically En, Py, and the mixture MEA+Py) are
discussed in 3.4.3; thermal analysis of REBCO precursor solutions (RE = Sm, Gd, and Yb)
are compared to the case of the standard optimised YBCO precursor solution in 3.3.2.

All of the above mentioned TGA experiments have been conducted in collaboration with the
GRMT group at Universitat de Girona (UdG) by Prof. Dr. Jordi Farjas and Dr. Daniel Sanchez-
Rodriguez on a Mettler-Toledo thermobalance, model TGA/DSC1. The thermal profile em-
ployed in the case of films was emulating the pyrolysis process, in order to compare the thermal
behaviour in a similar thermal treatment [125, 142, 143, 220, 221]. Heating was performed
from 50 to 600 °C a constant heating rate of 10 °C/min for powders and 5 °C/min for films.
To identify the evolved gases and understand the decomposition pathways followed by the
precursor solutions, in-situ EGA-FTIR was obtained by connecting the TGA gas outlet to an
ALPHA Bruker FTIR gas analyzer through a 40 cm long steel tube heated to 200 °C. Powders
were placed inside open alumina crucibles and a flowing atmosphere (60 mL/min) of high pu-
rity N, (Air Liquide, > 99.999 %) was established. Films of all solutions were obtained by
drop casting on 10x10 mm LaAlO5 (LAO) substrates and were directly placed on the TGA
sensor. Preceding the thermal treatment, deposited films are placed on a pre-heated heating
plate at 70 °C for 5 minutes to eliminate solvent excess. A flow (60 mL/min) of high purity dry
or humid O, (Air Liquide, > 99.999 %) was established. Water-saturated flows were obtained
by bubbling the carrier gas in deionized water at 25 °C and atmospheric pressure. EGA-FTIR
signals are identified according to [222]. Evolution of the species of interest evolved during the
TGA experiments was obtained by tracing the following selected absorption peak frequencies:
1732 cm™! for 3-pentanone, 1780 cm™! for propionic acid, 2180 cm™! for CO, 2355 cm™!
for CO,, 2740 cm~! for acetaldehyde, 3903 cm™~! for H,O0, 1508 cm™~! for formaldehyde, and
1796 cm~! for acetic acid.

A.4 Thin Film Deposition and Pyrolysis

Before deposition, substrates (in this thesis, only single-crystal (100) SrTiO3 (STO) substrates
purchased from CrysTech GmbH or MaTecK GmbH were employed) undergo an annealing
process at 900 °C for 5 h to obtain flat-terraced surfaces, successively cleaned with acetone
(Acetone, Multisolvent HPLC grade ACS ISO UV-VIS, Scharlab), and methanol (Methanol,
Multisolvent HPLC grade ACS ISO UV-VIS K.F., Scharlab), to eliminate any possible residues.

Precursor solutions of different compositions were deposited via spin coating (SMA 6000 Pro,
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Suministro de Materiales y Asistencia, S.L.) in a grade ISO7 clean room designed to be at con-
stant values of 30 % relative humidity (RH) and 21 °C in the laboratories of SUMAN group at
ICMAB, using a spin coating at 10 % RH and a spinning rate of 6000 rpm for 2 min. Following
the deposition, the deposited film is placed on a pre-heated heating plate at 70 °C for 5 min to
eliminate all residual solvent. The samples are then placed on an alumina crucible and inserted
in a tubular furnace for the thermal treatment (located in the same clean room). Given the size
of the furnace employed and its isotherm region, a maximum of three samples could undergo
the pyrolysis simultaneously, and were placed along the diagonal of the rectangular crucible.

Annealing of the deposited films (pyrolysis) was performed by heating in an oxygen flow (0.12
L/min) up to 110 °C, subsequently creating a humid oxygen flow by bubbling the carrier gas in
deionized water at 25 °C to promote the hydrolysis and oxidation decomposition mechanism
of the propionate ligands (full description in Chapter 2). The thermal profile consisted in heat-
ing up to 240 °C at a rate of of 3 °C min~!, then switching to a rate of 5 °C min~! up to 500
°C, followed by rapid cooling of approximately 30 min (cooling rate of 15 °C min~!) to room
temperature. A slower heating rate is employed in the temperature range where cracks were
observed to be favoured. Detailed studies on the viscoelastic behaviour of the films throughout
the thermal treatment are required to avoid cracks generated by the extreme strain consequence
of the elimination of organic matter and the film being compacted, even more significant when
the film thickness is elevated [126]. To obtain thicker precursor films, multideposition pro-
cesses were carried out repeating the above procedure. A dwell of 5 min is implemented once

the final temperature is reached, exclusively performed on every second layer of each sample.

A.5 Thin Film Characterization

Preliminary characterization of nanocrystalline precursor films which underwent the pyrolysis
consists of mainly two techniques, specifically optical microscopy (OM) and reflectometry to
assess quality and obtain an approximation of the thickness, respectively. Both equipment are
located in the clean room in the laboratories of SUMAN group at ICMAB. Subsequently, other

characterizations are performed to investigate the film homogeneity and microstructure.

Optical microscopy (OM) was performed on each layer following the pyrolysis to evaluate
homogeneity, presence of defects or cracks, and the general quality of the film. Images of the
films were acquired on a Leica DM 1750 M optical microscope, and an exemplary OM image

acquired for a two-layered film after pyrolysis is displayed in Fig. A.4(a).

Reflectometry measurements were carried out on the films after pyrolysis. This rapid and
non-destructive measurement ensures an approximation of the film thickness with no special
requirements regarding sample preparation. The measurements were performed on a Filmet-

rics F50 through spectral reflectance, which measures the amount of light reflected from a thin
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film over a range of wavelenghts, with the incident beam perpendicular to the film surface. The
software allows for the selection of several optical parameters relative to the type of sample
(film and substrate) being measured, necessary for correct thickness determination. The mea-
surement consists in a continuous acquisition in several points of the film, covering the entire
surface and generating a map of the thickness, as displayed in Fig. A.4. Given the elevated
viscosity of the precursor solutions, resulting in films of high thickness which present a cer-
tain extent of border effect, the measurement in proximity of the borders is unreliable and the
values are, thus, discarded. The thickness values considered for each film will be restricted to

a circle defined concentrically to the entire square of the sample.

(@) (b)

FIGURE A.4: (a) Image of a film following pyrolysis acquired through OM. Red circle defines
the area of reliable reflectometry measurement, excluding the corners and borders. (b) Resulting
reflectometry measurement, selecting exclusively the data inside the red circle showed in (a).

A.5.1 Structural Characterization

Structural characterization was performed through the use of several X-ray diffraction (XRD)
configurations on films following the pyrolysis, to investigate whether the microstructure was
optimal for the subsequent growth through TLAG, and on the final YBCO or REBCO films
result of the growth process. Full description of the tubular furnace and vacuum system em-
ployed for the process of growth through TLAG Py, -route is provided in D, together with
information regarding the thermal treatments implemented for the quench or the growth pro-
cesses, yielding films of, respectively, nanocrystalline precursor phases for the transient liquid
formation, and the final films of YBCO or REBCO.

X-ray diffraction (XRD) was performed on two diffractometers: a Bruker-AXS D8 Advance
diffractometer (Cu K, equipped with general area detector diffraction system (GADDS)) and
a Bruker D8 Discover system (Cu K, X-ray energy = 8.049 keV) equipped with a Lynxeye
XE-T energy-dispersive one-dimensional (1D) detector. Both diffractometers are found in the

XRD Service Laboratory at ICMAB and are operated by service technicians Anna Crespi and
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Francesc Xavier Campos, respectively. This non-destructive technique yields valuable infor-
mation on the film composition, crystalline structure, texture quality and grain orientation,
possible phase and grain size quantification, etc.
Anincident beam of X-rays irradiating a crystalline matrix results in the scattering of a monochro-
matic wave following the constructive interference with its crystallographic planes. This is
defined by the renowned law of Bragg [223], which marks the conditions for the constructive
interference according to:

2d ;. Sinf = ni (A.4)

where dj,;; is the interplanar spacing of the crystallographic planes of Miller indices (hkl) and
n4 the difference of optical path (n is an integer and A the wavelength of the incident beam).
The incident beam forms an angle 6 with a family of parallel planes, as illustrated in Fig. A.5.

A specific phase will present a diffraction peak at determined values of the angle 6.

FIGURE A.5: Schematic representation of the constructive interference between incident X-rays

on a crystalline matrix.

Generally, the peak positions are straightforwardly derived from the law of Bragg, given
that A is known and the diffraction pattern is the result of the diffracted wave intensity (/(26))
collected by the diffractometer detector. In polycrystalline samples (such as powders or films
composed by crystalline phases presenting no preferential orientation) the intensity of the scat-
tered waves is constant in all directions, and for the same diffraction angle 6 it is distributed
along circles, known as Debye rings. In the case of epitaxial films with preferential orienta-
tion, exclusively the set of (hkl) planes parallel to the surface plane are resulting in constructive
interference, and thus Bragg reflections are acquired as specific points of the reciprocal space
representation’. A schematic representation of an XRD measurement illustrating the possible
rotating angles is displayed in Fig. A.6. Probing the various kind of samples described in
this thesis through different, specific configurations led to valuable information regarding the

crystal structure of the films.

For a more detailed explanation of the theory behind XRD, refer to [224]
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FIGURE A.6: Schematic representation of an XRD measurement performed in Bragg configu-

ration. The XRD source, detector, possible rotating angles are identified.

GADDS was employed for identification of phases and texture quality determination [51,
55, 190], given the possibility of rapid film probing in a large detectable angular volume (A26
= 30°% Ay = 70°). Measurement configuration for a film resulting from the growth process is
set to ensure Bragg conditions with the YBCO (001) reflections (@ = 10°% 20 = 35°% y = 90°)
with a previous @ scan (£ 15-20 °) in the range of 20 10° to 50° to probe the (001) reflections
deriving from the epitaxial REBCO. This results in the acquisition of a 2D-XRD image as
displayed in Fig. D.6(a). Integration in the range 15°< 20 <52° and -15°< y <15° yields the
final XRD pattern (Fig. D.6(b)).

The Bruker D8 Discover system was employed for several measurements configurations:

e Grazing Incidence XRD (GIXRD): this configuration is selected for polycrystalline
films, thus films following pyrolysis and quenched films. The signal deriving from non-
oriented phases is enhanced through the implementation of this geometry. To ensure
comparability between measurements, a standard measurement consists in, initially, the
alignment with the STO (002) peak, then moving to grazing incidence conditions by
selecting the incident angle, @ = 1.5°. This guarantees the probed area for different
samples is always comparable, and the resulting differences in the XRD patterns may be

ascribed to microstructural variations present in the film.

e 0 —20 scans: Bragg-Brentano geometry is chosen for this type of measurement, and it
is employed in the case of grown films to probe the (001) peaks of YBCO or REBCO in
the 26 range 7°-100°, selecting a step size of 0.02° and a constant measurement speed
of 2s per step. For correct sample alignment, following the determination of the sample
position in z, @ scans are acquired in correspondence of the (h00) reflection of the sub-
strate (in the case of the films in this thesis, STO), to ensure the correct alignment with
the substrate with the selected values of the y angle and sample position z. The ¢ angle
is then set to zero, and a subsequent @ scan is registered, again on the substrate (h00)
reflection in order to obtain the offset on w. Finally, following a scan in z to validate the
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correct sample position, the last scan on the substrate reflection confirms the accurate
alignment, prior to moving to the Bragg conditions for the REBCO (001) reflections.
Grain sizes (D) may be straightforwardly calculated from the integral-breadth of the

peaks, g, employing the renowned Debye-Scherrer formula:

kA
Pcosb

(A.5)

given that k represents the Scherrer constant and 4 is the employed wavelength.

e Rocking curve (w-scan): these curves are acquired by probing the out-of-plane orienta-
tion of epitaxially aligned grains exclusively in grown films of YBCO or REBCO. As the
name of the measurement states, the w angle is continuously scanned while maintaining
20 at a fixed position corresponding to the (005) reflection of YBCO (or REBCO). The
integration of the curve yields the FWHM which may be directly related to the quality
of the texture of the epitaxial film. Previous work conducted in the group correlated

high-performance to films displaying Aw < 0.2° [54].

Full description of how the XRD data is analysed and represented in the case of grown
films may be found in Appendix D. Measurement configurations, XRD data acquisition and
treatment relative to the in-situ XRD experiments performed employing synchrotron radiation
at SOLEIL Synchrotron and ALBA Synchrotron facilities may be found in Appendix E.

A.5.2 Microstructural Characterization

Microstructural characterization techniques were employed for the analysis of the crystalline
structure of films following pyrolysis and growth processes, and for the evaluation of surface
morphology exclusively on grown YBCO and REBCO films.

Scanning electron microscopy (SEM) and Energy-dispersive X-ray (EDX) spectroscopy
were employed for the assessment of the quality of the YBCO and REBCO film surface and
its composition, respectively. SEM and EDX measurements were conducted on a QUANTA
FEI 200 FEG-ESEM, in the Microscopy Service at ICMAB. Film surface is scanned using a
focused, energetic electron beam which results in three types of electrons being ejected from
the interaction with the superficial layers: X-rays, secondary electrons (SE) and back-scattered
electrons (BSE). The SEM detectors collect the SE and BSE, to yield images with specific
characteristics depending on each case. The first are low-energy electrons which derive from
the inelastic scattering of the ionized atoms relative to the superficial layers (nanometers depth
from the surface). The resulting images provide morphological information given the different
contrast will depend on the depth of the interaction between incident beam and the atoms com-
posing the film. The second, conversely, are electrons of more elevated energy resulting from

the interaction with the nucleus of the atoms, and will thus provide information correlating the
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contrast to the composition of the different film areas. The EDX detector collects the scattered
X-rays to yield chemical information correlated to the elemental composition of the film. This
technique may result in identification of elements on a specific point of the films surface, on a
line crossing the entire film, or on a larger surface area, generating an elemental map.

The SEM and EDX measurements were conducted exclusively on oxygenated YBCO and RE-
BCO films, therefore no sample preparation is required given the electrically conductive nature
of the films. However, SEM was additionally employed for the analysis of grain size of the
synthesized metal propionate powders. Sample preparation consists in placing C tape on a
metallic holder and positioning a small amount of the desired powder on it. Image acquisition
is not varied for this analysis, and estimation of the size of the grains is performed manually
through the SEM software measurement tool. Grain size measurement is carried out for sev-

eral batches of each powder and the reported value is an average of all measured grains.

Several transmission electron microscopy (TEM) techniques were used for an accurate thick-
ness evaluation and comprehensive analysis of the distribution and sizes of nanocrystalline
phases in films after pyrolysis, and the assessment of epitaxy or presence of secondary phases
of YBCO or REBCO grown films. TEM is characterized by extreme atomic resolution, given
the use of a highly collimated electron beam (generally in the order of several hundreds of ke V).
A filament is responsible of ejecting and accelerating the electron beam which is then exposed
to electromagnetic coils serving the purpose of beam aberration. Finally the beam reaches a
specimen of reduced thickness which allows the transmission of these charged particles. The
electrons interact with the atoms in the specimen to elastically scatter in multiple directions.
Annular and circular detectors found at determined angles of the beam gather a different con-
trast depending on the interaction of the electron beam with the atoms in the specimen. Besides
these detectors, an electron energy loss spectroscopy (EELS) may be employed contemporar-
ily to collect the electrons resulting from inelastic scattering, by placing this on the path of the
out-coming beam. The differences in energy loss of these electrons allows for compositional
identification.

The imaging configurations mostly employed in this thesis for film characterization through
STEM are the following:

o High-resolution transmission electron microscopy (HRTEM): ensures imaging of
the atomic structure in a specimen. It is employed to obtain images of the crystal lattice,
in this thesis specifically regarding the epitaxial YBCO or REBCO crystal structure. In
this configuration, a wide aperture of the objective is selected to allow the passing of the
direct beam. The image contrast is resulting from the phase difference between electron

waves scattered from the thin specimen.

e High-angle annular dark field scanning transmission electron microscopy (STEM-

HAADF): this technique is also known as Z-contrast imaging, given it obtains images
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from electrons scattered at high angles which result from interaction with atomic nu-
clei (sensitivity to Z2, with Z = atomic number). Elements with elevated Z appear
with higher contrast, whereas the elements of low atomic number show reduced con-
trast. Therefore, this technique allows for a direct identification of the composition of a

specimen through correlation with the differences in the image contrast.

e Electron energy loss spectroscopy (EELS): by probing excitation of interior shell of
the atoms in the specimen, a compositional map may be obtained. The latter is obtained
from the differences in the energy the electrons transmit at specific core loss edges, which
results in an energy-loss spectrum. Elemental mapping is obtained with a sensitivity of

the order of fractions of A.

Cross-sectional specimens employed for the aforementioned TEM analytical techniques were
prepared by the following conventional methods: cutting, gluing the slices face-to-face, thin-
ning down by tripod mechanical polishing, followed by Ar+ ion milling using Gatan PIPS, until
electron transparency was attained. In some cases, focused ion beam (FIB) was employed, as
FIB etching ensures selection of specific areas of the film (previously identified through SEM)
and the achievement of precise electron-transparent lamellae of thickness below 100 nm. The
microstructural analysis was conducted by Dr. Kapil Gupta on equipment located in the Elec-
tron Microscopy Division at Institut Catala de Nanociéncia i Nanotecnologia (ICN2) and, upon
previous discussion, by service technicians of the Laboratorio de Microscopias Avanzadas of
Universidad de Zaragoza. An FEI Tecnai F20 (S)TEM operated in both TEM and STEM mode
at 200 kV, equipped with a Gatan quantum electron energy-loss spectrometer for EELS anal-
yses, was used.

Pore density was evaluated from the cross-sectional STEM-HAADF micrographs and succes-
sively processed through the use of ImageJ [225], a software for image analysis. The well-
defined dark contrast areas are identified as pores employing the threshold tool and estimated
through the ‘analyse particle function’. Histograms of the measured pore areas led to the cal-
culation of the average pore sizes, through consideration of round pores.

EELS data processing made use of the principal component analysis (PCA) to diminish the
statistical noise in EELS spectrum images. A reconstruction using the first 10 principal com-
ponents was performed using the weighted-PCA multivariate statistical analysis (MSA) Plugin
[226] within Gatan Digital Micrograph software.

Studies regarding the microstructure, atomic-defect structure, and phase composition of grown
YBCO or REBCO films were carried out employing FEI Tecnai F20 (S)TEM operated at 200
kV, as well as, FEI Titan with a X-FEG gun, a CESCOR Cs-probe corrector and a Gatan
TRIDIEM 866 ERS energy filter with a monochromator, operated in STEM mode at 300 kV.
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A.5.3 Electrical Characterization

Evaluation of the physical performance of the grown and oxygenated YBCO and REBCO films
was carried out through measurements conducted in the Low-Temperatures and Magnetome-

try Service at ICMAB by service technicians Dr. Bernat Bozzo and Dr. Ferran Valles.

Inductive measurements were employed for the determination of the electromagnetic re-
sponse of the YBCO and REBCO films to assess their superconducting performance. Magnetic
moment of the films are measured through a non-destructive technique employing a commer-
cial Quantum Design MPMS XL SQUID DC magnetometer equipped with a 7 T magnet. The
SQUID sensor has a sensitivity in the order of 107% emu and is placed in a vacuum-based
helium cryostat, allowing for measurements at temperatures ranging between 5K to RT.

The self-field critical current density (J,) values were obtained from out-of-plane inductive
measurements. The film is cooled to 5 K while applying a magnetic field of 3 T. The mag-
netization of the film is then measured with the temperature increase and J, self-field (at 5 K
and 77 K) was deduced using the Bean critical state model for a thin disk [227] through the
equation:

_ 3m

(A.6)

¢ art

where ¢ is the thickness of the film and r is the radius, here approximated to 2.5 mm con-
sidering the squared STO substrates employed display length of the side of 5 mm. Critical
temperature (T,) measurements through SQUID are performed by cooling the film to typically
20-50 K followed by the application of a small DC magnetic field of approximately 200 mT.
The film reaches the Meissner state with the use of fields of such values, and a sufficiently
high magnetic moment is generated and detected by the pick-up coils. The superconducting
film thus is in a perfect diamagnetic state, displaying full repulsion of the external magnetic
field. Consequently, the film is heated above its transition temperature at a rate of 0.5 °C min~!
while simultaneously acquiring its diamagnetic response. T, is thus defined as the onset where
the diamagnetic response is completely suppressed and the material enters its normal state, as
displayed in Fig. A.7. Moreover, the transition width, namely AT, is determined as the range

in which the magnetic moment (/1) drops from 90% to 10%.
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FIGURE A.7: Critical temperature (T,) curve resulting from the measurement through a SQUID

device, as explained in the text. Onset of the loss of diamagnetic response in the Meissner state is

defined as T, and indicated through a dashed red line. Values of T, at 90% and 10% are employed
for the determination of AT, as evinced by the dashed blue lines.

Electrical transport measurements are carried out to determine the critical temperature
(T,) (in Van der Pauw configuration) and critical current density (J,) using a Quantum Design
Physical Property Measurement System (PPMS). These measurements were performed by the
PhD student Aiswarya Kethamkuzhi in the Low-Temperatures and Magnetometry Service at
ICMAB. As described in detail in [54], films are previously prepared through two methods:
for T, measurements only, non-destructive connection through Ag wires of the four corners
of the film to the conducting pads of a PUCK were made, whereas for electrical transport
measurement of J,., destructive micropatterning of the film was performed. The magnetic
field dependence of the transport critical current density (J,.) up to 9 T was determined from
the I(V) characteristics, with a 10 yV/cm criterium in bridges of width of tenths of ym and
length around 200 ym. A maxium Lorentz force configuration was applied between the used

magnetic field and the transport current.
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B.1 Experimental Section

B.1.1 Materials and General Details

Propionic acid, > 99.5 % (HProp), cerium(IIl) carbonate hydrate 99.9 % trace metals basis
(Ce,(CO3)5), ytterbium(IIl) acetate hydrate 99.95 % trace metals basis (Yb(OAc);), and bar-
ium acetate (Ba(OAc),) ACS reagent > 99.5 % were purchased from Sigma-Aldrich. Bar-
ium (II) carbonate, 99.95 % trace metals basis (BaCOs), copper(ll) oxide, Puratronic, 99.7
% metals basis (CuO), yttrium(III) oxide, REacton, 99.99 % (REO) (Y,03), gadolinium(III)
oxide, REacton, 99.99 % (REO) (Gd,05), and samarium(III) acetate, REacton, 99.9 % (REO)
(Sm(OAc);), were purchased from Alfa Aesar. Acetic acid glacial, 99.5 % was purchased from
Panreac Sintesis. Diethyl Ether, AGR, ACS, ISO, stabilized with BHT (Et,O) was purchased
from Labbox. Acetone, Multisolvent HPLC grade ACS ISO UV-VIS was purchased from
Scharlab. Methanol 99.9 %, anhydrous (max. 0.003 % H,0) (MeOH) used in the preparation
of the solutions of individual metal propionates for film deposition was purchased from Schar-
lab. All of the above reagents and solvents were used without further purification.

As explained in Experimental Methodologies in A, the annealing (pyrolysis) that yields the
films of individual metal propionate was performed by heating the samples in a tubular fur-
nace in a humid oxygen flow (0.12 L min~!) up to 240 °C at a rate of 3 °C min~! and up to 500
°C with a rate of 5°C min~!, followed by cooling to room temperature.
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B.1.2 Synthesis of metal propionates

Synthesis of M(Prop), with M = Cu, Y, Ce, Sm, Gd, Yb). Metal propionate precursors
(M = CuO, Y,03, Ce,(CO3);, Sm(OAc);, Gd,05, or Yb(OAc);) were added individually to
HProp to reach a total concentration of [M*™*] = 0.5 M (where x = 2 when M = Cu, and x =
3 in the cases in which M = Ce, Y, Gd, Yb, or Sm). The reaction is carried out overnight at
140 °C under vigorous stirring, with only exception being the synthesis of Ce(Prop); in which
the reaction temperature is 60 °C. Solvent excess is removed employing a rotary evaporator
to obtain a solid, with only exception being the case of Y(Prop); in which a solid is obtained
through precipitation upon cooling. Purification to eliminate residual solvent is carried out by
washing the solid three times with acetone and three times with Et,O with a Biichner Funnel

filtration system, except in the case of Cu in which only purification with Et,O is necessary.

[Cu(Prop),], (Cu(Prop),). Blue powder, grain size > 100 ym after manual crushing, av-
erage of 30 ym after mechanical grinding (1 min, 650 rpm). Suitable crystals were ob-
tained by recrystallization in MeOH for 5 days. Yield: 29.88 g (95%). Anal. Calcd. for
CeH,(CuO, (209.688 g-mol~'): C, 34.36; H, 4.81. Found: C, 34.24; H, 4.73. FTIR-ATR
(wavenumber, cm™'): 2972 [va(CH3), 2940 [v(CH3)], 2919 [v,(CH3)], 2876 [v,,(CH,)],
1583 [v,(COO7)], 1510 [6,,(CH3)], 1472, 1458, 1417 [v,(COO™)], 1370 [6,,(CH3)], 1298
[0(CH,)], 1242 [tw(CH,)], 1079 [v(CC,)], 1006 [y(CH3)], 992 [v,s(CC,)], 892 [v,(C,CO)],
810 [y(C,H,)], 753 [y(CH,)], 696, 662 [6(COO™)], 595 [y(COO™)] (Fig. B.1).

Av = v, (COO7) - v(COO™) = 166 cm™!, suggesting a bridging coordination of the propi-
onate ligands [143].

[Y(Prop); - (OH,)], (Y(Prop)z). White powder, average grain size 10 ym after manual crush-
ing. Suitable crystals were obtained by recrystallization in MeOH for 8 days. Yield: 26.62
g (96%). Anal. Calced. for CoH,sYOg-H,0 (326.12 g-mol™"): C, 33.1; H, 5.2. Found:
C, 32.99; H, 5.01. FTIR-ATR (wavenumber, cm™!): 3365-3160 [v(OH)], 2977 [v,s(CH3)],
2939 [v,(CHy)], 2879 [v,,(CH,)], 1661, 1558, 1556 [v,,(COO™)], 1536, 1466 [6,,(CH3)],
1412 [v,(COO™)], 1375 [6,,(CH3)], 1287 [w(CH,)], 1258 [tw(CH,)], 1077 [v(CC,)], 1013
[vas(CCHI, 899 [v5(C,CO)], 810 [y(C,H,)], 766 [y(CH,)], 698, 584 (Fig. B.2).

Av =v,,(COO07) - v, (COO™) = 146 cm™!, indicating a mixed case of bidentate chelating and
bridging of the propionate ligands.

[Ce(Prop);(OH,)3], (Ce(Prop)z). White powder, grain size between 5 ym and 100 ym af-
ter manual crushing. Suitable crystals were obtained by recrystallization in MeOH for 6
days. Yield: 7.40 g (68%). Anal. Calcd. for CoH,;5CeOq (359.33 g-mol~!): C, 30.08;
H, 4.20. Found: C, 30.47; H, 4.05. FTIR-ATR (wavenumber, cm‘l): 3375 [v(OH)], 2977
[V, (CH3)], 2936 [v,(CH3)], 2874 [v,(CH,)], 1708 [v,(C = 0)], 1686, 1538 [v,,(COO7)]],
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1468 [6,,(CH3)], 1416 [v,(COO™)], 1369 [6,,(CH3)], 1285 [w(CH,)], 1240 [tw(CH,)], 1116,
1074 [v(CC,)], 1008 [v,(CC)I, 893 [v,(C,CO)], 813 [y(C,H,)], 671, 626, 591 (Fig. B.4).
Av = v, (COO7) - v,(COO™) =122 cm™!, indicating a mixed case of bidentate chelating and
bridging of the propionate ligands.

[Sm,(Prop)s(OH,),],, (Sm(Prop);). Pale yellow powder, grain size between 5 ym and 60
um after manual crushing. Suitable crystals were obtained by vapour diffusion of acetone

in a solution of (Sm(Prop);) in HProp after 10 days. Yield: 1.72 g (93%). Anal. Calcd.
for Cy Hy9Sm, 0,6 (848.28 g-mol™'): C, 29.73; H, 4.6. Found: C, 30.00; H, 4.54. FTIR-
ATR (wavenumber, cm~'): 3346 [v(OH)], 2973 [v,s(CH3)], 2946 [v(CH3)], 2879 [v,(CH,)],
1688, 1536 [v,,(COO7)]], 1464 [6,,(CH5)], 1410 [v,(COO™)], 1379 [6,,(CH3)], 1281 [w(CH,)],
1245 [tw(CH,)], 1074 [v(CC,)], 1008 [v,(CC,)], 894 [v(C,CO)], 813 [y (C,Hy)], 764 [y (CH,)],
674, 639 (Fig. B.5).

Av =v,(COO7) - v,(COO™) =121 cm™!, indicating a mixed case of bidentate chelating and
bridging of the propionate ligands.

[Gd,(Prop)s - 2HProp],, (Gd(Prop);). White powder, grain size between 10 ym and 100 ym
after manual crushing. Suitable crystals were obtained both by recrystallization in MeOH after
5 days and by vapor diffusion of acetone in HProp after 8 days. Yield: 9.76 g (86%). Anal.
Calcd. for C,;H33Gd,05 (845.0 g-mol‘l): C, 29.86; H, 4.53. Found: C, 29.25; H, 4.1.
FTIR-ATR (wavenumber, cm~'): 3585-3389 [v(OH)], 2984 [v,(CH3)], 2944 [v(CH3)], 2874
[v,(CHy)], 1534 [v, (COO7)]], 1465 [6,,(CH3)], 1417 [v,(COO™)], 1373 [6,,(CH3)], 1293
[w(CH,)], 1240 [tw(CH,)], 1081 [v(CC,)], 1016 [v,(CC,)], 897 [v,(C,CO)1, 812 [y(C, H,)I,
765 [y(CH,)], 680, 641 (Fig. B.6).

Av = v, (COO7) - v,(COO™) = 125 cm™!, indicating a mixed case of bidentate chelating and
bridging of the propionate ligands.

[Yb(Prop); - (OH,)],, (Yb(Prop);). White powder, grain size between 1 ym and 10 ym af-

ter manual crushing. Suitable crystals were obtained by vapour diffusion of acetone in a
solution of Yb(Prop); in HProp after 14 days. Yield: 1.76 g (79%). Anal. Calcd. for
CoH,5YbOg - H,0 (410.26 g-mol™'): C, 26.3; H, 4.1. Found: C, 25.33; H, 3.89. FTIR-ATR
(wavenumber, cm™!): 3366-3187 [v(OH)], 2980 [v,,(CH3)], 2942 [v,(CH;)], 2879 [v,,(CH,)],
1662, 1636, 1555, 1534 [v,,(COO7)]], 1471 [6,,(CH3)], 1412 [v,(COO™)], 1376 [6,,(CH;3)],
1284 [w(CH,)], 1245 [tw(CH,)], 1078 [v(CC,)], 1014 [v,,(CC,)1, 910 [v,(C,CO)1, 903 [y(C,H,)1.
810 [y(CH,)], 771, 676, 614 (Fig. B.7).

Av =v,,(COO07) - v, (COO™) =124 cm™!, indicating a mixed case of bidentate chelating and
bridging of the propionate ligands.



326 Appendix to Chapter 2

Synthesis of [Ba,(Prop);4(OH,)g], (Ba(Prop),). BaCO; is added to deionized water fol-
lowed by the dropwise addition of HProp under vigorous stirring. HProp and deionized water
are in a ratio of 1.125:1, and total [Ba’*] = 0.5 M. The reaction starts as a highly foamy,
white solution upon the addition of HProp and is stirred vigorously during 24h at RT to yield
a transparent, clear solution. Solvent excess was eliminated using a rotary evaporator, to ob-
tain a transparent gel. No solid could be obtained from the evaporation of the solvent, there-
fore, to induce crystallization, the product was placed in an ice bath for several hours. A
white solid was then obtained, and its purification, as in the previous case using the Biich-
ner funnel filtration system, needed a first washing of the product three times with acetone,
followed by three times with Et,O. Yields of up to 88% were obtained following this pro-
cedure. In the case of only employing Et20 during purification, yields of only 20% were
obtained. The average grain size for the final powder product after manual crushing was 6
um. Suitable crystals were obtained by recrystallization in MeOH for 14 days. Yield: 25.28
2 (88%). Anal. Calcd. for CoH;BaO; (359.5474 g-mol‘l): C, 30.06; H, 4.76. Found: C,
30.00; H, 4.54. FTIR-ATR (wavenumber, cm~1): 3530-3208 [v(OH)], 2974 [v,(CH3)], 2941
[vi(CH3)], 2879 [v,(CH,)], 1707 [v,(C = O)], 1650, 1529 [v,,(COO™)]], 1462 [5,,(CH3)],
1413 [v(COO™)], 1370 [6,,(CH3)], 1290 [w(CH,)], 1246 [tw(CH,)], 1074 [v(CC,)], 1009
[¥(CH3)], 880 [v,(CCy)l, 812 [v(C,,CO)J, 606.

Av = v, (COO7) - v(COO™) =116 cm™!, indicating a mixed case of bidentate chelating and
bridging of the propionate ligands.

Solutions of individual metal propionate. To evaluate the decomposition of M(Prop)x
in films, solutions of the individual metal propionates were prepared by simply dissolving the
metal propionate in a mixture of HProp and MeOH (1:1) under stirring at 30 °C, until complete
dissolution was obtained (30 minutes approximately). To maximize the EGA-FTIR signal in
the TGA experiments, the solutions were saturated; however, due to different solubility of
the precursors, the final concentrations were 1.5 M for a solution of Ba(Prop),, 1 M for the
solutions of Gd(Prop); and Ce(Prop);, 0.5 M for a solution of Cu(Prop),, and 0.25 M for the
solutions of Y(Prop);, Sm(Prop); and Yb(Prop);.
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B.1.3 Characterization of initial products
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FIGURE B.1: FTIR-ATR spectrum acquired for Cu(Prop),. Identification of the bands is indi-

cated in the previous subsection.
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FIGURE B.2: FTIR-ATR spectrum acquired for Y(Prop);. Identification of the bands is indi-

cated in the previous subsection.
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FIGURE B.3: FTIR-ATR spectrum acquired for Ba(Prop),. Identification of the bands is indi-
cated in the previous subsection.
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FIGURE B.4: FTIR-ATR spectrum acquired for Ce(Prop)s;. Identification of the bands is indi-
cated in the previous subsection.
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FIGURE B.5: FTIR-ATR spectrum acquired for Sm(Prop);. Identification of the bands is indi-

cated in the previous subsection.
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FIGURE B.6: FTIR-ATR spectrum acquired for Gd(Prop);. Identification of the bands is indi-

cated in the previous subsection.
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FIGURE B.7: FTIR-ATR spectrum acquired for Yb(Prop);. Identification of the bands is indi-

cated in the previous subsection.
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FIGURE B.8: SEM images from the powder precursors with respective grain size measurement
of (a) Y(Prop)s; (b) Ba(Prop),; (c) Ce(Prop)s; (d) Sm(Prop);; (e) Gd(Prop);; (f) Yb(Prop)s.
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FIGURE B.9: (a) Comparison between XRD of Cu(Prop), powder and the one from [132],
CCDC: 1133510. (b) Comparison between XRD of Yb(Prop); powder and the one from [133],
CCDC: 832100.



Table B1. Bond lengths and torsion angles of Gd(Prop)s.

bond lengths (A)
Gd(1)
Gd(1)-0(7) 2.293(10) Gd(1)-0(2) 2.436(10)
Gd(1)-0(3) 2.306(9) Gd(1)-0(26)#1 2.445(11)
Gd(1)-0(9) 2.358(9) Gd(1)-0(1) 2.494(8)
Gd(1)-0(5) 2.392(10)  Gd(1)-0(25)#1 2.496(8)
Gd(2)
Gd(2)-0(4) 2.300(10)  Gd(2)-O(17) 2.447(9)
Gd(2)-0(13) 2.379(8) Gd(2)-0(6) 2.456(11)
Gd(2)-0(11) 2.390(8) Gd(2)-O(16) 2.525(9)
Gd(2)-0(1) 2.398(8) Gd(2)-0(5) 2.609(10)
Gd(2)-0(15) 2.437(9)
Gd(3)
Gd(3)-0(21) 2.303(9) Gd(3)-O(14) 2.402(10)
Gd(3)-0(18) 2.321(10)  Gd(3)-0(19) 2.424(11)
Gd(3)-0(16) 2.350(9)  Gd(3)-0(20) 2.483(8)
Gd(3)-0(23) 2.371(10)  Gd(3)-0(13) 2.500(8)
Gd4)
Gd(4)-0(22) 2.329(11)  Gd(4)-0(24) 2.456(11)
Gd(4)-0(27) 2.384(9)  Gd(4)-0(9)#2 2.539(9)
Gd(4)-0(20) 2.392(8) Gd(4)-0(23) 2.648(11)
Gd(4)-0(25) 2.400(8)
Gd(4)-0(10)#2  2.429(10)
Gd(4)-0(8)#2 2.449(8)
bond angles (deg)
Gd(1)
0(7)-Gd(1)-0(3) 87.6(4) O(2)-Gd(1)-0(26)#1 79.2(4)
0(7)-Gd(1)-0(9) 79.3(4)  O(7)-Gd(1)-O(1) 147.2(3)
0(3)-Gd(1)-0(9) 85.5(3) 0(3)-Gd(1)-0(1) 77.93)
0(7)-Gd(1)-0(5) 82.5(4) 0(9)-Gd(1)-0(1) 127.7(3)
0(3)-Gd(1)-0(5) 86.03) O(5)-Gd(1)-O(1) 67.4(3)
0(9)-Gd(1)-0(5) 160.2(3)  O(2)-Gd(1)-0(1) 53.003)
0(7)-Gd(1)-0(2) 158.6(4)  0(26)#1-Gd(1)-O(1) 79.7(3)
0(3)-Gd(1)-0(2) 93.4(4) O(7)-Gd(1)-O(25)#1 75.0(3)
0(9)-Gd(1)-0(2) 79.53) O(3)-Gd(1)-O(25)#1 152.4(3)
0(5)-Gd(1)-0(2) 118.93)  0(9)-Gd(1)-0(25)#1 70.4(3)

O(7)-Gd(1)-0(26)#1  107.5(4) O(5)-Gd(1)-0(25)#1 112.2(3)



0(3)-Gd(1)-026)#1  156.3(3) O(2)-Gd(1)-0(25)#1 95.3(3)
0(9)-Gd(1)-026)#1  114.8(4) OQ6)#1-Gd(1)-OQ25)#1  51.4(3)

0(5)-Gd(1)-0(26)#1 78.2(4)  O(1)-Gd(1)-0(25)#1 127.6(3)
Gd(2)
0(4)-Gd(2)-0(13) 74.03) O(1)-Gd(2)-0(6) 98.3(3)
0(4)-Gd(2)-0(11) 144.5(3)  O(15)-Gd(2)-0(6) 149.7(3)
0(13)-Gd(2)-0(11) 141.03)  O(17)-Gd(2)-O(6) 72.8(3)
0(4)-Gd(2)-0(1) 73.03)  O(4)-Gd(2)-0(16) 73.9(3)
0(13)-Gd(2)-0(1) 138.33)  O(13)-Gd(2)-0(16) 69.3(3)
0(11)-Gd(2)-0(1) 73.13) O(11)-Gd(2)-O(16) 117.8(3)
0(4)-Gd(2)-0(15) 83.8(4) 0(1)-Gd(2)-O(16) 123.4(3)
0(13)-Gd(2)-0(15) 120.93)  O(15)-Gd(2)-0(16) 51.9(3)
0(11)-Gd(2)-0(15) 80.2(3) O(17)-Gd(2)-0(16) 72.5(3)
0(1)-Gd(2)-0(15) 79.93)  0(6)-Gd(2)-0(16) 138.3(3)
0(4)-Gd(2)-0(17) 141.03) 0(4)-Gd(2)-0(5) 78.7(3)
0(13)-Gd(2)-0(17) 76.03) O(13)-Gd(2)-0(5) 83.7(3)
0(11)-Gd(2)-0(17) 71.03)  O(11)-Gd(2)-0(5) 96.5(3)
0(1)-Gd(2)-0(17) 143.93)  O(1)-Gd(2)-0(5) 65.4(3)
0(15)-Gd(2)-0(17) 90.8(3) O(15)-Gd(2)-O(5) 144.4(3)
0(4)-Gd(2)-0(6) 124.94)  O(17)-Gd(2)-0(5) 122.0(3)
0(13)-Gd(2)-0(6) 80.5(3) 0(6)-Gd(2)-O(5) 50.3(3)
0(11)-Gd(2)-0(6) 70.5(4) O(16)-Gd(2)-O(5) 145.7(3)
Gd(3)
0(21)-Gd(3)-0(18) 86.3(4) O(14)-Gd(3)-0(19) 80.5(5)
0(21)-Gd(3)-0(16) 85.6(3) O(21)-Gd(3)-0(20) 77.6(3)
0(18)-Gd(3)-0(16) 77.2(4)  O(18)-Gd(3)-0(20) 146.3(3)
0(21)-Gd(3)-0(23) 87.1(4) 0(16)-Gd(3)-0(20) 129.8(3)
0(18)-Gd(3)-0(23) 81.9(4) 0(23)-Gd(3)-0(20) 68.1(3)
0(16)-Gd(3)-0(23) 158.2(4) O(14)-Gd(3)-0(20) 80.1(3)
0(21)-Gd(3)-0(14) 157.23)  O(19)-Gd(3)-0(20) 52.9(3)
0(18)-Gd(3)-0(14) 110.4(4) O(21)-Gd(3)-0(13) 151.7(3)
0(16)-Gd(3)-0(14) 112.6(3)  O(18)-Gd(3)-0(13) 74.5(3)
0(23)-Gd(3)-0(14) 80.4(4) 0(16)-Gd(3)-0(13) 70.1(3)
0(21)-Gd(3)-0(19) 89.7(4) 0(23)-Gd(3)-0(13) 110.0(3)
0(18)-Gd(3)-0(19) 157.5(4) O(14)-Gd(3)-0(13) 51.03)
0(16)-Gd(3)-0(19) 80.4(3) 0(19)-Gd(3)-0(13) 100.1(3)
0(23)-Gd(3)-0(19) 120.1(4)  O(20)-Gd(3)-O(13) 129.2(3)
Gd(4)

0(22)-Gd(4)-0(27) 144.54)  O(10)#2-Gd(4)-0(24)  147.7(4)
0(22)-Gd(4)-0(20) 722(3) O(8)#2-Gd(4)-0(24) 73.6(3)



0(27)-Gd(4)-0(20) 73.6(3)  0(22)-Gd(4)-0(9)#2 73.1(3)

0(22)-Gd(4)-0(25) 74.2(4)  O(27)-Gd(4)-O(9)#2 119.2(3)
0(27)-Gd(4)-0(25) 140.7(4)  0(20)-Gd(4)-O(9)#2 122.2(3)
0(20)-Gd(4)-0(25) 138.13)  O(25)-Gd(4)-O(9)#2 69.1(3)

0(22)-Gd(4)-0(10)%2  87.0(4) O(10)#2-Gd(4)-0(9)%2  52.1(3)
0(Q27)-Gd(4)-0(10)#2  78.6(4) O(8)#2-Gd(4)-O(9)#2 73.0(3)

0(20)-Gd(4)-0(10)#2  81.4(3) 0(24)-Gd(4)-0(9)#2 138.7(3)
0(25)-Gd(4)-0(10)#2  121.2(3) 0(22)-Gd(4)-0(23) 79.3(4)
0(22)-Gd(4)-0(8)#2  140.8(3) 0(27)-Gd(4)-0(23) 94.9(3)
0(27)-Gd(4)-0(8)#2 71.4(3)  0(20)-Gd(4)-0(23) 65.1(3)
0(20)-Gd(4)-0(8)#2  144.6(3) 0(25)-Gd(4)-0(23) 84.7(3)
0(25)-Gd(4)-0(8)#2 75.83) O(10)#2-Gd(4)-0(23)  146.2(3)
O(10)#2-Gd(4)-O(8)#2  87.4(3) O(8)#2-Gd(4)-0(23) 122.3(3)
0(22)-Gd(4)-0(24) 124.1(4)  0(24)-Gd(4)-0(23) 49.5(3)
0(27)-Gd(4)-0(24) 70.8(4) O(9)#2-Gd(4)-0(23) 145.9(3)
0(20)-Gd(4)-0(24) 99.1(3)

0(25)-Gd(4)-0(24) 79.7(4)

Symmetry transformations used to generate equivalent atoms:
#1 x-1,y+1,z #2x+1,y-1,z

Table B2. Bond lengths and torsion angles of Ba(Prop)..

bond lengths (A)

Ba(1)
Ba(1)-0(3) 2.688(17) Ba(1)-0(2) 2.844(19)
Ba(1)-0(1) 2.708(18) Ba(1)-O(19) 2.937(17)
Ba(1)-0(16)#1  2.761(17) Ba(1)-O(17)#1 2.939(19)
Ba(1)-0(20) 2.820(15) Ba(1)-0(6) 3.029(18)
Ba(1)-0(7) 2.825(15)

Ba(2)
Ba(2)-0(21) 2.634(18)  Ba(2)-0(6) 2.830(18)
Ba(2)-O(7W) 2.779(15) Ba(2)-0(7) 2.932(15)
Ba(2)-0(19) 2.791(16) Ba(2)-0(8) 2.936(18)
Ba(2)-0(9) 2.799(18) Ba(2)-0(10) 2.977(18)
Ba(2)-O(11) 2.802(17) Ba(2)-0(5) 3.039(18)

Ba(3)
Ba(3)-0(4) 2.702(19) Ba(3)-0(6) 2.812(17)
Ba(3)-0(24) 2.710(18) Ba(3)-0(3) 2.815(18)

Ba(3)-O(4)#2 2.760(18) Ba(3)-0(10) 2.837(19)



Ba(3)-0(6W)
Ba(3)-0(7)

Ba(4)-0(8)

Ba(4)-0(25)
Ba(4)-0(15)
Ba(4)-0(23)
Ba(4)-O(11)

Ba(5)-0(12)
Ba(5)-0(20)#3
Ba(5)-0O(5W)
Ba(5)-0(18)
Ba(5)-0(13)

Ba(6)-0(26)
Ba(6)-0(13)
Ba(6)-0(3W)
Ba(6)-0(2)#3
Ba(6)-0(17)

Ba(7)-0(5)
Ba(7)-O(14)#5
Ba(7)-0(9)

Ba(7)-O(18)#5

0(3)-Ba(1)-0(1)

0(3)-Ba(1)-0(16)#1
O(1)-Ba(1)-0(16)#1
0(3)-Ba(1)-0(20)
0(1)-Ba(1)-0(20)
O(16)#1-Ba(1)-0(20)

0(3)-Ba(1)-0(7)
0(1)-Ba(1)-0(7)

O(16)#1-Ba(1)-O(7)
0(20)-Ba(1)-0(7)

2.769(16) Ba(3)-O(4W)
2.795(15)

Ba(4)
2.65(2) Ba(4)-0(12)
2.697(18) Ba(4)-0(13)
2.720(19) Ba(4)-0(10)
2.856(19) Ba(4)-0(24)
2.897(18)

Ba(5)
2.513(18) Ba(5)-O(14)
2.618(15) Ba(5)-0(16)
2.798(15) Ba(5)-0(17)

2.84(2) Ba(5)-0(15)
2.846(19)

Ba(6)
2.627(19) Ba(6)-O(1W)
2.750(18) Ba(6)-O(26)#4
2.788(16) Ba(6)-0(15)
2.812(19) Ba(6)-0(25)
2.843(19)

Ba(7)
2.664(19) Ba(7)-0(2W)
2.67(2) Ba(7)-0(22)
2.675(18) Ba(7)-0(21)
2.80(2) Ba(7)-O(3W)#5

bond angles (deg)
Ba(1)

73.7(6) 0(20)-Ba(1)-0O(19)
94.9(5)  O(7)-Ba(1)-0(19)
115.0(6) 0(2)-Ba(1)-0(19)
133.0(5) O(3)-Ba(1)-O(17)#1
153.0(6) O(1)-Ba(1)-O(17)#1
65.6(5) O(16)#1-Ba(1)-O(17)#1
78.6(5) 0(20)-Ba(1)-O(17)#1
76.3(5)  O(7)-Ba(1)-O(17)#1
165.1(5)  O(2)-Ba(1)-O(17)#1
109.2(4)  O(19)-Ba(1)-O(17)#1

2.968(18)

2.916(17)
2.919(19)
2.924(18)
3.036(18)

2.870(19)
2.889(19)
2.907(19)
3.138(18)

2.880(18)
2.886(19)
3.029(18)
3.029(18)

2.816(19)
2.82(2)
2.88(2)

2.928(19)

43.9(4)
66.8(4)
136.2(6)
157.3(6)
93.8(6)
72.9(5)
59.9(5)
117.5(5)
67.6(5)
72.5(5)



0(3)-Ba(1)-0(2)
0(1)-Ba(1)-0(2)
O(16)#1-Ba(1)-0(2)
0(20)-Ba(1)-0(2)
0(7)-Ba(1)-0(2)
0(3)-Ba(1)-0(19)
0(1)-Ba(1)-0(19)
0(16)#1-Ba(1)-0(19)

0(21)-Ba(2)-0(7W)
0(21)-Ba(2)-0(19)
O(7W)-Ba(2)-0(19)
0(21)-Ba(2)-0(9)
O(7W)-Ba(2)-0(9)
0(19)-Ba(2)-0(9)
0(21)-Ba(2)-0(11)
O(7W)-Ba(2)-0(11)
0(19)-Ba(2)-0(11)
0(9)-Ba(2)-0(11)
0(21)-Ba(2)-0(6)
O(7W)-Ba(2)-0(6)
0(19)-Ba(2)-0(6)
0(9)-Ba(2)-0(6)
O(11)-Ba(2)-0(6)
0(21)-Ba(2)-0(7)
O(7W)-Ba(2)-0(7)
0(19)-Ba(2)-0(7)
0(9)-Ba(2)-0(7)
0(11)-Ba(2)-0(7)
0(6)-Ba(2)-0(7)
0(21)-Ba(2)-0(8)
O(7W)-Ba(2)-0(8)

0(4)-Ba(3)-0(24)
0(4)-Ba(3)-0(4)#2
0(24)-Ba(3)-0(4)#2
0(4)-Ba(3)-0(6W)
0(24)-Ba(3)-0(6W)
O(4)#2-Ba(3)-0(6W)
0(4)-Ba(3)-0(7)
0(24)-Ba(3)-0(7)
0(4)#2-Ba(3)-0(7)

91.0(6)
42.3(5)
75.5(6)
121.1(5)
117.6(5)
130.2(5)
126.7(5)
109.5(5)

0(3)-Ba(1)-0(6)
0(1)-Ba(1)-0(6)
O(16)#1-Ba(1)-0(6)
0(20)-Ba(1)-0(6)
0(7)-Ba(1)-0(6)
0(2)-Ba(1)-0(6)
0(19)-Ba(1)-0(6)
O(17)#1-Ba(1)-0(6)

Ba(2)

85.3(6)
101.3(6)
74.5(5)
68.5(6)
133.6(6)
145.9(5)
90.9(6)
62.0(5)
133.6(5)
80.1(5)
109.1(6)
144.5(5)
71.0(5)
81.6(6)
145.6(5)
163.9(5)
101.6(5)
67.3(5)
114.2(5)
105.2(5)
57.3(5)
150.6(6)
73.6(5)

0(19)-Ba(2)-0(8)
0(9)-Ba(2)-0(8)
O(11)-Ba(2)-0(8)
0(6)-Ba(2)-0(8)
0(7)-Ba(2)-0(8)
0(21)-Ba(2)-0(10)
O(7W)-Ba(2)-0(10)
0(19)-Ba(2)-0(10)
0(9)-Ba(2)-0(10)
0(11)-Ba(2)-0(10)
0(6)-Ba(2)-0(10)
0(7)-Ba(2)-0(10)
0(8)-Ba(2)-0(10)
0(21)-Ba(2)-0(5)
O(7W)-Ba(2)-0(5)
0(19)-Ba(2)-0(5)
0(9)-Ba(2)-0(5)
0(11)-Ba(2)-0(5)
0(6)-Ba(2)-0(5)
0(7)-Ba(2)-0(5)
0(8)-Ba(2)-0(5)
0(10)-Ba(2)-0(5)

Ba(3)

124.5(6)
65.9(7)
79.6(6)
77.8(6)

131.3(5)
71.9(6)

121.2(5)
75.2(5)

152.4(5)

O(6W)-Ba(3)-0(3)
0(7)-Ba(3)-0(3)
0(6)-Ba(3)-0(3)
0(4)-Ba(3)-0(10)
0(24)-Ba(3)-0(10)
O(4)#2-Ba(3)-0(10)
O(6W)-Ba(3)-0(10)
0(7)-Ba(3)-0(10)
0(6)-Ba(3)-0(10)

64.9(5)
120.9(5)
108.9(5)

81.1(5)

56.2(4)
155.6(5)

66.3(5)
136.8(5)

92.8(5)
112.0(5)
61.3(5)
99.9(5)
44.8(5)
113.2(6)
129.8(5)
137.8(5)
45.6(5)
71.1(5)
75.3(5)
73.6(4)
68.8(5)
66.4(6)
136.7(5)
79.5(5)
66.5(5)
144.5(5)
42.7(5)
99.5(5)
142.3(5)
92.4(5)

102.0(5)
77.0(5)
66.4(5)

155.3(6)
72.9(5)

105.3(6)
77.6(5)
77.8(5)
77.8(5)



O(6W)-Ba(3)-0(7)  134.3(5) 0(3)-Ba(3)-0(10)
0(4)-Ba(3)-0(6) 98.0(5) O(4)-Ba(3)-O(4W)
0(24)-Ba(3)-0(6) 129.8(5)  0(24)-Ba(3)-O(4W)
O(4)#2-Ba(3)-0(6)  148.4(6) O(4)#2-Ba(3)-O(4W)
O(6W)-Ba(3)-0(6) 78.4(5) O(6W)-Ba(3)-O(4W)
O(7)-Ba(3)-0(6) 59.1(5) O(7)-Ba(3)-O(4W)
0(4)-Ba(3)-0(3) 45.2(5) O(6)-Ba(3)-O(4W)
0(24)-Ba(3)-0(3) 124.7(6)  O(3)-Ba(3)-0(4W)
O(4)#2-Ba(3)-0(3)  109.4(6) 0O(10)-Ba(3)-0(4W)
Ba(4)
O(8)-Ba(4)-0(25) 88.8(6) 0(23)-Ba(4)-0(13)
0(8)-Ba(4)-0(15) 171.6(5)  O(11)-Ba(4)-0(13)
0(25)-Ba(4)-0(15) 86.7(6) O(12)-Ba(4)-0(13)
0(8)-Ba(4)-0(23) 115.5(6) O(8)-Ba(4)-0(10)
0(25)-Ba(4)-0(23) 73.1(6)  O(25)-Ba(4)-0(10)
0(15)-Ba(4)-0(23) 69.9(6) O(15)-Ba(4)-0(10)
0(8)-Ba(4)-0(11) 63.5(5) 0(23)-Ba(4)-0(10)
0(25)-Ba(4)-0(11)  120.2(6) O(11)-Ba(4)-O(10)
0(15)-Ba(4)-0(11)  113.1(5) 0O(12)-Ba(4)-O(10)
0(23)-Ba(4)-0(11)  166.0(6) O(13)-Ba(4)-O(10)
0(8)-Ba(4)-0(12) 108.9(5) O(8)-Ba(4)-0(24)
0(25)-Ba(4)-0(12)  124.1(6) 0O(25)-Ba(4)-0(24)
0(15)-Ba(4)-0(12) 68.2(5) O(15)-Ba(4)-0(24)
0(23)-Ba(4)-0(12)  132.8(6) 0O(23)-Ba(4)-0(24)
O(11)-Ba(4)-0(12) 45.5(5) O(11)-Ba(4)-0(24)
0(8)-Ba(4)-0(13) 109.6(5) O(12)-Ba(4)-0(24)
0(25)-Ba(4)-0(13) 66.3(5) O(13)-Ba(4)-0(24)
0(15)-Ba(4)-0(13) 62.0(5) O(10)-Ba(4)-0(24)
Ba(5)

0(12)-Ba(5)-0(20)#3  152.1(5)
0(12)-Ba(5)-0(5W)  98.3(5)
0(20)#3-Ba(5)-0O(5W)  87.6(5)

0(12)-Ba(5)-0(18)  139.2(6)
0(20)#3-Ba(5)-0(18)  68.5(6)
O(5W)-Ba(5)-0(18)  71.5(5)
0(12)-Ba(5)-0(13)  63.2(5)

0(20)#3-Ba(5)-0(13)  138.3(5)

O(5W)-Ba(5)-0(13)  114.2(5)
0(18)-Ba(5)-0(13)  84.7(6)
0(12)-Ba(5)-0(14)  69.8(6)

0(20)#3-Ba(5)-0(14)  136.4(6)
O(5W)-Ba(5)-0(14)  67.3(5)

0(18)-Ba(5)-0(16)
0(13)-Ba(5)-0(16)
0(14)-Ba(5)-0(16)
0(12)-Ba(5)-0(17)

0(20)#3-Ba(5)-0(17)

O(5W)-Ba(5)-0(17)
0(18)-Ba(5)-0(17)
0(13)-Ba(5)-0(17)
0(14)-Ba(5)-0(17)
0(16)-Ba(5)-0(17)
0(12)-Ba(5)-0(15)

0(20)#3-Ba(5)-0(15)

O(5W)-Ba(5)-0(15)

143.3(5)
71.7(6)
62.4(5)
83.8(6)

146.8(5)
74.8(5)

118.0(5)
64.7(5)

132.0(5)

117.0(5)
74.8(5)
57.8(5)
73.4(5)

152.7(5)

113.2(5)
95.6(6)
70.6(5)
82.0(5)

139.0(5)
70.4(5)
87.6(5)

116.4(5)
48.1(5)

124.0(5)

148.2(5)

153.7(5)
67.2(5)

112.5(6)
98.0(5)
145.0(6)
135.8(5)
62.5(5)
114.0(5)
43.6(6)
76.0(5)
94.9(6)
71.6(5)
67.0(5)
106.6(5)
165.1(5)



0(18)-Ba(5)-0(14) 69.9(6) O(18)-Ba(5)-0(15)
0(13)-Ba(5)-0(14) 47.0(5) O(13)-Ba(5)-0(15)
0(12)-Ba(5)-0(16) 97.1(5) O(14)-Ba(5)-0(15)
0(20)#3-Ba(5)-0(16)  66.4(5) O(16)-Ba(5)-0(15)
O(5W)-Ba(5)-0(16)  147.7(5) O(17)-Ba(5)-0(15)
Ba(6)
0(26)-Ba(6)-0(13)  149.7(6) O(2)#3-Ba(6)-0(26)#4
0(26)-Ba(6)-03W)  69.6(6) O(17)-Ba(6)-0(26)#4
0(13)-Ba(6)-03W)  81.3(6) O(1W)-Ba(6)-O(26)#4
0(26)-Ba(6)-0Q)#3  77.2(6) 0(26)-Ba(6)-0(15)
0(13)-Ba(6)-02)#3  129.3(6) O(13)-Ba(6)-0(15)
O(3W)-Ba(6)-0(2)#3 126.2(6) O(3W)-Ba(6)-0(15)
0(26)-Ba(6)-0(17)  102.5(6) O(2)#3-Ba(6)-O(15)
0(13)-Ba(6)-0(17) 78.6(5) O(17)-Ba(6)-0(15)
O(BW)-Ba(6)-0(17)  77.9(6) O(1W)-Ba(6)-O(15)
O(2)#3-Ba(6)-0(17)  69.4(5) O(26)#4-Ba(6)-0(15)
0(26)-Ba(6)-0(1W)  88.8(6) 0O(26)-Ba(6)-0(25)
0(13)-Ba(6)-O(1W)  114.1(5) O(13)-Ba(6)-0(25)
O(3W)-Ba(6)-O(1W) 149.2(6) O(3W)-Ba(6)-0(25)
O(2)#3-Ba(6)-O(1W) 65.8(5)  O(2)#3-Ba(6)-0(25)
O(17)-Ba(6)-O(1W)  129.8(5) O(17)-Ba(6)-0(25)
0(26)-Ba(6)-0(26)#4  68.5(6) O(1W)-Ba(6)-0(25)
0(13)-Ba(6)-0(26)#4  98.4(6) O(26)#4-Ba(6)-0(25)
O(3W)-Ba(6)-0(26)#4 78.8(6) O(15)-Ba(6)-0(25)
Ba(7)
0(5)-Ba(7)-0(14)45  176.3(7) O(2W)-Ba(7)-0(22)
0(5)-Ba(7)-0(9) 73.9(5)  O(5)-Ba(7)-0(21)
O(14)#5-Ba(7)-0(9)  107.9(6) O(14)#5-Ba(7)-0(21)
0(5)-Ba(7)-0(18)#5  105.0(6) O(9)-Ba(7)-0(21)

O(14)#5-Ba(7)-O(18)#5 73.4(6)
0(9)-Ba(7)-O(18)45  178.3(7)
0(5)-Ba(7)-0(2W) 77.5(6)
O(14)#5-Ba(7)-02W)  99.6(6)
0(9)-Ba(7)-0(2W) 78.8(6)
O(18)#5-Ba(7)-0(2W) 102.3(6)
0(5)-Ba(7)-0(22) 104.4(7)
O(14)#5-Ba(7)-0(22)  78.5(7)
0(9)-Ba(7)-0(22) 104.2(7)
O(18)#5-Ba(7)-0(22)  74.8(7)

O(18)#5-Ba(7)-0(21)
0(2W)-Ba(7)-0(21)
0(22)-Ba(7)-0(21)
0(5)-Ba(7)-O(5W)#5

117.7(5)
57.9(5)
103.7(5)
42.7(5)
77.7(5)

125.9(6)
156.7(6)
72.7(6)
150.1(6)
60.2(5)
138.9(5)
76.1(6)
80.5(5)
67.9(5)
118.4(5)
112.8(5)
64.1(5)
101.5(6)
130.4(6)
142.2(5)
66.0(5)
45.1(5)
75.7(5)

176.8(7)
68.5(6)
115.2(6)
66.7(5)
111.8(6)
136.6(6)
46.5(6)
108.4(5)

O(14)#5-Ba(7)-O(SW)#5 68.0(5)

0(9)-Ba(7)-O(5W)#5

111.3(5)

O(18)#5-Ba(7)-O(SW)#5 70.2(5)

O(2W)-Ba(7)-O(5W)#5

0(22)-Ba(7)-O(5W)#5
0(21)-Ba(7)-O(5W)#5

40.1(5)
136.8(5)
176.5(5)

Symmetry transformations used to generate equivalent atoms:



#1 x+tl,y,z #2 -x+1,-y,-z #3x-l1,y,z #4 -x,-y+1,-z
#5 -x+1/2,y-1/2,-z+1/2  #6 -x+1/2,y+1/2,-z+1/2

Table B3. Bond lengths and torsion angles of Y (Prop)s.

bond lengths (A)
Y(1)

Y(1)-0(8) 2.3194)  Y(1)-03) 2.418(4)
Y(1)-0(1) 2.3423)  Y(1)-0(5) 2.459(4)
Y(1)-0(7) 2.351(4)  Y(1)-0Q)#1 2.489(4)

Y (1)-0(6) 2.392(4) Y(1)-O(1)#1 2.502(4)
Y(1)-0O(4) 2.394(5)

bond angles (deg)
Y(1)

0(8)-Y(1)-0(1) 154.06(12)  O(6)-Y(1)-O(5) 53.45(12)
0(8)-Y(1)-0(7) 82.38(15) O(4)-Y(1)-O(5) 77.53(16)
O(1)-Y(1)-0(7) 79.22(13)  O(3)-Y(1)-O(5) 126.73(16)
0(8)-Y(1)-0(6) 129.47(14)  O(8)-Y(1)-O(2)#1 75.78(15)
O(1)-Y(1)-0O(6) 73.58(12)  O(1)-Y(1)-OQ2)#1 116.24(13)
0(7)-Y(1)-0(6) 145.80(13)  O(7)-Y(1)-O(2)#1 74.99(15)
0(8)-Y(1)-0(4) 81.72(17) O(6)-Y(1)-O(2)#1 98.78(14)
O(1)-Y(1)-O(4) 95.24(15)  O(4)-Y(1)-OQ2)#1 145.48(15)
O(7)-Y(1)-O(4) 127.70(15)  O(3)-Y(1)-O(2)# 140.43(14)
0(6)-Y(1)-O(4) 75.83(15)  O(5)-Y(1)-OQ2)#1 72.42(16)
0(8)-Y(1)-0(3) 75.87(14)  O(8)-Y(1)-O(1)#1 126.05(15)
O(1)-Y(1)-0(3) 81.65(12) O(1)-Y(1)-O(1)#1 65.29(13)
O(7)-Y(1)-0(3) 74.38(15)  O(7)-Y(1)-O(1)#1 73.57(13)
0(6)-Y(1)-0(3) 120.57(14)  O(6)-Y(1)-O(1)#1 76.40(12)
0(4)-Y(1)-0(3) 53.46(15) O(4)-Y(1)-O(1)#1 149.72(13)
0(8)-Y(1)-0O(5) 77.89(13)  O(3)-Y(1)-O(1)#1 137.32(13)
O(1)-Y(1)-0O(5) 126.83(12)  O(5)-Y(1)-O(1)#1 95.35(14)
O(7)-Y(1)-0(5) 145.11(15)  OQ)#1-Y(1)-O(1)#1 51.78(11)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z+1

Table B4. Bond lengths and torsion angles of Sm(Prop)s.

bond lengths (A)



Sm(1)

Sm(1)-0(5) 2.338(10)  Sm(1)-O(4)#2 2.475(11)
Sm(1)-0(3) 2.379(10)  Sm(1)-O(3)#2 2.485(10)
Sm(1)-0(1) 2.400(10)  Sm(1)-O(13) 2.501(10)
Sm(1)-0(14) 2.437(9)  Sm(1)-O(11)#1 2.573(10)

Sm(1)-O(12)#1  2.448(12)

Sm(2)
Sm(2)-0(9) 2.369(9) Sm(2)-O(2)#1 2.471(11)
Sm(2)-0(11) 2.369(10)  Sm(2)-O(1)#1 2.516(10)
Sm(2)-0(8) 2.401(10) Sm(2)-O(7) 2.537(10)
Sm(2)-0(6) 2.416(9) Sm(2)-O(9)#3 2.618(10)

Sm(2)-0(10)#3  2.417(11)

bond angles (deg)
Sm(1)
0(5)-Sm(1)-0(3) 75.6(4)  O(14)-Sm(1)-O(3)#2 74.8(3)
0(5)-Sm(1)-0(1) 79.8(3) O(12)#1-Sm(1)-03)#2  116.1(4)
0(3)-Sm(1)-0(1) 148.7(3)  O(4)#2-Sm(1)-O(3)#2 51.2(3)
0(5)-Sm(1)-0(14) 145.8(4)  O(5)-Sm(1)-0(13) 72.6(3)
0(3)-Sm(1)-0(14) 110.3(4) O(3)-Sm(1)-O(13) 79.0(3)
O(1)-Sm(1)-0(14) 101.0(4) O(1)-Sm(1)-0(13) 75.3(3)
0(5)-Sm(1)-O(12)#1  138.8(4) O(14)-Sm(1)-O(13) 141.2(3)

0(3)-Sm(1)-0(12)#1 75.4(3)  O(12)#1-Sm(1)-0(13) 73.7(4)
O(1)-Sm(1)-0(12)#1  113.4(3) O(4)#2-Sm(1)-0(13) 140.0(4)
0(14)-Sm(1)-O(12)#1  72.7(4) O(3)#2-Sm(1)-0(13) 139.0(3)

0(5)-Sm(1)-O(4)#2 75.5(4)  O(5)-Sm(1)-O(11)#1 134.9(3)
0(3)-Sm(1)-0(4)#2 115.53)  O(3)-Sm(1)-O(11)#1 124.0(3)
O(1)-Sm(1)-O(4)#2 75.8(3)  O(1)-Sm(1)-O(11)#1 64.2(3)

0O(14)-Sm(1)-0@)#2  71.7(4) O(14)-Sm(1)-O(11)#1  71.1(3)
O(12)#1-Sm(1)-0(4)#2  144.3(4) O(12)#1-Sm(1)-O(11)#1  50.8(3)
0(5)-Sm(1)-0(3)#2 77.4(3) O@)#2-Sm(1)-0(11)#1  117.3(3)
0(3)-Sm(1)-0(3)#2 66.8(4) O(3)#2-Sm(1)-O(11)#1  145.8(3)
O(1)-Sm(1)-0(3)#2 125.93)  O(13)-Sm(1)-O(11)#1 72.8(3)

Sm(2)
0(9)-Sm(2)-0(11) 82.9(3) O(2)#1-Sm(2)-O(1)#1 51.13)
0(9)-Sm(2)-0(8) 78.9(3)  0(9)-Sm(2)-0(7) 128.5(4)
O(11)-Sm(2)-0(8) 156.6(3)  O(11)-Sm(2)-0(7) 148.6(3)
0(9)-Sm(2)-0(6) 152.5(3)  O(8)-Sm(2)-0(7) 52.03)
O(11)-Sm(2)-0(6) 78.4(3)  0(6)-Sm(2)-0(7) 71.5(3)

0(8)-Sm(2)-0(6) 123.53)  O(10)#3-Sm(2)-O(7) 82.1(4)



0(9)-Sm(2)-0(10)#3  115.5(3)
O(11)-Sm(2)-O(10)43  85.3(4)
0(8)-Sm(2)-0(10)#3  89.3(4)
0(6)-Sm(2)-0(10)43  83.0(3)
0(9)-Sm(2)-0(2)#1 83.8(4)
O(11)-Sm(2)-0Q2)#1  116.6(3)

0(8)-Sm(2)-0(2)#1 76.0(3)
0(6)-Sm(2)-0(2)#1 86.8(4)
O(10)#3-Sm(2)-0Q)#1 153.3(3)

0(9)-Sm(2)-0(1)#1 78.7(3)
O(11)-Sm(2)-O(1)#1 65.5(3)
0(8)-Sm(2)-O(1)#1 124.1(4)
0(6)-Sm(2)-O(1)#1 75.33)
O(10)#3-Sm(2)-O(1)#1  146.4(4)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1

#2 -x,-y+1,-z+1

0(2)#1-Sm(2)-0(7)
O(1)#1-Sm(2)-0(7)
0(9)-Sm(2)-0(9)#3
O(11)-Sm(2)-0(9)#3
0(8)-Sm(2)-0(9)#3
0(6)-Sm(2)-0(9)#3
O(10)#3-Sm(2)-0(9)#3
0(2)#1-Sm(2)-0(9)#3
O(1)#1-Sm(2)-0(9)#3
0(7)-Sm(2)-0(9)#3

#3 -x+1,-y,-z+1

71.3(3)
113.93)
65.0(4)
81.6(3)
77.4(3)
130.6(3)
50.6(3)
142.2(3)
133.6(3)
111.2(3)
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Compound Geometry? S-value

HBPY-8 13.364
CU-8 8.846
SAPR-8 3.859
TDD-8 3.067
JGBF-8 12.797
JETBPY-8 25.967
JBTP-8 3.896
BTPR-8 3.389
JSD-8 5.822
ETBPY-8 22.140
TT-8 9.598
HBPY-8 13.367
CU-8 9.903
SAPR-8 4.602
TDD-8 2.966
JGBF-8 12.949
JETBPY-8 25.628
JBTP-8 4.182
BTPR-8 3.640
JSD-8 6.247
ETBPY-8 21.996
TT-8 9.828
EP-9 34.216
HH-9 8.255
MFF-9 1.497
EP-9 34.459
HH-9 8.671
MFF-9 1.508

TABLE B.5: Geometry distortion analysis for Gd(Prop); using S-parameter [217] calculated
with SHAPE [228]. Closer values for the geometry of each metal center are reported in bold.
“HBPY-8 = Hexagonal bipyramid; CU-8 = Cube, SAPR-8 = Square antiprism; TDD-8 = Trian-
gular dodecahedron; JGBF-8 = Johnson — Gyrobifastigium; JETBPY-8 = Johnson - Elongated

triangular bipyramid; JBTP-8 = Biaugmented trigonal prism; BTPR-8 = Biaugmented trigonal

prism; JSD-8 = Snub disphenoid; ETBPY-8 = Elongated trigonal bipyramid; TT-8 = Triakis

tetrahedron, EP-9 = Enneagon; HH-9 = Hula-hoop; MFF-9 = Muffin.
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Compound Geometry? S-value
EP-9 21.609
HH-9 6.884
MFF-9 8.229
EP-9 35.273
HH-9 10.485
MFF-9 2.404
EP-9 22.666
HH-9 4.264
MFE-9 9.636
EP-9 23.872
HH-9 7.274
MFEF-9 8.584
EP-9 36.979
HH-9 9.55
MFEF-9 2.120
HD-10 10.795
JATDI-10 16.233
JBCSAPR-10 7.693
JMBIC-10 7.595
JSPC-10 6.042
SDD-10 5.000
TD-10 4.334
HBPY-8 6.819
CU-8 7.764
SAPR-8 17.301
TDD-8 14.617
JGBF-8 13.258
JETBPY-8 19.496
JBTP-8 15.575
BTPR-8 15.295
JSD-8 14.326
ETBPY-8 16.862
TT-8 8.575

TABLE B.6: Geometry distortion analysis for Ba(Prop), using S-parameter [217] calculated
with SHAPE [228]. Closer values for the geometry of each metal center are reported in bold.
2HBPY-8 = Hexagonal bipyramid; CU-8 = Cube, SAPR-8 = Square antiprism; TDD-8 = Trian-
gular dodecahedron; JGBF-8 = Johnson — Gyrobifastigium; JETBPY-8 = Johnson - Elongated
triangular bipyramid; JBTP-8 = Biaugmented trigonal prism; BTPR-8 = Biaugmented trigonal
prism; JSD-8 = Snub disphenoid; ETBPY-8 = Elongated trigonal bipyramid; TT-8 = Triakis
tetrahedron, EP-9 = Enneagon; HH-9 = Hula-hoop; MFF-9 = Muffin; HD-10 = Hexadecahe-
dron; JADTI-10 = Augmented tridiminished icosahedron; JBCSAPR-10 = Bicapped square an-
tiprism; JMBIC-10 = Metabidiminished icosahedron; JSPC = Sphenocorona; SDD-10 = Stag-
gered dodecahedron; TD-10 = Tetradecahedron.
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Compound Geometry? S-value

TABLE B.7: Geometry distortion analysis for Y(Prop); using S-parameter [217] calculated with
SHAPE [228]. Closer values for the geometry of each metal center are reported in bold. 2EP-9
= Enneagon, HH-9 = Hula-hoop, MFF-9 = Muffin.

Compound Geometry? S-value

TABLE B.8: Geometry distortion analysis for Sm(Prop); using S-parameter [217] calculated
with SHAPE [228]. Closer values for the geometry of each metal center are reported in bold.
4EP-9 = Enneagon, HH-9 = Hula-hoop, MFF-9 = Muffin.
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FIGURE B.10: Comparison of the measured PXRD and the pattern calculated from the single
crystal (SC) structure for Ba(Prop),.
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FIGURE B.11: Comparison of the measured PXRD and the pattern calculated from the single
crystal (SC) structure for Sm(Prop);.
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FIGURE B.12: Comparison of the measured PXRD and the pattern calculated from the single
crystal (SC) structure for Gd(Prop)s.
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FIGURE B.13: (a) Unmatching PXRD and the pattern calculated from the single crystal (SC)

structure for Y(Prop);. (b) XRD comparison between a sample of the crushed SC from (a) and

the synthesized Y(Prop); powder. The matching between the two is suggesting the possibility

of the existence of various types of SC in the same crystallization vessel, with a preferential

orientation exhibited by the measured SC.
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FIGURE B.14: Comparison between PXRD and the pattern calculated from the single crys-
tal (SC) structure for Gd(Prop); obtained through recrystallization through slow evaporation in
MeOH, exhibiting an unmatching pattern.
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FIGURE B.15: Comparison between PXRD and the pattern calculated from the single crys-
tal (SC) structure for Ce(Prop); obtained through recrystallization through slow evaporation in
MeOH, exhibiting an unmatching pattern.



Table B9. Bond lengths and torsion angles of Gd(Prop); obtained by
recrystallization in MeOH.

bond lengths (A)
Gd(1)
Gd(1)-0(7) 2.293(11)  Gd(1)-0(2) 2.476(9)
Gd(1)-0(3) 2.398(8)  Gd(1)-0(6) 2.493(10)
Gd(1)-0(8) 2.414(9) Gd(1)-O(4)#1 2.522(10)
Gd(1)-0(1) 2.434(13) Gd(1)-0(3)#1 2.556(9)
Gd(1)-0(5) 2.441(9)
bond angles (deg)
Gd(1)

0(7)-Gd(1)-0(3) 153.3(3)  O(1)-Gd(1)-0(6) 78.6(4)
0(7)-Gd(1)-0(8) 83.7(3) O(5)-Gd(1)-0(6) 52.8(3)
0(3)-Gd(1)-0(8) 793(3)  O(2)-Gd(1)-0(6) 128.2(4)
0(7)-Gd(1)-0(1) 78.9(5) O(7)-Gd(1)-O(4)#1 78.6(4)
0(3)-Gd(1)-0(1) 95.3(4)  O(3)-Gd(1)-O(4)#1 115.9(3)
0(8)-Gd(1)-0(1) 127.4(4)  O(8)-Gd(1)-O(4)#1 74.6(4)
0O(7)-Gd(1)-0(5) 129.6(3)  O(1)-Gd(1)-O(4)#1 145.9(4)
0(3)-Gd(1)-0(5) 72.83)  O(5)-Gd(1)-O(4)#1 98.3(4)
0(8)-Gd(1)-0(5) 144.7(3)  O(2)-Gd(1)-O(4)#1 140.4(4)
0(1)-Gd(1)-0(5) 77.3(4)  O(6)-Gd(1)-O(4)#1 72.4(4)
0(7)-Gd(1)-0(2) 74.1(4)  O(7)-Gd(1)-0(3)#1 127.8(4)
0(3)-Gd(1)-0(2) 81.5(3) 0(3)-Gd(1)-0O(3)#1 66.1(3)
0(8)-Gd(1)-0(2) 74.3(4)  O(8)-Gd(1)-0(3)#1 73.13)
0(1)-Gd(1)-0(2) 53.3(4)  O(1)-Gd(1)-0(3)#1 150.9(4)
0(5)-Gd(1)-0(2) 121.3(4)  O(5)-Gd(1)-0O(3)#1 75.93)
0(7)-Gd(1)-0(6) 79.3(3)  O(2)-Gd(1)-0(3)#1 137.4(3)
0(3)-Gd(1)-0(6) 125.4(3)  O(6)-Gd(1)-0(3)#1 93.9(3)
0(8)-Gd(1)-0(6) 145.2(4)  O(4)#1-Gd(1)-O(3)#1 50.6(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z+1



Table B10. Bond lengths and torsion angles of Ce(Prop); obtained by
recrystallization in MeOH.

bond lengths (A)

Ce(1)
Ce(1)-0(9) 2.497(9) Ce(1)-0(6) 2.574(8)
Ce(1)-0(3) 2.518(9) Ce(1)-0(5) 2.612(8)
Ce(1)-O(12)#1 2.524(9) Ce(1)-0(8) 2.656(9)
Ce(1)-0(2) 2.527(8) Ce(1)-0(1) 2.731(8)
Ce(1)-0(7) 2.555(9) Ce(1)-O(11)#1 2.749(8)

Ce(2)
Ce(2)-0(1) 2.455(10) Ce(2)-O(2W) 2.536(9)
Ce(2)-O(11) 2.473(9) Ce(2)-0(4) 2.591(9)
Ce(2)-O(3W) 2.499(8) Ce(2)-0(3) 2.650(8)
Ce(2)-O(1W) 2.504(10) Ce(2)-0O(9)#2 2.678(7)
Ce(2)-O(10)#2 2.524(9)

bond angles (deg)

Ce(1)
0(9)-Ce(1)-0(3) 78.5(3) 0O(2)-Ce(1)-O(8) 73.4(3)
0(9)-Ce(1)-O(12)#1 113.3(3) O(7)-Ce(1)-O(8) 50.4(3)
0(3)-Ce(1)-O(12)#1 152.0(3) O(6)-Ce(1)-0O(8) 139.3(3)
0(9)-Ce(1)-0(2) 148.5(3) O(5)-Ce(1)-0(8) 154.0(3)
0(3)-Ce(1)-0(2) 113.1(3) 0O(9)-Ce(1)-O(1) 135.4(3)
O(12)#1-Ce(1)-0(2) 70.93) 0O(3)-Ce(1)-0O(1) 63.8(3)
0(9)-Ce(1)-0(7) 80.4(3) O(12)#1-Ce(1)-0(1) 111.2(3)
0(3)-Ce(1)-0(7) 76.93) 0O(2)-Ce(1)-0(1) 49.6(3)
O(12)#1-Ce(1)-0(7) 128.8(3) O(7)-Ce(1)-O(1) 69.0(3)
0O(2)-Ce(1)-0(7) 74.5(3) 0O(6)-Ce(1)-0(1) 114.7(3)
0(9)-Ce(1)-0(6) 80.7(3) O(5)-Ce(1)-0O(1) 67.8(3)
0(3)-Ce(1)-0(6) 82.2(3) 0O(8)-Ce(1)-0O(1) 105.3(3)
O(12)#1-Ce(1)-0(6) 75.3(3) 0O(9)-Ce(1)-O(11)#1 64.1(3)
0(2)-Ce(1)-0(6) 128.6(3) O(3)-Ce(1)-O(11)#1 136.6(3)
0O(7)-Ce(1)-0(6) 154.1(3) O(12)#1-Ce(1)-O(11)#1 49.3(3)
0(9)-Ce(1)-0(5) 127.2(3)  O(2)-Ce(1)-O(11)#1 110.4(3)
0(3)-Ce(1)-0(5) 76.7(3)  O(7)-Ce(1)-O(11)#1 115.3(3)
O(12)#1-Ce(1)-0(5) 76.1(3) 0O(6)-Ce(1)-O(11)#1 71.1(3)
0(2)-Ce(1)-0(5) 84.3(3) O(5)-Ce(1)-O(11)#1 108.2(3)

0(7)-Ce(1)-0(5) 135.93)  O(8)-Ce(1)-O(11)#1 68.93)



0(6)-Ce(1)-0(5) 50.3(3)  O(1)-Ce(1)-O(11)#1
0(9)-Ce(1)-0(8) 76.1(3)
0(3)-Ce(1)-0(8) 124.1(3)
O(12)#1-Ce(1)-O(8) 83.9(3)

Ce(2)
0(1)-Ce(2)-O(11) 141.83) O(2W)-Ce(2)-0(4)
0(1)-Ce(2)-0(3W) 74.03)  O(1)-Ce(2)-0(3)
O(11)-Ce(2)-03W)  141.2(3)  O(11)-Ce(2)-0(3)
0(1)-Ce(2)-O(1W) 69.8(3) O(3W)-Ce(2)-0(3)

O(11)-Ce(2)-0O(1W) 72.4(3)  O(1W)-Ce(2)-0(3)
O(3W)-Ce(2)-0(1W)  142.5(3)  O(10)#2-Ce(2)-0(3)
0(1)-Ce(2)-0O(10)#2 78.4(3) O(2W)-Ce(2)-0(3)
O(11)-Ce(2)-0(10)#2  114.8(3) 0O(4)-Ce(2)-0(3)
O(3W)-Ce(2)-0(10)42  80.2(3) O(1)-Ce(2)-0(9)#2
O(1W)-Ce(2)-0(10)#2  101.7(4) O(11)-Ce(2)-O(9)#2
0(1)-Ce(2)-0(2W) 144.03) O(3W)-Ce(2)-O(9)#2
O(11)-Ce(2)-0(2W) 73.3(3)  O(1W)-Ce(2)-O(9)#2
O(3W)-Ce(2)-02W)  75.93) O(10)#2-Ce(2)-O(9)#2
O(1W)-Ce(2)-02W)  141.5(3) O(2W)-Ce(2)-O(9)#2
O(10)#2-Ce(2)-0QW)  77.4(3) O(4)-Ce(2)-0(9)#2

0(1)-Ce(2)-0(4) 112.93)  0(3)-Ce(2)-0(9)#2
0(11)-Ce(2)-0(4)
O(3W)-Ce(2)-0(4) 76.1(3)

O(1W)-Ce(2)-0(4) 109.1(4)
O(10)#2-Ce(2)-0(4)  149.2(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y+1/2,-z+3/2  #2 -x+1,y-1/2,-z+3/2

159.1(3)

77.9(3)
65.9(3)
101.8(3)
77.7(3)
78.7(3)
141.9(3)
125.5(3)
49.7(3)
110.2(3)
65.6(3)
125.7(3)
77.4(3)
50.4(3)
72.9(3)
135.9(3)
155.5(3)
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Compound Geometry? S-value

TABLE B.11: Geometry distortion analysis for Gd(Prop); obtained by recrystallization in MeOH
using S-parameter [217] calculated with SHAPE [228]. Closer values for the geometry of each
metal center are reported in bold. *EP-9 = Enneagon, HH-9 = Hula-hoop, MFF-9 = Muffin.

Compound Geometry? S-value

HD-10

JATDI-10 18.047
JBCSAPR-10 3.932
JMBIC-10 7.661
JSPC-10 3.344
SDD-10 5.606
TD-10 4.621

EP-9 33.286
HH-9 6.928
MFF-9 2.282

TABLE B.12: Geometry distortion analysis for Ce(Prop); obtained by recrystallization in MeOH

using S-parameter [217] calculated with SHAPE [228]. Closer values for the geometry of each

metal center are reported in bold. ?EP-9 = Enneagon; HH-9 = Hula-hoop; MFF-9 = Mulffin;

HD-10 = Hexadecahedron; JADTI-10 = Augmented tridiminished icosahedron; JBCSAPR-10 =

Bicapped square antiprism; JMBIC-10 = Metabidiminished icosahedron; JSPC = Sphenocorona;
SDD-10 = Staggered dodecahedron; TD-10 = Tetradecahedron.
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C.1 Solution preparation procedure

C.1.1 Optimized YBCO solution

The preparation of YBCO precursor solutions follows the same procedure independently of
the stoichiometries or concentration. The solvents of choice are a mixture in the ratio (1:1) of
Propionic Acid (HProp) and Methanol (MeOH) (Methanol, 99.9 %, anhydrous (max. 0.003
%H,0), Scharlab) in which metal propionate precursors of yttrium, barium and copper are
dissolved. Synthetic procedures and characterization of the latter compounds may be found in
Appendix B. The optimized solution sees the addition of different %,,/,, of Monoethanol-

amine (MEA) (Monoethanolamine, purified by redistillation, > 99.5 %, Sigma Aldrich). In
this thesis, optimized solutions of two concentrations for spin-coating deposition were used:
1.75 M and 1.5 M in sum of metal salts. These concentrations were only possible with the
employment of MEA: as explained in Chapter 3, MEA aids complete precursors dissolution,
increases the stability of solutions and the homogeneity and thickness of the final precursor
films. Solutions of 1.75M are the highest concentration possible with the optimized (Cu:MEA)
molar ratio. If higher concentrations are desired, this ratio should be increased, but as seen in
3.2.4, an amine excess is yielding an unfavourable outcome of the nanocrystalline precursor
films. Solutions of this concentration are stable during several months, ranging between two
months average for the most Cu-rich compositions and over four months for the (2:3) compo-
sition, the least Cu-rich!. The 1.5 M concentration is a more versatile solution, which yields

ICu(Prop), is the precursor which shows major easiness to precipitation, thus the stability is highest for the com-
position with less copper.
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nanocrystalline precursor films of similar thickness and displays endured stability of over a
year: for this reason, this solution concentration was widely employed. It must be specified
that any desired concentration lower than the 1.75 M is possible, but the optimized (Cu:MEA)
ratio must be maintained such for each composition in order to obtain highly homogeneous
nanocrystalline precursor films. If no amine additive is used, only a maximum total concen-
tration of 1 M in sum of salts is possible due to solubility limitations of the metal propionates
precursors.

The procedure for the preparation of an optimized solution, despite of concentration and com-
position, starts with the process of weighing the MEA in the round-bottom flask used for so-
lution preparation. This step is crucial as a precise control of the addition of MEA is needed:
the high density of MEA is impeding the use of classical micropipettes and standard syringes
are lacking accuracy. As MEA suffers from rapid evaporation, this step is performed rapidly,
but never overlooking high precision. When the desired amount of MEA is reached, an oval-
shaped magnetic stirrer is added” and the flask is placed on a heating plate. The highly hygro-
scopic nature of anhydrous MeOH implies the use of a flux of Argon (Ar) to maintain inert
conditions during the reaction time. The first solvent to be added is HProp, done while start-
ing the magnetic stirring (450 rpm on a Sartorius Analytical Balance). MeOH is successively
added under stirring and complete homogenization is awaited. The first metal propionate pre-
cursor to be added is Ba(Prop),, which shows a prompt dissolution. Cu(Prop), is the following
one, while the heating plate is set to 30 °C. Once the temperature is reached, the system is left
in these conditions during 30 min, time needed for the complete dissolution of this precur-
sor. Consequently, Y (Prop); is added and the system is allowed to reach complete dissolution
during 30 min more. Finally, the solution is cooled down, brought to volume in a volumet-
ric flask and filtered: considering the high viscosity of these kind of solutions, special filters
for highly viscous solutions are needed (Millex Syringe Filter, Hydrophilic PTFE, HPF, Non-
sterile, 0.20 um pore size, 25 mm diameter, Millex-LCR hydrophilic PTFE membrane with
glass fiber prefilter, domed housing). The obtained solution is stored in a vial with screw cap
under Ar atmosphere. How the solution is stored has been observed to have deep effects on its

rheological properties and stability, and is discussed in 3.2.7.

C.1.1.1 Rheological characterization

Rheological properties for optimized solutions of the two concentrations for each composition
employed are shown in the following Table C.1. The evolution of H,Owt% over time (during
the first month) for each composition is displayed in the graph in Fig. C.1. It may be noted

how all solutions follow a similar trend. The compositions more rich in copper exhibit a lower

2The magnetic stirrer should not be added to the flask before weighing the MEA as it might interfere with the
analytical balance’s measurement system (based on the principle of “magnetic force restoration”, through the use of
an electromagnet).



C.1. Solution preparation procedure

357

Composition

Concentration (M)

‘Water content (wt%)

Viscosity (mPa-s)

Contact Angle (°)

3:7)

(3:7)

(@:11)

(@:11)

Y-rich (4:11)

Y-rich (4:11)

1.5M + 3.86%,, MEA
1.75M + 4.3%,, MEA
1.5M + 3.4%,, MEA
1.75M + 4%, , MEA
1.5M + 3.4%,, MEA
1.75M + 4%, , MEA
1.5M + 3.5%,, MEA
1.75M + 4.1%,, MEA
1.5M +3.51%,, MEA

1.75M + 4.1%,, MEA

0.77% + 0.06
0.89% + 0.06
0.76% £ 0.06
0.79% + 0.06
0.61% + 0.06
0.77% £ 0.06
0.65% + 0.06
0.82% + 0.06
0.64% £ 0.06

0.80% £ 0.06

11.91+0.05

17.4£0.05

10.46 +0.05

13.1 +0.05

8.5+0.05

13.4240.05

6.93 +0.05

9.78 +£0.05

7.6 £0.05

10.1 +0.05

17+0.1

18.1+0.1

16 +0.1

18 £0.1

17+0.1

18 +0.1

159+0.1

17.5+0.1

16.9+0.1

18+0.1

TABLE C.1: Rheological properties of optimized YBCO precursor solutions for the five com-

positions and two concentrations considered in this thesis. Water content, viscosity and contact

angle reported here are measured on the day of the preparation of the solution to confirm repro-

ducibility of the rheological properties, but also of the measurements.

H,O wt%

- =N =N PN N N N
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" 1 1 1 " 1 " 1 1

o
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—@— (2:3) composition
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FIGURE C.1: Evolution of H,Owt% for solutions of each composition during the first month

after their preparation.

H,Owt%, generally due to the stoichiometry: the initial values are majorly dictated by the

coordination H,O in the metal propionate precursors, thus Cu-rich solutions have lower start-

ing value of H,Owt % as this precursor is the only anhydrous one of the three used. The increase
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in H,Owt%, as explained in 3.2.5 is governed by Fischer Esterification reaction: as the reac-
tion conditions are the same for all the solutions, slight differences may be ascribed to catalytic
behaviour of the solution components (especially, metal cations may have a catalytic effect for

this reaction [164]).

C.1.1.2 Supplementary Information

(Cu:MEA = 1:2)
Cu(Prop), (no additive)

EPR Spectra Intensity (a.u.)

EPR Spectra Intensity (a.u.)

T T T T T T
2500 2600 2700 2800 2900 3000 3100

B (Gauss)
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T T T T T T T T T T T T

— .
2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
B (Gauss)

FIGURE C.2: EPR spectra of a mixture of HProp and MeOH (1:1) and Cu(Prop), without MEA
(black), and with an excess of MEA (8%, /v MEA) (dark red). Inset shows the magnification of

the main bands.

C.1.2 Optimized REBCO solution

The preparation of optimized solutions for REBCO films follows the same procedure explained
in C.1.1 for the YBCO precursor solution, with the only difference being the replacement of
Y (Prop); for Sm(Prop);, Gd(Prop); or Yb(Prop); in the final powder precursor addition. The
reaction time is maintained the same, as these powder precursors show similar solubility in
the solvent mixture used. As specified in 3.3, only (3:7) composition solutions were tested
and the concentration was, for all REBCO precursor solutions, 1.5 M with the addition of the
optimized %, ;, MEA. The resulting solutions presented similar stability as for the case of the
YBCO one.
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C.1.3 Solutions with different amine additives

The preparation of solutions with different amine additives consisted in, generally, the same
preparation procedure as for the optimized case with MEA. Nonetheless, several of the tested
amines are added dropwise to the HProp under stirring, followed by the addition of MeOH.
The total volume, order of addition of precursors, temperature of heating, reaction time and
storage of these solutions are not varied, in order to ensure reproducibility of the process and
a proper comparison to the case of MEA. However, some additives presented almost instanta-
neous dissolution of the precursors after addition, especially evident for en (when the optimal
(Cu:en) molar ratio is reached) and pyridine, suggesting shorter possible reaction times may
be implemented in a future continuation of this study. The resulting solutions present variable
stability, ranging from a week or less for amines such as Et;N, TEA, and 2,6-Lutidine, to more
than a month for Py and MEA-Py mixture, 2-(Methylamino)pyridine, 4-Formylpyridine and
2-Acetylpyridine®. The difference in stability is possibly due to the goodness of the Cu-amine
complex formed.

3The colour of the solution with 2-Acetylpyridine changed during ageing from bright blue to dark brownish-black,
suggesting a reaction is occurring with time. If this amine is employed in further studies, this aspect must not be
ignored.
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C.1.3.1 Supplementary Information

3500 - -
Dried 1.5 + 8%,,, TEA solution
Cu(Prop),
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FIGURE C.3: Comparison of XRD pattern of the dried solution of 1.5 M with 8%,,,, TEA
(black) with the XRD patterns of the powders of Cu(Prop), and Ba(Prop),, the only precursors

present when the detrimental precipitation occurred.
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D.1 Experimental set-up for TLAG Po -route experiments

The experimental set-up for the growth of YBCO films through TLAG Py, -route was designed
and developed within the group. A schematic representation may be found in Fig. D.1. As
explained in the Chapter, the great advantage of the Py, -route is the possibility of decoupling
the elimination of BaCO; from the nucleation and growth of YBCO, as these occur in two
different steps:

1. Low-Py, heating: the sample is heated to reach the desired T}, at a constant Fo, e

below the YBCO instability line (for the experiments described in this thesis, Pp_ j4qe
values of 107> bar and 10~ bar have been employed). The impossibility of YBCO crys-
tallization at given conditions allows for accurate control of the elimination of BaCO4
through its reaction with CuO to form the crystalline precursor phases for the transient

liquid formation: the mixed oxide BaCu,0O, and Cu,O.

2. Pp, jump: rapid variation of P atconstant temperature to reach the desired Py, r;,4 of
the process. During the pressure jump the [Ba-Cu-O] transient liquid is formed, followed
by the dissolution of the yttria nanoparticles in the liquid, the migration of the Y atoms to
the nucleation front and, consequently, the formation of stable YBCO nuclei, resulting
in the growth of the YBCO film.

The rapidity of the pressure variation is key to the success of the process as the growth of

YBCO through TLAG experiences ultrafast growth rates. A slow Py, change would favour
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the nucleation of undesired crystalline phases when crossing their regions of thermodynami-
cal stability in the phase diagram, hindering the formation of the transient liquid. To perform
such rapid changes in pressure, the tubular furnace where the sample is placed is connected to a
vacuum system divided in two independent circuits, accessible individually through remotely
controlled electrovavles (EV1 and EV2). Through the high-vacuum circuit (C1), the initial
low- Py, heating is performed employing a turbomolecular pump in series with a rotary pump
to reach the required low pressures. In this system, contrarily from the one used in in-situ
experiments described in Appendix E, the desired pressure values is obtained through inlet of
pure O, (>99.995%) and therefore, the total pressure (Pro7) is equals to Py, in this system.
The exact Py, value is adjusted through fine regulation with the use of the needle valve (NV1).
Once the predetermined temperature is reached, switching from the high-vacuum circuit (C1)
to the low-vacuum circuit (C2) using the remote control of the elecrtrovalves EV1 and EV2
allows to perform the Py jump: the final pressure is adjusted precisely through the needle
valve (NV2) prior to the process, and pressure values of both circuits are continuously moni-
tored and registered through the pressure meters throughout the entire experiment. Given the
large volume of the sample environment, a gas reservoir was installed in C2: when switching
from CI to C2, the pressure is believed to reach an equilibrium to the final value of Py more
rapidly with the aid of a large quantity of gas introduced in the system previously accumulated

in the reservoir.

Rotary Pump

Turbomolecular

Pump
Gas inlet Gas inlet
o Needle Valve (NV1)
(0y) (O,
Electrovalve (EV1) I
Sample P, - meter
(<1 mbar)
Electrol
EV| q
L—| Gas reservoir
Venting valve Needle
I Valve
Tubular Furnace AV2)
Py, - meter Rotary Pump
(> 1 mbar)

FIGURE D.1: Schematic representation of the experimental set-up employed for TLAG Po,-
route experiments performed at ICMAB. The tubular furnace is connected to two indepen-
dent vacuum circuits, operable individually through the use of remotely-controlled electrovalves.

Components of each circuit are named.

As reported in Fig. D.1, the sample is inserted in a tubular furnace where it is heated to the

desired processing temperature. A schematic representation of the sample holder is displayed
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in Fig. D.2. An alumina crucible is placed in proximity of a type-K thermocouple at the end
of a long alumina thermocouple protection tube, held in place with a stainless steel support
system. Up to three samples can be employed in a growth process without any significant
differences to be noticed in the epitaxy or performance of the individual films (when optimal
processing conditions are selected). As the process is conducted in vacuum, to hold in place
the samples throughout the growth process, these are stuck to the alumina crucible prior to the
experiment through the use of 62000007 (L200N) Conductive Silver Lacquer (CDS Electron-
ique, acquired from Ferro GmbH) and let dry completely according to specifications of the

lacquer.

Type K Thermocouple
Alumina crucible

| 7 ™m

H
Samples

FIGURE D.2: Schematic overview of the sample holder.

As specified in the text, two different heating ramps have been implemented for the opti-
mization of TLAG Py, -route: a slow heating ramp, with average heating rate d7"/ dr = 0.2 °C
s~!, and a fast heating ramp which increased the average heating rate up tod7' /dr = 1.4°C s~
The first case was achieved through the simple introduction of the sample on the holder in the
furnace, coinciding with the isotherm region. Once the vacuum conditions for the experiment
were set, the furnace was set to the desired temperature and heated at the maximum heating
rate possible from furnace specifications. As reported in 4.2.1, this method was detrimental
for the process due to the long heating and cooling times, which were demonstrated to promote
importantly coarsening of the crystalline phases. In order to be able to heat the sample with
increased heating rates, a remotely controlled set of motorized rails were installed at the base
of the furnace. In this way, the furnace could be moved at controlled speed along the direction
of the entire quartz tube corresponding to the sample environment. A schematic representation
of the heating in a growth process following the installation of the motorized rails can be found
in Fig. D.3. The sample is placed in the quartz tube with the furnace positioned away from
it. While the independent vacuum systems are set to the required Py, values for the experi-

ment, the furnace can be preheated to the T, without affecting the sample (panel (1) in the

et
scheme). When desired, the predetermined set of programmed movements of the furnace can
be launched, and the furnace will follow the selected sequence finally reaching the position in
which the sample coincides with the isotherm of the furnace (panel (2)). The optimisation of

this sequence led to the selection of the following parameters for furnace movement: speed
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of the furnace was set to 1 mm s~! (533 Hz), and it was moved in sequential steps of 1 cm
with a pause of 20 seconds after completing each step. At this point, a standard, optimised
thermalisation time is awaited before performing the pressure jump '. Eventual dwell at high
temperature is performed and, successively, the furnace is moved at a speed of 1.1 mm s~!

(600 Hz) to the initial position, with the sample experiencing a fast cooling as a consequence.

@) Preheated
furnace

sample

Ii

Remotely controlled
motorized rails

2) -

Ii

FIGURE D.3: Schematic representation of the furnace movement through the remotely con-
trolled motorized rails during a growth process. This strategy was employed to be able to tune
the heating rate by preheating the furnace to the desired temperature in a position far from the
sample (panel (1)) and then move it to a position where the sample coincides with the isotherm of
the furnace (panel (2)) to perform the pressure jump. Finally, a rapid cooling can be implemented
by simply moving the furnace back to the initial position away from the sample (panel (3).

Besides the upgrade to the experimental set-up allowed for important tunability of the heat-

ing rate of the growth process, it additionally increased its efficiency: given the slow heating

The thermalisation time (6°30”) was the result of several experiments aimed at the optimisation of the optimal
sequence of movements performed by the furnace, corresponding to the ideal heating ramp experienced by the sample.
The selected thermalisation time was observed to be the best compromise between reaching the desired T, in a short
time while avoiding detrimental coarsening of the crystalline phases prior to the jump.
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and cooling rate of the previously employed set-up, it was only possible to perform one growth
process per day. The introduction of the motorized rails enables for several processes to be per-
formed, as each one lasts less than one hour.

Following the growth process YBCO is present in its tetragonal crystalline phase. A further,
final heat treatment is necessary in order to incorporate oxygen in the structure and yield the
orthorhombic crystalline phase responsible for superconducting properties. Oxygen doping is
obtained through exposure of the grown films to an elevated oxygen flow (0.6 mL/min) heating
at a rate of 10 °Cmin~! up to high temperatures (450 °C), and performing a dwell of 210 min
before cooling to room temperature with the same rate of 10 °Cmin~!. This process is required
to induce in-diffusion of O, in the crystalline structure and reach the optimally doped state of
YBCO.

D.2 Data Acquisition and Treatment

The films analysed in Chapter 4 can be mainly divided in two types: quenched films, thoroughly
described in 4.2, and grown YBCO or REBCO films, object of the rest of the chapter. Different
characterization techniques were employed according to the nature of the film, and a detailed
explanation of how the data retrieved from each technique for the different kind of film is

acquired and treated will follow.

D.2.1 Quenched Films

As explained in the chapter, films which underwent a quench process are expected to be com-
posed by the solid crystalline phases of BaCu,0, and Cu,O in majority, identified through
GIXRD on a Bruker D8 Discover X-ray diffractometer. Details regarding the diffractome-
ter and the possible scanning geometries may be found in Experimental Methodologies (Ap-
pendix A). These phases are formed at high temperatures and low- Py, during the first step of
the TLAG Py, -route experiment: as stated in the text, in a quench process, a rapid cooling of
the system is performed instead of carrying out the Py, jump in order to obtain information
regarding the microstructure of the film before the transient liquid formation. However, the
phases of BaCu,0, and Cu,O are not thermodynamically stable at atmospheric pressure and
RT, and the mixed oxide of barium and copper is known to readily react with CO, in air to
form BaCO;. This information must be taken into account for a correct characterization of
the films. The optimal procedure for the acquisition of the GIXRD of these films was, thus,
to perform the quench process in accordance with the XRD service at ICMAB, where a mea-
surement slot was reserved and the GIXRD of the film was promptly acquired immediately
following the end of the process. GIXRD configuration is chosen in the case of quenched
films given the polycrystalline nature of the film at this point of the process: the signal de-

riving from non-oriented phases is greatly amplified through the XRD measurements in this
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specific geometry. To ensure comparability between measurements, alignment with the STO
(002) peak was performed prior to moving to grazing incidence conditions, following by the
selection of the incident angle (w), always maintained at 1.5°. In this way, the area scanned
for each sample is equivalent and any variations of the resulting XRD pattern are attributable
to differences in the microstructure of the films. Generally, the hour-long duration of the mea-
surement is short enough to avoid any changes in the crystalline phases formed during the
quench. Nonetheless, if the film has to be further employed in an eventual subsequent ex-
periment’, storage conditions must be carefully selected. Fig. D.4 displays the consequences
of two storage conditions for quenched films. In the first case, a quenched film was stored
in a sealed container under vacuum for 40 days, after which a second GIXRD measurement
was performed, showing no evident change in the reflections relative to the crystalline phases
present in the film. Contrarily, a quenched film which was stored in air (atmospheric pressure
and at RT) shows the appearance of peaks relative to BaCO5 upon remeasurement after only 9
days, and a general variation of the intensity of the reflections corresponding to the rest of the
crystalline phases.

(a) 2500
—— After process (b) 2500 —— After process|
—— After 40 days 1 —— After 9 days
2000 4 stored in vacuum 8 stored in air
20004 £ =
Fl 1500 + 3 E g
& L 45004 £ %
> 2 2 5
2 2 5 5
- 5 o
£ 1000 £ 1000 g 8
500 - 500 -
§
0 0
f T T T T T T T u T T T T T T T
20 25 3 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
o
20 (°) 20 (°)

FIGURE D.4: Evaluation of storage methodology for quenched films. Both films were quenched
using the same processing conditions: Pp, p45. = 1075 bar, heating to T, = 835 °C with a
heating rate of 0.2 °C s7L. (a) Comparison between the GIXRD of the same (3:7) composition
film measured after the quench process (black line) and following 40 days of storage in a sealed
container under vacuum conditions (red line), showing no change in the intensity of the reflections
or any difference in the crystalline contributions. (b) GIXRD patterns of a film after quench (black
line) and measured again after 9 days of storage in air (atmospheric pressure and RT), showing
the appearance of contributions attributable to BaCOj, highlighted in dark green (orthorhombic

phase) and light green (monoclinic phase).

2As described in Experimental Methodologies (Appendix A), this is the standard scanning geometry for the
GIXRD measurements carried out in the films of this entire thesis.

3In Chapter 5, the use of previously quenched films for their use in TLAG Py, -route experiments performed at
synchrotron facilities for in-situ XRD characterization of the growth process will be reported. Said films underwent a
quench process at ICMAB in the furnace described in the previous section weeks before the beamtime run, as part of
the sample preparation process.
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Grain sizes referred to in 4.2.1 were obtained through measurement of the films in 6-26

configuration in the same Bruker D8 Discover diffractometer, and the Scherrer equation was
used for crystallite size determination following the procedure explained in A.5.1.
For what concerns the quantification of the contributions of BaCO5 phases employed in the de-
termination of the optimal processing parameters for the quench processes described in section
4.2, the analysis was carried out on the GIXRD patterns of the films acquired after the process.
Simple integration of the peaks of interest using a Pseudo-Voigt 1 function®, specifically the
combination of the BaCOj5 orthorhombic (111) and (021) peaks and the BaCO; monoclinic
(-111) peak, led to the determination of the area of each peak. This value was then used as a
function of dwell time (Fig. 4.4(c)), T,,; (Fig. 4.8(c)) or copper content in the liquid compo-
sition of the film (Fig. 4.14) for evaluation of the elimination of the barium precursor phase
in these specific cases. As an example, the fitting of the BaCO5 orthorhombic (111) and (021)
peaks in a film is shown in Fig. D.5.
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Fitting Results ( )
Peak Index | PeakType | Arealntg | FWHM | MaxHeight | Center Grvty
1 PsdVoigt1 1869,65548 0,65939 2546,08867 23,98755
2 PsdVoigt1 161,78392 0,5445 279,73407 24,49537

FIGURE D.5: Peak fitting of the BaCO5 orthorhombic (111) and (021) using the Pseudo-Voigt
function in a film measured by GIXRD. Resulting parameters are reported in the Table below the
plot, and the value of "Area Intg" is employed as Peak Area in the plots referred to in the text.

This same procedure was used to obtain the values employed in the plots in which the per-
centile of reduction of the BaCO; contribution is estimated following the quench process,
specifically in Fig. 4.4(b), Fig. 4.8(b) and Fig. 4.12(b). In these cases, the peaks of BaCO;
phases obtained from the GIXRD measured after the pyrolysis process are integrated first, fol-
lowing the same method mentioned above. Consequently, the value of the resulting peak areas
are considered the 100% for each phase of BaCOj, and the respective values after quench are

normalized to this.

4The Pseudo-Voigt function is an approximation for the more general Voigt function, which is a combination of
Gaussian and Lorentzian functions. It finds general use as a peak profile in XRD analysis in specific cases where pure
Gaussian or Lorentzian functions fail to describe a peak appropriately.
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Microstructural characterization through TEM analysis on quenched films was not possible

due to the brittle nature of the film. TEM sample preparation led to the loss of part of the film

in the step of mechanical polishing.

D.2.2 Grown Films of YBCO and other REBCO

Grown films of YBCO and the other REBCO systems studied in this thesis were characterized
mainly through the use of various XRD techniques, SEM, TEM, and measurements of physical
properties. More details on each one of these techniques and the specific conditions used for
each measurement are explained in Experimental Methodologies, Appendix A, specifically
A.5.1. The objective of this subsection is the description of the data treatment methods used
to construct the graphs reported in Chapter 4, specifically the cases of plots analysing the

contribution of secondary phases and the determination of quality of surface morphology.

D.2.2.1 Determination of secondary phase contribution

The determination of the contribution of each secondary phase to the epitaxy of a YBCO film
was obtained from the XRD pattern acquired employing a Bruker-AXS D8 Advance diffrac-
tometer equipped with general area detector diffraction system (GADDS). This measurement
technique was widely used in the group as a rapid evaluation of texture quality of the epitaxial
film [51, 55, 190]. An example of the 2D-XRD image resulting from the measurement of an
epitaxial YBCO film in GADDS and the corresponding integration in y is displayed in Fig.

D.6.
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FIGURE D.6: (a) 2D-XRD image obtained from the measurement of an epitaxial YBCO film
through GADDS. (b) Integration in y of the 2D-XRD in (a), with identification of the phases
shown in both cases.

As reported in the structural characterization section of Experimental Methodologies, the
range for the integration of the 2D-XRD is 15°< 260 <52° and -15°< y <15°. This range must
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be maintained the same for the analysis of contributions of secondary phases to avoid over- or
under-estimating polycrystalline contributions to the epitaxy of the film. From the integrated
2D-XRD, one can follow the same fitting procedure previously explained in D.2.1 to obtain
the peak area of all the reflections present in the XRD pattern. However, some considerations

must be made at this point.

e The CuO (111) reflection is contained in the peak relative to the YBCO (005) reflec-
tion, given the proximity in 26 positions. In order to avoid overestimating the latter and
correctly determining its peak area, a deconvolution of the two peaks must be carried
out. To do so, the fitting of the CuO (11-1) reflection is performed first to determine the
FWHM of this peak. Considering the relative intensity of the CuO (11-1) and the CuO
(111) reflections is, respectively, 100% and 99%, the approximation of both peaks hav-
ing similar FWHM may be made with sufficient certainty. Therefore, when fitting the
combined peaks of YBCO (005) and CuO (111), one may specify the FWHM value as a
bound to the fitting process of the copper oxide peak. In this way, the deconvolution will
yield the correct area of the two peaks and the YBCO (005) contribution alone can be
selected, without overestimating it by considering the additional area of the CuO (111)

reflection.

e Fitting of the peaks relative to all secondary phases is performed and the following for-
mula is employed to determine the contribution (as a percentage) of each specific sec-

ondary phase to the epitaxy of the film:

PeakArea(SecondaryPhase)

-100 (D.1)
[PeakArea(SecondaryPhase) +P eakAI'ea(YBCO(OOS))]

It must be specified that this formula provides a percentage of the contribution of each phase
to the epitaxy of the film which cannot be considered as a volume fraction. It is, however, an
extremely useful ratio employed for a general quantification and a direct comparison regarding

the presence of undesired or secondary phases in the films.

D.2.2.2 Surface morphology quality analysis

The construction of the plots regarding the quality of surface morphology for grown films re-
quired a previous analysis of the images acquired through SEM for each sample. As explained
in the text, a set of numerical variables were assigned to the presence or the absence of a
specific feature, respectively 1 and 0. This approach is particularly useful to quantify surface
characteristics, which are solely qualitative after image collection. Moreover, the set of data
resulting from this analysis can be later on employed to build plots as functions of processing
conditions to observe eventual tendencies or in the development of machine learning algo-

rithms.
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A visual definition of the specific features from the surface morphology analysis can be found
in the following images, and is provided for the reader in order to have an easier understanding
of the parameters chosen during the qualitative analysis.

e Flat surface: a highly epitaxial YBCO film displays a porous-free, continuous layer
with possible presence of terraces commonly resulting from liquid-mediated techniques.
In the specific case of copper-excess compositions described in this thesis, CuO precipi-
tates are found expelled on the surface, result of the high c-axis nucleation which allows
for strong pushing phenomena to occur.

FIGURE D.7: YBCO film which is assigned with the feature of "flat surface". As this spe-
cific sample deriving from a (3:7) liquid composition was grown in optimal conditions for high
epitaxy, the excess of copper is pushed to the surface and is found in form of CuO particles (con-
firmed by EDX). Some of said particles are identified with a yellow circle, to provide an example.

e Granular morphology: generally correlated to high misorientation of YBCO deriv-
ing from growth of the film in conditions of mixed homogeneous and heterogeneous

nucleation.

FIGURE D.8: YBCO film showing granular surface morphology.



D.2. Data Acquisition and Treatment 371

o Dewetting: incomplete formation of the film, leaving areas in which the underlying
substrate is visible. This phenomenon may be caused by a combination of the high
supersaturation of the liquid during the growth (promoting formation of misoriented
grains or secondary phases) and the ultrafast growth rates of TLAG which result in a

lack of complete coverage of the liquid and growth of a continuous film.

FIGURE D.9: YBCO film showing presence of areas in which no full coverage of the substrate
is obtained (marked by yellow rectangles), exposing the STO (confirmed by EDX).

e a/b-grains: typically visible due to the orientation of 90° respect to the epitaxial film
surface, deriving from the preferential growth YBCO in homogeneous nucleation con-
ditions.

FIGURE D.10: YBCO film grown in conditions where the a/b nucleation is favoured.

e Reactivity with the substrate: the transient liquid of [Ba-Cu-O] is highly corrosive
and may generate reactivity with the substrate when excessive temperature is reached.
In the case of the films described in this thesis, given the substrates employed are STO
single crystals, the formation of barium titanate (BaTiO;) reactivity phase is observed
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when extremely elevated T, are selected. Usually, these phases have a needle-like

set

appearance.

FIGURE D.11: Needle-like grain deriving from the BaTiOj3 reactivity phase between the [Ba-
Cu-O] transient liquid and the STO substrate.

As explained in the text, apart from a film exhibiting a flat surface, the remaining surface
morphology features described in this list are all contributing to major current percolation
impediment. Control of the processing conditions in order to avoid the appearance of these
features is fundamental.
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D.3 Supporting Information
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FIGURE D.12: EDX acquired on a 6-layered film indicating the composition of the dendritic-

like structure to be copper oxide oxide (measurement conducted on the area depicted by a red

rectangle).
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FIGURE D.13: STEM-EDX elemental maps allowing for the identification of the secondary

phases present in the grown film of four layers. The maps for Y K-edge, Ba L-edge, Ti L-edge,

Cu K-edge, O K-edge, and the combination of Y K-edge and Ba L-edge are acquired in the region
of the film marked by a yellow rectangle.
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FIGURE D.14: EDX acquired on a grown film of SmBCO, specifically on a large grain found at

the surface. It can be identified as a barium- and copper-mixed phase (measurement conducted

on the area depicted by a red cross).






377

Appendix to Chapter 5

E.1 Experimental methodologies for in-situ synchrotron XRD

experiments

In-situ XRD experiments were carried out in five beamtime runs, each one of approximate
duration of one week, throughout the time of this thesis in collaboration with two synchrotron
facilities: Soleil Synchrotron, working at the DiffAbs (Diffraction and Absorption) Beamline
with the guidance of beamline scientist Dr. Cristian Mocuta, and ALBA Synchrotron, at the
Non-Crystalline Diffraction - SAXS WAXS ExpErimental Techniques (NCD-SWEET) with
the help of beamline scientist Dr. Eduardo Solano.

E.1.1 Technical specifications and experimental set-up at DiffAbs and
NCD-SWEET beamlines

Technical information relative to the experimental specifications and the equipment employed
in the two beamlines is reported in Table E.1.

At DiffAbs beamline, the analysis of fast crystalline phase transitions is possible through the
use of hard X-ray photons in the energy range 3-23 keV. The 6-axis diffractometer allows for
multiple measurement configurations and the two detectors (0D point detector and XPAD 2D
area detector) enable ultra-fast data aquisition in the order of tenths of milliseconds. The opti-
mization of the set-up and corresponding angular opening to cover the entire range of interest,
in addition to a sufficient signal-to-noise ratio for high acquisition rates was implemented in

beamtime runs during previous PhD theses carried out in the group with the collaboration of
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Dr. Cristian Mocuta.

NCD-SWEET beamline uses Small and Wide Angle X-ray Scattering in transmission (SAXS
and WAXS)and Grazing Incidence Small and Wide Angle X-ray Scattering (GISAXS and
GIWAXS) for the analysis of a broad variety of nanostructured materials through several mea-
surement configurations, with beam energy in the range 6.5-20 keV. In the case of the mea-
surements described in this thesis, the detector selected was the one used for WAXS mea-
surements, provided by Rayonix (LX255-HS). Appropriate sample-to-detector distance was
adjusted through the guidance of beamline scientist Dr. Eduardo Solano to cover the 26 and y
range of interest for the in-situ experiments (for these experiments, sample-to-detector distance

was 300 mm).

DiffAbs NCD-SWEET

Energy (E) 18 keV 18 keV
Energy Resolution (*£/;) 10+ 2.7-10* at 10.0 keV
Flux (f) 4-10"3 ph/s/0.1%bw at 20 keV ~ 1.5-10'2 ph/s at 12.4 keV /
/ 500mA ring current 150mA ring current
Beam size (HxW) 250x300pum? (FWHM) 130 pm x 130 pm
Beam divergence 0.24 x 3.5 mrad? -
Data Acquisition 0D point detector CDD WAXS Detector by
XPAD 2D area detector Rayonix (LX255-HS)
Sample Environment Anton Paar conductive-type Anton Paar conductive-type
furnace (DHS1100) furnace (DHS1100)

TABLE E.1: Technical configuration used in the in-situ XRD experiments regarding beamline
specifications and equipment used for data acquisition.

The sample environment for both beamlines was the same, employing a commercially avail-
able domed conductive-type heating stage provided by Anton Paar (model DHS1100). This
allowed for the use of fast heating ramps (maximum of 4.5 °C s~!) up to 1100 °C and com-
patibility with operating in vacuum and controlled gas conditions. In Fig. E.1, the exemplary
situation of the set-up used at DiffAbs beamline is represented, identifying incoming beam,
diffraction angles, detectors used, and sample stage. The sample is positioned on a silicon
wafer through the use of clamps or employing silver paint (CDS Electronique, Ag Pate L200N)
and fixed on the heating stage. The silicon wafer is used to avoid strong contributions deriving
from the aluminum nitride of the heating plate. In order to work in vacuum conditions and

simultaneously record XRD data, an X-ray transparent dome made of graphite is screwed in
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place, covering the heating stage. A precise set of motors control the detectors and the sample

stage and allow movements within an error of 0.001°.

B XPAD 2D detector

0D point detector \

) _ i\ " Heating stage
/ ‘\;\\ T

FIGURE E.1: Experimental set-up of the sample stage and detectors at DiffAbs beamline, Soleil
Synchrotron, showing the angles with possible movement relative to sample stage, detector and

incoming beam. Inset shows a top-view of the heating stage and sample positioning.

The Eulerian coordinates that may be adjusted through the movement of the several motors
at the DiffAbs Beamline at Soleil Synchrotron are represented in Fig. E.1. 20 is the detector
angle relative to the XPAD 2D area detector. Coordinates of the sample stage are indicating
the possible translation in the x, y and z directions, combined with the potential movement of
the sample azimuth (¢). y and w are, respectively, the elevation angle of the sample stage and
the incidence angle of the incoming beam. In the case of NCD-SWEET Beamline at ALBA
Synchrotron, conversely, the detector is fixed and the possible movement of the sample stage
inx, z, y and w allows for the fulfillment of the law of Bragg with the incoming beam.

An overview of the vacuum system experimental set-up is represented in Fig. E.2. As ex-
plained in Chapter 4, TLAG Py, -route allows to decouple the BaCO5 elimination (limiting
step of the process), occurring during the low-pressure heating, and the actual nucleation and
growth of YBCO through the assistance of the transient liquid, happening in the pressure jump.
The description of the tubular furnace used for TLAG processes in ex-situ conditions is re-
ported in D.1. In in-situ conditions, an in-house designed vacuum system that emulates the
same experimental configuration was developed, and a scheme of the system is displayed in
Fig. E.2(a). Two independent vacuum circuits are connected to the conductive-type furnace
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equipped with the domed housing, and can be operated independently through the use of re-
motely controlled electrovalves (EV1 and EV2). The high-vacuum circuit (C1) is used to
perform the initial step of the process, specifically the low-pressure heating, with the low pres-
sures achieved through the use of a turbomolecular pump. To reach the desired values of Py ,
high-purity (< 10 ppm) synthetic air is introduced in the system. Due to safety regulations,
no pure O, could be used in in-situ conditions. Therefore, considering the content of O, to
be 20 % of air, the value of base pressure for the experiment would be adjusted as Prqor=
1/5Pp,. In the experiments described in this thesis, the respective values of Proz 45 and
POZ_base were 0.05 mbar and 0.01 mbar. The low-vacuum circuit (C2) is responsible for the
final pressure of the experiment, reached through the use of a rotary pump. To achieve the
desired Pror fing and Poz,fim” values, in this case, three mass-flows were connected to high-
purity (< 10 ppm) synthetic air and N, inlets. A wide variety of air/N, mixtures were available
to achieve several conditions of Pror ¢, and POZ,/'inal » With Pror fi,q ranging from 12 mbar
to 100 mbar, allowing for final Poszmal values up to 10 mbar. The exact pressure value would
be adjusted through high-precision needle valves (NV1 and NV2) located between the gas
inlet and its connection to the vacuum system, with the value of Pror f;,, continuously mea-
sured through pressure meters and recorded throughout the entire experiment. The pressure
jump is obtained by switching from C1 to C2 through the remote control of the electrovalves
EV1 and EV2. An accessory of the EV2 was added to the system, namely the move valve.
This valve allows for a fine tuning of the opening of the circuit towards the entrance of the
gas flow, with the possibility of selecting a specific opening percentage. Its use may be in-
teresting for an accurate analysis of the processes occurring during the jump if the speed of
the pressure transition is varied. Due to time constraints, only preliminary testing with the use
of this valve was carried out during the time of this thesis work. During the initial beamtime
runs, the entire vacuum system would be mounted on-site prior to the experiments, as shown
in Fig. E.2(b). One would have to keep in mind a considerable time consumption required to
mount the system and test it on valuable beamtime. During this PhD thesis, in the framework
of a collaboration with ALBA Synchrotron through the PTI4+TransEner CSIC programme for
Spanish NGEU project, an important upgrade to the system was implemented, displayed in
Fig. E.2(c). The entire experimental set-up, containing the vacuum system, pressure-meters,
mass-flows, heater controller unit and a controlling Moxa unit was fitted through an adjustable
skeleton to a movable rack. This may be transported to the beamline and simply connected
to the heating stage through a vacuum connection and to the gas connections provided by the
facility, with no additional mounting required. Moreover, the system may be tested ex-situ for
a careful optimization of the desired processing conditions, allowing for high precision of the

in-situ experiments.
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FIGURE E.2: (a) Schematic representation of the vacuum system experimental set-up employed

for in-situ XRD experiments. (b) Vacuum system mounted on-site at DiffAbs beamline during

the initial beamtime runs. (c) Upgraded system developed in the final years of this PhD thesis,

in which the entire set-up is contained in a movable rack which can be carried to the beamline
and simply connected to the heating stage and gas connections.

E.1.2 Data acquisition and data treatment

At both beamlines, the alignment of the sample employing a beam energy of 18 keV was
carried out using, as a reference, the STO single crystal (substrate employed for sample prepa-
ration) (200) peak. The range of 20 and y angles adequate for the clear identification of all
the precursor and final crystalline phases without overlapping of significant peaks was set to
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20=10°-20° and y=-9°-9°. Two configurations were used to record the evolution of the phases

during the in-situ experiments:

o w=4°and y=0°: lowering the incidence angle (@) to increase the irradiated surface area
(asin a grazing incidence XRD measurement), to enhance the intensity of polycrystalline

precursor and secondary phases.

e »=8.1° and y=0°": alignment with the Bragg reflection of the (005) peak of YBCO.
The value of w is slightly shifted out of the exact Bragg conditions to avoid saturating
the detector when the YBCO peak appears during the TLAG process, given the ultrafast

conditions and the extreme intensity obtained.

Standard experiments were recorded at a rate of 100 ms per frame (total time between frames
was 250 ms, with 100 ms being acquisition rate and 150 ms needed to send the data to the
main server), to enhance the usually low intensity of the initial precursor phases. Nonetheless,
during the pressure jump, when the transient liquid is formed and YBCO nucleation occurs,
valuable information was being lost due to the ultrafast nature of this particular process. With
the support of Dr. Cristian Mocuta, an ultrafast acquisition was implemented at DiffAbs beam-
line, which allowed acquiring a frame every 2 ms (7 ms must be added due to storage time,
resulting in a total time between frames of 9 ms). This type of data acquisition was solely
focused on the pressure jump due to the enormous amount of data generated'.
Pre-established temperature profiles would be launched once the data acquisition was started,
following the manual adjustment of the initial and final pressure values and the sample align-
ment in the desired configuration. Temperature and pressure profiles could be later synchro-
nized to the corresponding acquired frames through machine times saved in each log file. The
acquired images are obtained in raw format and correspond to (26, y, Intensity) matrices. Fur-
ther data processing must be conducted to extract the I(26) patterns through an integration in
y of the corresponding 2D-XRD image. An example of an acquired 2D-XRD image and its
integration in y to obtain the I(26) pattern is displayed in Fig. E.3.

The maximum limit of acquired frames for an experiment with ultrafast acquisition time is 9999. If this limit is
surpassed, a new acquisition must be launched. The low-pressure heating generally lasts in the order of minutes (de-
pending on the heating ramp employed), forcing for several new acquisitions to be launched. Therefore, the following
synchronization of machine time and actual experiment time when switching to a new acquisition, despite it being
relative to the same experiment, would be extremely difficult.
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FIGURE E.3: (a) Exemplary 2D-XRD images acquired with the 2D detector during an in-sifu
synchrotron XRD experiment of TLAG P, -route with the increase of pressure, showing one
frame acquired prior to the pressure jump, and one following it. (b) Integrated intensity in y as

an evolution of the Po, during the pressure jump.

Each experiment generates a large volume of data, ranging between 1000 to 10000 frames
depending on acquisition time and processing conditions, especially considering the length of
the thermal treatment when varying the heating ramp. To facilitate the analysis of such exper-
iments, a graphical user interface was developed to visualize straightforwardly such amount
of data, and screenshots of an exemplary visualization of the experiment are displayed in Fig.
E.4. Tt allows the simultaneous visualization of the temperature and pressure profile (upper
right panel), the integrated 1(20) patterns (upper left panel), the corresponding 2D-XRD im-
ages acquired (lower left panel) and the time-dependent colour mapping (lower right panel),
evolving throughout the experiment by moving the cursor from start to end of the 7-P profiles.
Polycrystalline phases, such as BaCO3, Cu,O or homogeneously nucleated YBCO, are show-
ing constant intensity along y corresponding to a specific 26 position in the 2D-XRD images
(as the rings shown in Fig. E.3(a), lower panel). Contrarily, the epitaxial YBCO shows broad-
ened diffraction spots in the determined 26 peak positions corresponding to the (001) indices
(diffraction spot in Fig. E.3(a), upper panel, relative to the (005) reflection of YBCO).

To analyze the evolution of the crystalline phases during the in-situ experiment, an additional
application developed in Python is used for the peak fitting. Through a previous identification
of the 20 range of the peak with the aid of the graphical interface, a least-square fitting is pos-
sible for single or multiple Gaussian profiles, through the use of a built-in fitting model (here,
GaussianModel). The baseline is removed through the use of a specific function applied to the
entire pattern (IModPoly: improved multi-polynomial fit).

Both the graphical user interface and the program used for the fitting of the peaks were devel-
oped by Jordi Aguilar during the upgrade of the experimental set-up, together with additional
programs which aided in the remote control of several experimental tools (i.e. heating stage
and its thermal profile, switching of the electrovalves to perform the pressure jump, control of

the mass-flows).
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Temperature=851.23 °C, Time=434.9 seconds Index=1010 log 326.Jog. scan_326

Load log fle Load integrated images Load dfraction images Load fiting

imodpoly_5 | () Apply baseline to trend plot

Temperature=864.82 °C, Time=592.1 seconds Index=1424 log 326.Jog. scan_326
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FIGURE E.4: Graphical user interface employed for the simultaneous visualization of the tem-
perature and pressure profile (upper right panel), the integrated 1(26) patterns (upper left panel),
the 2D-XRD images (lower left panel) and the time-dependent colour mapping (lower right
panel) for the in-situ experiments. To visualize the evolution of phases, one must simply move
the cursor from start to end of the temperature profile, observing the continuous change of the
four windows corresponding to each time-dependent frame. Upper screenshot shows the example
of polycrystalline precursor phases observed during heating, whereas the lower one is displaying
the situation of grown YBCO. Corresponding information of time, temperature, pressure and

image index are continuously displayed in the upper left part of the window.

Through an initial visual analysis using the visualizer, one may select the range of frames in

which the relative crystalline phase in question is showing contribution. Fitting of the 26 of the
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peak (or peaks) deriving from that phase(s) in the I(20) patterns related to the selected range of
frames is carried out employing the Python peak fitting program, which automatically exports
the results according to the experiment scan number, combining the information of time, tem-
perature and pressure conditions for each integration. Through this method, time-dependent,
temperature-dependent or pressure-dependent evolution of each phase may be promptly rep-
resented. Examples of the representation of a time-dependent fitted curve generated from this
integration is displayed in Fig. E.5. From the fitting of all the contributions visible during an
experiment, one may construct phase evolution plots, corresponding to the specific time, tem-
perature or pressure range of interest in the experiment, as the ones displayed in the chapter.
As visible in Fig. E.5, the generated fitting is represented as fitted peak area (AUC), in this
case as a function of time. Depending on the intensity of the peak in the initial moments of
the formation of the crystalline phase, the error on the fitting is too elevated for the model to
give a valid output and the curve is cut where the intensity is insufficient for the fit to converge.

Therefore, an extrapolation is made considering the frame (with corresponding time,
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FIGURE E.5: (a) Time dependent phase evolution of a peak relative to the (005) reflection ob-
tained from the integration in y of the 2D-XRD images acquired during a TLAG in-situ XRD
experiment, subsequently fitted in the indicated time range through the use of the aforementioned
Python peak fitting program. (b) Smoothing of the phase evolution curve shown in (a). Extrap-
olation of the missing initial data (shown as a red dashed line) due to insufficient signal intensity

which results in a non-converging fit.

temperature and pressure values observed in the visualizer) to represent the missing data
(red dashed line in Fig. E.5(b)). Moreover, smoothing of the resulting curves is performed
through a Stravinsky-Golay model, for a better representation. To determine the onset or final
characteristic temperature or pressure values (T, and T; or P, and P;), the 90% and 10% cri-
terion is employed, with an error on the determined value of +£5%. The onset is corresponding
to the value at 90% of the curve intensity, whereas the end is the value relative to the intensity

at 10%, as illustrated in Fig. E.6.
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FIGURE E.6: Example of the determination of onset and final temperature values through the
90% and 10% criterion for a phase evolution curve of a peak relative to, here, the disappearance

of Cu,O phase.

Finally, the analysis of the YBCO growth rates, as described in 5.3.1, was strictly performed
exclusively on films which displayed a total contribution of the (103) misoriented grains nor-
malized to the (005) peak of 5% or below, to avoid overestimating the growth rate value due to
the contribution of non-epitaxial growth>. The YBCO (005) time dependent phase evolution
curve is normalized to the thickness of the film (in the analysis in the chapter, all films are in
average 400 nm thick), and it is fitted employing a sigmoidal model (Boltzmann fit). The first
derivative of the latter curve will result in the growth rate, as displayed in the following Fig.

E.7.

2400 2300 nm/s for 400 nm thick film
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FIGURE E.7: Growth rate determination as first derivative (red) of the sigmoidal fit of the time-
dependent phase evolution curve of YBCO (005) reflection normalized to the film thickness
(grey). Film thickness in this case if 400 nm.

2The procedure employed for the fitting of the peaks and the calculation of the (103) contribution to the epitaxy
of the film is described in D.2.2
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FIGURE E.8: Pressure (Pror — Pp,) dependent phase evolution result of integration of the peaks

relative to BaCO; observed during the pressure jump to Pp, i = 0.1mbar and Prog fipq = 35

mbar at the constant temperature of 850 °C, for (a) a binary and (b) a ternary film. The variations

in integrated area derives from the difference in the acquisition time of the two experiments,

resulting in lower intensity for the binary film.
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