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SUMMARY

The energy-use transition towards a drastic reduction of CO, emissions is one of the most
important challenges that humanity faces; by 2050 the use of renewable energy should account
for 80 to 100% of electric energy consumption. To this end, high temperature superconductivity
(HTS) has been identified as a crucial technology. In particular YBaCu,07.5 (YBCO) coated
conductors (CCs) are on the cutting edge of reducing CO, emissions. However, as of now, YBCO
CCs are not competitive economically, so it is of the utmost importance to reduce manufacturing
costs while achieving high current densities. Chemical solution deposition methods (CSD) have
therefore arisen as a cost-effective alternative fabrication route to speed up their introduction
into the market.

In this dissertation, we highlight the connection between advanced thermal analysis (TA)
techniques and the CSD approach, which is based upon the dependence of YBCO performance on
its chemical history. Historically, for instrumental reasons, TA have been usually applied to
samples in the form of powder. This dissertation will focus on the need to apply TA to films in
order to understand their behavior, as films behave differently than powder due to faster local
atmosphere renewal and heat dissipation. Attention is given to a metalorganic propionate-based
fluorine-free (FF) solution, because the FF route constitutes a more environmentally friendly
alternative to the well-known trifluoroacetate (TFA) route, but without the intrinsic limitation of
slow YBCO growth rates (<1nm/s) characteristic of fluorine-based precursors.

Firstly, thermogravimetry coupled with complementary evolved gas analysis (EGA)
techniques (infrared, IR, and mass spectroscopy, MS) is applied to understand the decomposition
mechanism of the single-salt precursor solutions. The main tunable parameters during pyrolysis,
namely temperature, pressure, furnace atmosphere, flow and sample geometry, will be explored.
The difference between film and powder decomposition will be highlighted. This dissertation will
show that the thermal behavior is driven by the nature of the metal cation. We will explain why a
humid atmosphere is preferred during the pyrolysis stage and why BaCO3 cannot be avoided in
favor of an oxide. Finally, the effect of additives to improve rheological properties of the film
during the heat treatment will be investigated. Chemical characterization techniques (X-ray
diffraction, elemental analysis and infrared spectroscopy) will be applied and the decomposition
mechanism revealed and confirmed with the aid of computational chemistry.

Secondly, we will apply this knowledge to the study of the ternary solution, and we will
demonstrate that its behavior is more complex than the simple sum of its components. The
detrimental effect of water on this metal carboxylate-based solution will be analyzed by TA, and
alternative solutions will be proposed within the framework of a cost-effective methodology.
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Finally, we will lay out the fundamental principles of the growth route of epitaxial YBCO
assisted by a transient liquid (TLAG). TLAG is based on the capability of the ternary system
BaCuO2, CuO and Y203 to achieve ultrafast growth of YBCO; the eutectic reaction between the first
two oxides is able to form a transient liquid in the region of the phase diagram where solid YBCO
is the equilibrium phase. The stage limiting YBCO growth is the BaCO3 decomposition to yield
BaCuO:. For this reason, the limiting parameters for BaCO3; decomposition, such as pressure, CO>
out-diffusion and film thickness will be explored.

In-situ XRD will reveal the phase evolution during the TLAG which permits the
achievement of very high YBCO growth rates, up to 100 nm/s. Finally, the main parameters of the
growth process will be analyzed, namely temperature, pressure, solution composition and heating
ramps to obtain epitaxial films with high throughput, able to compete with other CSD established
routes such as the TFA route.
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RESUM

La transicié energética cap a una reduccié drastica de les emissions de CO; és un dels
reptes més importants als quals s'enfronta la humanitat. Abans del 2050 1'is de les energies
renovables hauria de suposar entre un 80 i un 100% de 1'us total de I'energia electrica. Per assolir
aquesta fita, la superconductivitat d'alta temperatura (HTS) ha estat identificada com una
tecnologia crucial. En particular, els conductors en forma de capes (CCs) de YBaCu,07.3 (YBCO)
son capdavanters per reduir les emissions de CO2. No obstant aix9, fins ara, els CCs de YBCO no
son rendibles, aixi que és molt important reduir els costos de produccié tot mantenint una
densitat de corrent elevat. En aquest sentit, els metodes de deposicié quimica (CSD) han sorgit
llavors com una ruta de fabricacié economica que pot per accelerar la seva introducci6 en el
mercat.

En aquesta tesi s’aprofundira en la relacié entre les tecniques d'analisis térmica avancades
(TA) i el metode de CSD, que al seu torn, es basa en la relacié entre les propietats del YBCO i la
seva historia quimica.

Historicament i per raons instrumentals, la TA s’aplica a mostres en forma de polvores. En
aquesta tesi es fara émfasi en la necessitat d'aplicar la TA a les capes per entendre com es
comporten quan es tracten térmicament, ates que les capes responen de manera diferent a les
polvores per la rapidesa amb la qual I'atmosfera local es renova i amb la qual la calor es dissipa.
L’estudi es centrara en una solucié metalorganica sense fluor (FF) a base de propionats, ja que la
ruta FF és una alternativa més respectuosa amb el medi ambient que la més coneguda ruta dels
trifluoroacetats (TFA) i a més, no esta limitada per la velocitat lenta (€1nm/s) de creixement del
YBCO tipica dels precursors fluorats.

Primerament, s'aplicara la termogravimetria acoblada a les técniques complementaries
(infraroig, IR i espectrometria de massa, MS) d'analisi dels gasos formats (EGA) per estudiar el
mecanisme de descomposicié de les solucions de les sals d’un sol metall. S'exploraran els
parametres de control de la pirolisi, en concret: la temperatura, la pressio, I'atmosfera del forn, el
flux i la geometria de la mostra. Es fara émfasi en la diferencia entre la descomposicio de les capes
i la de les pdlvores. En aquesta tesi es posara en evidéncia que el comportament durante el
tractament termic depén de la naturalesa del catié metal-lic; es justificara que és millor utilitzar
una atmosfera humida durant la fase de la pirolisi, i també es raonara perque no es pot evitar la
formacié de BaCO3 en detriment per a la formaci6 d'un oxid. Finalment, s'investigara I'efecte dels
additius emprats per millorar les propietats reoldgiques de les capes durant el tractament térmic.
S'utilitzaran técniques de caracteritzaci6 quimica (difraccié de raigs-X, analisi elemental i
espectroscopia infraroja) i el mecanisme de descomposici6 sera identificat i verificat amb 1'ajuda
de la quimica computacional.
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En segon lloc s'aplicara aquest coneixement a l'estudi de la solucié ternaria, i es
demostrara que el seu comportament és més complex que la simple suma de les seves parts.
S'analitzara mitjangant TA l'efecte perjudicial de l'aigua sobre a aquesta solucié basada en
carboxilats metal-lics, i es proposaran solucions alteratives i economiques.

Aixi mateix, es descriuran els fonaments de la ruta de creixement de 'YBCO epitaxial
assistit per un liquid transitori (TLAG). TLAG es basa en la capacitat del sistema ternari BaCuO.,
Cu0iY,03 d’aconseguir velocitats ultra rapides de creixement de YBCO; la reacci6 eutectica entre
els primers dos oxids permet formar un liquid transitori a la regi6é del diagrama de fases on el
YBCO solid és la fase d’equilibri. L'etapa limitant per al creixement del YBCO és doncs la
descomposici6 del BaCO3 per formar BaCuOs. Per aixo0, s'exploraran els parametres que controlen
la cinetica de descomposicié del BaCOs: la pressio, la difusié del CO; i el gruix de les capes.

La difracci6 in-situ de raigs-X permetra monitoritzar 1'evoluci6 de les fases cristal-lines
durant el TLAG, el qual permet assolir velocitats de creixements molt grans, de fins a 100 nm/s.
Finalment, s'analitzaran els parametres principals del procés de creixement, en concret la
temperatura, la pressio, la composicié de la soluci6 i la velocitats d’escalfament, per tal d’obtenir
capes epitaxials d’alt rendiment i competitives respecte d’altre rutes CSD ja consolidades com la
ruta TFA.
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RESUMEN

La transicion energética hacia una reduccién drastica de las emisiones de CO; es uno de
los retos mas importantes a los que se enfrenta la humanidad; antes del 2050 el uso de las energias
renovables deberia suponer entre un 80 y un 100% del consumo total de la energia eléctrica. Con
este fin, se ha identificado ala superconductividad de alta temperatura (HTS) como una tecnologia
crucial. En particular, los conductores en forma de capas (CCs) de YBaCuz07.5 (YBCO) estan a la
vanguardia para reducir las emisiones de CO». Sin embargo, hasta ahora, los CCs de YBCO no son
competitivos econdmicamente, asi que es muy importante reducir los costes de produccién
manteniendo una densidad de corriente elevada. En este sentido, los métodos de deposicion
quimica (CSD) han surgido como una ruta de fabricacidn alternativa rentable en vistas a acelerar
su introduccidn en el mercado.

En esta tesis se profundizard en la relaciéon entre las técnicas de analisis térmicos
avanzados (TA) y la sintesis via CSD, que se fundamenta en la conexion entre las propiedades del
YBCO y su historia quimica. Histéricamente y por razones instrumentales, el TA se ha aplicado a
muestras en forma de polvos. Esta tesis enfatizara en la necesidad de aplicar el TA directamente
a las capas para asi entender su comportamiento durante un tratamiento térmico, dado que las
capas se comportan de manera diferente a los polvos por la mayor facilidad con la que la
atmosferalocal se renueva y el calor se disipa. Se prestara especial atencion a una solucién metal-
organica sin fluor (FF) a base de propionatos, dado que es bien sabido que la ruta FF es una
alternativa mas respetuosa con el medio ambiente que la ruta mas conocida de los
trifluoroacetatos (TFA), ademas no adolece del limite intrinseco de una velocidad lenta (<1nm/s)
de crecimiento de YBCO caracteristica de los precursores fluorados.

Primeramente, se usara la termogravimetria acoplada a las técnicas complementarias
(infrarrojo, IR y espectrometria de masa, MS) de analisis de los gases formados (EGA) para
estudiar el mecanismo de descomposicién de las soluciones de las sales de un solo metal. Se
exploraran los parametros de control de la pirolisis, a saber: la temperatura, la presion, la
atmosfera del horno, el flujo y la geometria de la muestra. Se enfatizara la diferencia entre la
descomposicion de las capas y la de los polvos. En este trabajo se demostrara que el
comportamiento durante el tratamiento térmico depende de la naturaleza del catién metalico; se
mostrara porque es preferible una atmosfera himeda durante la fase de pirolisis, y porque no se
puede evitar la formacion de BaCOz a cambio de obtener un oxido. Finalmente, se investigara el
efecto de los aditivos utilizados para mejorar las propiedades reolédgicas de las capas durante el
tratamiento térmico. Se utilizaran técnicas de caracterizacion quimica (difraccién de rayos-X,
analisis elemental y espectroscopia infrarroja) para establecer el mecanismo de descomposicion,
el cual sera confirmado con la ayuda de la quimica computacional.
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En segundo lugar, los resultados obtenidos se aplicaran al estudio de la solucion ternaria,
y se demostrara que su comportamiento es mas complejo que la simple suma de sus partes. Se
analizara por TA el efecto perjudicial del agua sobre la solucién basada en carboxilatos metalicos,
y se propondran soluciones alternativas y econémicas.

Ademas, se estableceran los principios fundamentales de la ruta de crecimiento de YBCO
epitaxial asistida por un liquido transitorio (TLAG). El TLAG se basa en la capacidad del sistema
ternario BaCuO, CuO y Y»03 para conseguir velocidades de crecimiento de YBCO ultra rapidas; la
reaccion eutéctica entre los dos primeros 6xidos forma un liquido transitorio en la regién del
diagrama de fase donde el YBCO sélido es la fase de equilibrio. La etapa limitante para el
crecimiento del YBCO es la descomposicion del BaCOz para formar BaCuO-. Por eso, se exploraran
los parametros que controlan la descomposicién del BaCOs3, como la presion, la difusion del CO, y
el grueso de las capas.

La difraccién in-situ de rayos-X nos permitird monitorizar la evoluciéon de las fases
cristalinas durante el TLAG, el cual permite conseguir velocidades de crecimientos muy grandes,
de hasta 100 nm/s. Finalmente, se analizardn los parametros principales del proceso de
crecimiento, en concreto la temperatura, la presion, la composicion de la solucién y la velocidad
de calentamiento, para obtener capas epitaxiales de alto rendimiento y capaces de competir con
otras rutas CSD ya consolidadas como la ruta TFA.
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INTRODUCTION

Chapter 1

1.1 YBCO: a High-Temperature Superconductor

Since Onnes’ unexpected discovery of superconductivity in a metal in 1911, 75 years
passed before, in 1986, it was discovered that ceramic materials as well could be superconductors
at temperatures as low as 30K.

A year later, YBa;Cu3z07.5 [1,2], a rare earth (RE) cuprate and ceramic material, raised the
upper limit superconductive temperature (T.) above that of liquid nitrogen (77), paving the way
for a whole new class of superconductors, the High Temperature Superconductors (HTS) [3,4].
This breakthrough is one of the reasons that still makes them interesting for applications over the
already well-established Low Temperature Superconductors (LTS), whose lower cooling
temperatures (~4K) require higher costs, limiting LTS market to mainly medical MRI machines.
Conversely, within the market of electric power devices, two types of HTS have developed over
the past years: the first generation (1G) [5] of superconductors (SC), due to the highly anisotropic
superconducting properties of the materials used (BSCCO: Bi-2212 and Bi-2223) are
manufactured as wires, through the “powder-in-tube” method, and so they rely on the filament
principle. On the other hand, the 2G SC, to which YBCO belongs, adopt a tape structure, due to
their smaller anisotropy in superconducting properties and their good mechanical properties
[3,6]- The final product, displayed in Fig. 1.1, constitutes a Coated Conductor (CC) [7,8] where the
HTS is typically only ~1 um thick, grown epitaxially on a substrate and protected by buffer and
coating layers (typically the HTS represent a 1% of the total thickness of the tape).
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Fig. 1.1: Structure of a Coated-Conductor (CC) layered architecture.
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The big advance in the field of energy led by Superconductivity is due to the fact that
superconductors are a class of materials with two specific characteristics when cooled down
below a characteristic critical temperature (Tc):

e the zero electrical resistance
e and the Meissner effect

The zero electrical resistance is a phenomenon according to which, when current flows
through the superconductor below Tc, no dissipation of the energy carried by the current occurs.
In a normal conductor the current is always disrupted by electrical resistance, which can be seen
as the collisions between the electrons making up the current and the vibrating ionic lattice across
which they are moving; in these collisions their energy is absorbed by the lattice and converted
into kinetic energy, or heat. This energy dissipation is known as Joule Effect. Although lowering
the temperature causes electrical resistivity to decrease, in a normal conductor it never falls to
zero. Conversely, in superconductors, it drops to zero below T. although the crystal pattern is still
vibrating, because the electrons combine into a new quantum state (which can be described by a
wave function) that is insensitive to collisions.

The other fundamental signature of superconductivity is the Meissner effect, which
consists of the expulsion of the magnetic field from the bulk of the SC, below T, when the material
is exposed to an external magnetic field H. This perfect diamagnetism comes from the fact that the
application of the external magnetic field causes magnetization of the material, creating an
induced magnetic field B in the material through the generation of screening currents, B= poH.If
H is lower than a critical value, H<H,, B is expelled. For higher values of H, H>H,, B is no longer
expelled. The screening current is called persistent current, because thanks to the zero resistivity
the magnetic field produced by it has a decay time of ~105 years.

If the temperature or the external field are independently increased, the superconductor
loses its state of superconductivity, as shown in Fig. 1.2. These critical values are the boundary
between the SC state and the normal state.

Based on their response to the external magnetic field, the Ginzburg-Landau theory of
superconductivity [9,10] describes the existence of two types of SC, type I and type II (Fig. 1.3a).

Current density o/
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Ho (T=0K,J=0)
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Te(H=0,J=0)

Temperaiure T Magnetic field H

Fig. 1.2: The superconducting state. Dependence of superconductivity on temperature, current density and
external magnetic field.
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The difference is the existence, for type II, of a mixed state which is a transition state
between the normal one and the superconducting state. In this state, between H¢1 and He; (Fig.
1.3a), the magnetic flux exists in quantized vortices in the bulk of the SC. Regardless of the detailed
physical discussion, which can be found elsewhere [11], the main obstacle is that these vortices
may move upon the application of a Lorentz-like force. Their displacement is accompanied by
dissipation of energy. We define the critical current density, ], as the maximum current density
before vortices move and thus before dissipation occurs. Within the mixed state, ] vanishes below
Hc,, defining another magnetic field, the irreversibility field (Hi, Fig. 1.3b). Small defects in the
structure of the order of nanometers, such as dislocations or nanoparticles can be effectively used
for pinning the vortices so that they become static. Effective pinning is very beneficial for
application as it causes . to decrease more slowly with increasing H, stretching the region of Hi..
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Fig. 1.3: Type Il superconductors. (a) Phase diagram of type Il superconductors; (b) Irreversibility lines (Hy,
in red) at which J. goes to zero and upper critical field lines (Hc, in black) where the bulk superconductivity
disappears. Readapted from [12].

One of the reasons for which YBCO is so promising is that, as a type II SC, its reversibility
line (IL) is the highest, as shown in Fig. 1.3b. It displays a T. of 93K and the highest field current
carrying capacity at 77K.

YB2Cu307.5 (or alternatively YB2CuzOe.x) is characterized by a complex oxygen-deficient
perovskite structure, depicted in Fig. 1.4. This structure shifts from the insulating tetragonal
phase to the superconductive orthorhombic phase (0<0.5) where the SC current flows along the
a-b plane. Even though there are others SC materials with higher T. and Hc, YBCO is very
promising because it meets all the technical requirements for its use in power transmission cables
and high field magnets, thanks to the high IL, which is the real discriminating parameter and not
Hea.

One of the main challenges that results in a drop of Jc in HTS, is the problem of the grain
boundaries [13-15]. In fact, although there is not yet a complete theory to explain
superconductivity at high temperatures, it is thought that the electronic d-wave function used to
describe the superconducting current is responsible for lowering J. at the grain boundary, due to
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the harder overlapping of two d-waves with respect to two s-wave functions as a consequence of
their symmetry. S-functions are used to explain superconductivity in LTS by the Bardeen-Cooper-
Schrieffer (or BCS) theory [16], which works very well at low temperatures (<20K). As a
consequence, J. in each YBCO grain is higher than the percolative current in the entire film; thus,
a key point in the synthetic strategies developed is to avoid high-angle grain boundaries and phase
segregation between grains for the percolation of the superconducting current. These physical-
morphological properties, as it will be explained in the next paragraphs, depend strictly on the
growth method applied.

Cuo, @ R
Planes:)"- - -

Fig. 1.4: YB,Cu307.5 (YBCO) triple structure. The CuO chains and the CuO; planes where the superconducting
current flows are indicated.

1.2 Chemical Solution Deposition methods (CSD)

One of the greatest challenges to HTS tapes industrial synthesis is that nowadays it mostly
relies on physical methodologies, such as Pulsed Laser Deposition (PLD), Metalorganic Chemical
Vapor Depositions (MOCVD) [7,8] and the recent Reactive Co-Evaporation-Deposition and
Reaction (RCE-DR) [17]. These techniques have the advantage to be able to provide exceptional
control over the physical structure, since they are based on high-vacuum processes for the
deposition of the material on a substrate heated at the oxide growth temperature (Fig. 1.5).

But the major drawback is that vapor deposition techniques require ultra-high vacuum
and equipment complexity that are responsible for their high fabrication costs. For these reasons,
ex-situ chemical methods like chemical solution deposition (CSD) [18] have arisen as a potential
alternative.
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Fig. 1.5: Example of physical YBCO growth methodology. Schematics of PLD technique, based on the
evaporation of a solid source (metals) into a plasma which is directed to a target substrate where the oxide
is grown.

Therefore, optimizing CSD methods is of the outmost importance for YBCO to spread into
the market. CSD methods are based on the idea that a homogeneous solution can be deposited on
a substrate and a complex oxide can be grown after a thermal treatment. Overall, it involves 4
main steps: solution preparation, deposition, pyrolysis and crystal growth.

The precursor solution usually consists of short-chain metalorganic salts, since it is
important that their decomposition is complete without the need to reach high temperatures
(>500°C). The solvents and rheological properties such as viscosity, surface tension and contact
angle are optimized for the deposition step on a substrate. Deposition can be performed with
several techniques, but the one used in this work was spin coating. The solution is injected
through a syringe on a substrate which then starts to spin. The initial balance between the viscous
shear drag and rotational accelerations causes the film to spread as the thinning behavior is
dominated by viscosity. When viscosity does not longer change fluid flow, solvent evaporation
will become the dominant process of the thinning behavior.

During pyrolysis all the possible organic material is removed as the dry film undergoes a
thermal treatment, normally at temperatures between 100 and 500°C. During this stage
important physical transformations occur as the precursors decompose: shrinkage of the film
upon gas out-diffusion and crystallization of the inorganic material; if the physical stress becomes
too high, also buckling and cracking can take place [19]. In fact, the porosity has to be minimized
to avoid phase segregation that could induce low current percolation after YBCO growth, thus
leading to a drop of the final film properties [20,21]. Several parameters can so be tuned to reach
homogenous films, such as furnace gas composition and flow, temperature program and use of
additives as stabilizers [22]. The latter help reducing stress and improve rheological properties,
by increasing the viscosity of the initial solution.

Pyrolysis is followed by a crystallization stage. During this step the pyrolyzed film is
annealed to temperatures between 600 and 1100°C in specific conditions of total pressure, PO,
temperature program and gas flow, which represent the main tunable parameters during the
growth stage of the final complex oxide. Epitaxial growth here takes place through hetero-epitaxy
above a substrate of a different material.
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CSD processing steps are schematically represented in Fig. 1.6.
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Fig. 1.6: Schematic representation of the CSD process.

1.3 Thermal analysis of metalorganic precursors

To get the final desired properties of the superconducting tapes, each stage of the CSD
process needs to be understood and optimized. In this perspective, thermal analyses (TA) are a
set of techniques which enable to monitor the evolution of a certain property as a function of
temperature. Thus, they are especially suited to analyze structural transformations that take place
during pyrolysis of metal-organic precursors: solvent evaporation, precursor pyrolysis, oxidation
and decomposition of intermediate compounds that take place during pyrolysis of metal-organic
precursors.

One of the key points is that historically thermal analyses are optimized for their
application to powders rather than to the corresponding films, and many manufacturers have
developed TA equipment around this demand. The use of TA in films is quite limited because the
signal-to-noise ratio depends on the sample mass, and sample mass for films is typically one order
of magnitude smaller than the sample mass used in TA experiments. Fig. 1.7 shows how some TA
techniques such as differential scanning calorimetry (DSC) are at their detection limit when
applied to films; it is still possible to study film thermal behavior by combining the information
from all TA techniques to reveal the thermal behavior trend when going from film to powder. Only
in the last decade, some works of thermogravimetry (TG) analysis focused on films after several
studies raised the awareness that films are expected to behave differently than powders [23-28],
when the thermal process is controlled by the transport of reactive gases or of evolved volatiles,
or by the heat transport in and out of the sample. Therefore, an in-situ study of the thermal
processes that lead to YBCO tape synthesis is of fundamental interest to reveal the actual kinetics
and mechanism occurring in films.

In fact, there have been an increasing number of publications regarding the thermal
decomposition of YBCO precursor powders such as Yttrium acetate (YAc3) and Yttrium
propionate (YProps) and the corresponding barium and copper salts [29-31]. By EGA-FTIR and
EGA-MS, it was shown that the decomposition of propionates in inert atmospheres involves
formation of radicals C2Hs- and C;HsCO- (along with CO2) and their recombination to form a
symmetrical ketone [32-34].
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Fig. 1.7: Thermal analysis techniques and their corresponding mass-limitation ranges.

However, so far, the thermal decomposition of YProps has been studied only in the form
of powder [32,35-37]. In situ evolved gas analysis (EGA) was performed by means of quadrupole
mass spectrometry (EGA-MS/Q) by [36,37] in air and in nitrogen, and with Fourier-transform
infrared spectroscopy (EGA-FTIR) in argon by [32]. The reported volatiles, even in inert
atmosphere, are different, so that, a univocal and general mechanism has not been established yet.
Besides, despite the fact that water vapor is commonly used in the synthesis of YBCO FF tapes,
none of the published papers analyze the effect of the presence of water vapor in the thermal
decomposition of the metalorganic precursor [38,39].

Regarding the thermal decomposition of Copper propionate (CuProp:), for odd chain
length of Cu(Il)carboxylates like Cu(Il)propionate, only MS has been used for the in-situ EGA
analysis and 2-pentanone (asymmetrical ketone) was reported to be the main decomposition
product [31]. Conversely, no ketones at all were observed for even chain carboxylates of
copper(1l) [40], mercury(II) [41] and silver(I) [42]. In fact, references [40,41] report on the
decomposition of even chain length of Hg(II) and Cu(Il) carboxylates as involving formation of
ethylene and propionic acid along with CO,. Clearly, there is no univocal decomposition pathway
for metal carboxylates, on the contrary it depends on the surrounding atmosphere, the length of
the carboxylate chain and the type of metal ion [43].

Concerning decomposition of barium carboxylates, according to [29], the salt obtained
from the acetate precursor in propionic acid and methanol results in a mixed acetate-propionate
complex. By coupling mass spectrometry to thermogravimetry (TG-MS) it is shown that during
decomposition in air it releases COz in a first small mass loss (*3%), followed by 3-pentanone, CO;
and acetone to yield BaCOs. Previously, it was also reported that barium propionate synthesized
from the corresponding carbonate in excess of propionic acid, decomposes in inert atmosphere in
two steps [44] of similar mass loss, yielding 3-pentanone and traces of acetone, but no CO, in
accordance with the stoichiometry of the reaction mechanism. Similarly, BaAc; [45] was shown
to decompose to BaCOs, passing through an intermediate barium oxalate stable until 330°C.
However, so far, also the thermal decomposition of barium propionate (BaPropz) and barium
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acetate (BaAc:) has been studied only for samples in the form of powder and the volatiles
observed only through EGA-MS.

Finally, among the additives used as CSD stabilizers, triethanolamine (TEA) is especially
common. In particular, TEA is of special interest because of its chelating properties [46,47]; in fact,
as an aminoalcohol, its properties lie between those of amines and alcohols, acting as both N-
donor and O-donor thanks to the three OH groups. Therefore, while increasing viscosity, TEA is
expected to form complexes and increase the stability of the metal carboxylate salts in solution.
In fact, it is known that, especially copper, can form stable complexes with nitrogen and oxygen
donors [48-50]; similarly, Y3+ has been reported to form complexes with TEA [47] while Ba2+ is
not expected to coordinate with TEA [51,52].

Regarding TEA thermal decomposition during pyrolysis [53,54], the aspect ratio is
expected to play a role [55]: in fact, when in the form of films, TEA is likely to evaporate before
reaching its decomposition temperature (250-300°C) thanks to the high surface to volume ratio.
When it is placed inside a crucible, evaporation is significantly delayed so it can be heated to
higher temperature (above 300°C) where it decomposes releasing acetaldehyde (CH3CHO), CO»,
ammonia (NH3) and ethylene oxide (CH,OCH:) [53,55]. On the other hand, metalorganic
complexes of TEA are expected to decompose following several decomposition steps [56] that
start with the loss of small TEA units and end with the metal salt decomposition.

1.4 About Growth Routes of ReBCO

So far, chemical methods have relied on the well-established TFA (tri-fluoroacetate) MOD
route introduced in 1998 by Gupta et al [57]. The advantage of fluorinated precursors is that the
undesired BaCOs3 pyrolysis product can be avoided in favor of BaF,, and thus YBCO grows from
oxyfluoride precursors [58]. Nevertheless, this route requires difficult furnace design to remove
the dangerous hydrofluoric acid (HF) produced by the BaF, decomposition (see Fig. 1.8). Although
the TFA route is now well-understood in terms of the main parameters governing YBCO growth
[19] and high Jc can be obtained, its limitations have not been fully addressed yet. One way was
to switch to low-fluorine routes [59,60] to reduce the amount of HF. But independently of the
fluorine content, since YBCO grows from a gas-solid reaction (water interaction with the Barium-
fluoride precursor), its crystallization is very slow [24,61-63] and this constitutes a general limit
of fluorinated precursors.

Fig. 1.8: Diagram of the TFA route. The growth of YBCO depends on a solid - gas reaction.
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In fact, YBCO use in power systems is under the constraint of not only high ], but ultra-
fast growth rates to reduce time and thus fabrication costs; additionally, thick films are also crucial
as they can carry more overall current and they reduce the physical amount of tape bundled-up.
If production costs are defined as cost/performance ratio, the requirement for CCs technologies
to be feasible should drop to 5-10 €:kA-1-m-1, corresponding to a yearly production capacity of
more than 1000 km. Present capacities for coated conductor (CC) production are around 500
km/year with a cost of 100-300 €/(kA-m) [64]. Therefore, a condition is that 2-3 um films should
grow in the time lapse of a few seconds.

Even though chemical methods carry the promise of large-scale applications with low-cost
production, they are limited to maximum growth rates of ~1nm/s with the TFA route. Conversely,
vapor deposition methods such as PLD [65] and MOCVD [66] are limited by the material flux to
ReBCO growth rates <10 nm/s. Liquid assisted growth have therefore arisen as an alternative
route. Indeed, solid-liquid reactions are faster since atomic diffusion through a liquid is much
faster than through a solid. For example, Y (and Ba) cation diffusion coefficient (D) into a solid
matrix of polycrystalline YBCO is of the order of 8-10-12 cm2s-1 at temperatures as high as 990°C
[67], almost two orders of magnitude smaller than Y cation diffusion in the 3Ba0-5Cu0 melt which
is approximately 4-10-1© cm2s-! [68]. Overall, growth techniques through a liquid can involve
REBCO growth from a congruent melting or from a high temperature solution. The advantage of
the congruent melting is that the composition of the liquid is the same as that of the solid.

Although YBCO does not melt congruently, Y-Ba-Cu phase diagrams published in the ‘90s
span over a huge amount of phases and interactions [69-71], thus the possibilities are diverse;
very complicated thermodynamic diagrams arise from the fact that this ternary system becomes
a multi-parameter system whose phase stabilities are strictly influenced by composition,
temperature, Po2 and Pcoo. Hence, since no congruent YBCO melting exists, liquid assisted
techniques involve crystallization of YBCO from a stable Ba-Cu melt in which Y atoms are
dissolved. The first reported method was that of Melted Textured Growth (MTG) applied for bulk
ceramics [72-74]. In this route, the system consists of YBCO and Y,BaCuOs (211 phase): upon
tuning supersaturation of the 211-liquid mixture, the system is very slowly cooled down to
crystallize a YBCO single-crystal bulk, exploiting the YBCO peritectic melting [75]. In films this
technique gives rise to Liquid Phase Epitaxy (LPE) [68,76,77], schematically represented by Fig.
1.9.1n fact, the YBCO phase diagram allows for the existence of many liquid phase interactions, all
involving stable melts. None has reported so far YBCO growth from a transient liquid, and never
using low-cost commercial chemical precursors, as we present in this work. Finally, one of the
main challenges is that the melted oxides require rather high temperatures (600-800°C) and that
this type of melt is normally highly reactive and corrosive.

In this thesis, fluorine-free (F-F) precursors are investigated because of their many
potentialities to solve some of the issues discussed above; first of all, there is no BaF; formation
after pyrolysis. In this sense, FF routes are more environmentally friendly and help reduce furnace
design costs. At the beginning FF routes were abandoned because of the presence of BaCO3z, which
brought to light the related decomposition difficulties due to the presence of retained carbon in
the final YBCO [78], ascribed to be responsible for the severe deterioration of J.. Even though the
high BaCO3; decomposition temperature, above 1000°C [79], can be lowered in the presence of
CuO and Y.03 [80], this issue casted a shadow on FF-route and up to now there is still little
understanding about F-F routes mechanisms [80,81].
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Fig. 1.9: Schematic representation of a type of liquid phase epitaxy. Readapted from [82].

1.5 Objectives

108 years down the line since the discovery of superconductivity, and magnetic levitation
(which exploits the lift created by magnetic repulsion) is maybe the most sensational application
superconductors are recognized for, although the farthest from the near-future applications of
HTS.

In fact, thanks to its physical characteristics, such as high Tc and high Hy, promising
applications of YBCO are predicted in the field of electrical power (transmission cables,
generators, fault current limiters..) and high-field magnets (MRI, NMR, accelerator or even
compact fusion), Fig. 1.10, but they are nowadays limited by the production costs. This work will
be driven by the need to scale up HTS tape production to large-scale manufacturing, combining
the advantages of CSD methods with ultrafast liquid assisted growth.

Since, for fabrication costs to drop, chemical methods are a valid cost-effective candidate,
the third chapter of this dissertation is aimed at understanding the thermal decomposition of the
isolated metalorganic precursors with the aid of thermal analysis combined with structural
characterization techniques; their decomposition is discussed with respect to the difference
between film and powder samples. This understanding will lay the basis for the interpretation of
the ternary precursor solution in the fourth chapter, which is essential to optimize the YBCO
pyrolysis step.
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Fig. 1.10: Applications of HTS. Application range as a function of field and temperature, reproduced from
[8].
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Given the fact that for an affordable CCs production, fast growth rates are needed with
high throughputs and thick films are required, as they can carry more current, in the last chapter,
a novel Transient Liquid Assisted Growth, TLAG-CSD approach, is introduced based on fluorine-
free precursors, F-F precursors. The objectives will be multiple: to understand the TLAG-CSD
growth methods; to tune growth parameters in order to reach epitaxial films with competitive J;
to address the thickness problem through an analysis of the BaCO3; decomposition and finally, to
reach ultrafast growth rates, 100 times faster than other established routes.

35



Introduction - Chapter 1

36



MATERIALS AND METHODS

Chapter 2

2.1 Fabrication of YBCO films

2.1.1 Solution preparation and deposition

Commercial powders of Copper acetate (CuAc,, Alfa Aesar, 99.99%), Barium acetate
(BaAc;, Sigma Aldrich, 99.99%) and Yttrium acetate (YAcs, Alfa Aesar, 99.99%) whose FTIR
analysis is shown in Fig. 2.1 were dehydrated at 55°C overnight in a thermostatic vacuum dryer,
to remove crystallization water (determined with thermal analysis experiments). Once dried, they
were then dissolved in propionic acid (Merck, 299%). Anhydrous methanol (MeOH, Sharlau,
99.9%) was added to reach a solvent ratio of 1/1. Two different types of solutions were prepared
based on the Cu/Ba ratio: a Y/Ba/Cu=1/2/4.66 (1.5 M) solution for the 3Ba0-7Cu0 melt (3-7
composition), and a Y/Ba/Cu=1/2/3 (1 M) for the 2Ba0-3CuO melt (2-3 composition); to the
latter typically a 5% v/v of triethanolamine (TEA) was added. Such additives are used to ensure
homogeneous coatings of the substrate, and to reduce cracking (Fig. 2.2). The solution was filtered
through a 2.2um membrane and the water amount was measured through a Karl-Fisher
apparatus. Water was kept lower than 2%. To ensure epitaxial growth, single-crystal substrate
with a low lattice mismatch with respect to YBCO, such as LaAlO3 (LAO) and SrTiOs (STO), were
used. Prior to solution deposition, the substrates were annealed at 900°C in a dry O flux, as shown
in Fig. 2.3. Deposition was performed by means of a spin coater from Laurell, model WS-650MZ
23 NPP, with acceleration and speed of 6000 rpm and holding time of 2 minutes. The film was
then dried on a hot plate kept at 70°C to remove the remaining solvent.

CuAc,-2H,0

YAc,4H,0

Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Fig. 2.1: FTIR of the metal acetate precursors. As-received, prior dehydration and solution preparation.
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(a) Cracked pyrolyzed film

(b) homogeneous pyrolyzed film

Fig. 2.2: Film morphology after pyrolysis. Comparison between (a) cracked and (b) homogenous films
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Fig. 2.3: Thermal profile for the substrate oxygenation step.

2.1.2 Pyrolysis

Deposition was followed by pyrolysis, during which films were decomposed to 500°C to
remove all organic materials. The thermal profile is shown in figure 2.4a. The final 6-20 XRD scan
(Fig. 2.4b) shows the presence of Y203, CuO and BaCOs3 particles of nanometric size. Anhydrous
conditions of deposition and initial stage of pyrolysis (applying dry O, until 110° to reduce water
uptake from the film, Fig. 2.4a) were chosen to obtain a standard initial condition, because BaCO3
monoclinic was found to form for a H,0 content in solution, superior to 2%.
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Fig. 2.4: Characterization of the pyrolysis step. (a) Thermal profile and (b) XRD scan of a pyrolyzed sample

deposited without controlling the humidity conditions.
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2.1.3 Growth from vacuum

YBCO growth was performed in two different furnaces:

e Growth at slow heating rates (10-25°C/min) was carried out in a quartz tube (Fig. 2.5a)
where the sample was placed on top of an alumina holder at the close end of the tube; the
sample holder contained a thermocouple for the temperature control; a small low-
resistance furnace was placed around the close end of the quart tube, while the other end
is connected to a turbomolecular pump in series with a rotatory pump. Mixed heating
ramps (1200°C/min to 600°C and 25°C/min from 600°C) were also carried out in this
furnace by preheating the furnace at the maximum temperature (850°C); once this
temperature was reached the furnace was moved in place around the quartz tube with the
sample inside and the thermal contact permitted to quickly (~1200°C/min) reach 600°C;
then ramps of 25°C/min were applied by controlling with the internal thermocouple.

e Growth at fast heating rates (~100-300°C/min) were carried out in a similar system but
with a quartz tube open at both ends allowing for an improved gas flow, as depicted in Fig.
2.5b. One end of the tube is for the gas entrance while the other end is connected to the
vacuum system.

In both furnaces, the growth approach involves two stages: one at low pressure followed
by a sudden jump to higher pressure. The first stage consists of the heating ramp, where the
sample temperature is increased to the selected growth temperature at total pressures of air
between 10-8 and 10-7 bar (Po2~10-9-10-8bar). Just before the pressure jump, in both systems, the
turbomolecular pump was switched off and only the rotatory was left on to ensure the proper gas
flow. While keeping the sample temperature constant, the pressure jump was carried out either
with pure O; or Air, with flows of 100 ml/min for the system shown in Fig. 2.5a and of 500 ml/min
for Fig. 2.5b. Pressure changes occurred in the range of 1-2 seconds. Both quartz tubes have the
same cross section.

After YBCO growth, films are oxygenated at 450°C for 210 minutes. This was the optimal
time necessary for the tetragonal to the orthorhombic phase conversion of YBCO; a more detailed
discussion on the topic can be found in the thesis of A. Stangl [83].

(a) sample f¢urnace (b)

i

— — >
/a _ CO Gas /?
thermocouple \rucible Ga%

Fig. 2.5: Schematic representation of the furnaces used for the growth from vacuum.
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Fig. 2.6: Thermal profile of the YBCO oxygenation step, where the tetragonal to orthorhombic
transformation occurs.

2.2 Thermal Analysis (TA) techniques and methods

2.2.1 Precursor solution preparation

Single-component solutions were prepared by dissolving the corresponding metal
acetates, YAcsz, BaAc; and CuAc, in propionic acid (Merck, 299%), kept under sonication until
complete dissolution of the salt. Then methanol (VWR, 299.8%, non-anhydrous) was added in
order to obtain a mixture of 1:1 in solvent composition and a metal concentration of [Y3+]=0.25M,
[Ba2+]=0.5M and [Cu2+]=0.75M. Film samples were obtained by depositing the initial solution on
a LaAlO3 (LAO) substrates and drying them at temperatures between 70-95°C for a few minutes.
The film thickness (H) was estimated with the following equation:

H=™/q. (2.1)

where m is the mass of the oxide or carbonate decomposition product at 500°C, d is its particle
density, and A is the surface area of the substrate. The powder sample was obtained by drying the
corresponding solution at 70-95°C. Single-crystals were also obtained for the Ba and Cu precursor
solution over a time of a few months from crystallization from the stored vial at room
temperature; they were recovered and dried in low vacuum (635 mmHg) prior to analysis. A
powder obtained from an acetate-free solution was also prepared for comparison, dissolving the
corresponding metal carbonate (Y2(CO3)s, BaCO3, CuCO3, Sigma Aldrich) in propionic acid. Their
chemical characterization and the analysis of their thermal behavior can be found in Chapter 3,
and throughout this dissertation the above-mentioned solutions will be referred to as the Cu (Y,
or Ba) precursor solution.

The study of the effect of triethanolamine (TEA), which can be found in Chapter 4, was
based on the following materials. The single component solutions were prepared as previously
described in a 1/1 mixture of propionic acid and non-anhydrous MeOH, to keep a stoichiometric
ratio of 1/2/3 of, respectively, Y/Ba/Cu (labelled as sol. TY, TB and TC, 2-3 composition). Then,
5% v/v of triethanolamine (TEA, Merck, >99%) was added to each solution so that the final molar
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proportions Y/Ba/Cu/TEA were close to 1/2/3/1.5. For comparison, solutions without propionic
acid were prepared from the corresponding MPropy salts (when soluble) dissolved in MeOH with
5% TEA, keeping the same stoichiometric ratio and concentrations: TY’ (YProps/TEA in MeOH)
and TC' (CuPropz/TEA in MeOH). Film samples were prepared from these solutions by drop
casting over 10x10 mm LaAlO3 (LAO) substrates; they were dried at ~80°C for a few minutes to
remove most of the solvent while avoiding TEA evaporation and then decomposed in humid O,
for thermal analysis experiments. The corresponding powders were obtained by peeling off the
deposited films.

The study of binary solutions that can be found in Chapter 4 was done by mixing single
salt solutions prepared in the way previously described. Solutions are referred to as Cu-Ba (Cu-Y
and Y-Ba) binary precursor solution with 2-3 composition. Ternary solutions studied by thermal
analysis were prepared as explained in section 2.1, with both 2-3 and 3-7 compositions (solution
T) but with non-anhydrous MeOH.

For comparison, a ternary solution based on the 2-3 composition was also prepared
starting from the same metalorganic precursors (metal acetates) but dissolved in a different
mixture, a 1:3 of acetic acid and H20 ([Mw:]=0.3M, solution t’. Finally, solutions t” and t"’ were
prepared varying the amount of propionate/acetate ligand in solution: sol. t"”” is made up of
BaProp», YAcs, CuAc; in H20 ([Mror]=0.5 M), while sol. t” consists of YProps, CuAc,; and BaAc; in
H20 ([M1or=0.5M). Solutions labelled as T and t will be discussed in Chapter 4.

2.2.2 Thermogravimetry and Differential thermal analysis (TG-DSC)

Thermogravimetric analysis experiments were performed in a Mettler Toledo
thermobalance, with a total flow of 70ml/min of high-purity gases at a total pressure of 1 bar; in
inert atmosphere of argon or nitrogen, the total flow corresponds to the protective gas; for
experiments run in an oxygen atmosphere, a reactive flow of 55ml/min was applied, with a
15ml/min flow of air as protective gas. Heating rates of 5°C/min were the most used ramps, but
sometimes 10 and 25°C/min were also applied. Samples were decomposed in the form of films on
10x10 LAO substrates or as powders in 70-ul open alumina crucibles. A blank curve was
previously registered to take into account the change in density of the gas with temperature as
well as other systematic artifacts.

2.2.3 Thermogravimetry coupled with infrared evolved gas analysis (TG-FTIR)

TG-FTIR experiments were carried out according to the setup shown in Fig. 2.7, connecting
a 30-cm steel tube heated up at 200°C from the gas outlet of the TG equipment to the gas inlet of
an infrared spectrometer by Bruker (Alpha I}, equipped with a gas cell, also kept at 200°C to
minimize condensation. Signal/noise ratio is affected by i) volatiles dilution over time, which is
lowered when slow mass stages take place, especially for films where the amount of material is
little and ii) by condensation effects, especially for high boiling temperature species like TEA.
Spectra were then subtracted by a background and a characteristic wavelength for each volatile
is plotted against temperature. Normally the frequencies (cm-t) chosen are: 2355 for CO2, 1732 or
945 for 3-pentanone, 2820 for TEA, 1145 for propionic acid, 2741 for acetaldehyde; when they
overlap with others, a different representation is chosen, and the wavelength does not necessarily
correspond to that of the most intense band. FTIR reference spectra are based on the NIST
database [84].
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2.2.4 Thermogravimetry coupled with mass spectrometry evolved gas analysis (TG-MS)

TG-MS experiments were run connecting a 1-m-long steel capillary tube from the TG to a
turbomolecular pump and a quadrupole; this was necessary to adapt the atmospheric pressure of
the TG equipment to the vacuum required for the quadrupole to operate (<107 bar). Given the
long path of the volatiles, the sensitivity of this technique is very low and it could be only applied
to powder samples.

2.2.5 Evolved gas analysis in vacuum

EGA-MS experiments were run placing the film at one closed end of a quartz tube, on an
alumina surface equipped with a thermocouple; a low-resistance furnace was placed around the
sample area while a thermocouple in contact with the substrate is used to measure the sample
temperature. The furnace is controlled with a proportional-integral-derivative (PID) controller
that takes the sample temperature as a control parameter. The other end of the quartz tube was
connected to a quadrupole mass spectrometer (MS-Q) analyzer by MKS instruments. The vacuum
was reached by pumping the system to P<10-7 bar with the aid of a turbomolecular pump. MS
analysis was based on the NIST database [85].

/\ 200+
i/
!

EGA-FTIR | P.im

TGA/DSC
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EGA-MS Vacuum

Fig. 2.7: Schematic representation of thermal analysis techniques. TG-DSC and hyphenated techniques are
shown (TG-IR and TG-MS).

2.2.6 Measurement of the thermal conductivity

Thermal conductivity for Y(C,HsCO2)3was calculated with a method developed by [86,87],
from the slope of the differential scanning calorimetry (DSC) melting peak of a selected metal
(indium). The method is based on the principle that the heat flow is influenced by the resistance
of the sample in contact with the metal bead. Experiments were conducted in nitrogen flow
(40ml/min) with a heating rate of 10K/min in the temperature range 50-200°C; to achieve the
desired geometry, an indium bead of 2.0 mm in diameter was set on the top center of a 70pl-
alumina crucible filled with the powder sample, without lid.
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2.2.7 Measurement of the specific heat capacity

The specific heat capacity, ¢, was determined by DSC. In particular the relationship
between the DSC signal and the heat capacity is:

DSC=-cmE (2.2)

dt
DSC experiments were conducted under a 40ml/min nitrogen flow and at a heating rate
of 10K/min in the range 50-180°C, with isotherms of 5 minutes at 100°C, 140°C and 180°C. The
Al O3 reference signal and the sample signal were both corrected by a blank curve obtained in the
same conditions, and with the same aluminum pan as reference crucible (20 pl aluminum pans

covered with a pierced lid).

The specific heat capacity was obtained for three different temperatures (100, 140,
180°C). Since it is value is a function of temperature, we chose the closest value to the combustion
temperature.

2.2.8 Kinetic analysis

Kinetic methods [88,89] are theoretical models applied to thermal analysis experiments
in order to characterize solid state transformations, by deriving kinetic parameters such as the
activation energy (E,) or the pre-exponential constants. Transformations in general can be
isothermal and non-isothermal: the latter are the field of thermal analysis techniques, which
monitor the evolution of a parameter as a function of the temperature.

Non-isothermal transformation can be studied with model-fitting or model-free methods:
the latter are independent of the particular mechanism governing the transformation and are thus
called isoconversional methods because they analyze the evolution of a system parameter
(temperature, transformation rate..) as a function of the degree of transformation, a. In turn,
isoconversional methods can be differential or integral, exact or approximate based on the
solution of the following equation:

&= k(1) - () (2.3)

Where k(T) is the reaction rate which generally follows an Arrhenius dependence

(k(T) = ae"/ RT) for thermally activated processes, while f(«) is the function that describes the
degree of transformation for the particular reaction considered. For non-isothermal

. . . . dr
transformations, in the simplest case of constant heating rate (f = E)’ eq.2.3 becomes:

@ _ 1 pe~Elrr.

e Ae” /RT - f(a) (2.4)
Rearranging the previous equations with the help of logarithmic functions and applying the
Friedman isoconversional method, it becomes easy to plot the evolution of a system parameter
measured from thermogravimetric experiments, for example In(da/dt), versus 1/T in order to

obtain E, from the slope.

The activation energy (E,) and the pre-exponential constant (A) were obtained
performing four TG experiments at 2.5K, 5K, 10K and 20K in the conditions of interest. In the case
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of YProps (see Chapter 3) the conditions were ~2mg of powder in alumina pan (70ul)
decomposed in humid O. In the case of BaCO3, films on LAO substrates (10x10 mm, obtained from
pyrolysis of 2-3 ternary solution D in humid 0;) were decomposed in a 80ml/min-flow of dry N».
The raw data was elaborated using a free in-house software called “pics”, which can run
calculations with several kinetic methods. The kinetic values were calculated using the exact
differential isoconversional Friedman method [88,89], due to the good accuracy and simplicity of
the method. In particular, this choice was led by the fact that the kinetic analysis is applied to
thermal decompositions (in the simplest case of constant heating rate), which can be
approximated to single-step reactions were the reverse reaction is prevented.

2.2.9 Thermal explosion

In the case of exothermic reactions, in constant heating experiments the sample may
undergo a thermal runaway when the time to dissipate the heat generated by the reaction is larger
than the characteristic reaction time. In particular, the critical film thickness (H.,) at which a
thermal runaway would happen for the sample in the form of film is given by the following
relationship [90]:

ca

Rg TI%I:S
He, = Ocr =~

- p (2.5)

As for powders inside a crucible of radius R filled up to a height H, the critical mass (m.,)
is given by [90]:

tr 0.878R%+ 2H?

m.. = 5mpa (2.6)

Or H(1+28){1—(2+E+3082)é}

Where T, is the temperature at which the reaction rate is at its maximum, and can be calculated
from the Kissinger equation [91-93]:

EA _a

= e~ Ea/ReTkis (2.7)
Rg Tgys b

R; is the universal gas constant, E, is the activation energy, a is the thermal diffusivity (a = E)'

c is the specificheat capacity of the sample, q is the heat of reaction (Enthalpy) and b is the heating
rate. From these parameters, o, tg, 0 and € were calculated as follows:

Ser=5Cn[(1+2)(1 — (2 + & + 30e2) ]
T

te=(AeFa/ReTkisy1  gr=—TfA 1 £ = Rg Teis/Ex (2.8)

Rg Tgis
If the radius R is known, Eq. 2.6 can be solved for H if we replace m,, in eq 2.6 by:
Mme = npR?H (2.9)
Substituting Eq. 2.9 into Eq. 2.6 we obtain,

t 0.878/H? + 2/R?
1 =5a% / / -
Or (1+2g){1—(2+g+30g2)§}

(2.10)

Once H is determined from Eq.2.10, the critical mass m, can be obtained from Eq. 2.9.
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Therefore, from the physical parameters discussed in the previous sections, we were able to
calculate, for experiments performed in humid O, the critical film thickness, H,,., and the critical
mass, m,, for powders inside a 70-pl alumina pan (finite cylinder geometry, radius R =2.475
mm).

2.3 Thermochemistry calculation with computational methods

Thermochemistry calculations were applied to the study of the thermal decomposition of
metal propionates, in particular to CuProps, in order to understand the degree of degradation of
the propionate chain.

Ab-initio theoretical calculations were performed within the framework of Density
Functional Theory (DFT) as implemented in the VASP (Vienna Ab-initio Software Package) code
[94,95]. All models are periodically replicated through space in all directions, in order to obtain a
more accurate description of the solid phases investigated experimentally, as no boundary effects
are to be taken into consideration. The theoretical investigation of CuProp; and CuO was designed
to accurately model their electronic structure as a bulk solid. Database structure files for solids
were obtained from the American Mineralogist Crystal Structure Database (AMCSD) for CuO
(AMCSD code 0018812) and for CuProp: from the Cambridge Crystallographic Data Centre (CCDC
code 1133510). Database structure files were converted into periodic models. The experimental
unit cell was relaxed towards the computational minimum energy structure, identified using a
built-in DIIS minimization algorithm with a convergence force threshold of 10-2eV/A. The
electronic structure of the investigated molecules and materials was modelled using PAW
(Projected Augmented Wave) potentials [96] for the core electrons and plane-wave basis sets
with a 850 eV cutoff for valence. Electronic exchange and correlation effects were approximated
using the Perdew-Burke-Ernzerhof (PBE) functional [97]. Further corrections for long-range
interactions were applied using the semi-empirical Grimme D3 dispersion model [98].

The electronic structure was evaluated differently for gas phase and solid phase systems.
For the former, a single K-point was considered sufficient to evaluate the electronic structure, due
to the unit cell size having been optimized to minimize the interaction between different replicas
of the molecule. For the latter, a K-point grid was obtained using the Monkhorst-pack method and
its size was optimized until further increases did not correspond to any change in total energy.
Convergence of the electronic self-consistent field (SCF) calculations, set below a 10-5eV
threshold, was determined employing Blochl corrected smearing for calculation investigating
solid materials, and Gaussian smearing for gas-phase molecules.

The experimental values of enthalpy (A,-H exp) were obtained integrating the area of the
differential scanning calorimetry (DSC) signal of the TG/DSC experiments with a straight base line
in the temperature region corresponding to the decomposition peak. This area was then corrected
by the mass (or moles) of the CuProp; involved in each mass-loss step, obtained from the
information retained in the thermogravimetric curves.

Although the experimental values consisted of reaction enthalpies (A, H) at temperatures
higher than room temperatures, the theoretical investigation was limited to the calculation of the
electronic energy ( A.E) of the corresponding reactions. Comparison of theoretical and
experimental values is interesting due to the fact that it helps to rule out reaction schemes and to

45



Materials and methods - Chapter 2

understand the main contribution of a given reaction to the decomposition path, but a more
quantitative analysis was beyond the scope of this work.

2.4 Chemical characterization techniques

2.4.1 Fourier Transform Infrared spectroscopy (FTIR)

Infrared spectra of solid samples were collected with an ALPHA spectrometer from
Bruker, in attenuated total reflection (ATR, model Platinum). A background spectrum is recorded
prior to any measurement to remove water and CO; contribution coming from the atmospheric
air. Measurements can be run on both powder and film samples.

2.4.2 X-ray diffraction (XRD)

Several ex-situ XRD measurements were performed based on the type of sample and
information required:

e X-ray measurements of powders were carried out with a Cu-Ka X-ray beam of a D8
ADVANCE diffractometer from Bruker AXS, with a voltage of 40 kV and a 40-mA current
at the university of Girona.

e Single-crystal XRD measurements were performed with 50 kV and 20 mA in a three-circle
diffractometer by Bruker (D8 QUEST ECO) at the university of Girona; the system was
equipped with a PHOTON II detector (CPAD) and a doubly curved silicon crystal
monochromator, and operated with a Mo Ka (A= 0.71076 A) X-ray source.

e  YBCO Films were characterized with a General Area Detector Diffraction System (GADDS)
from Bruker-AXS (model D8 Advance) which permits the quantitative analysis of
crystallinity and orientation of the material thanks to the fact that a large area of the
reciprocal space can be observed in one single frame (Fig. 2.8), contrarily to the point
detector. In this frame, the presence of diffraction rings signifies that the material is
polycrystalline; conversely, single spots indicate texture; intermediate scenarios will be
represented by incomplete rings. The diffractometer is equipped with a bidimensional
Vantec-500 detector, operating at 40 kV and 20 mA and a Cu-Ka X-ray beam. Usual
conditions for a GADDS scan were 20=35, ® =10, ¢=0, =90 and acquisition times of 15
minutes. All measurements were carried out at ICMAB.

/ vinstar detector 1024X10249%

Fig. 2.8: Schematics of XRD analysis on films.
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e Non-epitaxial phases in films were characterized with a A25 D8 Discover diffractometer
from Bruker-AXS equipped with LinxEye XE-T detector (High-Resolution Position
Sensitive Detector with Energy Resolution) in grazing incidence (GIXRD). Conversely, high
resolution scans were obtained with the same equipment with 2s time per step, 0.02°
stepsize and 1D detector. Rocking curves (or w scans) were performed on a fixed 260
position, the YBCO (005) reflection; analysis of the FWHM (Aw) of these peaks provides
information about the crystallinity of the sample, which decreases with the broadening of
the peak. All above-mentioned measurements were performed at ICMAB.

In situ XRD experiments were performed with a 6-circle diffractometer at the DiffAbs
beamline (Fig. 2.9) of SOLEIL Synchrotron, in Paris. All the in-situ data was collected in two runs,
during a period of 6 full-day each at SOLEIL. The beamline was equipped with a furnace to follow
the XRD phase time-evolution and an area detector (XPAD, X-ray pixel area detector).

The samples were fixed on the heater with a dome screwed in. Two different heaters were
used: a DHS 900 (equipped with a peek dome) with maximum heating rate of 30°C/min and a DHS
1100 (equipped with a graphite dome) with maximum ramps of 300°C/min. The heater was
connected to a system prepared to achieve different total pressures (Pror) and oxygen partial
pressures (Poz). The system was operated with vacuum pumps and mass flow controllers. Needle
valves were used to set the total pressure while electrovalves were used to remotely switch from
one system to the other, so that the pressure jump could be operated from the control room. An
oxygen sensor was used to pre-set the Poz. For the pressure jump, different combinations of N;
and air bottles were applied. A schematic diagram of the system can be found in Fig. 2.10.

Fig. 2.9: DiffAbs beam-line of SOLEIL synchrotron, showing the 6-circle diffractometer with the furnace
setup
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Fig. 2.10: Schematics of the experimental setup at SOLEIL Synchrotron. To control Po; - T conditions,
different pumps and valves were combined.

Experiments were run with a beam energy of 18 KeV and two different acquisition times:
500 ms (to register the phase evolution before YBCO growth) and 100 ms (to record YBCO
growth). To follow the time-evolution of non-epitaxial phases, grazing XRD scans were recorded
at angles of ®=4 and & (=26)=-4.5, while to follow YBCO growth ©=7.9-8.1 and 8=-4.5 were used
to meet the Bragg conditions with the YBCO (005) reflection.

The data was recorded as 2D scans in 20-x for each temperature/time value (Fig. 2.11a),
which was then integrated to obtain the relative intensity-20 scans for each acquisition point (Fig.
2.11b, reporting an example of the oxidation of metallic copper to BaCu;0, and Cu,0O followed by
YBCO(005) growth upon a pressure increase at a fixed temperature). The treatment of the raw
data was elaborated by PhD student ]J. Banchewski, in our group.

(a) (b)

YBCO(005)

1000
1800
S
600 g
La00 =
7]
@
r200 2

165 17,0
2918 KeV [deg]

Fig. 2.11: Representation of the data from in-situ experiments at SOLEIL. (@) 26 x images and (b) their
integration in x for each acquisition time delivers 20- intensity scans that can be plotted versus
time/temperature.
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Fig. 2.12: Data analysis procedure from in-situ experiments. (a) XRD scans at different temperatures from
in-situ experiments, showing the 2th shift due to the temperature increase. (b) Evolution of the 26 range
relative to the peak shown in (a).

Note that a significant 20 shift occurs due to the temperature variation during the
experiment (Fig. 2.12a, example for the peak relative to the orthorhombic 0. BaCO3; phase). To
take into account this aspect, once the raw data was treated, in-situ analysis proceeded in the
following way: the evolution of a specific phase over time was obtained plotting a selected 26
range (different for each phase) versus time (or temperature); then, the sum of all the 26
contribution was then chosen as the final phase evolution, as shown in Fig. 2.12b (thin black line).

2.4.3 Elemental Analysis

CHNS elemental analysis (EA) was performed with a Perkin Elmer 2400 series elemental
analyzer. Standard deviations range from +/- 0.03 to 0.4 for the reported % values relative to C, and
from +/- 0.04 to 0.1 for the % values relative to H. On the other hand, the detection limits are 0,20%
for Hand 0,72% for C.

2.5 Physical characterization techniques

2.5.1 Superconducting quantum interference device (SQUID) measurements

A commercial superconducting quantum interference device (SQUID) magnetometer from
Quantum Design equipped with a superconducting magnet of 7 T was used to record the magnetic
properties of the films at ICMAB. SQUID measurements were run on both YBCO films and YBCO
precursor samples.

For YBCO films, this technique was used to evaluate the critical current density, ..

Jc(T) measurements are performed in Zero Field Cooled conditions (ZFC) by cooling down
the films to 5K in self-field; then the magnetic moment is saturated with a 5T magnetic field which
is suddenly removed: J¢(T) is then measured during the temperature increase and no external
field.
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Conversely, J((H) is measured at constant temperature upon an increase of the magnetic
field up to 7 T in the hysteretic magnetization curves.
Inductive critical current densities were derived from the following equation:

Je =

Where m is the magnetization value, R is the radius (approximated to 2.57 mm for 5x5 mm?
samples) and t is the sample thickness.

3m
TR3t

(2.11)

For YBCO precursor samples in the form of powder: magnetic measurements were
performed on Cu-containing species (Chapter 3.2) to obtain the magnetic susceptibility (). All

measurements were carried out in a magnetic field of 1000 Oe and corrected for the blank of the
sample holder (diamagnetic gel capsule). x was then obtained in c.g.s. units with the following
formula:

X = Magnetic moment (emu) / Field (Oe) / Cu moles (2.12)

2.5.2 Electrical transport measurements

Electrical transport measurements were carried out at ICMAB by a member of our group,
J. Banchewski, using a PPMS Quantum Design system with the Van der Pauw method. The method
relies on the use of 4 electrodes, or ohmic contacts, placed along the sample perimeter, to directly
measure the voltage drop caused by an applied electrical current. Measurements can be
performed while increasing the temperature or changing the magnetic field, B. From the voltage
and knowing the film thickness, the resistivity as a function of the temperature and the Hall carrier
density as a function of B can be determined. Critical temperature values were determined with
the derivative criterion from the resistivity plot as a function of the temperature.

2.5.3 Optical microscopy

Film samples were observed with an optical microscope from Zeiss Jenavert, in order to
evaluate the quality of the sample, such as the presence of cracks and buckling after pyrolysis.
Samples showing any of these features were discarded before growth.

2.5.4 Scanning electron microscopy (SEM)

Surface morphology characterization was carried out with a FEl QUANTA 200 FEG SEM of
FEI CompanyTM at ICMAB. No specimen preparation is required since the final YBCO films, after
oxygenation, is electrically conductive.

The samples are placed in a high-vacuum chamber and bombarded with a focused beam
of high-energy electrons. From the interactions of this beam with the atoms of the sample, several
signals are generated containing information about topography and composition of the sample.
In particular, secondary electrons are produced which are transformed into an image containing
topographic information. Conversely, the X-rays emitted from the expulsion of electrons in excited
atoms bombarded by the incident beam permit to identify the chemical composition of specific
areas of the sample, i.e. single grains. This last technique is called Energy Dispersive X-ray
Spectroscopy (EDX).
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Surface characterization can deliver important information regarding the texture (for
example, a/b grains can be clearly identified from their needle-like structure) and the
homogeneity of the film (i.e. presence of holes or large grains).

2.5.5 Transmission electron microscopy (TEM)

The microstructure of the films was studied with a scanning transmission electron
microscopy (STEM) using two different instruments: a FEI Titan 60-300 microscope equipped
with an X-FEG gun, a CETCOR probe corrector and a Gatan TRIDIEM 866 ERS energy filter
operated in STEM mode at 300 kV. This equipment was used at the Advanced Microscopy
Laboratory in Zaragoza, Spain, and images were collected by members of our group, Dr. Roger
Guzman and Dr. Bernat Mundet. On the other hand, a FEI Titan 80-200 CREWLEY, equipped with
a Cs probe-corrector, a Super-X EDX system and operated at 200kV, was used at the Ernst-Ruska
Center in Julich. Images were collected by Dr. Max Sieger and Dr. Alexander Meledin.

Samples for STEM were prepared with conventional methods, such as FIB (Focus lon
Beam) and Ar ion milling.

Complementary techniques for chemical composition studies were coupled to TEM
analysis: in particular, EELS (Electron Energy Loss Spectrometry) identifies the quantity and type
of atoms present in a specific sample area by measuring the change in kinetic energy of the
electron beam after they interact with the sample. Complementary to EELS, EDX analysis can also
be coupled to TEM and it was specifically used at the Ernst-Ruska Center in Jiilich for most of the
chemical characterization.

TEM images are crucial to characterize the YBCO matrix, identify crystalline phases and
lattice defects.
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PYROLYSIS STUDIES OF THE
METALORGANIC PRECURSORS

Chapter 3

3.1 Thermal decomposition of Yttrium propionate

This first section will analyze the thermal behavior of the yttrium precursor solution
prepared as described in Chapter 2 from the acetate salt in propionic acid. Its thermal behavior
will be studied with the aid of thermal analysis techniques and chemical characterization methods
to understand the pyrolysis in different atmospheres and sample geometries. In particular, the
difference between film and powder decomposition will be highlighted and clearly demonstrated
in terms of decomposition temperatures and volatiles. Three main reaction routes take place:
hydrolysis, oxidation and the radical path. Once the general decomposition mechanism is
understood, it will be put into context of the pyrolysis of the CSD-YBCO solution.

3.1.1 Characterization of the initial product

The FTIR and XRD pattern of as-deposited YProp3 are shown in Fig. 3.1a and b,
respectively. Since the FTIR spectra of both the film and powder samples are nearly identical, their
chemical structures are expected to be the same; both show the appearance of the propionate
stretching bands (absent in the acetate). Also the results from elemental analysis (Table 3.1) of
the dry YProp3, obtained from the corresponding YAc3 solution, agree with the expected
composition of YProp3, providing further support for the replacement of acetate groups by
propionates. Conversely, although the XRD pattern of the present work is similar to [32], there
are significant differences between our FTIR and XRD pattern and those reported in the literature
[32,35-37], also there are significant differences among the different structures reported in the
literature. Indeed, in carboxylates, the carboxylate bond and the crystalline structure depend
strongly on the presence of crystallization water [99-102], so that the distance between the
asymmetric and symmetric carboxylic bands [Av= v.(COO-) — vs(COO-)] can be used to determine
the type of carboxylate-to-metal complexation structure [36,100,103-105]. Thus, for propionates,
by comparison between Av and that of sodium propionate (Avna-prop=134.6 cm-1) [106] it has been
proposed that [100,103] a chelating coordination exists when Av <<Avy..prop, bridging
coordination occurs when Av <Avnaprop, While monodentate coordination appears when Av
>>AVNa-prop-
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Fig. 3.1: Chemical characterization of the Y metalorganic precursor. (a) Infrared spectra and (b) XRD of the
YProps film and powder initial product.

Found (E ted
Compound ound (Expected)

wt%C wt%H
YAc; (anhydrous) (27.09) (3.41)
YProps (anhydrous) 34.36 (35.08) 4.59 (4.91)
B (02, 600°C) 0.98 -
D’ (N2, 600°C) - -
F (vacuum, 500°C) 9.69 -

Table 3.1: Elemental analysis of the Y precursors. Initial compounds and decomposition products of YProps
are reported. (-) values inferior to detection limits.

Nasui et al [36] obtained Av=135 cm-, which was assigned to a mixed structure of
chelating and bridging. From XRD, Martynova et al [105] found three different coordination
modes for the carboxylate ligands in YPropz monohydrate: tridentate chelating-bridging,
bidentate chelating and bidentate bridging, reporting a splitting of v,s(CO0-) and vs(COO-) in three
bands that can be assigned to these different structural functions of the ligand. In this work, the
shape of vas(COO-) and vs(COO-) of the dry salt does not show a clear splitting, but different
coordination modes that are compatible with the results of Nasui and Martynova are nevertheless
present. In fact, from the FTIR spectra of our dry YProps films (Fig. 3.1a), Av=125 cm-!, suggesting
the presence of a bidentate chelating coordination mixed with some bridging coordination.

[t is important to note that the modes of the carboxylate binding depend on the presence
of crystallization water (see inset in Fig. 3.1a) but, since decomposition is not coupled to
dehydration, once dehydration is completed, the evolution of the decomposition of the propionate
should be independent of the initial structure and water amount.
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3.1.2 Dehydration and solvent evaporation

The decomposition as a function of temperature, for films deposited on LAO substrates,
was monitored by TG (Fig. 3.2) coupled to EGA-FTIR and EGA-MS.

For films, the first mass loss starts during the drying stage at 80°C and corresponds to
water and propionic acid evaporation; it is also observed by TG for thick films until 150°C. This is
expected since solvent removal depends on time and film thickness; in fact, the boiling point for
the acid is relatively high (140°C) and the remaining powder is very hygroscopic. Thus, between
drying stage and TG experiment, atmospheric water may be absorbed.
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A film, hum.O,

D' powder, N,

DSC [mW/mg]

200 300 400 500
Temperature [°C]

Fig. 3.2: TG-DSC analysis relative to YProps decomposition. Effect of atmosphere and sample layout on (a)
TG curves and (b) DSC signal at 5K/min.

3.1.3 Thermal decomposition at atmospheric pressure: organic ligand

It has long been established that in inert atmosphere salts of carboxylic acids thermally
decompose to yield CO; and symmetrical ketones as major products [33,34], following a free-
radical reaction [107-109]. The same volatiles where observed by Grivel [32] for the thermal
decomposition of YProps in Ar, proposing the reaction scheme a (radical) shown in Fig. 3.3: the
mechanism results in a single dTG peak and an oxycarbonate intermediate that then yields yttria.
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Fig. 3.3: Proposed reaction scheme for YProps decomposition.

In agreement with this scenario, for YProps powder in inert atmosphere (both N and Ar,
Fig. 3.4D’) we observe a single-step reaction around 355°C where the main volatiles are 3-
pentanone and CO; (by EGA-FTIR and EGA-MS), and it is in agreement with the presence of an
endothermic peak in the DSC signal (Fig. 3.2) at 355°C that is consistent with the formation of
radicals. Thus, in inert conditions, the homolytic cleavage of the molecule and the recombination
of the acyl and alkyl radicals would result in the formation of the symmetrical ketone 3-pentanone.

However, when the same compound was studied in inert conditions but after deposition
on a substrate, the volatiles identified by IR are mainly propionic acid, along with the symmetrical
ketone (Fig. 3.4C). Since both powder and film are obtained from the same solution, this difference
can be attributed to the fact that films are much more sensitive to residual atmospheres than
powders [23,110]. The effect of the residual oxygen was confirmed by increasing the flow of
nitrogen in the TG; the higher the nitrogen flow, the higher the amount of 3-pentanone and the
smaller the formation of propionic acid. Conversely, in a humid oxygen atmosphere, Fig. 3.4A, we
observe that 1) the peak related to propionic acid is more prominent while 3-pentanone is no
longer observed; 2) the evolution of propionic acid is shifted to lower temperatures and 3) the
single step process in inert atmosphere becomes a two-step decomposition with splitting of the
DTG signal into two peaks. IR analysis of volatiles shows that the first step is related mainly to the
formation of propionic acid while the second step to CO; and acetaldehyde. The same behavior is
observed with a flow of dry oxygen, although in this case the relative prominence of the first step
is less significant than in the case of a humid atmosphere (Fig. 3.4B, 2-um film), and, for thicker
films (~4pum, Fig. 3.4B), the splitting is only evident in humid O, suggesting that water vapor
favors the removal of the propionate groups as acid.

Since in the presence of oxygen degradative oxidation is likely to take place, for films in a
dry 02 atmosphere decomposition can be triggered by the oxidation of the propionate groups to
acetaldehyde, CO; and propionic acid to produce the reaction scheme shown in § (Hydrolysis +
oxidation) of Fig. 3.3. This is in agreement with the volatiles observed and the DSC signal in Fig.
3.2 which is nolonger endothermic. Clearly, in humid O;and humid N (not shown), the formation
of propionic acid independent from acetaldehyde and CO; is due to the occurrence of mechanism
B* in water vapor and low temperatures. However, 8* does not reach completion in humid O; or
in humid N; because, at higher temperatures, it is interrupted by the occurrence of § and «,
respectively.
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Fig. 3.4: EGA analysis of YProps at 5K/min. Films and powders are shown in different atmospheres.
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Finally, in dry N> (C) and relatively thick films, 3-pentanone formation was observed with
propionic acid and thus B and a (favored by the presence of residual O and water vapor in the TG
furnace) are competing, given the impossibility of creating a fully inert atmosphere in thin films
[26,110].

3.1.4 Thermal decomposition at atmospheric pressure: oxycarbonate

Both paths, @ and , lead to the formation of an oxycarbonate (expected relative final mass
~ 44%): quenches of the solid residue in Fig. 3.5 at around 52% in relative mass show the
disappearance of CHy groups with the increase of the COO- stretching bands. From literature,
yttrium carbonate decomposes to form yttrium oxycarbonates between 350 and 470°C[111,112].
Y.0,CO03 is stable up to 470°C and decomposes in a single step to form yttrium oxide between 500
and 600°C [113,114]. From Fig. 3.4A we observe a peak in the evolution of CO, around 440°C for
films in humid oxygen that can be attributed to the decomposition of Y,0,COs. Indeed, the
observed mass loss and the FTIR spectra in Fig 3.5 confirm this conclusion. Conversely, for films
in nitrogen (Fig. 3.4C), we observe that the decomposition is completed at a higher temperature
(470°C) and two peaks related to the evolution of CO; are observed. This stage is much slower and
gradual compared to experiments performed on films in O,. The formation of CO, at higher
temperatures is the result of the removal of carbon rich residues, which occurs through reaction
with oxygen. Therefore, the more inert the atmosphere (and the longer CO out-diffusion path
going from films to powder), the higher the final decomposition temperature. In fact, for the
powder sample in nitrogen, the decomposition of the oxycarbonate is shifted to even higher
temperatures (540°C, Fig. 3.4D’), and the sample quenched at a relative mass of 50% (380°C), is
greyish, in agreement with the presence of some elemental carbon. On the other hand, quenches
of the corresponding film in oxygen were white at both 50% and 41% in relative mass.

These facts account for the different final decomposition temperatures reported in
the literature. For instance, despite the fact that the XRD pattern shows the formation of Y,0z at
600°C (Fig. 3.5), the FTIR of the solid residue shows that decomposition is not fully completed at
600°C for both powder and film; complete removal of COO- bands in the range 1400-1500 cm-! is
only observed after heating up to 1200°C. Additionally, given the fact that, for films, more than
one CO; peak is detected by EGA-FTIR, it is possible that, prior to the oxycarbonate, the
decomposition passes through Y,(CO3)3 and Y20(CO3)a.
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Fig. 3.5: Chemical characterization of the solid residue during YProps decomposition. FTIR and XRD analysis
from decomposition at 5K/min in different atmospheres. Percentages are expressed as (my/m;)%.

3.1.5 Vacuum and inert decomposition

Unlike the TG results previously discussed, when the decomposition is carried out in
vacuum (Fig. 3.4E,F), the final product is no longer white but black. Although a black Y,03 has been
reported to form at low PO due to oxygen substoichiometry [115], we can notice that elemental
analysis (Table 3.1) shows that a significant amount of carbon is still present at 500°C. This carbon
could be attributed to elemental carbon (from disproportionation of CO) or a carbonate (expected
~10%C). Additionally, Fig. 3.5F shows that at 600°C the Y-O FTIR band at 560 cm-! is missing,
while the contribution of broad bands in the conjugated carbonyl region is much more significant
for experiments performed in vacuum (Fig. 3.5F) than in experiments performed at atmospheric
pressure in oxidative, Fig. 3.54, or inert atmosphere, Fig. 3.5D".

The decomposition of the propionate in vacuum (Fig. 3.4E,F) produces also 3-pentanone
(m/z= 57, 29, 86) and CO, (m/z= 44), along with C,H, fragments of m/z=29 [C;Hs], 28 (CO or
[C2H4]), 27 [C2H3], 26 [C2Hz] (not shown). Compared with E, in the highest vacuum (F) we notice a
higher abundance of m/z= 29,28,27 with respect to 3-pentanone. Formation of CO instead of CO,
would account for the greater COO- content in the product, while C;Hs formation in turn would
explain the excess of m/z=29 and the presence of m/z=43, upon recombination to give butane
(m/z= 43,29,28,27). Finally, in vacuum, radicals tend to survive longer due to a larger free path
between collisions, and they may undergo further fragmentation (instead of recombining to form
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3-pentanone or butane), explaining the excess of fragments m/z=29 to 26, and water. All these
competing reactions are displayed in a** (Fig. 3.3).

In fact, when some oxygen is introduced (Fig. 3.4E), the amount of fragments m/z=26 to
29 decreases along with water. Reaction scheme « is favored with respect to carbonization,
although not enough to remove all carbon and the final compound is still black, but its FTIR shows
a small contribution from the characteristic Y,03; band at 560 cm-! (not shown).

Finally, at atmospheric pressure of argon (Fig. 3.4D") we observe some carbonization. In
fact, although the final product is Y,03 (white), the quench at 52% (Fig. 3.5D’) is slightly grey and
EGA-MS shows unexpected amounts of fragments of m/z=27, 28, 29. Thus, in D’, a** competes
with a, but the residual carbon is oxidized to CO (also detected by EGA-FTIR) and COg, in
correspondence of a gradual decrease of the TG curve between 400-500°C (Fig. 3.2D’) and, in
agreement with literature, only 3-pentanone and CO; are detected by EGA-FTIR, thus a dominates
over o**,

3.1.6 Films versus powders

It is important to stress that, due to gas diffusion, films decompose differently than
powders, in a given atmosphere. In fact, the decomposition process of Y(CH3CH2CO>)s for films
starts earlier (150°C versus 250°C for powders, Fig. 3.2) but stretches over a wider range of
temperatures. As illustrated in Fig. 3.6, decomposition shifts to higher temperature as the film
thickness increases. The effect seems to be bigger for the step at low temperature, indicating that
the thinner the film, the earlier the evolution of propionic acid (shifted by 20°C to lower
temperatures when nominal thickness is reduced from 4.8 um to 0.5 pum). Similarly, for powders
deposited on LAO, the decomposition temperature decreases when the particles size is reduced
from 500 pm to a few pm (by grounding).

Powder/pan:
2mg

“=——13mg
Films:

80 05pm/’/
2.6ym

604

Mass [%]

404 5K/min, humid 0,

LN

100 200 300 400 500
Temperature [°C]

Fig. 3.6: TG analysis of YProps as a function of sample geometry. Films and powders with different thickness
and mass, respectively, are compared.
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Since the kinetics of the B reaction scheme is limited by oxygen and water diffusion, the
large surface to volume ratio of films makes gas renewal next to the surface much more efficient,
favoring this mechanism. For this reason, in films with humid or oxidative atmosphere, only
propionic acid is detected, but no 3-pentanone. Route a is not seen until the thickness approaches
a few microns (=5 pm) for experiments at atmospheric pressure in Ny, and for very thin films only
in experiments performed in vacuum. On the other hand, keeping the mass constant (nominal
thickness 4.4 pm), the decomposition seems to be accelerated in this order: humid O, > dry O, >
nitrogen/vacuum (Fig. 3.2a). This is in agreement with the fact that the formation of the radicals,
path a, requires higher temperatures as compared with hydrolysis and oxidation of the molecule.

In powders, due to the slow intra-particle oxygen transport [23], the local atmosphere
near particles is almost inert and process $ shifts to higher temperatures. This shift of process 8
favors the occurrence of a, to the point that in N, 8 is almost suppressed; we observe a long
plateau before decomposition starts and the volatiles observed correspond to route « (Fig. 3.7D").
As a confirmation, we enhance the inter-particle oxygen transport by spreading particles on a
substrate instead of placing them inside a crucible, and we observe in oxygen the same behavior
as in films: formation of propionic acid instead of 3-pentanone (Fig. 3.7B’).

The formation of a local inert atmosphere would explain why Nasui et al. [36] reported
the presence of ketones by MS instead of propionic acid when the powder sample was
decomposed in air. In fact, for powders inside a crucible we observe slight differences between
the volatiles formed in oxidizing or inert atmosphere but in all cases ketones and CO; are the main
volatiles (Fig. 3.7C’, D’). However, while in inert conditions most radicals rearrange as 3-
pentanone, the presence of oxygen (C’, and C in smaller amount due to the sensitivity of the film
to residual O;) may oxidize some, resulting in the formation of 2-butanone (reaction scheme a*)
along with the symmetric ketone. In fact, 1) EGA-MS shows the presence of the characteristic
fragments of 2-butanone (m/z=43, 72) well separated from those of 3-pentanone (m/z=57, 86);
2) additionally the ratio of fragments 43 /57 increases by one order of magnitude going from inert
to oxidizing atmosphere (from F,E,D’ to C’), while the 57 /86 ratio remains constant; 3) lastly, EGA-
FTIR, besides being in agreement with the presence of 2-butanone (Fig. 3.7C’), shows formation
of CO and H;0 in C’' (as expected in a*), and their contribution decreases with decreasing O,
content in the atmosphere (going from C’ to D’ in Fig. 3.7). Finally, small amounts of propionic acid
and acetaldehyde are also detected by MS and IR at the beginning of decomposition in oxygen, as
a consequence of the occurrence of reaction scheme f at the particles’ surface.

Therefore, the significant increase of fragment m/z=43 in the presence of an oxygen
atmosphere can be attributed to the oxidation of the C;Hs fragment of the ligand to produce
acetaldehyde (A and B), and to yield 2-butanone upon recombination of CH3C=0- and C;Hs-
according to a* (in C’ where radicals are formed). On the other hand, in the absence of oxygen,
upon simple recombination without oxidation of the radicals, butane could be formed (in E, F).
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Fig. 3.7: EGA analysis of YProps at 10K/min. (a@) Evolution of the volatiles varying atmosphere and sample
geometry and (b) Infrared spectra at the decomposition peak of the corresponding EGA experiment in (a).

3.1.7 Thermal explosion

From Fig. 3.6, it is apparent that when the powder mass in a humid oxygen atmosphere
reaches a critical value, the TG curve no longer exhibits a smooth evolution but shows a
discontinuity in its derivative followed by a very abrupt mass loss and the differential thermal
analysis curve exhibits a very sharp exothermic peak; these two features (not observed in N;) are
characteristic of a thermal runaway [23,116-118]. When a thermal runaway occurs, the reaction
becomes locally unstable; it reaches a high temperature state and accelerates enormously so that
itis virtually adiabatic (all the heat released by the reaction contributes to the sample temperature
increase) [119-123].

From the physical parameters of Y(C2HsCO2)s (Table 3.2) we calculated the critical film
thickness (H..) at which a thermal runaway would happen for the sample in the form of film in
humid O, and the critical mass (m,) for which thermal explosion would occur in the case of
powders in humid O; inside a 70-ul alumina pan (finite cylinder geometry, diameter of 4.95 mm)
according to the equations laid out in Materials and Methods [90].
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Knowing the aforementioned parameters, from equation 2.5, the critical thickness above
which combustion would occur for a YProps thin film is 937 pum at a heating rate of 5K/min, which
means that for films a thermal explosion is impossible to reach [90,124]. This can be explained
thanks to the greater surface of the substrate, which helps dissipating the heat, preventing
combustion from occurring. On the other hand, from equation 2.9 and 2.10, the sample critical
mass for Y-Props was found to be around 13 mg for a heating rate of 5K/min. This is in agreement
with the evolution of the TG curve with the sample mass shown in Fig. 3.6, where, for a 13-mg
sample, we observe the characteristic sharp mass loss related to a thermal runaway.

Physical parameter unit value
Specific heat capacity, ¢ [J/(kg-K] 1247 (180°C)
Activation Energy, Ea [k]/mol] 83.46
Pre-exponential Constant, A [s1] 4.6x105
Enthalpy of Reaction, q [J/kg] 4.26x106
Apparent Density, p [kg/m3l] 630
Thermal Conductivity, A [W/(m-K)] 0.06

Table 3.2: Physical parameters of Y(C;HsCO,)s. The values are calculated as described in Chap. 2.

3.1.8 Discussion

The thermal decomposition of yttrium propionate was shown to be sensitive to both the
nominal furnace atmosphere and the sample geometry.

Overall, based on the furnace atmosphere, several reaction paths can be identified which,
after an intermediate oxycarbonate, lead to the same decomposition product (Y.03) but different
volatiles. At low temperatures, humid atmospheres induce hydrolysis of the propionate ligand to
generate the corresponding acid (propionic acid). In a dry O, atmosphere, a slightly higher
temperature is required for the oxidative degradation of the organic ligand to take place,
producing smaller molecules (CO>, acetaldehyde, propionic acid). Finally, in inert atmospheres,
the salt is stable until higher temperatures, which eventually promote decomposition through the
radical reaction path.

The fact that a humid atmosphere promotes YPropz thermal decomposition at low
temperatures is very significative for CSD methods. Decomposition of the organic material needs
to be carried out at low temperatures to avoid excess phase coarsening which can be detrimental
for the YBCO growth. In fact, it justifies the use of humid O, during the pyrolysis of the
metalorganic solution studied in this thesis.

The presence of an intermediate oxycarbonate (Y20:C03) before formation of the oxide
can explain why the hydrolysis-based reaction path cannot consume all propionate units in
Y2Props to produce the Y,03 oxide. As we will see in the following sub-chapters (3.2 and 3.3), the
extent of the hydrolysis path depends on the metalorganic salt and its ability to form directly the
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corresponding oxide without intermediate carbonate/oxycarbonates/oxalates or other M-COx
containing phases.

Finally, the thermal decomposition of YProps is significantly affected by the sample
geometry: films and powders exhibit different kinetics and decomposition routes. Due to the local
gas (02) depletion in the inter-particles voids of powders, the local atmosphere in the bulk is
almost inert; thus, powders are considerably more stable than the corresponding films in the
same atmospheres, and tend to decompose following the high-temperature radical path. In fact,
this path is observed even in a nominal O, atmosphere, next to the oxidative one.

Conversely films decompose earlier than powders in the same atmosphere, due to the fast
gas renewal at their surface, which makes H,0 vapor/0: locally available to promote the low-
temperature decomposition paths (hydrolysis and oxidation). In fact, hydrolysis and oxidation
take place even in inert atmosphere in films, next to the radical paths, due to the high sensitivity
to the local atmosphere which contains residual air (H20 vapor/0,).

For the same geometrical reasons, the high surface/volume ratio induces a fast heat
dissipation, and thus combustion is never observed in YProps films, while it occurs in powders.

These results support the idea that it is of the utmost importance to analyze films in order
to disclose the actual phenomena occurring during the pyrolysis of YBCO precursor films.

3.2 Thermal decomposition of copper propionate

This section will continue with the study of the single-component solution based on the
copper precursor; the same analytical techniques as the previous section will be applied to
identify the reaction volatiles and solid products in order to understand the thermal behavior of
the copper propionate salt in the same general conditions of atmospheres and sample geometry.
[t will be shown that similar reaction routes as for the decomposition of YProps, namely hydrolysis
and oxidation, are at play but with different relative importance. Additionally, a third reaction
route, copper reduction, takes place. This difference between those two classes of metal
propionates will be discussed in terms of the role of the metal ion in the decomposition
mechanism. As a further proof, the possible decomposition routes will be supported by
computational calculations.

3.2.1 Characterization of the initial product

In excess propionic acid, acetate groups are replaced by propionates. In fact, the elemental
analysis results of the dry salt are in good agreement with the expected values for CuProp; (Table
3.3), and with the EA results of CuProp; obtained from an acetate-free solution (by reacting CuCO3
in excess propionic acid). Additionally, the FTIR spectrum of the film displayed in Fig. 3.8
coincides with the reported assignments in [125]. The single-crystal analysis (not shown)
performed on our single-crystal corresponds to the anhydrous CuProp, database structure (CCDC
1133510) [126], which consists of Cu dimers connected by bridging carboxylate ligands. Since the
XRD powder-diffraction curve of the ground crystal coincides with that of our films (Fig. 3.8,
inset), this structure (CCDC 1133510) was used later on for ab-initio calculations. In fact, our films’
magnetic behavior (Fig. 3.9) is as expected for binuclear copper complexes where an
antiferromagnetic super-exchange interaction exists between the Cu(Il) atoms [49,127,128] due
to bridging ligands, and which is responsible for the lower magnetic moment, L, in CuProp:
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crystalline powders with respect to Cu(II) compounds in aqueous solutions (exp. range of 1.9-2.2
ug) [129,130]. In fact, by comparing the distance between the asymmetric and symmetric
stretching band of the carboxylate bond [35,106] [Av= v,5(CO0-) - vs(COO-)] of our CuProp, with
those of other carboxylates from literature, our Av=165 cm-! value suggests a bridging ligand
coordination [131,132].

Coordination water is expected to change the structure, but the OH stretching band of
water does not increase significantly over time, indicating that CuProp; is not very hygroscopic.
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Fig. 3.8: Chemical characterization of the Cu metalorganic precursor. IR (assignments according to [125])
and (inset) XRD pattern of CuProp; as film after drying.

Compound Found (Expected), mass %

wt%C wt%H
CuProp; from CuAc; 33.71 (34.37) 4.29 (4.81)
CuProp; from CuCOs3 33.86 (34.37) 4.38 (4.81)
A (Film, hum 0, 210°C) 4.70 0.38
A (Film, hum 02, 500°C) - -
D (Film, dry N2, 230°C) 4.85 1.32
D (Film, dry N2,500°C) - -
D’ (Powder, dry N»,500°C) 3.56 -

Table 3.3: Elemental Analysis of the Cu precursors. Initial compounds and decomposition products are
shown. (-) values inferior to detection limits.
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Fig. 3.9: Magnetic characterization from decomposition of CuProp,. Molar susceptibility (x) as a function of
temperature for initial (CuProp;) and final product (CuO) and for films quenched at a given mg/m; %. The
small peak between 50-55K can be attributed to O; traces on the sample surface during measurements, and
it is independent of the sample properties.

3.2.2 Thermal decomposition of CuProp, at atmospheric pressure in films

During sample preparation, no water uptake is observed after drying the film at 95°C
Therefore, no dehydration is observed in the thermogravimetric analysis and DSC (Fig. 3.10a and
b, respectively); the first mass loss step corresponds to the ligand decomposition. The main
volatiles evolved during this step are identified in the TG-FTIR spectra in Fig. 3.11 and their
detailed evolution as a function of atmosphere and temperature is shown in Fig. 3.12.

The general decomposition mechanism for films involves two stages (labeled as [ and Il in
Fig. 3.10a) to yield CuO at 500°C (Fig. 3.13a exp. A,C,D). Most of the mass loss (92%) takes place
during the first stage and involves formation of propionic acid (Fig. 3.11). From Fig. 3.10a, the first
stage is not influenced by the presence of O but it is accelerated by the presence of a humid
atmosphere, and in fact step [ in A (humid 0;) and B (humid N3) ends at 190°C, whereas it ends
10°C above in C (dry 0z) and D (dry N). Therefore, H,O vapor shifts the TG curve to low
temperatures because it favors the hydrolysis of the salt through reaction scheme a (Table 3.4);
this shift is enhanced for thinner films, indicating water vapor diffusion to be the reaction-rate
limiting mechanism. So, for instance, in humid O, CuProp, XRD reflections disappear and CuO
crystalizes between 185 and 210°C (Fig. 3.13b, A). Conversely, in dry N3, CuO crystallization is
delayed to 195°C-215°C (Fig. 3.13b, D). For any atmosphere, a change in the CuProp; structure is
observed during its decomposition as Avcoo- decreases from 165 to 125 cm-! (Fig. 3.14). Similarly,
the molar magnetic susceptibility at different decomposition stages (Fig. 3.9) shows that the
antiferromagnetic interactions decrease with increasing paramagnetic Cu(II) contribution,
probably due to the breaking of the copper(II) carboxylate dimers [133].

After the first stage, a plateau in the TG curve is observed at m¢/mi=42% (200-230°C),
corresponding to an intermediate product with a change of decomposition mechanism. The films
quenched at ~200-230°C are dark, and in all atmospheres, their FTIR absorptions (Fig. 3.14A and
3.14D) show the presence of residual carboxylate and copper oxide (bands below 500 cm-1), with
a high Cu/propionate ratio (combining EA and TG results: Cu12014C3H4), and a lower carbon
content (Table 3.3) than the theoretical value for copper carbonates (6-10%)[134]. This harder-
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to-decompose intermediate may suggest the formation of CuO clusters stabilized by the remaining
propionates, similarly to the way nanoparticles have been reported to form from solvent-less
routes [135], although usually synthesized through wet chemistry [136,137]. This intermediate
later decomposes producing mostly acetaldehyde (from oxidation of C;Hs fragments of the ligand)
and COx.
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Fig. 3.10: TG-DSC analysis from decomposition of CuProp.. (@) TG curves at 5K/min and (b) corresponding
DSC signal normalized by the initial sample mass. For a quantitative DSC analysis, see Table 2.

This second decomposition stage is accelerated by oxygen and it is not affected by
humidity (see Fig. 3.10): in oxygen, decomposition occurs at 220°C (solid lines in Fig. 3.10, A and
C), whereas without oxygen, B and D, it is delayed to 240 and 260°C, respectively (dashed lines in
Fig. 3.10; this stage occurs at even higher temperatures in more inert atmosphere). Apparently,
stage Il involves oxidation because the mass-loss step is accompanied by an exothermic DSC peak
(Fig. 3.10b). This is in agreement with reaction scheme 3 (Table 3.4). Except for the experiment
in dry N; (D), the sample mass is quite stable beyond 260°C. Furthermore, in all films at 500°C,
XRD analysis reveals only the presence of CuO (Fig. 3.13a, A), and EA (Table 3.3) confirms that
neither carbon nor hydrogen is left.
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Only in the case of dry N, this second step coincides with Cu(II)O reduction to Cu(I).0
(Fig. 3.13b, D) upon CO; evolution (Fig. 3.12D) at 260°C. The fact that Cu(I) is obtained out of the
Cu(I)-Cu(I) thermodynamic equilibrium conditions suggests a redox reaction between the
remaining carbon (4 wt% in Table 3.3) and CuO. In fact, a sample heated in humid O; and
quenched before the Il stage begins, experiences CuO reduction (like in D) when heated in
vacuum, releasing CO; and CO (not shown). However, by 350°C, given the high sensibility of films
to residual oxygen, the Cu;0 film is oxidized again to CuO (Fig. 3.13a, D), and at 500°C no carbon
and hydrogen are left (Table 3.3). Finally, note that the presence of water vapor (B, humid N) is
enough to prevent this reduction.

To further confirm these decomposition reactions and exclude any possible influence of
remaining acetate ligands, the decomposition of a powder obtained from an acetate-free
precursor solution (CuCOszin excess propionic acid) was studied as a comparison, spread on a LAO
substrate to approach the conditions of experiment A. The decomposition temperatures were
very similar and the volatiles were the same as in exp. A, confirming that the reaction schemes
proposed are the expected ones for the decomposition of CuProps.
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Fig. 3.12: TG-EGA analysis of CuProp, decomposition at 5K/min. As in Fig. 3.11, the transmittance is

normalized by the Cu moles responsible for the IR signal at each step, to emphasize the relative importance
of a volatile. m/z=44 was also detected in D’ but is not shown for clarity.
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3.2.3 Thermal decomposition of CuProp; at atmospheric pressure in powders

For “bulk” CuProp. powder (m; of tens of mg), the residual water vapor in nominally dry
02 (C’) and N (D’) atmospheres has no effect on decomposition and, consequently, powders
decompose at much higher temperatures (* 250°C, Fig. 3.10a) than films.

In dry N, (D’), decomposition is endothermic (Fig. 3.10b), which is consistent with the
reduction of copper (like in process y of Table 3.4). XRD and FTIR measurements (see Fig. 3.13b
and Fig. 3.14D’, respectively) on samples quenched at ~250-265°C, around the mass derivative
discontinuity, indeed reveal the formation of Cu;0; just after quenching from 265°C, a fraction of
the sample is liquid, and green portions emerge as it quickly solidifies, resulting in an XRD peak
at 20=6.5 (A in Fig. 3.13b, D’, 260°C) and new C=0 FTIR bands (A in Fig. 3.14D’) at 1740 cm-L. In
fact, the sample mass loss at this temperature (65% m¢/m;) is in agreement with Cu(I)Prop
formation, but the XRD peak at low angles might suggest its oxidation to a basic copper propionate
[138] during cooling, after coming into contact with atmospheric air. The volatiles consist of CO>,
acetaldehyde and propionicacid. Finally, the product at 500°C consists of Cu and Cu0 (Fig. 3.13a),
and a significant 3 wt% of carbon residues (Table 3.3, D’). This is probably due to the very inert
local atmosphere when compared to the film (experiment D). This was also observed for other
copper compounds (with long alkyl chains) in N; at 500°C [139].

Indry O, (C’), the reactive atmosphere displaces decomposition to lower temperature (Fig.
3.10a) but it does not impede Cu reduction. In fact, the final abrupt mass-loss step observed at
250°C in the TG curve (and sharp exothermic peak in the DSC curve) is a clear signature of
combustion, and in such a fast reaction mode complete oxidation is usually not possible [90]. After
combustion, the sample mass reaches a minimum below the expected mass for the formation of
CuO, but the subsequent mass increase (and the final black color) shows that it is then oxidized
again to the expected CuO final product. The very fast transformation rates reached under the
combustion result in a decomposition in inert conditions, oxygen has no time to diffuse, so
eventually copper is reduced.
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Fig. 3.13: XRD analysis of the solid residue during CuProp, decomposition. The silicon peak corresponds to
the sample holder.
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3.2.4 Thermal decomposition of CuProp: in film and powder at low pressure

Atlow pressure (experiment E), volatilization of the film occurs: the substrate is left with
a blackish color, consistent with both copper oxide residues and elemental carbon, but the mass
loss is close to 99%, and XRD analysis could not detect anything. A blue compound is found on the
cold parts of the quartz tube which by FTIR and XRD analysis is revealed to be similar to
Cu(I)Prop2. Volatilization of Cu(II)Propz occurs simultaneously with decomposition, since EGA-
MS (Fig. 3.15E) detects a small amount of volatiles, mainly related to propionic acid (m/z=74, 45,
29, 28, 27). Volatilization of copper propanoate was already observed by [125] above 167°C in
vacuum, and it is consistent with a series of findings, for example that volatile binuclear Copper(I)
carboxylates are among the decomposition products of Cu(ll) carboxylates [140], and with the
general strong tendency of copper complexes of even longer chains to sublimate at low pressure
[141,142].

On the other hand, when the powder is heated in vacuum to 500°C (E’, E”), at 10-25°C/min
instead of 5°C/min, the sample decomposes between 150 and 300°C, yielding Cu(0). However, the
crucible is almost empty, while the sample chamber has turned pink. Unlike E, where no m/z=44
is detected, the main fragments coming from the gas species are m/z=29,28,27 (C;Hy), 44 (CO2)
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and 45 (COOH), which could be in agreement with propionic acid (m/z=29,28,27,45),
acetaldehyde (m/z=29,44) and COfound by TG-MS-FTIR experiments (Fig. 3.12D’). In E’, the first
peak at 240°C follows scheme a and is due to residual water, as the water signal points inward
(m/z=18). The CO; peak at 260°C is due to copper oxide’s reduction to Cu(0) by elemental carbon,
just like in D. Increasing mass and heating rate in E”, decomposition proceeds according toy as in
D’. Thus, E’-E” can be the consequence of pushing experiment D-D’ to very low O partial
pressures, where only metallic copper is formed.

100 200 300 400 500
8E-8

L 1 L 1 L 1 L
Powder, vacuum E"  25K/min

EGA signal

EGA signal

100 200 300 400 500
Temperature [°C]

Fig. 3.15: EGA-MS of CuProp, decomposition in vacuum. Different conditions of sample mass and heating
rate are shown.

3.2.5 Thermochemistry calculations

As a further confirmation of the reactions proposed in Table 3.4, the experimental
enthalpies of reaction for film and powder decomposition obtained from DSC (Fig. 3.10b) were
compared with the theoretical values of electronic energy for the same reactions.

Hydrolysis (a) is predicted to be slightly endothermic, as observed for stage I in all
experiments in film (A, B, C, D). This assignation is especially significant for the experiments in
nominally dry atmosphere (C - Oz and D - N3), because it leads to the conclusion that residual
humidity is enough to sustain this reaction.
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Oxidation of the organic ligand (B) is exothermic and can occur at different degrees: thus,
stage Il in films in Oz (A -humid, C -dry) is attributed to oxidation to acetaldehyde (entry iii and iv,
in agreement with the detected volatiles) and its exothermicity decreases from C to A to B (humid
N;) as the degree of oxidation goes from iv, to iii to ii. D (dry N;) represents an intermediate
situation between films in 02 and powders in N3, since only partial reduction to Cuz0 occurs as the
residual propionate decomposes in Stage II (y). The latter (slightly endothermic) triggers the
reduction of the CuO formed from stage I at the expenses of a stronger oxidation of the remaining
organic ligand (probably to CO, and H20) according to viii-x (slightly exothermic), and combined
they could explain why stage Il is not accompanied by a relevant DSC peak (Fig. 3.10b).

Concerning powder in N; (D’), the predicted slight endothermic character of the reduction
reaction (vi of y) is confirmed by experiment. In dry O (C’), the heat evolved is lower than in films
(A, C) indicating a lower degree of ligand oxidation () due to local O, depletion as reaction gases
evolve [90], and as y compete with . This fact does not impede combustion occurring at the end
of decomposition because, in contrast with the good thermal contact with the substrate for films,
heat dissipation is much less efficient for powder [90].

A-E A, H exp
Reaction scheme Reaction (VASP/PBE) [KZa ! /mo})
[Kcal/mol)
19 (A, film, stage I)
i CuPropz + H20 & CuO + 2C2HsCOH Hy d[r;’;y S1 22.1 i; [Ug ffilllrr:, Ziz*‘éi II))
18 (D, stage I)
ii CuPropz+ 02> CH3CHO + C2HsCOz2H + CO2+ CuO  Oxidation -49.5 -80 (B, film, stage 1I)
i CuPropz + 202 = 2CH3;CHO + H20 + 2CO2 + CuO B) -121.1 -240 (A, film, stage
iv CuPropz +9/202 2 CH3CHO + 3H20 + 4COz + CuO -364.5 I1)
-380 (C, film, stage
v CuPropz + 702 = 6COz + 5H20 + CuO Full -607.9 1
oxidation -170 (C’, powder,
02)
vi CuPropz = CO + CH3CHO + C2HsCO:H + Cu Reduction 48.6 19 (D', powder, N2)
vii CO + 1502 > CO; ) (-67.6%) 33 (powder, Ar)
viii 2C0 > C +CO2 (-41.2%)
ix C+ 02> CO: (-94.0%)
x CuO+ % C - % Cuz0 + %4C0: (-6.1%) <0 (D, film stage II)

Table 3.4: Decomposition enthalpies of CuProp,. Experimental enthalpy of decomposition (A,.-H exp) and
calculated electronic energy of reaction (A, E) for possible decomposition paths of CuProp,. (+) for
endothermic and (-) for exothermic reactions. *literature values of A,.H. experimental values are normalized
by the CuProp, mass that decomposes at the DSC step, which is calculated from TG curves. Thus, for all films
except the case of dry N2 (D), stage Il is normalized by the amount of remaining CuProp,, undecomposed
from stage I. In the specific case of D, Stage Il is normalized by the amount of CuO formed after stage | and
that undergoes reduction to Cu,0. Comparison with the theoretical values is meant to show which reaction
scheme contributes the most to decomposition.
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3.2.6 Discussion

CuProp, decomposition kinetics depends on the geometry (film or powder) and the
furnace atmosphere. A humid atmosphere triggers decomposition at lower temperature (Fig. 3.9)
in films, promoting the hydrolysis (a) of the salt, and this shift is helped by reduced thickness.
Films are so sensitive to humidity that the residual water vapor in nominally dry conditions (C
and D) has a similar effect. Conversely, sensitivity to residual humidity or O is lost for powders,
which decompose at a much higher temperature. In fact, in bulk form, attention has to be paid to
the local atmosphere created at the interparticle voids during decomposition [23,26]. This
phenomenon results in inert or even reducing local conditions leading to similar behavior for
powders in Nz and in Oz: Cu(II) reduction (path y) even in nominally pure O (C’), and to a higher
difficulty for carbon removal. Anyway, the nominal atmosphere has an effect on the
decomposition process: combustion occurs in pure O». The difference in behavior between films
and powders found for the particular case of CuProp,, agrees with that of other metal organic salts
[23].

Changing atmosphere affects the final product (Cu versus CuO) rather than the nature of
the volatiles coming from decomposition (which is the case of YProps), which in both inert and
oxidizing atmosphere consist of oxidized forms of the ligand. While in O; this is clearly understood
from the high availability of oxygen, in inert atmosphere it can be explained by the oxidation of
gaseous products contributing to the metal center reduction from Cu(II) to Cu(I) and Cu(0)
according to reaction scheme vy. In fact, step II in D is more delayed than B due to decreasing
oxygen availability (as H20 vapor), but oxidation of residual ligand to CO; can still be pushed by
the Cu0/Cuz0 reduction.

This is in agreement with the hypothesis that [43], in inert conditions, metal ions that
easily undergo redox reactions, like Cu, Ag and Hg, promote the formation of the corresponding
carboxylate acid, while the evolution of ketones is favored by the opposite class of metals (i.e. Y,
Ca..), emphasizing the role of the metal ion in affecting the salt decomposition. This would explain
why metal carboxylates that would normally release ketones, yield an acid in the presence of iron
or copper salts [107,143].

No alkene was found, unlike for the decomposition of even chain Cu/Hg carboxylate
[40,41], suggesting that the chain length may also play a role in the decomposition pathway or
that the decomposition mechanism is a result of the general catalytic activity of copper, resulting
in the oxidation of ethylene to acetaldehyde [144].

Lastly, reducing the pressure from atmospheric to 10-6 bar causes volatilization of the salt
to occur, but at different stages of decomposition, according to the geometry of the sample and
heating rate: the higher the surface to volume ratio (films, E), the faster the volatilization with
respect to decomposition; conversely, at higher heating rates and thicker samples (E”),
decomposition is more significant than volatilization. On the other hand, at atmospheric pressure,
as the mass loss is never below than that of the expected compounds, any significant volatilization
of copper species can be ruled out, until tested thicknesses of 300 nm. Additionally, the presence
of water vapor is expected to prevent volatilization by shifting decomposition to low
temperatures thanks to scheme a. Indeed, the hydrolysis-driven decomposition of the carboxylate
salts, already also found for the YProps case, can explain the advantage of using humid
atmospheres in the framework of CSD-YBCO film pyrolysis; in fact, humidity is critical to reduce
the decomposition temperatures of the thermal treatment.
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3.3 Thermal decomposition of a Barium propionate-acetate salt

This section will conclude the understanding developed on the single-salt YBCO precursor
solutions by analyzing the thermal decomposition of the barium precursor salt. Thermal analysis
and chemical characterization techniques will be applied in the same general framework
developed in the previous two sections, as a function of different sample geometry and furnace
atmospheres. It will be shown that barium acetate and barium propionate follow a similar thermal
behavior as the YProps salt, but that they also constitute a third example of metal propionate
decomposition where only two main reaction paths can be identified: the radical mechanism and
the oxidative degradation. No hydrolysis takes place as a consequence of the fact that the
carbonate and not the oxide is the stable phase after pyrolysis to 600°C.

3.3.1 Characterization of the initial product

The elemental analysis results of the powder obtained from the BaAc; precursor solution
and from an acetate-free (BaCO3) precursor solution are shown in Table 3.5. For the latter, the
values are in agreement with BaProp; formation. Conversely, the product obtained from the BaAc,
solution shows a C and H% inferior to the theoretical value for the full replacement of acetates by
propionates, indicating that some acetate ligands remain in the structure. In fact, the FTIR
spectrum of the dry film in Fig. 3.16 shows the appearance of the -CH; propionate bands, but the
small contribution at 930 and 648 cm-! (C-C stretching and COO deformation [145]) indicates the
presence of acetate groups; the XRD on a single crystal (shown in Fig. 3.16b) confirms the specie
to be a mixed carboxylate with structure Ba;PropgAcs-4H:0, similar to what proposed by [29]. The
carboxylate ligands are bound in bridging fashion to the Ba ions, in agreement with the small
distance between the asymmetric and symmetric stretching of the COO- bond
[100,103,104,131,132]: Av= v4(CO0-) - vs(COO-) = 120.7 cm-L. In particular, three Ba atoms have
coordination number 9 and one Ba 8; the unit cell reported in Fig. 3.16b, shows that Ba(1) is
surrounded by two H,0 molecules, and the majority of the ligands are bidentate bridging, with a
tridentate chelating bridging between Ba(3) and Ba(4).

Found (Expected)

Compound wt%C wt%H
BaProp; (from BaCO3) 25.3 (25.42) 3.5(3.56)
Ba-Prop-Ac (from BaAc,) 23.1 34

A film in hum. O; (600°C) 6.3 (6.09) -

A’ powder in hum. 02 (600°C) 6.4 (6.09) -

Table 3.5. Elemental analysis of the Ba precursors. Initial compounds and some decomposition products are
shown; (-) values inferior to detection limits.

One might expect the ratio propionates/acetates to vary as a function of concentration and
solvents ratio. In fact, decreasing [Ba2+], the acetate contribution is no longer distinguishable by
FTIR; similarly, BaProp: is favored in a solution of only propionic acid. Additionally, the powder-
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diffraction obtained from the single-crystal differs slightly from the powder diffraction pattern of
the dry film (both in Fig.1, inset), indicating different water amount or even different
propionate/acetate ratio between the two, due to the fact that they were generated by different
processes, crystallization versus precipitation (solution deposition), respectively. However, the
FTIR spectrum of the crystal shown in Fig. 3.17 (together with other TA analysis run on single-
crystal which will be discussed later) is very similar to that of the powder sample of Fig. 3.16.

The mixed carboxylate specie (labelled as “Ba-Prop-Ac”) will be the focus of the present
section, and its decomposition will be understood in comparison with “BaProp,” (from now on
indicating the precursor obtained from the BaCOs solution) and “BaAc;” (referring to the
commercial sample).

(a) (b)

1 0 L 1 1 1 1 1 1 1
dry film
—
v(CH) :
0,84 ‘ ;
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Fig. 3.16: Chemical characterization of the Ba metalorganic precursor. (a) Infrared and (inset) XRD analysis
of the phase evolution from decomposition. (b) Unit cell of Ba;PropsAcs-4H,0 from single-crystal XRD
analysis, belonging to the space group P 21/c, monoclinic system with a=13.993 A, b=15.388 A and c=

15.417 A. Hydrogen atoms are not shown for clarity.

75



Pyrolysis studies of the metalorganic precursors - Chapter 3

1 " 1 " 1 " 1 " n 1 1 1 L 1 n 1 " 1 n 1 " 1

100 1 Ba,Prop,Ac,xH,0 crystallization a)l 25°C I b)
98 / g’ 8 270°C
- melting = c
X 2 8 20 [deg]
% 96 | é g 15 20
(2“ Absorbed HZO - O c 27 o725
m 8 © Ml 270C | &
94 4 Ba,Prop,Ac,[- = g
=
10K/min, Alr 4H,0 0.1 mW/mg e * BaAc,
92 T T T T T T + T T T T 1
50 100 150 200 250 4000 3500 3000 2500 2000 1500 1000 500
Temperature [°C] Wavenumber [cm™]

Fig. 3.17: Thermal analyses of a BayPropsAce-4H,0 crystal. (@) thermogravimetric curve of the crystal
showing dehydration (endothermic peaks) followed by recrystallization (exothermic) and melting
(endothermic). Since films are dried before a TG experiment, it is not possible to appreciate dehydration. (b)
corresponding FTIR and XRD analysis (inset), showing that after melting, crystallization occurs.

3.3.2 Powder decomposition

The mass evolution and the DSC curves for the thermal decomposition of Ba-Prop-Acas a
function of the atmosphere are reported in Fig. 3.18a and b, respectively. For comparison, the
evolution of BaProp; and BaAc; in humid O; as film is reported in the same graph.

The dehydration process is briefly illustrated in Fig. 3.17, where water removal can be
fully appreciated from the TA experiment run on a single-crystal, rather than on the film and
powder sample, due to the preparation process of the latter which involves a drying stage.
Interestingly, Fig. 3.17 shows that crystallization water is retained until roughly 200°C. Similarly,
during the drying stage, films and powders are a colorless gel up to 120-190°C (depending on
thickness) due to the fact that propionic acid as well as water are hard to remove.

In inert atmosphere (B’, N;), Ba-Prop-Ac as powder is stable up to 400°C. Before 400°C,
only two small endothermic peaks are observed (Fig. 3.18) at 230°C and 380°C, which indicate
that melting occurred (additionally confirmed by repeating the experiment under visual
observation for the low peak temperature). Although normally two melting peaks are interpreted
as arising from two different phases in the sample, the same two peaks are also observed for the
pure BaProp: (although shifted in temperature, see Fig. 3.18). For a pure substance, this feature
has been explained in terms of recrystallization effects [146], where the first peak is
representative of continuous melting and recrystallization into a different solid phase with higher
melting temperature, and has also been observed for other barium carboxylates [147]. When
performing two consecutive heating ramps up to 280°C, at the second ramp the low-temperature
melting disappears while the one at 380°C remains (see Fig. 3.19). A general shift of the XRD peaks
to lower 20 is observed after heating to 280°C, after dehydration and the first endothermic peak
have taken place. Decomposition starts above 400°C: Ba-Prop-Ac decomposes following the
radical decomposition path that is common in carboxylates [33,34,36,148], releasing symmetrical
ketones to form BaCOs3 (inset in Fig. 3.16) between 450 and 500°C. Among these ketones, the main
volatile is 3-pentanone (C;HsCOC.Hs, Fig. 3.20) coming from the propionate ligands and, in less
extent, acetone (CH3COCH3), coming from the acetate part.
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Fig. 3.18: TG-DSC analysis for the decomposition of Ba-Prop-Ac. (a) TG curves and (b) corresponding DSC
signal during decomposition at 5K/min in different atmospheres.

Since there is an excess of propionate groups with respect to the acetate ones, the main
contribution comes from the 3-pentanone. In fact, BaProp: follows a similar decomposition path
with similar resulting volatiles in N (Fig. 3.21), which is represented by reaction scheme § in Fig.
3.22. No CO; is detected, as expected from the stoichiometry of reaction, indicating that no other
reaction paths are competing with 8. Below 1000°C, neither BaO nor BaO; are expected to form.
In addition to the XRD results, the thermogravimetric analysis in Fig. 3.18 shows the
corresponding TG final mass (72.0%) to be in agreement with BaCO3 formation (expected: 69.6-
72.7% for BaProp and BasPropsAcs, respectively) and the elemental analysis results (EA in Table
3.5) confirm the presence of C in the sample, with complete removal of all hydrogen atoms.
However, the final product is not white (as expected for BaCO3), but gray, suggesting that some
carbon residue may be left in the sample up to 600°C. If the dark color were due to sub-
stoichiometry of oxygen, we would expect the mass to increase upon further heating of the sample
in oxygen. However, when the latter is re-heated in O; up to 700°C, the mass slightly decreases
and the final color is white (and the FTIR spectrum still confirms the presence of BaCO3).
Therefore, the black color could be assigned to carbon residue left in the sample upon

decomposition in inert atmosphere.
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Fig. 3.19: DSC signal of the Ba precursor in dry Na. The DSC analysis is relative to the powder obtained
drying the solution, and it shows that only the high-temperature endothermic peak is reversible.
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Fig. 3.20: Comparison of the thermal behavior of different Ba precursors in dry Na. (@) TG curves and (b)
Infrared of the gas species at the decomposition peak temperature of the TG curves shown in a). Since the
center and bottom IR spectra are very similar, the contribution to Ba-Prop-Ac decomposition coming from

the acetate part is relatively small.

In oxygen (both humid and dry, A’), decomposition of powders starts earlier (around
310°C) and involves two steps. The first step consists of oxidative exothermic reactions (denoted
as reaction scheme a in Fig. 3.18 and Fig. 3.22) and will be described in the following section. The
second step takes place in the same temperature range as the radical mechanism previously
described. Thus, two mechanisms compete: when the oxidative decomposition is slowed down by
the slow gas diffusion in the powder, oxidation of the ligand is not complete so that the remaining
salt continues decomposing following the radical path as the temperature increases. But 3-
pentanone is not observed in a nominal atmosphere of O, (or humid 0) suggesting that the
radicals C2HsCO-/C;Hs- do not recombine. In fact, the 02 can drive oxidation of C;HsCO- to CO;
while the alkyl groups are converted to ethane (C;Hs) and ethylene (C;He) (Fig. 3.21A’ and
reaction scheme y in Fig. 3.22). In O; (A’ in Fig. 3.18b) the DSC signal is, in fact, more exothermic
than in N; (B’ in Fig. 3.18b). BaProp. decomposes following the same path (Fig. 3.23), and for this
reason the contribution of the acetate part is not considered in Fig. 3.22.
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Fig. 3.21: TG-FTIR and EGA-MS analysis for Ba-Prop-Ac decomposition. (a) Evolution of the volatiles at
5K/min and (b) corresponding FTIR spectra of the volatiles
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Fig. 3.23: Comparison of the thermal behavior of different Ba carboxylate precursors in O,. The TG curves

of ~40-mg powders obtained from two different Ba precursors show similar behavior. (Bottom)

Corresponding Gas-Infrared spectra of the TG curves shown above.
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3.3.3 Film decomposition
Decomposition in oxidative atmosphere

The mixed Ba carboxylate films are stable until 200-230°C (Fig. 3.18a), the exact
temperature depending on film thickness (Fig. 3.24). Then, in both humid and dry O, (A),
decomposition starts roughly in correspondence of the first melting peak. Independently of the
fact that several sudden changes in the TG curve appear as the thickness increases (Fig. 3.24)
which will be discussed later on, decomposition in oxygen is mainly driven by oxidation, as
suggested by the DSC exothermic peak (Fig. 3.18). As shown in Fig. 3.21a and b, several reactions
overlap as the C-C chain is oxidized first to acetaldehyde (CH3;CHO) and CO, and then further
decomposed to methane (CH4) and CO. In dry and humid O, the decomposition shows similar
behavior: water does not seem to accelerate decomposition, contrarily to other propionates such
as YPropsz and CuProp, and the volatiles do not differ from the dry O case, as no propionic acid
can be detected. Even for thin films (see Fig. 3.24), the final product consists of BaCOs3, even in the
presence of water vapor.

The infrared spectra of the solid residues (Fig. 3.25) show that before yielding the final
product BaCOs3, formation of an oxalate occurs, as the COO- stretching band shifts above 1580 cm-
1 [149]. The oxalate is not a stable intermediate and, as soon as it is formed, it decomposes to
BaCOs3 already around 330-350°C (Fig. 3.25). To confirm the presence of the oxalate, a sample
quenched in humid O at 340°C (Fig. 3.26) was decomposed in vacuum, yielding CO2 as main
volatile. Although CO is expected for BaC,04 decomposition to yield BaCOs3, the dark color of the
final product indicates the presence of carbon that can be attributed to disproportion of CO to
C+CO02[150,151].In fact, the final product is grayish/black already for 6-7 pm where the slow local
out-diffusion of the CO enhances CO disproportion; only thinner films (~2 pm) are white due to
the faster CO out-diffusion with respect to its production. After 350°C, as the BaCOs3 is formed,
decomposition slows down and it is not complete until 450°C, when the mass is stable at ~71%
(Fig. 3.24). Fig. 3.21A shows that CO; alone is detected by gas-IR above 400°C.
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Fig. 3.24: Effect of thickness on the TG curves of Ba-Prop-Ac: the thicker the film, the slower the O,
diffusion. The discontinuity of the TG curve at ~340°C is characteristic of both films and powders, showing
no thermal activation changing the heating rate.
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Fig. 3.25: Infrared evolution of the solid residue from Ba-Prop-Ac decomposition. Symbols: (<) Ba-Prop-Ac,
(8) BaCOs, ( A ) Barium Oxalate (BaC204).

To clarify if the mass loss at this stage is due to the oxalate decomposition (expected final
mass for BaC,04 formation starting from BaProp, and BasPropsAcs: 79.5%-83.0%, respectively)
or to the acetate part (expected final mass for the removal of all propionates in Ba;PropsAce:
81.9%), Ba-Prop-Ac TG curves can be compared with those of BaProp; and BaAc:; (Fig. 3.18). The
Ba-Prop-Ac salt curve measured in O is closer to that of BaProp: than to that of BaAc,, which
decomposes ~100°C above (dotted lines in Fig. 3.18). The BaProp; salt exhibits the same volatiles
as BasPropsAcs in oxygen, the only difference being that it decomposes to BaCO3 in a single mass-
loss step at ~350°C during which the oxalate (BaC204) is still formed (detected by FTIR while it
converts to BaCO3). This suggests that the mass loss step above 350°C in the mixed carboxylate
salt is not due to the oxalate decomposition but to the decomposition of the acetate part of the
salt, in agreement with the higher decomposition temperature of BaAc,. This effect is shown in
Fig. 3.24 where, as the Ba-Prop-Ac film thickness increases, decomposition slows down after
350°C. The effect seems to be more important in humid than in dry O, probably because O,
concentration and thus its diffusion rate through the film is lower in the presence of water vapor,
hence oxidation is slowed down. As a further proof, Fig. 3.26 shows that the same quenched
sample at 340°C yields mainly m/z=43 (acetone) upon further decomposition, due to the
remaining barium acetate, while the contribution of propionate groups is residual. The XRD
resultsin Fig. 3.16 (inset) show that the final product is the orthorhombic phase of BaCOz at 500°C,
as expected [152,153].

As introduced above, decomposition in O, shows the presence of several sudden changes
in the slope of the TG curve (Fig. 3.24) with increasing film thickness. The abrupt mass loss at 330-
340°C is probably caused by the fast O, diffusion through the liquid as soon as Ba-Prop-Ac melts.
Afterwards, above 350°C, formation of BaCO3 slows down gas diffusion again. Although the second
melting event is expected to occur at a higher temperature than those of the fast mass loss, it can
shift due to the presence of decomposition products generated by the early reaction of O, with the
sample surface. In fact, this discontinuity of the TG curve at ~340°C is characteristic of both films
and powders, showing no thermal activation changing the heating rates (Fig. 3.24, curve at
20°C/min).
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Fig. 3.26: EGA-MS analysis from decomposition of barium species. The EGA-MS results are relative to the
decomposition in vacuum of a quenched film obtained from decomposition of Ba-Prop-Ac in humid O, at
340°C; inset: FTIR of the final product at 600°C. The volatiles detected help identify what remains after
decomposition to 340°C in an Oz atmosphere: BaC.04 (m/z=44) and the acetate part (m/z=43, acetone),
while remaining propionate groups are only residual (m/z=57,29 from 3-pentanone).

Decomposition in N2 atmosphere

When the film is decomposed in nominally humid and dry N (C), the behavior differs from
the powder sample in N (B’) and resembles that of powders in O (A’): reaction a and reactions
B and y take place at low and high temperature, respectively. In fact, decomposition is triggered
at the discontinuity in the TG curve at ~330°C generated by the melting event; this first step
between 320 and 380 °C becomes more important with decreasing film thickness (not shown)
and, therefore, it can be ascribed to residual oxygen content in the nominally oxygen-free
atmosphere; in fact it has already been shown that the thinner the film, the more prone to oxidize
[26]. During this stage, CO- is detected by TG-FTIR, along with acetaldehyde and propionic acid.
In fact, since O3 is residual, it is not enough to get full oxidation (reaction a) and partial oxidation
takes place according to:

Ba(C2H5C02]2 + 029 CH?,CHO + C2H5C02H+ BaC03.

As the BaCOs; is formed (see Fig. 3.25B), it acts as a diffusion barrier to O, and oxidation cannot
reach completion. Thus, a second step at a higher temperature (between 400-470°C) occurs.
Reaction schemes 8 (favored in Nz) and y (triggered by 02) compete. Given the fact that the
volatiles evolve during a longer period of time than in O, atmosphere, they become more diluted
and, consequently, their TG-IR signal is smaller; nevertheless CO; (related to y) could be clearly
detected. The last mass loss between 470-530°C, which corresponds again to CO- release, is due
to decomposition of the acetate part since it is not observed for the BaProp salt decomposed in
the same conditions. For this reason, Fig. 3.21A’ reports the TG-FTIR analysis of powders in O,
since they follow a similar trend. The overall decomposition behavior of films in nominally inert
atmosphere can be interpreted as a mix of decomposition in an oxidizing atmosphere and in inert
atmosphere (reaction ). Note that the DSC signal in Fig. 3.18b is always exothermic.
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Decomposition in vacuum

Since residual oxygen is extremely low in vacuum, only in these conditions CO; is not
detected for films (Fig. 3.21C). The main fragments are m/z= 57, 29 (coming from 3-pentanone)
along with C;Hy fractions of the ligand (m/z=29,28,27). A very similar behavior is observed in
vacuum for BaProp; (see Fig. 3.27), for which the same volatiles are detected, including m/z=43.
This last fragment could be CH3CO or C3H7, coming from acetone or from butane, respectively.
However, since in this particular case no acetate groups are present, m/z=43 can be ascribed to
butane formation, according to reaction scheme @ of Fig. 3.22. This interpretation can also explain
part of the m/z=43 coming from the Ba-Prop-Ac decomposition in vacuum (E), indicating that the
main component in the mixed carboxylate salt is still made up of propionates, thus justifying again
the reaction schemes of Fig. 3.22. Interestingly, in vacuum decomposition is shifted down by
almost 100°C with respect to the case of inert atmosphere at atmospheric pressure (dry Nz, B’),
although they both proceed through the radical path. This early decomposition is probably
triggered by the barium carboxylate (second peak) melting, which is shifted to lower
temperatures as the pressure decreases.
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Fig. 3.27: Comparison of EGA-MS experiments relative to different barium precursors. The results on the
powders decomposed at 5K/min, show that the thermal behavior of (a) Ba-Prop-Ac is similar to that of (b)
BaProp; but very different from that of (c) BaAc.. In (c) the double peak is ascribed to the melting event of
BaAc; (Tonset ~455°C from on-going TG-DSC studies, see also Chap. 4.2), which triggers its decomposition in
inert atmosphere; in fact, it has been seen that in N, the decomposition temperature for powders of BaAc; is
not thermally activated, which is a signature of melting.

3.3.4 Discussion

BaProp, and Ba-Prop-Ac decomposition is diffusion-controlled: in an oxidizing
atmosphere, films decompose at a temperature lower than powders due to the faster gas exchange
[23,27], which helps the low-temperature decomposition mechanism triggered by oxygen. Unlike
the CuProp; and YProps cases, a humid atmosphere does not clearly accelerate decomposition
through the hydrolysis of the salt (and propionic acid release), since this reaction path would
require formation of the oxide and not the oxalate-carbonate sequence of products. Besides that,
BaProp, thermal decomposition seems to follows the expected radical mechanism at high
temperatures and inert atmospheres already found for YPropsz and for those carboxylate salts
where the metal center does not easily undergo reduction [43]. In fact, local residual oxygen
depletion around the sample in the form of powder suppresses the oxidative reaction in a
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nominally inert N, atmosphere. In contrast, films in this atmosphere are affected by the residual
oxygen content and, as it occurs in O, they decompose at a temperature lower than powders.

The Ba-Prop-Ac thermogravimetric behavior in films is less smooth with respect to that of
other metalorganic precursors as films (see the case of CuProp, and YProps) because it is
disrupted by the melting events. O, diffusion is accelerated in the melt, while any solid
decomposition product (oxalate and carbonate) slows down gas diffusion. Only a study as a
function of thickness has revealed this dependence, which could be otherwise mistaken for
intermediates.

The presence of acetaldehyde among the volatiles of this work cannot necessarily be
related to the presence of acetate ligands in the salt [29], since acetaldehyde was also detected
among the gaseous products of the BaProp: salt [44]. In fact, although the crystal consists of a
mixed propionate-acetate complex, the thermal behavior of the solution and the powder in all
atmospheres tends to that of BaProp, in terms of kinetics and volatiles, and the presence of
acetate ligands is hard to detect from EGA alone. It is thus possible that the Prop/Ac ratio of the
crystal (obtained from a long aging of the solution) differs slightly from that of the dry solution
(used for film and powder decomposition). In fact, the final mass is always inferior to the expected
72.7% for the BasPropsAcs-BaCO3 conversion which, counting the presence of residual carbon and
the instrumental error (especially in films due to the small amount of material), points towards a
slightly higher Prop/Ac ratio.

Our results are significant for understanding FF-YBCO film pyrolysis. In particular, the
propionate/acetate ratio in the ternary solution is also expected to depend on concentration and
solvents ratio. The presence of other acetate salts (i.e. those of Cu and Y) in solution can further
alter this equilibrium and, eventually, it may favor formation of the mixed carboxylate complex. If
this complex is formed instead of BaProp,, decomposition of thick films in O, would end at higher
temperatures. Although BaCO3 constitutes a challenge for the epitaxial growth of FF-YBCO, in the
conditions of this work and for the isolated barium precursor, no specific case was found were a
carbonated product can be avoided in favor of a hydroxide or an oxide, not even in humid
atmospheres.

3.4 Partial conclusions

The thermal decomposition of the isolated FF-precursor components showed that films
behave differently than the corresponding powders due to the higher surface/volume ratio that
enhances the local atmosphere gas renewal and heat dissipation. Conversely, in the bulk form, gas
diffusion is slowed down and so is also heat transport and dissipation due to the gas-depletion
inter-particle. This leads to the fact that powders experience a more inert local atmosphere in the
bulk; since inert atmospheres induce decomposition at higher temperatures with respect to O,
atmospheres, powders are more thermally stable than films, which decompose earlier in the same
furnace atmosphere.

The decomposition of the three metalorganic powders follows the same order also when
in the form of films, where the barium precursor shows the highest thermal stability, followed by
the yttrium propionate and the copper propionate.
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In inert furnace atmospheres, the three metalorganic species are more stable than in
oxidative or humid atmospheres. In N, BaProp, and YProps; decompose following a radical
mechanism, with generation of 3-pentanone and formation of a carbonate, BaCO3, and an oxide,
Y203, respectively. Conversely, CuProp, decomposition is driven by the nature of the metallic
cation which is more prone to undergo reduction: thus, formation of metallic Cu is accompanied
by oxidation of the propionate units to propionic acid, acetaldehyde and CO-.

In an O, atmosphere and for the three metalorganic salts, oxidative degradation of the
propionate unit takes place atlower temperatures than the radical mechanism. Since the Ba-Prop-
Ac decomposition product cannot be an oxide at such low temperatures due to the difficulty to
break the BaO—C(=0)R bond, the oxidation path generates first an oxalate and then a carbonate,
which are both an indication of the retainment of two and one carbonyl groups (C=0),
respectively. Thus, the oxidative degradation of Ba-Prop-Ac generates mostly acetaldehyde and
CO; from the cleavage of the BaOC(=0)—R bond. Conversely, for YProps and CuProp; oxidation is
smoother, releasing acetaldehyde, propionic acid and CO- to form the corresponding oxide.

Humid atmospheres are efficient in decreasing the amount of residual carbon and the
decomposition temperature especially for the CuProp: as its decomposition proceeds almost
entirely through the hydrolysis of the salt. They are less efficient for YProps (and BaPropz) where
formation of an intermediate oxycarbonate (and oxalate) does not permit a full hydrolysis of the
propionate units. Thus, for the Y and Ba precursors the oxidation path is preferred to the
hydrolysis, only in part for the Y and fully for the Ba salt.

In the context of YBCO this study explains why humid atmospheres are beneficial for the
pyrolysis step, and why BaCOz cannot be avoided as decomposition product in the conditions
under study.
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PYROLYSIS STUDIES OF THE
TERNARY SOLUTION AND
ADDITIVE EFFECT

Chapter 4

4.1 TEA effect on single-component precursor solutions

This section will make use of the knowledge developed in Chapter 3 from the
decomposition of single-component solution to understand the effect of common additives, in
particular triethanolamine, on the thermal behavior of those same solutions. Specifically,
solutions of YAcs, BaAc; and CuAc; in a 1/1 mixture of propionic acid and non-anhydrous MeOH
with a 5% v/v of TEA, labelled as sol. TY, TB and TC, respectively. For comparison purposes, also
solutions without propionic acid were prepared from the corresponding MPropx salts dissolved
in MeOH with 5% TEA, labelled as sol. TY’, and TC’ (more details in section 2.2.1).

Thermal analysis techniques and chemical characterization methods will be applied to
identify the thermal decomposition mechanism and chemical species that develop during
pyrolysis of films and powders in different atmospheres. The aim will be to understand the effect
of TEA during and after pyrolysis of the ternary solution in films in humid O, that is known to
result in more stress-free films.

4.1.1 Thermal decomposition of Ba-Prop-Ac/TEA (sol. TB)

Ba-Prop-Ac/TEA solution (solution TB) exhibits the simplest behavior of the three under
study, and for this reason is discussed first. The FTIR spectra in Fig. 4.1a of the dry films show
characteristic TEA vibration bands, and the partial replacement of acetate groups by propionates
[102] with formation of a mixed Ba-Prop-Ac complex [29]. The XRD of the dry film (Fig. 4.1b) is in
agreement with that of the mixed carboxylate salt Ba-Prop-Ac described in Chapter 3, suggesting
that no new TEA-Ba complex is formed.

The thermogravimetric curve shown in Fig. 4.2 exhibits three main mass loss steps: a first
one between 50 and 150°C, which corresponds to water and propionic acid evaporation. A second
TG step with 27.7% mass loss (theoretical for TEA removal: 28.4 and 29.28% starting from
BaProp, and BaPropsAcs, respectively) takes place between 150-300°C. In the low-temperature
region of this range (150-210) a gradual mass loss occurs while the FTIR of the solid residue
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shown in Fig. 4.1 (210°C) reveals that while TEA is evolving, an IR band at 1735 cm-! emerges.
This band can be assigned to an esteric bond between propionate groups and TEA’s OH groups.
Indeed, this band also appears in a solution of only TEA and propionic acid, as shown in Fig. 4.3.
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Fig. 4.1: Chemical characterization of the solid residue from decomposition of Ba/TEA solutions. (a) FTIR
analysis and (b) XRD pattern of the quenched films during decomposition of solution TB (Ba/TEA) in humid
O, at 5°C/min.
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Fig. 4.2: TG-DSC-FTIR analysis of Ba/TEA film in humid O,. Inset: Infrared spectra of gas species detected
from the corresponding TG-FTIR analysis at 5°C/min.

Since it is known from the previous chapter that during the barium carboxylate salt
decomposition, propionic acid evolves up to 150-200°C, it is reasonable to believe that the
propionate units involved in the esterification come from the solvent. In fact, if they came from
the salt, the last mass loss in Fig. 4.2 relative to Ba-Prop-Ac decomposition should be smaller. An
endothermic DSC signal at 220°C is also consistent with some TEA evaporation, although it was
not possible to identify it by infrared in the gas phase due to the little amount evaporating which
is further reduced by its condensation along the path, a phenomenon already noted by [55].
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Additionally, between 210 and 300°C, the high temperatures promote TEA decomposition and in
fact the infrared of the gaseous products shows TEA’s decomposition products: ammonia and
acetaldehyde (TG-FTIR in inset of Fig. 4.2).

Simultaneously, the XRD curves in Fig. 4.1b above 200°C show new peaks shifting toward
lower angles, indicating a change in the barium carboxylate structure after solvent and water
elimination which take place during TEA removal. As expected, also its carboxylic stretching
bands have shifted from 1512 cm! to 1549 cm-! during the 200°C-interval before oxidative
degradation begins. Both effects observed by XRD and FTIR were also noticed for the barium salt
alone (Chap. 3.3) and attributed to dehydration, recrystallization and melting. The main TEA
absorptions and the ester peak disappear after this stage, leaving a FTIR spectrum at the
beginning of the third stage (280°C) that is identical to that of Ba-Prop-Ac shown in Fig. 3.15.

The third TG step occurs between 300-500°C and corresponds to the decomposition of Ba-
Prop-Acto BaCO3, with a characteristic exothermic peak and with a ratio msooec/mszoecc for this step
of 71.2% (theoretical: 69.9 and 72.7% starting from BaProp; and BasPropsAcs, respectively).
Acetaldehyde, CO2, methane and CO are detected in humid O, in agreement with what previously
shown in Chapter 3.3.

The expected final mass with respect to the initial dry film considering a simple addition
of all components in solution (BaProp:/Ba-Prop-Ac + TEA) is between 49.85 and 51.41%, in
agreement with the thermogravimetric curve that lies at 51%. EA results in Table 4.1 at 500°C
shows a C% value slightly above the expected one for BaCO3, which might be in agreement with
the gray color of the final product (expected to be white) due to residual carbon remaining, just
as in the case of Ba-Prop-Ac alone. With respect to Ba-Prop-Ac alone (see Chapter 3), the
thermogravimetric behavior is very similar as well as the final decomposition temperature. Also,
the EGA-MS analysis of a film of solution TB decomposed in vacuum yields identical results to the
EGA-MS of Ba-Prop-Ac without TEA, confirming that TEA evaporation in vacuum takes place
before the salt decomposition.
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Fig. 4.3: Thermal analysis of TEA and TEA/propionic acid solutions. (a) FTIR of solid residue after TEA is
decomposed to a given temperature and FTIR of a solution of TEA in propionic acid at 150°C. The probable
esterification reaction between the -OH terminal groups of TEA and the carboxylic group of the propionic
acid may result in the peak at 1736 cm™. (b) TG-IR analysis of TEA in humid Oz at 5°C/min.
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Found (expected), mass wt %

Compound
wt %C wt %H
TY (Y/TEA, 600°C) 1.3 (0) -(0)
TY (Y/TEA, 500°C) 2.6 0.4
TC (Cu/TEA, 500°C) -(0) -(0)
TB (Ba/TEA, 500°C) 6.7 (6.09) -(0)

Table 4.1: Elemental analysis of the metal carboxylate/TEA solutions. The results are relative to the
decomposition products of metal carboxylate/TEA solutions in humid O, at 5°C/min. (-) values inferior to
detection limits. Expected values correspond to yttria, copper oxide and barium carbonate.

4.1.2 Thermal decomposition of CuProp,/TEA (sol. TC)

Decomposition in oxidative atmosphere

The FTIR analysis of the dry film from CuProp./TEA (solution TC) in Fig. 4.4a shows the
appearance of the TEA IR bands and of CuProp; vibrations [31,123], in agreement with the
expected replacement of acetate groups by propionates of the solvent when this is in excess [102].
But the XRD pattern, Fig. 4.4b, is significantly different from that of CuProp, shown in Chapter 3,
suggesting a possible coordination between TEA and CuProp..

The TG analysis in humid O reported in Fig. 4.5 shows that after solvent removal and
dehydration below 150°C, four overlapping steps centered at 155, 210, 245 and 328°C take place:
they correspond to exothermic peaks (DSC signal in Fig. 4.5, top). The gas species evolved during
decomposition in humid O consist of propionic acid, acetaldehyde, CO, and NH3 (Fig. 4.5). Since
only NHzcan be easily assigned to TEA decomposition, while all other gas species are the expected
volatiles for both TEA and for CuProp, decomposition, interpretation of TG-FTIR results is not
straightforward.
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Fig. 4.4: Chemical characterization of the solid residue from decomposition of CuProp,/TEA solutions. (a)
FTIR analysis and (b) XRD patterns.
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The four mass steps can be grouped into two main stages which correspond to CuProp>
accompanied by some TEA release, and TEA decomposition, respectively.

In particular, the first stage, between 100-230°C, matches with CuProp. decomposition
and TEA removal: the FTIR (Fig. 4.4a) of the solid residues quenched at 185°C shows that the main
TEA vibrational band at 1082 cm-! is decreasing; simultaneously, the CuProp; reflections are
detected by XRD (Fig. 4.4b) [124] while it decomposes to propionic acid and CO; (TG-FTIR
analysis in Fig. 4.5) according to the expected hydrolysis and degradative oxidation path. Between
95 and 185°C, an IR band at 1735 cm-! appears in the solid residue, Fig. 4.4a, which may be
assigned to some TEA/propionate esteric bond, although a similar absorption band was observed
for the CuProp, decomposition in correspondence of its reduction to Cu(I).

The second stage, between 230-500°C, is affected by the fact that decomposition of TEA
takes place at these temperatures in oxygen: between 230°C-270°C, CO, acetaldehyde and NHj3
from oxidative degradation are detected while Cu(Il) is reduced to Cu;0 and Cu (XRD in Fig. 4.4).
The presence of CO, between 210-250°C (Fig. 4.4) could be an indication of this redox reaction
due to carbon left by TEA. The last mass loss, releasing CO; at 328°C, is again indirectly
attributable to the presence of TEA, since the end of decomposition is shifted to almost 100°C
higher with respect to the case of CuProp: film alone, for which it is over by 250°C (see Chapter
3).In fact, at higher temperatures in O, a TG-IR experiment run on TEA alone and reported in Fig.
4.3b shows that TEA is oxidized to CO,. The final product consists of CuO, as shown by XRD and
FTIR in Fig. 4.4, and no carbon or hydrogen is detected by EA (Table 4.1). The experimental final
mass lies at 32%, slightly above the expected value of 28.9 %. A solution of CuProp, with 5% TEA
in only MeOH (sol. TC’) yields the same TG-IR behavior and for comparison it is shown in Fig. 4.5.
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Fig. 4.5: TG-DSC-FTIR analysis of CuProp,/TEA in humid Oz. Films from sol. TC are shown, decomposed at
5°C/min.

91



Pyrolysis studies of the ternary solution and additive effect - Chapter 4

Decomposition in inert atmosphere

It is known that both CuProp; and TEA, independently, exhibit a strong tendency to
evaporate at low total pressure. But when decomposition of solution TC is carried out in vacuum
(Fig. 4.6, bottom, EGA-MS experiment), CuProp, evaporation is considerably reduced. In fact,
unlike the case of CuProp; alone in the form of film, with the addition of TEA, no CuProp: is
recovered from condensation along the quartz tube, and the mass loss is not significantly higher
than the expected value; the final product at 500°C consists of a shiny metallic copper film,
indicating that CuProp; evaporation is definitely reduced in vacuum when TEA is added.

However, from the EGA-MS analysis in Fig. 4.6, only a low-temperature stage is observed:
the most intense peak, at 200°C, still shows evolution of propionic acid (m/z=45, 29, 28, 27)
corresponding to CuProp, decomposition, but an excess of m/z=28 (CO, N; or C;H4) with respect
to the case without TEA (Chapter 3) is detected. This might be an indication that a TEA effect is
present up to 200°C, and thus that also its evaporation is reduced when CuProp; is added, due to
the coordination between TEA and Cu?* of the carboxylic salt. To better understand the thermal
decomposition of sol. TC in inert atmosphere, the effect of evaporation should be avoided by i)
studying decomposition in powders instead of films and ii) under an atmospheric pressure of an
inert gas, such as Ny, instead of at low total pressures.
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Fig. 4.6: TG-FTIR and EGA-MS analysis of CuProp,/TEA in inert atmosphere. Top graph: TG-FTIR analysis of

solution TC in atmospheric pressure of N,. Inset: FTIR spectra of the volatile at selected temperatures.
Bottom graph: EGA-MS analysis from decomposition in vacuum of CuProp,/TEA at 5°C/min.

The TG behavior during decomposition in N of the corresponding powder obtained from
solution TC is reported in Fig. 4.6 (top graph). Exothermic events still take place in the first stage,
before 230°C, in correspondence of propionic acid and CO; release, coming from the beginning of
CuProp; decomposition in N,. The main difference from the humid-0: case lies in the formation of
a TEA-propionate ester evolving at 260°C, in the second stage; this ester is ethyl propionate,
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detected among the volatiles by TG-FTIR (inset in Fig. 4.6) along with some TEA, while CH;CHO
and NH3 that would come from TEA decomposition alone are no longer noticeable.

This ester (ethyl propionate) comes from a decomposition process; thus, it is different
from the ester observed by FTIR (band at 1735 cm?) in the solid residue at low temperatures in
sol. TB, Fig. 4.1a (but also later on in sol. TY) which instead comes from esterification between
TEA and propionic acid (see also Fig. 4.3a). This difference will be further commented in section
4.1.3, in the case of sol. TY. Indeed, ethyl propionate can be ascribed to the decomposition path
described by the following reaction scheme:

x/,N(C2H4OH)3 + M(C;H5C0,) > xC;HsC(=0)-0C,Hs + MOy + %/, N, (4.1)

Where M is the metal cation (Cu or Y).

Note that, in vacuum, formation of ethyl propionate is probably disfavored by the low
decomposition temperature (200°C) and the tendency for both TEA and CuProp; to evaporate at
low total pressures. Note also that in N», CuProp: in powder form and without TEA, decomposes
with a sharp mass loss followed by copper reduction to Cu(0); conversely in sol. TC the presence
of overlapped decomposition between TEA and the carboxylic salt makes decomposition
smoother.

Finally, note that according to reaction scheme 4.1, generation of ethyl propionate as
volatile corresponds to the formation of the oxide CuO instead of the metallic Cu. Indeed, in the
same decomposition conditions (powders in N;) only Cu and Cu;O are observed during
decomposition of CuProp; without TEA (Chapter 3) at 360°C; conversely, during decomposition
of CuProp, with TEA, also CuO is detected at 360°C (sol. TC, see Fig. 4.7), which indicates that less
reduction is occurring at intermediate temperatures. But the quenched CuProp,/TEA powder at
360°C is black even though the main XRD reflections belong to Cu(0), maybe due to residual
carbon. It is reasonable to believe that when TEA decomposes simultaneously to CuProp; forming
the ester (stage Il of Fig. 4.6) instead of propionic acid, it prevents Cu(Il) reduction in N; through
reaction scheme 4.1.

Once formed, this copper oxide is eventually reduced to Cu(0) in inert atmosphere, further
helped by the residual carbon, which evolves as CO. CO is indeed detected between 480-500°C
(seeinsetin Fig. 4.6). The final mass lies at 29.6%, higher than the expected value for Cu, indicating
presence of residual carbon, just as found for the case of the thermal decomposition of powders
of CuPropz in Na.

Thus, formation of the ethyl propionate ester requires higher temperatures than the low-
temperature range (100-200°C) where CuProp; is expected to decompose in O; (see Fig. 4.8), and
for this reason, its contribution to decomposition in humid O is minor (and propionic acid
remains the main volatile). Due to the fact that, as demonstrated in Chapter 3, an increase in
CuProp; film thickness causes a shift of decomposition to higher temperatures, some ethyl
propionate is also detected even in humid 0z above 200°C for CuO films thicker than 3 pm.

Finally, even increasing the TEA/Cu ratio in solution to 1/1 in order to push the
equilibrium towards the ester instead of towards propionic acid is unsuccessful: the main volatile
in humid Oy is still propionic acid (not shown).
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Fig. 4.7: XRD analysis of a quenched Cu/TEA sample during decomposition. The powder sample was
quenched at 360°C during decomposition in N.
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Fig. 4.8: Comparison of TG curves for CuProp; with and without TEA. The comparisons are relative to the
pyrolysis in dry N2 and humid Oz at 5°C/min. Dashed horizontal lines: theoretical final mass to yield copper
oxides and Cu from CuProp; (in blue) and CuProp,/TEA (sol TC, in red).

4.1.3 Thermal decomposition of YProps/TEA (sol. TY)

Decomposition in oxidative atmosphere

As shown from the TG curve of Fig. 4.9, the solution of YProps/TEA (solution TY) is hard
to dry atlow temperature, since evaporation and decomposition overlap: after drying at 80°C, the
film is still a colorless viscous liquid and the FTIR spectrum of Fig. 4.10a shows the TEA IR bands
and those of YProps (Chapter 3). To remove the contribution of propionic acid as solvent and for
the sake of clarity, the time-resolved evolution of the volatiles reported in the TG-FTIR analysis of
Fig. 4.9 is relative to solution TY’ (dotted lines). In fact, TY’ is prepared by dissolving YProps in
MeOH, instead TY by dissolving YAcs in a mixture of propionic acid and MeOH (see Chap. 2). For
both TY and TY’, the expected total mass loss of 21.2%, calculated considering the sum of YProps
and TEA in solution, is in agreement with the experimental value of 24.5% of Fig. 4.9, taking into
account that the FTIR analysis (Fig. 4.10a) of the solid residue at 600°C reveals the presence of
residual Y20,CO0:s.
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Three main stages can be identified when decomposition is carried out in humid O,

The first one, between 50 and 150°C (Fig. 4.9), involves dehydration and evaporation of
the solvent (propionic acid). In fact, in the solid residue, Fig. 4.10a, the main propionic acid and
H,0 IR absorptions decrease going from 90°C to 150°C. In particular, the disappearance of the
broad band between 2500-400 cm! is a sign of solvent removal, but also the general intensity
decrease in the 1300-1700 cm-! region (where the YPropsz bands are) is due to the solvent. This
step also corresponds to the appearance of an esteric band at 1736 cm-lin the FTIR of the solid
residue, as noticed also for sol. TB. This band probably arises because the temperature increase
promotes esterification between TEA and propionic acid. In TB this was explained by the fact that
no coordination took place between TEA and Ba ions, thus all TEA (Ba/TEA=2/1.5, see Chap.2) is
free to react with the solvent (prop. acid). In sol. TY, there is always some free TEA since TEA is
in excess with respect to Y3+ (Y/TEA=1/1.5). Conversely, esterification of the solvent in TC is
minor, due to the fact that Cu is in excess with respect to TEA, and TEA is coordinated to CuProp..

1600 TEA Ethyl p‘ropionate = 8

] Prop ACld .......................................... %

1404  \solent ™ ¢ . CH,CHO(x3) =

] e 3-pentanone(x3) é

_ Iy 2 c

5 0ol £
— S

@ 80 =2

8 _ | £

604 E

i 5 mW/mg

40 é

] @Eum) [ O

20 4 Y.0,  (Y/TEA)5K/min, hum. O, 8

100 200 300 400 500 600
Temperature [°C]

Fig. 4.9: TG-DSC-FTIR analysis of YProps/TEA in humid O,. The relative time-evolution of the main volatiles
detected by TG-FTIR analysis from sol. TY’ (dotted lines) is reported in the top.

The second stage, between 150-300°C, corresponds to 37% mass loss. The main volatiles
detected are propionic acid and ethyl propionate, but also TEA’s vibrational bands [55] are
observed. The propionic acid comes from YPropz decomposition in humid O; ethyl propionate,
already observed also for solution TC, originates from the simultaneous decomposition of both
TEA and YProps according to reaction scheme 4.1: in fact, the yttrium propionate IR bands of the
solid residue, Fig. 4.10a, start to decrease already at 150°C and by 240°C their intensity has
significantly decreased. In addition, the FTIR of the solid residue, Fig. 4.10a, reveals that TEA
contribution disappears somewhere between 240 and 340°C. Lastly, the fact that TEA’s
vibrational bands are also observed among the volatiles is in agreement with the fact that
evaporation takes place in films before 200°C and that there is an excess of TEA with respectto Y
(1.5/1, respectively).

The last stage of Fig. 4.9, between 300-500°C, mostly includes YProps; decomposing to
Y203, since most TEA has been previously consumed.
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Fig. 4.10: Chemical characterization of the solid residue from decomposition of YProps/TEA. (a) FTIR
analysis and (b) XRD patterns of quenched samples during the thermal decomposition relative to Fig.4.8.

In fact, first, between 300 and 400°C, the remaining YProps decomposes to Y-
oxycarbonate, Y20,CO03, observed by FTIR in Fig. 4.10a and in agreement with [36,37,147]. This
occurs upon release of CO2, acetaldehyde and 3-pentanone (TG-FTIR in Fig. 4.9, top). Note that the
CO; peaks between 300-330°C could also be ascribed to the end of TEA decomposition, since at
higher temperature its oxidative degradation takes place [55] releasing CO; (Fig. 4.3b). However,
the XRD analysis of Fig. 4.10b shows the presence of amorphous species in this last stage (300-
600°C), between YProps decomposition and Y.03 crystallization. Finally, between 400-500°C,
Y.0,C03 decomposes to Y203 (identified by XRD, Fig. 4.10b) with CO; release. The EA results in
Table 4.1 confirm the presence of carbon in the final product, due to the small remaining amount
of Y,0,C03 with respect to Y03, similarly to the case of YPropsz without TEA.

Note that, the ester band in the solid residue (~1736 cm-!, Fig. 4.10a) disappears before
230°C, while ethyl propionate is detected among the volatiles between 200-350°C. As previously
mentioned, these two esters are attributed to different processes. Ethyl propionate is ascribed to
reaction scheme 4.1. In fact, the boiling point of ethyl propionate is just below 100°C, thus as soon
as it is formed it is expected to evaporate; therefore, ethyl propionate cannot correspond to the
ester IR band of the solid residue at 1736 cm-1. This band might arise majorly from esterification
of propionic acid (solvent) in the low-temperature region before its evaporation is completed.

Decomposition in inert atmosphere

In inert atmosphere of N (Fig. 4.11), decomposition of the powder sample from sol. TY
follows the same general behavior: TEA still evolves in the low-temperature stage at 250°C while
CO; is detected at higher temperatures, namely 310, 340, 430°C, along with ethyl propionate.

But the EGA-IR analysis of Fig. 4.11 (top, inset) shows that the ethyl propionate
contribution increases in N3: in fact, this ester becomes the main volatile, while the contribution
of TEA and 3-pentanone decreases with respect to the film decomposition in humid O (the only
propionic acid detected seems to come from solvent evaporation below 200°C) and no ammonia
is detected.
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Fig. 4.11: TG-FTIR and EGA-MS analysis of YProps/TEA in inert atmosphere. TG-FTIR (IR spectra in inset) and
EGA-MS results (bottom) at 5°C/min in N2 and vacuum, respectively.

This is probably related to several facts, such as that:

o the lack of oxygen delays the precursor decomposition, resulting in a major overlap of TEA
and YPropsz decomposition, which in turns favors esterification;

o that the bulk form prevents TEA volatilization, which results again in a major overlap of TEA
and YProps decomposition. In fact, the behavior of the two TG curves of sol. TY (hum. O; and
N;) compared in Fig. 4.12, is quite similar, but the first mass loss (TEA) is shifted to lower
temperatures in films in humid O; since in films volatilization in enhanced with respect to
decomposition.

e reaction scheme 4.1 occurs through a radical reaction, which is favored by inert furnace
atmospheres.

Therefore, reaction 4.1 summarizes the dominant driving reaction for decomposition of
TEA/MPropx species in N».

The EGA-MS analysis in Fig. 4.11, bottom, performed on a film of sol. TY decomposed in
vacuum supports the TG-IR results, showing the presence of at least 2 stages of decomposition
between 250-400°C, while for the YProps alone only one (at 360°C) is present (Chapter 3.1). The
two peaks, centered at 280 and 360°C, include fragments that can be related to both ethyl
propionate (m/z=29, 57) and 3-pentanone (m/z=57,29); but they both show the evolution of CO;
(m/z=44), a signature of the occurrence of the 3-pentanone decomposition path (see Chapter 3.1).
The prevalence of this path in vacuum with respect to the esterification may be a consequence of
some TEA evaporation at low pressure. Then, at 400°C, m/z=28 is detected, which could be
assigned to C2Ha, Nz or CO. This excess of m/z=28 is not detected during the decomposition of
YProps without TEA, in vacuum,; thus, it is an indication that less TEA evaporation occurs at these
low total pressures as a consequence of its coordination with the metal carboxylate salt. The FTIR
of the final product from decomposition of sol. TY in vacuum shows residual -C=0 bands
(supposedly from Y,0,CO3), and it is very similar to that of the isolated YProps decomposed in
vacuum.
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Fig. 4.12: Comparison of TG curves for YProps with and without TEA, during pyrolysis in dry N> and humid

02 at 5°C/min. The esterification path for sol. TY requires lower temperatures than the 3-pentanone path,

thus it occurs in both humid O, and dry N,. Dashed horizontal lines: expected final mass to form Y,Os for
YProps (in blue) and YProps/TEA (in red).

4.1.4 Discussion

Thermal analyses are a useful tool to study the effect of adding TEA to the three different
metalorganic solutions: i) the well-defined TG mass losses, ii) the fact that the mass loss is the sum
of all TEA and the metal salt in solution, iii) detection of TEA or its decomposition products among
the volatiles, iv) the endothermic signal of the TEA evaporation step and v) the same TG, EGA-MS
behavior and final decomposition temperature with respect to the MPropx without TEA, suggest
that in the case of BaProp; there is no coordination with TEA, as predicted by [51].

Conversely, TEA changes Cu and Y decomposition pathways, partly because of TEA
coordination with Y and Cu, but not with Ba; and partly because of the overlap of the two
processes, namely the decomposition of the metalorganic salt and that of TEA (Ba salt decomposes
at higher temperatures) which results in less separable mass losses.

But the decomposition mechanism follows from the tendency to either break the Cu—
0C=0 bond to form the corresponding acid, or the YO—C=0 bond for carbon esterification. In fact,
for the copper case, the low-temperature mechanism with propionic acid formation is still faster
and preferred in humid O, thus CuProp, decomposition is almost over when TEA’s start. But in
Nz, CuProp; can survive to higher temperatures (260°C) for the ester to be produced. For the
YProps case, since its decomposition temperature is higher than that of CuProp; in humid Oy,
esterification is more significant. This ester is not observed in TEA decomposition alone [55], nor
it is formed in the TEA-free solutions of the three metalorganic salts shown in Chapter 3.
Conversely, the barium salt oxidative degradation is based on the preferred cleavage of the
MOC(=0)—C bond, as it tends to form BaC;0. and BaCO3z which only later on (T>>600°C)
decompose to BaO [29,147]: that and the fact that its decomposition temperature and TEA’s are
so far apart, results in very little ester being formed.

It follows that the atmosphere has a different effect on decomposition when TEA is added
to the carboxylate salt, since it changes the decomposition temperature range of the carboxylate
salt, while it has no effect on the evaporation of TEA; i.e, it controls the overlap of the two
processes (decomposition of TEA and of the salt) which eventually affects the degree of
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esterification and decomposition pathway. Similarly, the sample geometry, film versus powder,
can promote or impede, respectively, TEA evaporation, and thus control the overlap of the two
processes.

However, the change in decomposition temperature due to a change of atmosphere is
more significant for the pyrolysis of the single-salt solutions without TEA than in the case of
single-salt solutions with TEA; this is probably a consequence of the fact that the esterification
path can partly take place also in humid O, although in dry N it is the predominant decomposition
path.

In the framework of CSD methods, some effects need to be acknowledged when TEA is
added: a shift in the final decomposition temperature with respect to the metalorganic salt
without TEA, of 100°C and 50°C for the Cu and Y case, respectively; a slightly higher amount of
residual carbon might remain at 600°C for the Y case, in humid O,. Similarly, the presence of TEA
causes an unexpected redox-reaction pattern not observed for the CuProp: alone. In fact,
reduction of Cu(Il) occurs during decomposition in humid O for sol. TC (CuProp,/TEA), due to
the residual carbon from TEA; but this copper is eventually oxidized to CuO, which is the final
product at 500°C. Conversely, in N», more Cu(II) reduction is expected during decomposition, but
instead reaction scheme 4.1 generates CuO during pyrolysis; eventually this CuO undergoes
reduction to Cu, which is the final product at 500°C. This result could be interesting for CSD
methods if the barium carboxylate thermal decomposition could be driven by a similar reaction
path, to form directly the oxide (BaO) instead of the carbonate at low temperatures.

Although only a fixed TEA amount was studied in this work, the M/TEA molar ratio can
also play a role, influencing the amount of overlapped decomposition. In a combined solution of
all the three analyzed, we would expect the TEA to mostly influence the copper and yttrium
carboxylate decomposition. Perhaps the key aspect emerging from the thermogravimetric
analysis is that, when TEA and the metal carboxylate display similar decomposition temperatures,
the additive can provide smoother mass losses which translate into a gradual gas release. That is
also reflected in the smaller effect of a change of atmosphere on the TG curves, unlike the case of
the isolated salts. Similarly, the effect of switching from films to powders is less pronounced than
for the isolated salts (especially for the Y case), although it is still evident in the fact that films in
02 decompose earlier than powders because in the latter there is gas (i.e. 0z) depletion in the
inter-particles voids of the bulk [23]. This more robust behavior justifies TEA application as a
solution stabilizer in thin film fabrication, upon the need to contrast the abrupt film shrinkage due
to rapid decomposition.

Despite that, in the context of chemical solution deposition methods, where long-chain
additives are used as stabilizers, the final decomposition temperatures and intermediate phases
can play an important role in the final properties of the film, even when the final phases might not
differ from the additive-free case.

4.2 Pyrolysis of the ternary propionate-based YBCO solution

The following section will be focused on the study of the thermal decomposition of binary
solutions of YBCO precursors, prepared based on the single-component solutions studied in
Chapter 3. The final aim will be that of understanding the pyrolysis of a complex, multi-component
ternary YBCO precursor solution (sol. T in Chapter 2). The building blocks of these solutions will
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be metal acetates dissolved in the 1/1 mixture of propionic acid and MeOH. For this reason, first,
in section 4.2.1, the thermal decomposition of the Cu-Ba, Cu-Y and Y-Ba binary solutions will be
analyzed; second, section 4.2.2 will discuss the ternary solution pyrolysis. As already mentioned
in Chapter 2, depending on the initial Ba-Cu ratio, ternary solutions will be labelled as 2-3
(Y/Ba/Cu=1/2/3) and 3-7 (Y/Ba/Cu=1/2/4.66).

Thanks to the knowledge previously developed in Chapter 3, the study will be specifically
aimed at the in-situ analysis of film samples during their pyrolysis in humid O». The study will be
carried out with TA techniques and chemical characterization methods.

Finally, the objective throughout this section will be to understand the effect of the water
content in the ternary solution; water, in high content (> 2%, see Chapter 2.1) is linked to BaCO3
crystallization into a non-thermodynamically stable phase after pyrolysis. For reasons that will be
explained in Chapter 5, this phase needs to be avoided to guarantee optimal YBCO growth
conditions. Thus, all solutions under TA study are analyzed in non-anhydrous conditions. Given
the importance of this phase, its possible origins and potential ways to avoid it will be discussed
across this section.

4.2.1 Thermal decomposition of binary solutions

A comparative thermogravimetric study of single-salt and binary precursor solutions is
reported in Fig. 4.13. The aim is to help visualize the main differences in the thermal
decomposition arising from binary interaction effects, which will be analyzed in detail in the
following section.
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Fig. 4.13: TG analysis of single and binary precursor solutions. (top) Cu, Y and Ba solutions and (middle) Cu-
Ba, Cu-Y and Y-Ba solutions in humid O at 5°C/min. The symbols on the TG curves indicate roughly when
the corresponding phases appear; reduction of copper to Cu(l) and the appearance of the monoclinic BaCOs
phase only occurs in binary mixtures, but not in the single-salt solutions.
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Cu-Ba binary solution

A binary solution of the Cu and Ba precursors (see Materials and Methods, Chapter 2) is
analyzed by TG and FTIR/XRD, and the results are reported in Figs. 4.13 and 4.14, respectively.
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Fig. 4.14: Chemical characterization of the solid residue from decomposition of Cu-Ba solutions. (a) Infrared
evolution and (b) corresponding XRD analysis of the solid residue for ~1-um films during decomposition in
humid O at 5°C/min. The unexpected monoclinic phase of BaCOs appears in correspondence of the
copper(ll) reduction to Cu(l).0, but eventually it is converted to the stable orthorhombic phase.

From the IR analysis of the solid residue, we can notice the presence of the intense CuProp-
band at 1585 cm!, corresponding to the C=0 stretching, next to the equivalent band for the Ba-
Prop-Ac salt which has shifted from 1513 to 1546 cm-. As expected, the acetate groups have been
fully replaced by propionates in the case of the Cu salt, since the FTIR of the dry film is very similar
to that of CuProp;; for the barium case, we expect the formation of a mixed Ba-Prop-Ac complex
[29]. In our multi component solution it is not possible to affirm weather this is fully true by FTIR
since BaAc; most intense bands are covered by those of CuProp, in higher stoichiometric amount.
However, the IR bands at 933 cm'! in Fig. 4.14a could be an indication of the presence of acetate
groups. In support of this statement, the XRD analysis reported in Fig. 4.14b from the powder
recovered from the solution, shows two reflections at 26=8.1° and 7.9°, which are in agreement
with the presence of such mixed carboxylate complex.

The TG curve of Fig. 4.13 shows that decomposition starts after solvent evaporation, with
two main steps between 150 and 450°C. By comparison with the isolated precursors (reported in
Fig. 4.13, top), it is reasonable to think that the first mass loss between 150-250°C corresponds to
CuProp; degradation to CuO. In fact, the FTIR of the solid residue (Fig. 4.14a) shows the CuO IR
bands appearing at 245°C. The second mass loss corresponds to the Ba-carboxylate salt
decomposition: between 300-360°C, an oxalate FTIR band appears at 1630 cm-1, assigned to
Ba(C;04, showing that the Ba-Prop-Ac salt decomposition is taking place. Although the behavior of
the single component may drive to the conclusion that only BaC;04 is expected to form, we cannot
exclude the possible formation of a mixed Ba-Cu oxalate, while the stoichiometric excess of copper
is in the form of the oxide. Formation of the oxalate is followed by copper reduction to Cu,0, with
a maximum intensity at 300°C, as shown by XRD in Fig. 4.14b. Simultaneously, as soon as some
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Ba(C;04 is formed, it is converted to BaCOs. Surprisingly, unlike the single-salt solution of Ba-Prop-
Ac, the BaCO3 does not crystallize into its thermodynamically stable phase (orthorhombic, O) but
into the monoclinic phase (M), Fig. 4.14b (300°C). As Cuz0 is re-oxidized to CuO after 360°C (see
XRD in Fig. 4.14b), also the monoclinic phase is reconverted to the stable orthorhombic structure.
At 500°C, BaCO3 0 and CuO are the final products observed by XRD.

Finally, note how in Fig. 4.13, the copper precursor decomposition is shifted by roughly
50°C higher with respect to binary solutions of Cu-Y precursors. It is indeed harder to dry, most
probably due to the fact that the Ba-Prop-Ac salt carries crystallization water/propionic acid until
roughly 200°C in the form of a colorless compact film, acting as a protective layer that slows down
gas diffusion. This behavior can be observed by naked eye for the Ba precursor alone, where this
colorless protective layer disappears after 190-200°C, leaving a white powder.

Cu-Y binary solution

For binary solutions of the Cu and Y precursors, the FTIR of the dry film shown in Fig.
4.15a indicates the replacement of acetate groups by propionates, as expected from the behavior
of the separate components. Additionally, the presence of YProps and CuProp: is confirmed by
XRD in Fig. 4.15b.

In the TG curve of Fig. 4.13, two stages can be clearly identified: one between 100-200°C,
and a second one between 200 and 400°C, after which the mass is stable. In the first stage
decomposition of CuProp; takes place. No copper(II) reduction is observed at 300°C, neither by
FTIR nor XRD. This is in agreement with the fact that all organic material has already decomposed
before that temperature, leaving only the stable oxidized phase expected in humid O,. The final
products consist of Y203 and CuO, both clearly identified by XRD.

From Fig. 4.15b it is evident that CuO crystallizes in the stable thermodynamic phase.
Conversely, given the width of the diffraction peaks and the separation between the base-centered
(bc) Y203 and face-centered (fc) Y203 peaks, it is very difficult to determine the crystalline phase
of yttria; nevertheless, yttria seems to have grown in the face-centered (fc) cubic phase rather
than the base-centered (bc) phase.
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Fig. 4.15: Chemical characterization of the solid residue from decomposition of the Cu-Y solution. (a)
Infrared and (b) XRD evolution of the solid residue in humid O, at 5°C/min.
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Y-Ba binary solution

In binary solutions of the yttrium and barium carboxylate salts, the dry film consists of
YProps (FTIR bands labelled with a “+” sign in Fig. 4.16) and Ba-Prop-Ac (bands labelled with
empty circles). From the XRD analysis, the crystalline phases cannot be distinguished, probably
because the film was not enough dry, and propionic acid was still retained. The TG curve of Fig.
4.13 displays one main mass loss step, and again, due to the presence of the Ba precursor, the
YProps decomposition has slightly shifted to relatively higher temperatures.
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Fig. 4.16: Chemical characterization of the solid residue from decomposition of Y-Ba solutions. (a) Infrared
and (b) XRD evolution of the solid residue for thick films (>1um) in humid O, and 5°C/min, showing the
BaCOs; crystallization into both the orthorhombic and monoclinic phase.

Film samples quenched at different temperatures and analyzed by FTIR and XRD (Fig.
4.16), indicate that at 300°C the BaCO3; phase begins to crystallize (Fig. 4.16b). Both infrared and
X-ray evolution of the solid residue shows that at 350C° the monoclinic BaCO3 phase (labelled as
*) is again found next to the stable orthorhombic phase (distinguished from the two peaks above
and below 1400 cm-!, as marked in Fig. 4.16a). Unlike the case of Cu-Ba binary solutions, at 500°C
the O phase is not recovered.

Some FTIR spectra of the solid residue at 500°C for films and powder samples are reported
in Fig. 4.17a, while the inset shows the corresponding TG curves from which they were obtained.
Given the small amount of material for the 0.1pm film, the XRD analysis (instead of IR) was carried
out for this film at 500°C, and it is reported in Fig. 4.17b. From the infrared and XRD analysis in
Fig. 4.17, it is clear that the amount of monoclinic phase with respect to the orthorhombic phase
at 500°C increases with increasing film thickness; additionally, M is never again converted to the
orthorhombic structure before 500°C. Thus, at 500°C, the final product consists of Y203 and a
mixture of monoclinic and orthorhombic BaCOs.
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Fig. 4.17: Effect of the sample geometry on the decomposition of the Y-Ba precursor. (a) FTIR spectra of the
solid residue at 500°C of several films of a Y-Ba precursor solution from decomposition at 5°C/min in humid
0., showing the relative amount of monoclinic to orthorhombic phase. Inset: corresponding TG curves. The

TG curve relative to 0.1 um film, could not be seen by FTIR; however, the XRD analysis in (b) shows the
presence of only orthorhombic BaCO:s.

BaCO:s crystallization: Ba precursor melting

As mentioned at the beginning of section 4.2, the presence of a non-thermodynamically
stable phase of BaCO3z (M), is detrimental for the YBCO growth stage. Understanding and
controlling the formation of different crystalline phases is of special interest in the context of the
optimization of each CSD step. Therefore, the present section will deal with the analysis of the
origin of M during pyrolysis, in order to find suitable conditions where this phase can be avoided;
further details about its effects during the growth of YBCO will be postponed to the next chapter
(Chap. 5).

One of the evidences related to the presence of M is the fact that its formation only occurs
during pyrolysis in the presence of the copper or the yttrium precursors; conversely only the
thermodynamic stable phase, orthorhombic (0) BaCOs3, crystallizes during the pyrolysis of the Ba
precursor single-component solution.

A possible explanation is the idea that other crystalline phases can act as crystallization
seeds due to comparable lattice parameters. If this seed crystallization is occurring, it should be
more favorable when the Ba precursor is in liquid form prior to decomposition.

Indeed, it was previously shown in Chapter 3 that between 200-260 and 330- 350°C, two
melting events of the Ba-Prop-Ac (and BaProp; as well) precursor take place, and that the last one
strongly affects the thermal behavior of the salt. The melting temperature in O, was observed to
be lower than the endothermic melting peaks detected in N, and it was explained as due to the
presence of decomposition products mixed with the barium salt. We might expect a similar effect
when other species (such as the Cu or Y precursors) are mixed with the Ba-Prop-Ac salt.

Some lattice parameters for possible candidates are reported in Table 4.2. As it can be
seen, small lattice parameters could be expected to promote formation of the M phase: for
example, fcc (face-centered cubic) Y203 or metallic Cu.
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paﬁggtt‘iars Reference Entry
BaCO;3 Orthor.* (0) 6.4,5.3,89 PDF 45-1471. Amcsd 0000235 1
BaCO3 Monoc.(M) 6.9,5.3,4.5 PDF 78-2057 2
Y203 bc cubic* 10.6, 10.6, 10.6 Amcsd 0017468 3
Y203 fc cubic 5.3,5.3,5.3 PDF 43-0661 4
Y20:C03 hex 3.8,3.8,15 [113] 5
YAc3-4H,0 triclinic 8.9,9.4,10.6 [154] 6
Y2Prope'2H;0 triclinic 9.6,12.1,13.2 [105] 7
Y2PropeH20 monoclinic 15.9, 16.5, 8.4 - 8
CuO monoclinic* 4.68, 3.48,5.12 PDF 48-1548. Amcsd 0018817 9
CuO cubic fcc 4.2 PDF 78-0428 10
Cu;0 cubic 4.27 PDF 65-3288. Amcsd 0009326 11
Cu cubic 3.6 Amcsd 0011145 12

Table 4.2: Cell parameters of some Y, Ba and Cu species. Metal carboxylate precursors, intermediates and
products that might influence crystallization of BaCOs into the monoclinic phase are shown. Entry 8 was
derived from the single-crystal structure from the powder diffraction analysis performed on a film of the Y
precursor solution (YAcs in prop. acid/MeOH). The * symbol refers to the thermodynamic stable phase or
most common phase of a specific specie that can crystallize in more than one phase.

In the case of the Y-Ba solution, in Fig. 4.17a, the sample with the most significant M
contribution corresponds to the TG curve were the mass loss takes place at the highest
temperatures; this might suggest that as the thickness increases, a bigger portion of the Ba-Prop-
Ac salt survives to higher temperatures (superior to 330°C) so that more precursor can
decompose in the melted state. Here, the presence of YProps; or its decomposition products could
act as crystallization seeds promoting the M BaCO3 phase.
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Fig. 4.18: Detailed FTIR analysis of the Y-Ba solution during decomposition. Comparison of the IR spectra of
the Y and Ba precursor salt and the Y-Ba solution decomposed to 350°C, when the BaCOjs is crystallizing
majorly into the monoclinic phase.
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To understand if the Y-carboxylate salt has any influence, we can first look at the crystal
structure. From table 4.2, the lattice mismatch of the M phase with some Y carboxylate precursors
(entry 6-8) seems to be too large to promote such seed-induced crystallization. Additionally, the
FTIR of the solid residue of a quenched decomposition product of the Y-Ba solution is reported in
Fig. 4.18, compared with the FTIR spectra of YProps: no Y carboxylate precursor (YProps) seems
to be present at 350°C while the M phase is appearing. This leaves the Y,03 phase as a more
probable candidate.

For the case of the Cu-Ba solution, the M phase appears in correspondence of copper(1I)
reduction to Cu(I), thus after all CuProp; has been consumed, ruling out any possible influence of
the Cu precursor salt. Indeed, CuzO crystal structure (Table 4.2) has small lattice parameters that
may promote M instead of O crystallization. As Cu;0 is reconverted to the stable monoclinic CuO
by oxidation, also the monoclinic BaCOs is reconverted to the orthorhombic phase.

BaCO:s crystallization: water content

As introduced in Chap.2 and at the beginning of this chapter, high water content in solution
corresponds to the presence of M BaCOs in the pyrolyzed films. Regarding the effect of the water
content in solution, we might expect water to either affect the Ba species, or the Y/Cu species.

For example, as shown in Table 4.2, in the case of YProps, increasing the amount of
crystallization H20 leads to smaller lattice parameters accompanied by a change from monoclinic
to triclinic structure (entry 7,8).

Conversely, for the Ba case, both BaProp, and the mixed Ba-Prop-Ac exhibit two melting
temperatures: one between 200-260°C, and one between 350-400°C owing to two different
crystalline phases. Since the low-temperature melting occurs after dehydration, the presence of
the first melting might be influenced by the crystallization process in the barium precursor
solution, and thus, for example, by the water amount in solution. Thus, an anhydrous solution
might induce crystallization in a phase between the first and second melting event.

To test the influence of the first melting peak, a Ba-Y solution was also prepared dissolving
an annealed (at 280°C for 25 minutes in Ny, see Fig. 3.19) BaProp: precursor as the barium source,
which before dissolution only shows the high temperature melting. After pyrolysis of this solution
to 500°C, BaCO3 crystallization only occurs in the O phase. However, the solution is not stable;
additionally, the M phase reappears within a second pyrolysis in the same day, probably as a
consequence of a change in the crystalline structure as water is absorbed.

4.2.2 Thermal decomposition of ternary solutions
Thermal analysis of the ternary solution

The thermogravimetric analysis of non-anhydrous ternary solutions of 2-3 and 3-7
composition is reported in fig. 4.19, along with single-component and binary solutions, for
comparison.
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Fig. 4.19: TG analysis of single-component, binary and ternary solutions. (top) single-component, (middle)
binary and (bottom) ternary solutions (sol. T, Chapter 2) of FF-YBCO in humid O at 5°C/min. The symbols on
the curves indicate roughly when the corresponding phases appear; reduction of copper only occurs in
binary and ternary solutions, to Cu(l) and to Cu(0), respectively. Conversely, in single-component solution no
reduction is observed. Crystallization of the M BaCO3 phase takes place in both binary and ternary solutions,

but not in single-salt solutions.

The 3-7 solution seems to start to decompose at a lower temperature, with CuProp, mostly
decomposed before 200°C (see Fig. 4.19). Conversely, in the 2-3 composition, the beginning of
decomposition hardly takes place before 200°C comparing similar thicknesses. This could be
again explained by the fact the Ba salt forms a protective layer that slows down gas diffusion and
thus CuProp, decomposition; since in a 3-7 solution the Ba/Cu ratio is lower than in the 2-3
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composition, this effect is less important, hence decomposition starts earlier.
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From the chemical characterization (infrared and X-ray diffraction analysis) of quenched
film samples of a 2-3 solution, reported in Fig. 4.20, it is evident that CuProp, decomposition is
the first to take place, between 150 and 250°C. In fact, by 250°C, the CuO X-ray reflections have
appeared (Fig. 4.20b). While decomposition of the other salts takes place, at ~300°C CuO is first
reduced to Cuz0 and then to metallic copper, Cu, at 350°C. This suggests the fact that the residual
carbon (or CO produced from decomposition) of the other two salts pushes towards the reduction
of CuO, upon CO; release.
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Fig. 4.20: Chemical characterization of the solid residue from decomposition of non-anhydrous ternary
films. (@) FTIR and (b) XRD evolution of the solid residue in humid Oz at 5°/min, for 1-um film of 2-3 solution.
Note that reduction of Cu(ll) takes place during decomposition, due to the carbon carried by the other salts:
in fact, while in binary solutions it reaches oxidation state +1, in ternary solutions it is pushed to Cu(0), since

more metal propionates are present. Also note the formation of BaCO3 monoclinic (M) in the presence of

Cu(0)/Cu20. Once crystallized, M does not fully convert to the orthorhombic phase, unlike the case of a
binary Ba-Y solution.

In fact, the TG-IR analysis of a 2-3 film shown in Fig. 4.21 confirms that propionic acid and
CO; are detected at the low temperature decomposition stage, between 150 and 250°C, which
corresponds to CuProp; degradation. This is followed by a series of CO; peaks; since not just one,
but two carboxylate salts are added with respect to a Cu-Ba binary solution, reduction is pushed
all the way to Cu due to the higher availability of carbon to produce CO,. Simultaneously to copper
reduction to Cu0 and Cu, BaCOs starts to crystallize between 300-350°C in the monoclinic phase
(Fig 4.20). In the last stage, between 350-450°C, copper is re-oxidized to Cu(Il) and some
orthorhombic BaCO3 phase appears.
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Fig. 4.21: TG-FTIR analysis of a 2-3 solution of YBCO during pyrolysis. Decomposition is performed in humid
02 at 5°C/min. Compared to films of the single-salt solutions, the main decomposition volatile is CO; and the
decomposition process is shifted to higher temperatures.

The final product consists of a mixture of orthorhombic and monoclinic BaCOs3, along with
CuO (XRD in Fig. 4.20b). Y,0s3 is hardly observed in films by XRD due to the small particle size.
Overall, the ternary solution seems to follow the behavior of a Ba-Y binary solution, where the O
BaCOs3 phase is not fully recovered at 500°C.

As expected, film thickness and sample geometry affect the decomposition temperature:
very thin films start to decompose at lower temperatures than powders in a crucible, as depicted
in Fig. 4.22 for a 3-7 ternary solution. Additionally, the higher the amount of precursor
decomposed at high temperature, the bigger the amount of monoclinic BaCOz with respect to the
orthorhombic phase, as already found for binary solutions of Y and Ba precursors.
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Fig.4.22: Thermal behavior of a 3-7 solution as a function of sample geometry. The TG curves shift to high
temperature as the film thickness increases.
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The M BaCOs phase: Ba precursor melting

Several strategies can be adopted in order to have reproducible initial conditions after
pyrolysis, necessary to optimize the growth stage. In particular, as mentioned before, the presence
of the M BaCOs3 is detrimental for the YBCO growth stage, and thus it is important to discuss the
conditions in which this phase can be avoided in favor of the thermodynamically stable one, also
in the context of the ternary solution.

The quest for better cost-effective CSD methodologies urges to look for alternative
conditions in which the M phase can be avoided. A second type of ternary solution (sol. t’, in acetic
acid and H,0), where the dry film is made up of only metal acetates instead of majorly (due to the
Ba-Prop-Ac salt) propionates, was pyrolyzed. Its thermal behavior is reported in Fig. 4.23a.
Independently of the water content and time, mostly only the O phase is observed at 500°C (Fig.
4.23b). It seems that both H,O amount and propionate/acetate ratio in solution play an
independent role in the BaCO3 crystallization.

Therefore, several other solutions were compared where the ratio of MPropx/MAcy in the
dry film is reduced; this was achieved by replacing some propionate metalorganic precursors with
acetates in a H20-based solution. Note that, although the initial type of salt in these mixtures is
known, ligand exchange can still take place after dissolution of the salts, changing the chemical
nature of the metalorganic species in equilibrium. After pyrolysis of these solutions to 500°C, the
amount of M/O detected by FTIR in Fig. 4.23b decreases with decreasing amount of MPropy with
respect to MAc (sol. t, t7, t’).

Unfortunately, the acetate-based solutions required a very low concentration of salts to
enhance solubility. In this scenario, the new precursor solutions should be designed considering
the need of a higher molarity for thick film deposition. In particular, Fig. 4.23 also reports a new
solution currently under study in our group where the precursors are metal acrylates: the FTIR
in Fig. 4.23b after pyrolysis to 500°C anticipates the presence of majorly orthorhombic BaCO3,
even in non-anhydrous conditions of pyrolysis.
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Fig. 4.23: Thermal analysis of solutions with different M-Prop/M-Ac ratios. (a) TG analysis at 5°C/min in
humid O; of solution T (100% refers to the dry MProp/BaProp-Ac film after solvent evaporation), t’ (100%
refers to the dry film composed of metal acetates after solvent evaporation) and a metal-acrylate-based
solution. Colored dotted lines refer to the expected final mass for (red lines) solution t’ and (blue lines)
solution T. (b) corresponding FTIR analysis at 500°C after pyrolysis.
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Based on the analysis of the binary solutions (in particular, sol. Y-Ba), the fact that in
solution t’ only O BaCOs3 is formed could be related to the absence of melting events of the barium
precursor during decomposition. In fact, unlike BaProp, and other barium carboxylates with
longer carbon chains [147], BaAc; does not show a low-temperature melting, while the high-
temperature one is observed to occur at Tonset~455°C from TG-DSC analysis (see next section).
Since films of solution t' decompose much before this temperature (~100°C earlier, Fig. 4.23a),
decomposition in t’ is expected to take place with the barium precursor in its solid state. In fact,
in this solution, the main mass losses seem to have already taken place by 300°C, relatively earlier
when compared to solution T.

The M BaCOs phase: water content

On the other hand, as already mentioned, for films pyrolyzed working in anhydrous
conditions (see Chap. 2), the O BaCO3 phase is the only phase recovered at 500°C. The need to
work in anhydrous conditions to optimize the YBCO growth stage is indeed first reported in the
thesis of Dr. L. Soler [155]. However, the reason why H;O0 is linked to the presence of BaCO3 M has
never been disclosed yet.

Indeed, the influence of residual water in a solution containing metal propionates is
trickier to understand. The presence of water in solution is expected to change the crystalline
structure of the salts; for example, it induces the formation of an unstable phase of the barium
precursor, with two melting events; the melting temperatures may therefore depend on the salt
crystallization and solution history. Water may even be expected to influence the equilibrium that
results in the replacements of acetate groups by propionates: for example, of the three metal
acetate precursors, only BaAc; does not exhibit a strong tendency to hydrate, while CuAc; and
YAc; are stable with crystallization water (see Fig. 4.24). Similarly, both BaProp, and Ba-Prop-Ac
show crystallization water, which is retained up to relatively high temperatures (190-200°C,
Chapter 3). Also, YProps tends to hydrate while CuProp; is stable in anhydrous form.

Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm™]
Fig. 4.24: FTIR analysis of some YBCO metalorganic precursors (acetates and propionates). Some spectra

show the presence of crystallization water (broad band between 3000-4000 cm’,*and peak at 1660-1700
cm). The salts with an anhydrous FTIR spectrum are stable over time.
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Therefore, anhydrous solutions could be expected to promote the presence of BaAc; or
acetate-rich Ba-Prop-Ac carboxylates rather than propionate-based barium salts. This affects the
presence of the first melting peak in the low-temperature region where decomposition of the Y
precursor takes place (200-300°C), which was not detected for the BaAc; species. It also affects
the temperature at which the (second) melting event occurs, which follows the order: BaProp; <
Ba-Prop-Ac < BaAc; (see Fig. 4.25 for the DSC endothermic peaks). In turn, the high-temperature
melting of the acetate-based Ba precursor reduces the effects of the Cu and Y phases on the BaCO3
crystallization.
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Fig. 4.25: DSC signal during decomposition of Ba species as a function of their prop/ac ratio. Specifically,
BaAc;, Ba-Prop-Ac and BaProp; in powders (25-35 mg) are shown. The endothermic DSC peak relative to
their melting is indicated with an arrow as it shifts to high temperatures. In the case of BaAc,, films
decompose at lower temperatures (see Chap. 3.3), while melting and decomposition overlap only in
powders. In fact, on-going studies revealed that in N, the decomposition temperature of BaAcz as powder is
not thermally activated, which is a signature of the occurrence of melting prior to decomposition.

Lastly, although the presence of the O phase seems to depend on the specific barium
precursor used, we cannot exclude the influence of other parameters, such as the molar
concentration of the salts, or the degree of their intermixing after dissolution. For example, a
strong homogenous intermixing of precursors in solution could induce the formation of a more
amorphous film after deposition, where the crystal structure of the salts can be expected to play
a less significant part.

In conclusions, this reflects the importance of the chemical solution design step in CSD
methods; when new features arise in complex solutions, thermal analysis techniques and
chemical charaterization methods are crucial to underpin the best conditions to attain control in
order to ensure optimal YBCO growth conditions.
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4.3 Partial conclusions

This chapter showed that the study of complex solutions (single component with TEA,
binary and ternary solutions) can still be undertaken with the aid of thermal analysis techniques.
Even though the knowledge developed from the single-salt solution studies is crucial to
understand and confirm the interpretation of binary and ternary mixtures, the thermal behavior
of such complex solutions cannot be expected to be the simple sum of the behavior of its
components.

Regarding the use of additives, in this chapter it was proven that the presence of TEA is
responsible for a smoother decomposition process, justifying its use during CSD pyrolysis to favor
stress-free films. The esterification reaction path that occurs between TEA and propionate units
is responsible for this effect. This path can only take place if TEA’s decomposition temperature
and that of the metalorganic salts overlap; otherwise, this path competes with the thermal
behavior characteristic of the isolated metalorganic salt.

As a consequence, the esterification path takes place in both humid O, and N; for the Y
precursor, and mostly only in N; for the Cu precursor. Conversely, the barium precursor is not
affected much by the presence of additives, due to the absence of TEA-Ba coordination, its high
decomposition temperature and its intrinsic decomposition path.

The thermal behavior of the ternary metalorganic solution is very sensitive to the
experimental conditions and the solution history, more than expected from the study of the single-
component solutions. Unexpected interactions lead to copper reduction even when
decomposition takes place in humid O, and to the BaCOs3 crystallization into the monoclinic (M)
phase instead of the thermodynamically expected orthorhombic phase.

These results are not observed in the single-component solutions, but they were however
shown to originate already at the level of the binary solutions.

The interest in understanding the origins of the M BaCOs phase lies in the fact that its
presence has been observed to be detrimental for the YBCO growth step, in most growth
conditions. Therefore, avoiding the formation of this specie is essential to optimize the growth
step. One of the hypotheses for the presence of the monoclinic phase is that the melting of the
barium precursor during pyrolysis results in the M phase only when crystal seeds of other metal
species are present in the melt, although those species are yet to be clearly identified.

Conversely, copper reduction is caused by carbon residues from decomposition of the
other metalorganic salts.

So far, only two situations have been found where the monoclinic BaCOz phase is avoided
in favor of the thermodynamically stable orthorhombic phase:

e when rigorously anhydrous conditions are adopted in the presence of metal propionates,
probably due to the fact that water can change the crystalline structure of the BaProp:
and Ba-Prop-Ac precursors, or the Ba acetate-propionate equilibrium in solution, thus
changing the melting temperature;
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e when metal acetates or acrylates are used instead of propionates, probably as a
consequence of the fact that the Ba precursor decomposes before its melting can take
place.

Although the absence of melting events in the Ba precursor seems to promote the presence
of the 0 BaCOs3 phase, this issue will require further investigation to be confirmed.
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TRANSIENT LIQUID ASSISTED
GROWTH (TLAG) oF YBCO

Chapter 5

5.1 Fundamental principles of TLAG

This Chapter will introduce the basis of the YBCO growth approach from fluorine-free
precursors as analyzed and developed in our group; the general theory behind this growth route
will be explained and visualized with the aid of crystalline phase time evolution derived from the
in-situ X-ray diffraction performed at SOLEIL Synchrotron (as previously described in the
Materials and Method section). Secondly, this chapter will focus on a particular route within this
growth approach with the aim of tuning the growth conditions in order to identify the region of
the phase diagram where epitaxial growth is possible and high performances are promising.
Finally, in this chapter, it will be demonstrated the robustness of the method by extending it to
thick films and tape.

5.1.1 Basic characteristics of TLAG

TLAG (Transient Liquid Assisted Growth) is a novel approach to YBCO crystallization
based on the presence of a transient liquid in the ternary BaO-CuO-Y,03 system, (Fig. 5.1a)
originating from the CuO-BaO eutectic reaction [156]. In fact, upon heating the CuO-BaO system,
a BaCuO; mixed oxide is formed which exhibits an eutectic melting, in agreement with the binary
phase diagram of Fig. 5.1. Upon the Y203 nanoparticles dissolution in the Ba-Cu-O liquid and the Y
diffusion to the substrate interphase, heterogenous YBCO nucleation can occur from Y reaction
with the melt. Thus, YBCO crystallizes heterogeneously forming epitaxial nuclei with respect to
the substrate, pushing the liquid and unreacted phases to the surface.

The remarkable novelty of this approach is that the liquid can be generated in a region of
the phase diagram where the solid YBCO would be the stable phase (from which the name
“transient liquid”); hence, as soon as it is formed, it reacts with Y,03 to form YBCO, and growth
rates can be of the order of hundreds of nm/s. This hinges upon the principle that there is no
nucleation barrier to form a liquid, unlike for a crystalline phase, and the fact that Y dissolution in
the Ba-Cu-O eutectic melt is several orders of magnitude faster than in the solid BaO-CuO matrix.
Therefore, crystallization of the thermodynamic equilibrium phases is delayed by the kinetic
hindrances that generate the transient liquid, which thus becomes kinetically preferred over the
solid product.
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(a) (b)

Liquid + CuO.

Temperature (°C)

BaCuO, 4 Liquid

BaCuO, + Cu0

50 55 60 65 70 75 80 8 90 95 100
mol% Cu

Fig. 5.1: Schematics of TLAG. (a) Diagram showing the principles of TLAG: the Y03 particles dissolving in the
BaO-CuO0 eutectic liquid; (b) Ba-Cu phase diagram as a function of Cu% with the two liquid compositions
discussed in this dissertation: 2Ba0O-3Cu0 (2-3) and 3Ba0-7Cu0 (3-7).

Fig. 5.2 reports the phase diagram of YBCO, with the BaO-CuO melting line plotted as a
function of temperature and composition, and temperature and pressure [157,158]. While
thermodynamics is useful to describe the relative degree of stability of different phases, for a
system there also exist metastable conditions which are selected by kinetics, depending on their
relative rates of transformation. In fact, our results show that a metastable liquid phase can also
be achieved before the eutectic line, originating from the same kinetic factors as TLAG. The
concept can be understood in the context of metastable phases, as represented in Fig. 5.2a.

(a) Ternary phase diagram (b) Ternary phase diagram

T-composition T-Po,
T[°C]
1000 950 900 850 800 750 700 650
10°4\1 " T 1 ‘ ‘ ' ’ S
T(°C) L i
1 L+ 100
C, L+21 15 ]
~ #+1234Cs __
011
* =1 011+901
001 +123% |
(Ba,Cu) £ 123 (YBCO) (Y,05) 100 0,75 o,'so 0,'85 o,'go o,'.o)s 1,'00 1,'05 1,10
1000/T(K]

Fig. 5.2: Ternary phase diagrams in the TLAG approach. (a) the Ba-Cu-Y ternary phase diagram as a function
of Y% indicating the possible formation of metastable phases that make TLAG a kinetically driven process;
(b) ternary YBCO phase diagram as a function of oxygen pressure and temperature, indicating the YBCO
peritectic melting line (T, [159] ) and instability line (Tins, 2a [158]and 2b [71]), together with the BaO-CuO
eutectic line (Te) derived from studies on powder oxides (lines 4 [158] and 5 [157]).
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5.1.2 Fundamental aspects of crystallization in TLAG

Crystallization is defined as a first-order phase transformation upon which, in TLAG, a
solid crystalline product is obtained from a liquid. All in all, crystallization takes place in two
distinct steps: nucleation and growth. Nucleation involves the formation of the first stable nuclei,
which will be generally favored by a low surface energy of the new phase; the stable nuclei will
then reach a macroscopic size during the growth stage. Finally, the coalescence of the grown
nuclei will form a film. Overall, growth occurs through two main physical processes:

o Diffusion of the solute to the growth interphase
o Surface kinetic processes, such as surface diffusion of the molecules once they have been
absorbed on the substrate terraces.

Even though a theoretical analysis of all these models can be found elsewhere [18,160], in general
the main driving force of these phenomena leading to crystallization from a solution is referred to
as supersaturation. Supersaturation represents the relative chemical potential of the new phase
(Apc) with respect to the mother phase (Aps), as below:

Ap =Ays - Ay (5.1)

Where the chemical potential is mathematically defined as follows:
Ap = KT-In(CE/ CE) = kTIn (c+1) >0 (5.2)
With: o= (Ct/chH -1 (5.3)

Hence, on a system where the Y coming from the yttria nanoparticles represents the solute
dissolved into the eutectic liquid, Ap depends on the difference between the Y equilibrium
concentration Ct, and the real Y concentration C&L in the liquid. In other words, from Fig. 5.2a, this
difference becomes the driving force for the Y-123 (YBCO) phase crystallization from the liquid
(L): thus, for nucleation to begin, so for the precipitation of a solid (YBCO) from a liquid (Ba-Cu-
0), Ap needs to be bigger than 0. The following diagram (Fig. 5.3) sums up the main steps of TLAG.

distance cYo

YBCO
Cxl

Y concentration

Fig. 5.3: The main steps of the TLAG process. Diagram showing that above the Ba-Cu-O eutectic line the
Y203 particles dissolve and diffuse to the substrate interphase where YBCO nucleation takes place.
Reproduced from L. Soler’s thesis [155].
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Initially, Fig. 5.3 step 1, the Y concentration is represented by the Y03 particles; the
dissolution (Fig. 5.3, step 2) of the Y,03 particles in the Ba-Cu-0O melt originates the concentration
of Y in the liquid, C%_S (1), which depends on the initial Y203 amount; upon Y diffusion through a

certain distance & to the interphase (2) where YBCO can nucleate and grow, the real Y

concentration becomes C\%,ao- Finally, (step 3), the Y concentration in the growing YBCO is

represented by CYP¢C. Note that an increase of the initial Y concentration corresponds to an

increase of supersaturation.

Epitaxial nucleation of YBCO can be achieved tuning the supersaturation conditions.
Higher supersaturation means higher driving force towards nucleation, but also less control in
the c-axis orientation, in favor of random and a/b nucleation. To obtain c-axis nucleation, it is thus
fundamental to be in the right supersaturation conditions. Although the experimental parameters
that can be tuned are limited, supersaturation can be controlled by playing with the following
parameters, namely: the initial Y concentration in solution, which is known (however the real
concentration in the melt, C%_S, is actually unknown), temperature, oxygen partial pressure and
heating rates. The Y equilibrium concentration, C%, can be varied by changing the Ba/Cu molar
ratio, as shown in Fig. 5.1b; for example, the eutectic composition is characterized by the
transition from a solid to a full liquid, while for other compositions a liquid phase is in equilibrium
with a solid (CuO or BaCu0z) as not all Ba and Cu are converted into the melt. In particular, an
increase of the copper molar amount, Cu% in the diagram of Fig. 5.1b, causes C} to decrease;
under the same C%_S conditions, a decrease of CL in turn causes the difference between Ct and
C%_S, which is the supersaturation in Fig. 5.3, to decrease. Therefore, the eutectic composition (3-
7) is characterized by a smaller C¢ compared to the stoichiometric melt (2-3), thus
supersaturation is lower in the 3-7 melt. Two solution compositions will be studied, the
stoichiometric 2Ba0-3CuO (2-3) and the eutectic 3Ba0-7CuO (3-7). The effect of these parameters
will be analyzed in the following sub-chapters.

Once BaCuO; crystallizes, the system needs to form the BaCuO;+CuO (lig). One of the
points to take into account for this process is that the liquid formation does not only occur from
oxides (CuO, Y203) but also carbonates (BaCO3) that are produced from the pyrolysis of the
metalorganic precursors, as shown in Chapter 3 and 4. In these conditions, BaCuO; crystallization
relies upon an extra step: the decomposition of BaCOs. Based on this requirement, several other
PhD students have been jointly working on the TLAG approach, which led to the development of
the two main growth routes that are depicted in Fig. 5.4, with the relative working window for the
TLAG process:

o The temperature route (T-route), which consists in heating up the sample at constant
pressure in a region where YBCO is stable (102 bar < Po2 < 104 bar). Here, the
decomposition kinetics of BaCO3 overlap with YBCO formation: YBCO is formed while
BaCO3 decomposes. Slow heating rates thus result in random YBCO formation, since YBCO
grows before the right nucleation conditions can be met. The key parameter is the heating
rate: very fast ramps (> 1200°C/min) enable to reach the c-axis growth window for YBCO
nucleation. However, some of the problems yet to be solved include substrate reactivity
with the highly corrosive melt and poor wettability, especially for low-supersaturation
solutions. This route can be represented with the following (not balanced) reaction:

BaC03(s)+CuO(s)+Y203(s) - [Ba-Cu-O] (1)+Y203(3) - YB32CU306_5(3)+XCUO(S) (54)
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Where x varies as a function of the initial Ba/Cu ratio in solution, going from x=0 in the 2-
3 melt to x#0 in the 3-7 melt.

o The pressure route (P-route), where, conversely, the strength is the capability to decouple
BaCO3 decomposition from YBCO growth. This can be achieved by heating up the sample
at constant pressure (Po2<10-5 bar) in a region of the phase diagram where YBCO is
thermodynamically unstable, thus below its instability line (Tins). YBCO crystallizes in a
second step, when the pressure is rapidly raised at a constant temperature to enter the
region of YBCO stability. That offers the possibility to optimize two separate steps, which
in turn will show beneficial to widen the epitaxial window and decrease substrate
reactivity, since the time the substrate is in contact with liquid is very much reduced.

Given the potentialities of the pressure route, the next sub-chapters will be focused on this
approach and the main reaction routes will be laid out. More details about T-route in TLAG can
be found in L. Soler’s thesis [155].
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Fig. 5.4: Main growth routes of TLAG. The T-route consists in heating up the sample at constant PO, and
ultrafast heating rates; the P-route is based on heating up the sample in the region of YBCO thermodynamic
instability and then moving above the instability line through a fast pressure jump. Roman numbers indicate

different regions: Il is the region of the metastable liquid, Ill is the region of the eutectic liquid.

5.1.3 Time-resolved phase evolution

Beginning from the pyrolyzed sample cointaining CuO, BaCOz and Y,0s3, the following
section will outline the phase evolution that governs the P-route in both steps, before and after
YBCO growth, thus exploring the instability region and the YBCO phase diagram region,
respectively.
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The next two figures depict two different reaction paths that can occur during the first
step of the pressure route, in the YBCO instability region; the two paths correspond to two
different P routes: the Cu route and the BaCu;0; routes. These two possible paths can be achieved
playing with both oxygen partial (Poz) pressure and total pressure (Pror). The difference is driven
by the copper oxidation state, which can thermodinamically exist as Cu(I) and Cu(0) in the YBCO
instability region:

- Cu0- Cuz0 (BaCuz0- route: 10-6 bar<Po,<10-5bar)
- CuO-> Cu (Cu route: Pp2<10-7bar)

The specific combination of Poz and Pror can affect the final YBCO film properties even
within the same route; independently of how these phases are generated, the advantage of having
Cu(0) is that lower total pressures can be adopted with respect to the BaCu;0; route; with that,
the operational window is widened since the effect of residual local CO; is decreased (see next
sub-chapter); higher temperatures can be reached (up to 870°C tested) without substrate
reactivity or corrosive liquids. On the other hand, BaCu;0- can generate a melt at Po; = 10-5 bar
above 840°C, according to [71], although it was not observed in this work; this is in agreement
with the strong interplay of kinetic and thermodinamic aspects in the TLAG approach.

BaCu;0; route

Heating up at Po2=10-5 bar, CuO undergoes reduction to Cu;0, and the specific temperature
at which this is achieved increases with higher heating rates. For example, in Fig. 5.5 reduction
takes place above 780°C, nearly 180°C higher than the equilibrium temperature. As soon as Cu,0
is formed, BaCO3z decomposition is driven by the formation of BaCu;0, and the characteristic
reaction path for this route can be expressed as:

BaC03(S)+CuO(S)+Y203(s) - BaC03(s)+Cu20(s)+Y203(s) - BaCu202(3)+Y203(3) (553)

Where the equation is not balanced to generalize the path independently of the liquid composition
employed.

(a) 1. Heating step (P[0,]=10"bar) (b) 2. P[O,] change (P[O,]=2-10"bar)

Temperature (°C) PO, (mbar)
775 830 840 850 0.01 22

A 104
B
BaCu,0, BaCu,0,

40,54

Normalized Intensity (a.u.)

T T T 0,0 T T
0 200 400 600 900 905 910 915

Time (s) Time (s)

Fig. 5.5: Example of the phase evolution during the BaCu,0, route. The time-resolved phase evolution is
relative to the case of the 2-3 melt at a heating rate of 300°C/min.
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In the second step of the pressure route, the Po; is increased to cross the YBCO Tixs line.
For YBCO to crystallize, Cu(I) needs to be oxidized to its final oxidation state, Cu (II), and in fact
BaCuO; is formed from the BaCu;0; oxidation (Fig. 5.5). Since the BaCuO, phase is not
termodinamically stable in the ternary system where Y,03 is present, as soon as it is formed it
melts and YBCO grows according to equation 5.5b, just like in T-route. The specific time and
temperature evolution of the time-resolved phase evolution shown in Fig. 5.5 depend on the
particular growth parameters chosen.

BaCu202(3)+Y203(3) - [Ba-Cu-O] (1)+Y203(3) - YB32CU306_5(3)+XCUO(S) (55b)

Cu route

At Po2<10-7 bar, CuO reduction is pushed all the way to metallic copper, passing by Cu,0
(Fig. 5.6). Simultaneously, BaCOs3 is decomposed to BaO; from in-situ XRD this phase cannot be
detected, probably because it is amorphous. No barium cuprate phases are formed in this route
due to this severe copper reduction to its metallic state. The Cu route can be expressed by eq. 5.5¢:

BaC03(s)+CuO(s)+Y203(s) - BaO(s)+Cu(s)+Y203(s) (55C)

In the second stage, when the pressure is raised to 10-5 bar, Cu is re-oxidized to Cu(I)
forming BaCuz02, and then to Cu(II) from which YBCO can crystallize following eq. 5.5b. When the
pressure jump is performed to reach the region just below the instability line (for example to
Po2<10-5 bar) the approach constitues a mixed P-route. Conversely, when the pressure jump is
aimed at reaching the region where YBCO is stable, BaCu;0; cannot be detected, and eventually
YBCO is seen growing directly from BaCuO: in the case of 2-3 composition (Fig. 5.7). The rate of
these transformations will be discussed by tuned in-situ XRD experiments performed at the
SOLEIL Synchrotron.

Based on the aforementioned premises, the next section will deal with the main aspects
related to BaCOs3, analyzing the parameters that govern its decomposition.

(a) 1. Heating step (Pt°t<10'7bar) (b) 2. P, change (P_,=1 0°bar)
Temperature [°C] P, [mbar]
400 540 680 800 0,0001 © 0,01
1,01 & Cu,0 Cu 104 Cu BaCu,O,

o

0,54

Normalized Intensity [a.u.]
o
[4)]

o
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Fig. 5.6: Example of the phase evolution during the Cu route before YBCO growth. The case of 3-7 solution

composition with heating rate of 25°C/min is shown. When the pressure is raised so to stop at the BaCu;0;

phase before reaching YBCO, the final properties of the film may vary so that this approach is called “Mixed
P-route”.
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Fig. 5.7: Example of the phase evolution during the YBCO growth in Cu route (upon a steep pressure
increase at constant temperature) obtained from a heating rate of 25°C/min for 2-3 solution composition.
(a) Normalized intensities and (b) relative intensities.

5.2 BaCOs3; decomposition

One of the main criticisms for the use of FF-chemical methods with respect to the TFA-CSD
route and the physical methods was for a long time thought to be the formation of BaCO3 as solid
intermediate after pyrolysis. Its decomposition in powder form occurs at very high temperatures,
above 1000°C [79,80], higher than the processing YBCO temperature of interest. In a ternary
system made up of the sintered oxide powders, BaCO3; decomposition can be lowered by 100-
200°C under the effect of very slow heating ramps (1°C/min) and thanks to the presence of CuO
and Y03 [80] phases. Even though retained carboxylic groups were found in the YBCO powders
obtained from the powder oxides decomposition [78], it has been already proven in Chapter 3 and
4 that films and powders behave differently. In this section we demonstrate in fact that BaCO3 can
be fully decomposed in FF-CSD-YBCO films at lower temperatures without carbon retain.

Since we already demonstrated that BaCOs; formation cannot be avoided from FF-
precursors after our pyrolysis conditions, it is crucial to underpin all the thermodynamic and
kinetic parameters that will affect decomposition, namely temperature, pressure (both oxygen,
Po2, and CO; partial pressure, Pco2), gas flow, heating ramps and film thickness. According to the
base pressure and the general equations (eq. 5.4 and 5.5) and phase evolution graphs introduced
in the previous section, during the heating ramp the following BaCO3; decomposition reactions
have been observed to occur:

e BaCOs3 )+ CuO ) 2 BaCuOz 5 + CO2 ¢y (T route) (i.0)
e BaCOs3 )+ [Ba-Cu-0] 5> [Ba-Cu-0] gy + CO2 y (T route) (i)
e BaCOs3+ Cuz0 ) 2 BaCuz02) + CO2 ¢y (BaCu20; route) (i)

e BaCOs3) = Ba0 )+ CO2(y (Curoute) (iif)
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Only reaction (i) leads directly to YBCO formation when the BaCuO; eutectic temperature
is crossed, and it is at the basis of the T route. Equation (i.if) follows from the overlap of two
reaction paths: as BaCO3z decomposes, BaCuO; crystallization takes place at the same time; when,
upon the temperature increase, this process enters the region where BaCuO; melts, this liquid will
be in the presence of undecomposed BaCOs. Thus, in (i.ii) BaCO3 decomposition is entwined with
the liquid formation. Reaction path (i) and (iii) constitute the main paths of the pressure routes
and are characterized by the fact that BaCO3; decomposition is not influenced by the eutectic melt,
since no BaCuO is formed at this stage.

In the previous equations, both Po2 and Pco2 play a major thermodynamic role: the O;
partial pressure influences copper oxidation, thus regulating the presence of Cu/Cu,0/CuO and
BaCu;02/BaCu0; species, as shown in Fig. 5.8a; on the other hand, the CO, partial pressure
directly affects the reaction rate and equilibrium of the BaCOs; conversion into
Ba0/BaCu0;/BaCuO; species (Fig, 5.8 b). While Py, represents a tunable parameter that could be
directly controlled, Pco2 is harder to estimate; in fact, values of total pressures do not really take
into account local accumulations of carbon dioxide due to slow gas flow or static flux conditions
that can depend on the furnace size and geometry. In the region where BaCO3; decomposition
occurs (700-850°C), the barium cuprate phases found are quite in agreement with the
thermodynamic predictions shown in the graphs of Fig. 5.8, setting the Po; limit between T route
and P route at 10-5 bar. However, the presence of metallic copper (and thus of BaO instead of
barium cuprate phases) is expected at lower Poz (10-9-10-13 bar) than the ones observed
experimentally (Po2~10-8-10-9 bar, with Pror~10-7-10-8 bar), indicating that other effects are
playing a part, which will be discussed in the next subchapter (5.3).
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Fig. 5.8: Thermodynamic equilibrium lines of 0,/CO; gas-solid reactions in TLAG. (a) Oxidation reactions of
copper [161] and of copper in barium cuprates [157]; the oxidation products are stable above the
equilibrium lines depicted. Thermodynamics lines as a function of Pcoz [157] for (b) several BaCO3

equilibrium reactions in the presence of copper (to BaCuO_ and BaCu,02) and without copper (to BaO).
BaCO;s is stable in the region above the equilibrium line.
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5.2.1 Decomposition in T-route (Po;210* bar)

Reaction (i) simplifies BaCO3 decomposition path in T-route. Since, as soon as BaCuO;
melts, YBCO grows, the complete reaction that takes into account BaCOz decomposition
temperature shown in the following graphs involves formation of some YBCO. The rate at which
reaction (i) occurs depends on the heating ramp (Fig. 5.9) and the Po; (Fig.5.10).

At a fixed Po2 (Fig. 5.9), increasing the ramp by one order of magnitude, from 25 to
300°C/min, causes the decomposition time to decrease by approximately one order of magnitude
and the temperature at which the transformation is at its maximum to shift by roughly 50°C higher
(from 650-670, to ~700-720°C), as depicted in Fig. 5.9a. Normal working windows in T-route, in
fact, involve ramps as high as 4800°C/min, where BaCO3; decomposition can be as fast as 3s (see
L. Soler’s thesis [155]). This time enhancement is mainly a kinetic effect; BaCO3; decomposition is
a thermally activated process, thus fast heating ramps permit to achieve higher decomposition
temperatures and given the exponential dependence of the reaction rate on temperature, the
decomposition time is dramatically reduced. Although, as it will be shown in this section, fast
decompositions are in agreement with kinetic theories, this behavior is further supported by the
fact that BaCO3; decomposition is driven by the presence of the eutectic melt. The liquid increases
atomic diffusion and facilitates gas exchange between the film and the surface, speeding up CO;
out diffusion. As a consequence, the 3-7 composition is slightly faster especially at low heating
rates, thanks to the fact that full liquid can be achieved. Note from Fig. 5.11, however, that the
points shown in Fig. 5.9 correspond to the region of the phase diagram below T., in the metastable
liquid region.
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Fig. 5.9: BaCO3 decomposition in T route: effect of heating rate. (@) Raw data from in-situ XRD analysis of
the BaCOs phase evolution with temperature at Po,=107 bar and (b) corresponding derivative points as a
function of temperature.
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At a fixed heating rate, the effect of the oxygen partial pressure on BaCO3 decomposition
is shown in Fig. 5.10. The general trend involves a decrease of the decomposition temperature
with decreasing Pz, going from 10-2 to 10-4 bar of PO, for both 2-3 and 3-7 melt (for the latter
going from 10-3 to 10-4 bar). Although decomposition times are in the order of a few minutes at
this slow heating rate (25°C/min), decomposition becomes faster at lower PO, probably due to
the vicinity of those points to the eutectic line (Te) at low oxygen content, as shown in the phase
diagram of Fig. 5.11.
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Fig. 5.10: BaCOs decomposition in T route: effect of Poy. Decomposition temperatures for BaCO3 in T-route
at 25°C/min obtained from in-situ XRD analysis.
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Fig. 5.11: Phase diagram of BaCO3; decomposition in T route. The T-Po_ region of BaCO3 decomposition for
reaction path (i) is shown as a function of heating rate and Ba/Cu ratio, for the data shown in Fig. 5.9 and
5.10. The points represent the temperature at which the reaction rate at constant Poy is at its maximum.
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5.2.2 Decomposition in P-route

From the thermodynamic equilibrium values introduced in Fig. 5.8, one can suddenly see
how, of the first two reactions with copper oxides, (i) is slightly less sensitive than (ii) to the
residual CO; pressure due to the fact that the equilibrium Pco; is higher in (i) than in (ii). This
means that local accumulation of CO, will push the equilibrium toward the reactants, slowing
down BaCO3; decomposition and this effect will be more important in (ii). This is especially
significant when reactions (i) and (ii) are performed with similar total high pressures (but
different Po), given the fact that residual CO; will be more affected by the total pressure and the
gas flow. As we can see in fact from the in-situ XRD analysis reported in Fig. 5.12, decomposition
in (if), at Po2=10-5 bar and in the absence of flux takes about 17 minutes at 830°C with ramps of
300°C/min and for 350-nm films. This time can be detrimental for phase coarsening and thus final
film performance. Reducing the total pressure or increasing the gas flow proved to be critical to
reduce time and decomposition temperature: in fact, lower Pror corresponds to lower Pcoz, while
bigger sample chambers help reduce local CO2 accumulation. Thus, at Pror,ar=10-7 bar or lower,
and bigger sample chambers with horizontal flux of gas flow, BaCO3 can be decomposed in half a
minute at 300°C/min, about 40 times faster, with the main CO, peak revealed by EGA near 800°C.
Note that reaction (iii) is the base reaction for the decomposition of BaCO3 alone. This raises the
flux and Pror as crucial factors in adjusting all the route parameters to YBCO growth.
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Fig. 5.12: BaCO3 decomposition in P route: effect of Pror and flux. The analysis reported is relative to
heating rates of 300°C/min in the step prior to the growth of YBCO, in two different furnaces and Pror.

In order to finely tune growth conditions, the effect of other parameters on the BaCOs
decomposition needs also to be taken into account. For this reason, a study for 2-3 and 3-7
solutions in reaction (iii) has been carried out as a function of film thickness and heating ramps.
Fig. 5.13 summarizes the main results. No significant difference has been found changing solution
composition for reaction (iii), while an important contribution is ascribed to the heating rate,
which shifts the Tgec (the temperature at which the reaction rate is at its maximum) by nearly
100°C higher when the ramps are incresed by one order of magnitude. Nevertheless, the
advantage of low pressures is that even 1-um films can be easily decomposed way below the
upper limit of the temperature range of interest, independently of the fact that an increase in film
thickness slows down CO; out-diffusion, delaying the decomposition temperature.
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Fig. 5.13: BaCO3; decomposition in Cu route. Evolved Gas Analysis for BaCOs (star symbol) and ternary films
(triangles) as a function of heating rate and film thickness, at Pror< 107 bar (Po;~108 bar). The symbols
indicate the temperature at which the reaction rate is at its maximum. Right: schematic diagram of CO,

out-diffusion as a function of thickness.

All the above-mentioned factors represent a major difference that should be taken into
account when tuning pyrolysis conditions on the desired BaCO3 phase and particles size. In fact,
we will show in this paragraph that the BaCOz decomposition depends on the BaCOs
orthorhombic/monoclinic phase ratio (0/M), as also anticipated in Chap. 4. The XRD scans of
three samples of 3-7 composition with different initial BaCO3 phases after pyrolysis are shown in
Fig. 5.14; they were decomposed in the BaCu;0, route at 300°C/min and the BaCOs; phase
evolution plotted as a function of time and temperature in Fig. 5.15. Unlike the thermodynamically
stable orthorhombic phase of Fig. 5.15 top, the monoclinic phase does not directly decompose,
but it is first converted to the stable orthorhombic structure, which then decomposes (Fig. 5.15
center). As the initial M amount increases in the pyrolyzed sample, it is accompanied by a shift to
higher temperatures for the M= 0 conversion, probably delayed by kinetic factors. The newly
crystallized O phase has thus time to coarsen as it is formed, so that when decomposition of this
phase starts the larger grain size slows down its decomposition. Sherrer grain size are about
~30nm or higher probably hindering decomposition, as depicted in Fig. 5.15. Conversely, when
all initial BaCOs3 is O, it can start decomposing at 22-nm grain size, in half the time. These results
were collected for Poz ~ 10-5 bar (Po2 ~ Pror) and in conditions of nearly absent gas flow.

Reducing Py, and the total pressure by almost one order of magnitude (from 10-5 to 10-¢
bar) and decreasing the heating ramp (from 300°C/min to 25°C/min), conversion to the
orthorhombic phase is faster (around 8 minutes, Fig. 5.16a), as the transformation is shifted to
lower temperatures before particle coarsening can take place. Increasing the gas flow (using a
quartz tube with horizontal linear flux) and sample chamber size, and further decreasing the total
pressure to less than 10-7 bar (Po2~10-8 bar), for the same thickness values and ramps (350 nm,
25°C/min), decomposition is complete within 5 minutes (as determined by the CO, evolution
obtained from EGA analysis); the relative quenches are reported in Fig. 5.16b. This brings back
the decomposition time to values similar to those of O pyrolyzed samples.
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Fig. 5.14: XRD analysis of pyrolyzed samples with different BaCOs phases. One sample is fully orthorhombic
(0), one sample fully monclinic (M), and one sample is a mixture of both phases.
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Fig. 5.16: Monoclinic BaCO3; decomposition in BaCu,0, and Cu route. (@) In-situ XRD analysis of two
samples with intial M+O BaCOs phase, decomposed in the BaCu;0; route and (b) GI-XRD analysis of
quenches of a sample with intial M+O BaCOs phase decomposed in Cu route (non-labelled peaks correspond
to substrate peak tail). Both images show that slower heating rates and lower pressures facilitate the O
phase decomposition even when coming from the M phase.

5.2.3 Kinetic analysis
Formulation of the analysis

The experiments previously discussed (see, in particular, Fig. 5.13) indicated that the
decomposition temperature increases with the film thickness. This suggests that BaCO3;
decomposition is a diffusion-controlled process, which means that CO; diffusion is significantly
slower than the reaction rate for BaCO3z decomposition. In turn, diffusion is a thermally activated
process, which means that temperature plays a significant part in diffusion.

Therefore, to conclude the study of this section, a 2-step kinetic analysis has been carried
outto obtain a temperature prediction for BaCO3; decomposition as a function of the film thickness,
as reported in Materials and Methods. The mathematical analysis was aimed at veryfing that CO,
out-diffusion temperature increases with the thickness, independently of other parameters such
as the specific decomposition reactions involved in each TLAG route.

The mathematical description of the diffusion process is based on the following
assumptions and approximations:

e Diffusion theory: CO; flux through the layer of thickness d is taken into account with
Ficks’s law in the diffusion model introduced in [162], with the assumptions of steady
state conditions (0C/dt = constant, where C is the concentration); since the reaction under
study involves a gas (CO; out-diffusion), the concentrations are replaced by the CO; partial
pressures (0P):

Flux = —Dprs %= > Flux = —Depp o (5.6)
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e Diffusion is a thermally activated process: the diffusion coefficient D,f; follows an
Arrhenius dependence (for thermally activated processes); thus the CO; flux becomes:

—-E, op ~Eq
Des =Dy - e 'kt > Flux = =Dy e /RT (5.7)

e BaCOz decomposition is diffusion controlled: the pre-exponential factor, A (with 4 =
—Dy Z—Z], of eq. 5.7, is integrated in dd considering D, and p independent of the thickness,
d. The last assumption implies that the CO partial pressure of equilibrium (p.,) and that
of the furnace atmosphere (p,) do not depend on the thickness. In other words, the
assumption is to be in the limit where CO; diffusion is significantly slower than the

reaction rate for BaCO3; decomposition (diffusion-controlled conditions, as opposed to
reaction-controlled).

A=Dpy L Ao (5.8)

We therefore defined the pre-exponential factor, 4, as a function of thickness.

e (Constant activation energy, E,;: in the first step of this methodology, E, relative to BaCOs
decomposition needs to be evaluated. If the process is diffusion-controlled, the activation

energy is constant with varying thickness. Thus, we can use the isoconversional methods
to calculate the activation energy in a specific condition, of constant pre-exponentioanl
factor, A. To keep A constant, we compare the process in samples with similar thickness
(d constant) and in the same experimental conditions (p, constant).

o [ step - Friedman method: these conditions of constant A specifically corresponded to
Pwe=1 bar and Po2~10-2 bar (conditions of reaction (7)) with a thickness of ~0.5 pm. E,, for
the BaCO3z decomposition reaction was evaluated with the isoconversional Friedman
method described in Chapter 2.2 (through a thermogravimetric analysis), at 3 different
heating rates (5, 10, 25°C/min). The process was then repeated increasing the thickness,
to ~1pm. In both conditions of thickness, an activation energy of roughly 360-380 kJ/mol
was found, as depicted in Fig. 5.17a.

e [l step - Kissinger method: Following this, the previous temperature-thickness data points

obtained with thermogravimetric analysis were plotted in Fig. 5.17b along with other
points derived from EGA analysis in the experimental conditions represented by eq (iif).
Each temperature value represents the peak temperature Ty at which the decomposition
reaction rate is at its maximum. In this second step, a modified isoconversional kinetic
model was applied in order to fit the data in Fig. 5.17b. In particular, the Kissinger method,
with starting point the Kissinger equation [91] as analitically solved in [92,93]:

Freaf@n], -
Xo_ 1 B ) —xy = 2o+ = In (&) (59)

+x9 J—Ea»A'f(aO)/ 8 Kissinger method 2+x Bum
RpBo

xM=XO+ 22

With x,, = E;/RTy, Ais the pre-exponential constant of the Arrhenius equation, R the
gas constant, 8 the heating rate, f(a,,) the function of the degree of transformation and
Xo is the value of xy for a particular set of values of 5, and Ayp. When we compare the same
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transformation (top and bottom of the logaritmic function) under the same experimental
conditions (Am= Ao) at different heating rates, ), and f,, all parameters but § are
invariant and they cancel out, giving the right end part of eq. 5.9. In our case the aim is to
compare different thicknesses at the same heating rate, so that in the logaritmic term, all

A
parameters cancel out but 4 and the term becomes: In (‘/_°>

An

/_Ea'AM'f(“M)
_ X /Rﬁ _ Xo VAo
Xy =X+ 2 2rxg In J_Ea'Ao'f(ao)/Rﬁ —xy =X+ 2 2rxg In (W> (5.10)

Replacing the expression (eq. 5.8) already found for A4 in eq. 5.10, and taking the square
root out of the logaritm, we obtain:

Xo Ao
Xy = X 2 In({ |=2) —m—m—xy =%
M ot 2+x9 ( AM) M ot

Xo dg
oy In (dzzw) (5.11)

2+

Which, from the definition of x; and in the approximation that x,>>2, can be rearranged

as:
1 R
1= 28 @ (5.12)
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Fig. 5.17: Kinetic analysis of BaCOs; decomposition in T and P routes. (a) activation energy as a function of
the degree of transformation x, obtained applying the Friedman method on the TG curves in reaction (i). (b)
Fitting of the BaCOs 1/T4ec as a function of the In(thickness) at slow heating rates (25°C/min) for two
different reaction paths: ternary films decomposed according to reaction (i) with 2-3 melt and (iii) with both
2-3 and 3-7 melt (triangles) and single-component BaCOs films (stars). The points correspond to the
temperature at which the decomposition reaction is at its maximum. For eq. iii they were derived from EGA
experiments at Prowain<10® bar. For eq. i they were derived from TG experiments at Po,~107 bar.
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The data in Fig. 5.17b can be quite well fitted by the previous equation relating the
temperature with the film thickness d through which the CO; diffusion occurs. From the slope
(2R /E,) of the fit, knowing the activation energy, a parameter of 1.5-1.9 was found, slightly
inferior to the theoretical value of 2. The disagreement might be attributed to the fact that the
theoretical assumptions take into account fully homogenous and porous-free films. However, the
overall agreement of the experimental data with the CO; out-diffusion behavior shows that the
activation energy is basically the same within these approximations, independently of the route,
the solution composition, the O/M amount and the film inhomogeneities, meaning that CO; out-
diffusion is a robust parameter governing BaCO3z decomposition.

The main limitations of the method consist of:

e considering the transformation as diffusion-limited, which is an approximation that does
not take into account different furnace geometries, gas flow conditions and total pressures
that might also affect the BaCO3; decomposition through the parameter py (CO; partial
pressure), which has been considered invariant in the analysis.

o taking as invariant also the diffusion coefficient Dy and the activation energy E,, which
depend on the physical state of the system, and may differ considerably when considering
solid state versus liquid state diffusion.

Results

The predictions of temperature and time delivered by the kinetic analysis are plotted in
Fig. 5.18a, top and bottom, respectively, as straight lines. For comparison, the same graph includes
the experimental points obtained from the different conditions shown before throughout section
5.2. To help the intepretation of the results, Fig. 5.18b places those experimental points in the
YBCO phase diagram.

One of the main results is that very fast decomposition times (of the order of ~20-30
seconds) are predicted to occur at fast heating rates (300°C/min), just as found experimentally
(~10 seconds). However, it can also be seen that some points deviate from the predictions in the
case of the T-route (pink circles in Fig. 5.18a) performed at Po2<10-2 bar; in particular, these points
correspond to experimental conditions of Pp,=10-3/10-4 bar (encircled with dotted lines in the
phase diagram of Fig. 5.18b). Given the already commented complexity of the phase diagrams
involved and the limitations of the kinetic analysis, other factors may be expected to affect the
BaCO3 decomposition; in particular these deviations in the metastable region of Fig. 5.18b could
be ascribed to the presence of the metastable liquid and the vicinity to the eutectic line, which can
enhance decomposition according to reaction i.ii. Finally, we also cannot discard that deviations
are due to differences in the gas flow conditions and furnace geometry between the points
recorded from in-situ XRD experiments and the laboratory conditions.

In conclusion, independently of the chosen values for all the parameters that govern BaCOs
decomposition and that were previously introduced, in the window of interest that spans from
ramps between 25 and 300°C/min, thickness up to 1 pm and to gas flows between 0.1 and
0.5L/min, it was shown in this section that BaCO3; decomposition does not necessarily consitute a
limiting factor in FF-YBCO CSD methodologies.
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Fig. 5.18: Kinetic predictions for BaCOs decomposition in T and P routes. (a) BaCOs decomposition
temperatures (top graph) and time (bottom graph) in the conditions of reaction i and iii obtained from
experimental EGA data (for P-route) and from TG and in-situ XRD experiments (for T-route); kinetic
predictions are reported as straight lines. (b) the same points for 250-350 nm films are reported on the
phase diagram as a function of temperature and Po,. Heating rates: 300°C/min for empty symbols and
25°C/min for filled symbols. Only the heating rate is expected to influence decomposition temperatures and
time in the context of the kinetic analysis. Deviations from kinetic predictions are encircled with dotted lines
and they correspond to a region close to the eutectic line.

5.3 The P-route

This section will first study the kinetics involved in TLAG, with special focus on the Cu
route performed from Pgo,~10-8 bar; we will demonstrate that Cu oxidation is not a limiting
reaction to achieve ultrafast growth. In fact, in-situ XRD analysis performed at SOLEIL
synchrotron will reveal that very high growth rates of YBCO are possible thanks to the fact that a
liquid is involved. Secondly, the Cu route will be explored in terms of epitaxy and superconducting
properties in relation to the YBCO phase diagram.

5.3.1 Copper redox kinetics

As previously mentioned, themodynamically, in the conditions of low total pressures of
the furnace, Cu formation is not expected to take place below 700-800°C. However, at Pror < 107
bar of air, metallic copper was observed to form starting at 300°C in laboratory conditions;
depending on the experimental setup such as furnace geometry and size, this temperature was
observed to shift to slightly higher values. This suggests that other factors other than
thermodynamic equilibrium values have a role: for example, local accumulation of gas which can
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lower the partial oxygen pressure, or strong furnace degassing. In the hypothesis that its presence

in the low-temperature region is due to gas (i.e CO) relased by the furnace, the scenario may be
the following:

Cu0(5) +CO(9) 9 CU(5) + COz(g) (513]

Instead of the thermodynamic expected reaction:
ZCUO(S) 9 CuZO(s) + 1/2 Oz(g) (5.14)

Independently of how it is obtained, as far as YBCO growth is concerned, it is clear from
the XRD results that that Cu route exists, and, since the Pror conditions of the samples grown in
this route do not vary throughout this thesis, it will be referred to as having base Po2~10-8 bar.

In this route, Cu oxidation can be very fast. The diagrams in Fig. 5.19 show some
experimental values form in-situ XRD for Cu-O reduction at constant pressure (during the ramp
up) and Cu oxidation at constant temperature (under a change of pressure) in the ternary system
into account. In the first case of Fig. 5.193, the reduction speed during the ramp up of the Cu route
(at Po2~10-8 bar) depends on the heating rate: the faster the ramp, the quicker the Cu(I)-Cu(0)
reduction, as the process shifts to higher temperatures with faster ramps. Also the inverse
reaction, oxidation of metallic copper to copper oxide phases is fast, and it is shown by the filled

symbol in Fig. 5.19a; this reaction was studied by heating up at Po,=10-3 bar a quenched sample
containing Cu(0).
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Fig. 5.19: Kinetics of copper phases redox reactions. Values obtained from in-situ experiments at SOLEIL
relative to 350-nm films (after YBCO growth). (a) reaction times at constant pressure during the heating
ramp: the faster the ramp, the faster the Cu,0 =>Cu reduction; the inverse reaction is shown at 1 mbar by
heating up a previously quenched film in Cu route containing metallic copper. (b) Reaction times at constant
given temperatures during the pressure jump to the indicated final Poy: for all final pressures oxidation to
Cu0/Cu0 and Cu-Barium cuprates is fast, unless BaCOs is not fully decomposed.
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Similarly, at constant temperature, Fig. 5.19b, in the same ternary system following BaCO3
decomposition, Cu reoxidation only depends on the speed of the pressure jump. Thus, for jumps
from Po2~10-8 to Po2>10-5 bar, Cu reoxidation to form barium cuprates (Ba-Cu-0) can be as fast as
2 s. However, if the sample still contains undecomposed BaCO3; along with Cu, formation of
BaCu;0: is slower than the copper oxidation upon a pressure jump from Po2~10-8 to 10-5 bar. We
can conclude that Cu reoxidation is not a limiting reaction as much as BaCO3 conversion to Barium
cuprate phases.

5.3.2 YBCO growth rates

Based on the growth approaches introduced in the previous sections, in-situ XRD studies
allowed to prove that ultra-fast YBCO growth can be achieved thanks to the Ba-Cu-O melt that
speeds up Y diffusion. Fig. 5.20 shows the phase evolution of YBCO (005) reflection upon a fast
ramp at constant pressure (T-route) and upon a pressure change at constant temperature (P-
route).

The steep increase in intensity proves that growth rates of 100 nm/s can be achieved in
both routes. This is an outstanding achievement of the liquid assisted growth approach,
surpassing other known established growth techniques such as TFA-CSD route by 100 times. It
reflects the exceptional potentiality of liquid assisted approaches when compared to the slower
solid-solid and gas-solid reactions.

Additionally, the T-route reveals the presence of a metastable liquid slightly below the
eutectic temperature of the BaO-CuO melt, which still allows for growth rates as high as 5 nm/s
(see the first slope in Fig. 5.20 for the T route).
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Fig. 5.20: YBCO growth rates in P and T routes. The time-resolved phase evolution is relative to the YBCO
(005) reflection obtained from in-situ XRD experiments at SOLEIL synchrotron.
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Fig. 5.21: Time evolution of YBCO as a function of the final P in P route. The in-situ analysis is relative to the
2" step of the P-routes, during growth in the YBCO stability region. Filled lines: in-situ XRD phase evolution
of the YBCO (005) reflection in (a) Cu route and (b) BaCu,0: route as a function of the final Pror. Pror values
reported: 101 and 107 bar of air and 1 bar of different gas mixtures corresponding to Po,=107 bar (for Cu
route, exp. A) and 2.5-10“ bar for the BaCu,0; route (exp. B). Scattered symbols: Pror evolution over time
during YBCO growth. All experiments are relative to 3-7 composition samples except exp. A (2-3).

In Fig. 5.21 it is reported the YBCO(005) evolution over time for different experiments

during the pressure jump in the YBCO stability region, for both P-routes. The experiments of Fig.
5.21 were performed with pressure jumps in a wide range of Pror and Poz, as well as temperature
(shown later on, in Figs. 5.22 and 5.23). The YBCO growth slopes are quite different; three
situations can be identified: experiments that show just one vertical slope (2 curves labelled as A
in Fig. 5.21a, and exp. B in Fig. 5.21b), experiments with one slow slope (B”, B””, Fig. 5.21b) and
experiments with mixed slopes (the first fast, the second one slow, exp A’, A”, B’, Fig. 5.21). This
urges some considerations for the future exploration of the ultra-fast growth region, considering
that the main parameters that can affect YBCO growth are Pror, Poz2 and temperature:

Effect of total pressure. The first thing of note from Fig. 5.21 is that only pressure jumps to
Pror=1 bar (exp. A and B in Fig. 5.21, independenlty of the corresponding Po, and
temperature which are different) achieved one and very fast slope, suggesting the idea
that there might be an effect of the total pressure. In fact, the scattered symbols referring
to the Pror evolution in time show that the higher the final total pressure of the jump, the
faster the pressure increase. Conversely, for final Pror smaller than 1 bar, there is a gradual
pressure increase of roughly 10 s before reaching the final plateau value. However, when
we look at the specific values, we see that for all experiments, within one second Pror
already reaches a Po; value within the YBCO stability region (Fig. 5.23), while the
remaining time only corresponds to a minor Pror increase, of a factor 2. Therefore, Pror
alone cannot be responsible for the differences in the YBCO growth slopes of Fig. 5.21.

Effect of O, partial pressure. Next, we can compare the speed of the P jump in terms of Po>.
The speed of the pressure jump (defined as dP/dt, with dP=P-P;) will always be bigger at
constant dt for bigger pressure differences (0P) performed from the same fixed base
pressure. Thus, between exp. A’ and A” (both 3-7 composition with same thickness), dPo:
is larger for A’ (Pt02=10-2 bar) than for A” (Pr02=2-10-3 bar) in dt=1 s; in fact, the first slope
in A’ is faster than in A”. However, this does not yet explain the presence of experiments
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with two slopes of the YBCO growth rate, nor why jumps to the same final Pror and Po:
(such as exp. B’ and B"”’) within the same route produce different growth slopes.

o [Effect of temperature. Another YBCO growth parameter may be the temperature decrease
during the pressure change, caused by the arrival of cold gas. Significant temperature
drops as the one in Fig. 5.22 take place upon the pressure increase, which could not be
avoided in the experimental conditions of the in-situ experiments. These drops are of the
order of 20-50°C; they are bigger when the initial temperature before the jump is high
(850°C); they also increase with increasing dPror. Decreasing the temperature at a fixed
pressure is expected to decrease the Y solubility in the liquid, and thus increase the
supersaturation by shifting the process away from the YBCO Tinsline. High supersaturation
in turn is expected to increase the YBCO growth rate. However, we observe the opposite:
a drop in the YBCO growth slope. Therefore, the effect of higher supersaturation must be
contrasted by the effect of crossing Te: the temperature decrease must be responsible to
slow down YBCO growth by shifing the growth away from the full liquid region to the
region below Te (metastable liquid region).
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Fig. 5.22: Effect of the pressure jump in P route. Detailed evolution of: (line) temperature profile, (filled line)
YBCO intensity and (scattered symbols) total pressure of air over time for one of the experiments shown in
Fig. 5.21b (exp. B’, BaCu,0; route, Prorar=2%*107 bar).

Indeed, the experiments shown in Fig. 5.21 correspond to different regions of the phase
diagram, Fig. 5.23. Experiments with two growth slopes are represented in Fig. 5.23 by two
bars of different colors, otherwise only one bar is used to represent the growth slope. Smaller
growth rates (~3 nm/s, orange bars) correspond to YBCO growth taking place before Te, while
high growth rates (green bars) correspond to growth happening above the equilibrium
eutectic line. This is in agreement with the results from the T route experiment shown in Fig.
5.20 which displays two slopes: a slow growth is achieved when crossing the metastable liquid
region (below T¢) and a very fast one when the sample is above Te. Similarly, in P route a very

high growth rate is achieved above T., and then, upon the temperature drop, a slow growth
continues below Te.

Although T. has a significant role in the YBCO growth rate, other parameters might also be
affecting the growth rates, such as solution composition (2-3 versus 3-7), the presence of
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coarsened phases, the heating rate of the ramp before growth (see next sections)... In fact, the
experiments discussed in Fig. 5.21 were performed with heating rates between 25 (exp. A)
and 300°C/min, in both 2-3 (exp. A) and 3-7 composition, with thickness between 100-200
(exp A) and 400 nm.

This requires to carry out a deeper analysis in the future in order to disentangle all the above-
mentioned parameters.
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Fig. 5.23: YBCO growth rates as s function of the phase diagram. The final temperature and pressure of
growth placed in the YBCO phase diagram and relative to the experiments shown in Fig. 5.21. The trend
indicates that when growth is performed above T, growth rates are higher than in the metastable liquid
region (below T.). Samples represented by two bars with different colors stand for experiments displaying
two slopes in the YBCO (005) intensity evolution of Fig. 5.21; the two slopes originate from the crossing of Te
during growth, due to the temperature drop upon the pressure jump.

5.3.3 Cu-route: tuning growth parameters
Phase diagram exploration

Figs.5.24 and 5.25 show the influence of the final temperature and oxygen partial pressure
after growth from P-route for 2-3 and 3-7 solution composition, respectively. The X-ray diffraction
analysis of the grown films shows that in both cases, final high Po> (>10-3 bar) and low
temperatures (700-800°C) support the nucleation of a/b grains. Conversely, the consequence of
increasing Poz and temperatures (840-850°C) is the nucleation of secondary phases, even
epitaxial, such as the yttrium cuprate Y,Cu20s and other mixed barium cuprates which were
harder to identify and are labelled as *. Intermediate regions where these effects are reduced
include Po; of 10-4 to 10-3 bar at ~ 820-830°C. This corresponds to the nucleation of YBCO very
close to the instability line (Tins), where the driving force for nucleation is smaller (thus, the
supersaturation is small), and a better nucleation control is achieved. Overall, the X-ray results
show that epitaxial YBCO can be obtained in a relatively wide region, where the YBCO random
nucleation is kept low and the main non-desired nucleation come from a/b grains. This region is
depicted in Fig. 5.26.
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Generally, secondary phases of unreacted barium cuprates, such as BaCuO.x phases
coming from the liquid, are more abundant in the 2-3 melt, Fig. 5.24, than the 3-7 melt; conversely,
Y2Cu,05 is more significant in 3-7 composition (Fig. 5.25) due to the copper excess with respect
to the 2-3 composition. Comparisons are made with respect to the YBCO(005) intensity.
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Fig. 5.24: XRD analysis of 2-3 YBCO films in Cu route. Final growth temperatures and Po; are indicated. At
lower temperatures and higher Poz, a/b nucleation is favored; conversely, at high temperatures and
pressures, secondary phases appear, consisting of Y>03 and Ba-Cu-O oxides not fully identified (thus labelled
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Fig. 5.25: XRD analysis of 2-3 YBCO films in Cu route. Final growth temperatures and Po; are indicated. At
lower temperatures and higher Poy, a/b nucleation is favored; conversely, at high temperatures and
pressures, secondary phases appear, in particular the Y,Cu,Os phase and unknown * phase. High-resolution
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Fig. 5.26: Characteristics of the growth regions for YBCO films in the Cu route. Samples are grown at slow
heating rates (10-25°C/min) and they are relative to the XRD scans of Figs. 5.24 and 5.25. The regions of a/b
nucleation, c-axis and secondary phase nucleation are shown. The different colors correspond to the XRD
scans of Figs. 5.24 and 5.25.

Plotting the critical current density, |, as a function of these parameters (Po2 and T, Fig.
5.27) reveals the best conditions for the superconducting properties to arise at 830°C and
approximately 5:10-4 - 10-3 bar in Poy, in agreement with the XRD scan results. Overall, the highest
Jc are achieved close to the YBCO instability line. The 3-7 melt deliver better critical current
density values than the 2-3 melt, in agreement with the lower supersaturation conditions.
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Fig. 5.27: Effect of the phase diagram region on the critical current density (Jc) values. J. values at (a) 77K
and (b) 5K of 1-layer YBCO films as a function of final temperature and oxygen pressure of the growth heat
treatment (at 1200°C/min to 600°C, then 25°C/min).
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Correlations between the rocking curves of the YBCO (005) reflection and the phase
diagram region in terms of pressure and temperature (Fig. 5.28) are instead rather scattered.

Good texture, represented by low values of the FWHM of the rocking curves, is achieved

throughout the region shown in Fig. 5.28, meaning that the J. decrease has to be ascribed to other
reasons.
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Fig. 5.28: Effect of the phase diagram region on YBCO rocking curves. FWHM values from the XRD rocking
curves relative to the YBCO (005) reflection are reported, for 2-3 composition samples grown in Cu route
with slow heating rates.

Solution composition: 2-3 versus 3-7 melt

Some conclusions will be now drawn from the comparison of samples grown from the 2-
3 and the 3-7 melt.

In terms of morphology (see the SEM images in Fig. 5.29a,b), both 2-3 and 3-7
compositions show the presence of unreacted Ba-Cu-O phases in the grown film, next to CuO
grains; in fact, the presence of CuO grains (shown by the grazing incidence scan in Fig. 5.29c) in
the final YBCO film is expected for the 3Ba0-7CuO composition since there is an initial excess of
copper (Y/Ba/Cu=1/2/4.66) with respect to the YBCO stoichiometry.

Nevertheless, the 2-3 composition leads to more polycrystalline YBCO (Fig. 5.29a) and
more unreacted barium cuprate phases than the 3-7 composition, as shown by the grazing

incidence XRD scan in Fig. 5.29c. The reasons for the presence of unreacted phases will be
discussed in the next section.
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Fig. 5.29: Effect of supersaturation in films from the Cu route. Comparison of the surface as shown by SEM
measurements of two YBCO samples grown in the same conditions but with (a) 2-3 melt and (b) 3-7 melt.
The 3-7 composition leads to less random nucleation. (c) corresponding grazing incidence (GI-XRD) scans,
showing the presence of less unreacted precursors for 3-7 composition; note that the CuO reflections are

expected in the grown samples with 3-7 composition due to the initial copper excess.

Rocking curves of the YBCO (005) reflections in Cu route are generally significantly better
for 2-3 composition than 3-7, as depicted in Fig. 5.30; despite that, the 3-7 melt delivered higher
Jo, as shown previously in Fig. 5.27, for rocking values below 1°. However, a wide working window
in terms of epitaxy can be achieved with both compositions, even for 2-3 composition (with ].>0.1
at 77K) in the case of the Cu route, where the base pressure (both Pror and Po2) is much lower
than 10-5 bar. Conversely, from base pressure of Po2=10-5 bar, as the case of the BaCu,0; route
(analyzed in L. Soler’s thesis, [155]) only 3-7 composition leads to epitaxial growth.
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This last feature was explained by the fact that in the eutectic composition (3-7 melt)
supersaturation is lower than in the stoichiometric (2-3) melt; in fact 3-7 compositions is tipically
expected to lead to slighly less a/b grains and thus higher J. than the 2-3 melt.
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Fig. 5.30: Rocking curves analysis of YBCO films from 2-3 and 3-7 melts. FWHM values from the rocking
curves relative to the YBCO (005) reflection are shown as a function of the growth temperature, at different
heating rates. All in all, 2-3 composition exhibits smaller RC values than 3-7. GADDS XRD images refer to
samples at 830°C.

Heating rate effect

One of the main challenges of the pressure routes is to avoid phase coarsening during the
heating ramp at low pressure; in particular, in the presence of metallic copper, phase segregation
is promoted by the fact that barium cuprate phases cannot be formed. As the CuO is reduced to
first Cuz0 and then to metallic copper at relatively low temperatures, from ~ 400°C (see again Fig.
5.6), grain coarsening is favored. With the Debye-Sherrer formula (with upper sensitivity limit at
~150-200 nm) it has been possible to calculate typical grain sizes from in-situ XRD experiments,
and the results are reported in Fig. 5.31: Cu0 grain size increases from 15 to 50 nm before being
completely converted to Cu, while Cu continues coarsening up to 80-100 nm.

If we compare the effect of the heating ramp at a fixed temperature (Fig. 5.31) in samples
of 3-7 composition, for both Cu and Cu;0, slower ramps correspond to more significant
coarsening. In the case of metallic copper (bottom graph of Fig. 5.31), the 2-3 composition (filled
circles) seems to induce less coarsening with respect to the 3-7 composition (filled star symbols),
probably because of the less Cu amount.

However, independently of the ramp, the strong linear correlation between the
temperature and the grain size is evident in Fig. 5.31, with the grain size increasing with
increasing temperature. Thus, even fast ramps (>200°C/min) deliver huge metallic copper grains
(superior to 60nm) at optimal growth temperatures. In conclusion, the Cu/Cu,0 grain size was
found to depend on both the heating rate (decreasing with faster heating rates), and the
temperature at which they are formed.
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Fig. 5.31: Effect of the heating rate on copper coarsening. Cu20 (top graph, from 3-7 composition) and Cu

(bottom) particle size obtained applying the Debye-Sherrer formula to the in-situ XRD scans. Three different

heating rates are shown: 25°C/min, 300°C/min and a mixed ramp where the film is heated up at 200°C/min

before 650°C, and at 25°C/min after. Phase coarsening depends on both temperature and heating profile,
and it is minor for 2-3 than 3-7 composition.

The previous XRD analysis of the coarsening process from the in-situ experiments will
now be complemented with the TEM analysis before the pressure jump (Fig. 5.32) and after
growth (Fig.5.33) for samples grown in our laboratory conditions. Similar ramps are analyzed
except for the case of the mixed ramp, which was slower in Fig. 5.31 due to the setup limitations
of the in-situ experiments.

Specifically, Fig. 5.32 shows a cross section TEM image under the effect of a slow ramp, a
mixed ramp and a fast ramp during the vacuum step (Po2~10-8 bar), before the pressure jump.
With slow ramps (25°C/min), big Cu blocks can be observed with size between 100-200 nm at
830°C, distributed throughout the film thickness. With faster ramps (300°C/min) slightly smaller
(100-150 nm) metallic copper blocks appear, but still large, and they are mostly accumulated at
the film surface. Sometimes also at the substrate interphase smaller grains are found. Much faster
initial heating rates (1200°C/min) as in the case of the mixed ramp (Fig. 5.32, center image)
reduce coarsening, keeping grain size below 80 nm, while the Cu grains remain more
homogeneously distributed throughout the film thickness.
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Although more detailed studies should be carried out at these fast heating ramps, since
TEM images are representative of small areas of the sample, some conclusions can be derived
from these first analyses.

As already shown in Fig. 5.31 from the XRD analysis, also the TEM images indicate that the
heating ramp affects the grain size; very fast initial ramps before 600°C (1200°C/min) deliver the
smallest Cu grain size, less than 100 nm (Fig. 5.32). Slow ramps, at 300°C/min, deliver ~100 nm
grains, while even slower ramps, at 25°C/min, deliver the biggest grains, up to ~200 nm.

However, the TEM images may suggest the presence of another effect, where the heating
ramp seems to have a significant influence on the grain distribution in the film and not only on
their size. In fact, fast heating ramps after 600°C (300°C/min ramp, Fig. 5.32 left) seem to deliver
important phase segregation (of Cu and BaO phases, see also Fig. 5.34a). Slower heating ramps
after 600°C (Fig. 5.32 center and right image) deliver more homogenous phase distribution in the
film. The importance of this effect requires however further confirmation.

In fact, to better understand the effect of the heating rate, SEM images of the grown
samples after the pressure jump are also reported in Fig. 5.33 for comparison.

Vacuum step

Fig. 5.32: Effect of the heating rate on the Cu route, vacuum step. TEM with EELS maps for 2 layers with 3-
7 composition quenched at Po2~10¢ bar, 830°C . From left to right: slow ramps (25°C/min) cause phase
coarsening of CuO/Cu grains. Fast ramps (300°C/min) cause the metallic copper grains to float to the film
surface, accumulating mostly on the top with final grain size ~200 nm. Conversely, intermediate mixed
ramps (center image) reduce coarsening while keeping the Cu grains more homogeneously distributed
throughout the film thickness.

Fig. 5.33: Effect of the heating rate on the Cu route, YBCO growth step. TEM of representative YBCO
samples grown in Cu route in the same region of the phase diagram (830°C, Po,~107 bar) as a function of
the heating rate. Samples grown with slow ramps show some YO nanoparticles and Ba-CuO secondary
phase grains; the Cu grain distribution generated at fast ramps in the vacuum step, cause more phase
segregation in the growth step, generating large YBCO, BaO and Y-Cu-O blocks.

145



Transient Liquid Assisted Growth (TLAG) of YBCO - Chapter 5

The TEM images in Fig. 5.33 are relative to the final YBCO film grown with the previous
ramps and the same final conditions (830°C, Po2~10-3 bar). As it can be seen, the 300°C/min ramp
induces huge percolation problems in the YBCO film in the form of large yttrium cuprate phases
and BaO (more details in Fig. 5.34b), which becomes BaCO3; when exposed to atmospheric air.
These phases are most likely formed as a consequence of the fact that, as previously shown (Figs.
5.32 and 5.34a), before the pressure jump the precursor phases are strongly segregated,
unavailable to homogeneously react to YBCO.

Although not clear yet, we may think that the presence of large BaO blocks is a sign that
the effect of fast heating rates after 600°C (the region of BaCO3; decomposition) is linked to BaCO:s.
In fact, with 300°C/min-ramps, Cu coarsening decreases but BaCO3; decomposition shifts to high
temperature (~800°C, shown previously in Fig. 5.13) when compared to ramps of 25°C/min. The
survival of BaCO3 to higher temperatures (800°C versus 700°C) may cause it to coarsen due to the
temperature activation, explaining the phase segregation of BaO and Cu grains. Conversely, if the
heating ramp is 25°C/min, BaCO3 disappears before reaching 800°C where it can coarsen, but then
coarsening of metallic copper takes place .

(a) POZN:I-O-8 bar (at 300°C/m|n) (b) P02=10'3 bar (grown from a)

YBCO  ycuo /

80nm
HAADF MAG: 225000 x_HV: 200.0 KV WD: -1.0 mi

Fig. 5.34: Structure of YBCO films from the Cu route at fast ramps. EELS maps from TEM measurements of
films heated at 300°C/min with 3-7 composition: (a) the step at low Po, before YBCO growth and (b) after
the pressure jump indicated at the top.

In fact, with slower ramps after 600°C, a more continuous YBCO film can be grown (Fig.
5.33, center and right); however, small (~30-50 nm) particles mostly made up of Y>03 are always
observed in the YBCO matrix, along with 100-nm barium cuprate phases and CuO blocks coming
from the Cu coarsening in the vacuum step.

A TEM example of a sample grown with slow heating ramp is reported in Fig. 5.35, where
the EELS maps clearly shows the presence of Y-rich regions corresponding majorly to Y03
particles. Finally, the GADDS-XRD scans show quite epitaxial samples for all heating ramps, Fig.
5.36, and even in 2-3 composition (not shown).
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(a) Po2~10® =102 bar (at 10°C/min) (b) HRTEM of Y-rich grains

Epitaxial

~Y,BaCu0; (Y211)

Fig. 5.35: Structure of YBCO films from the Cu route at slow heating rates. (a) TEM with EELS maps showing
the presence of Y-rich regions in the YBCO matrix grown at 830°C at 10°C/min (2-3 composition); (b) High-
resolution TEM of some Y-rich regions from different samples, with Y.O3 particles making up for the majority
of these regions.
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Fig. 5.36: Effect of heating rate on YBCO epitaxy. The GADDS of 1-layer YBCO films shown in Fig. 5.31,
grown from Po>~10°¢ bar in 3-7 composition, show that a good degree of epitaxy is maintained even
changing heating rate. Although all samples are quite epitaxial in the same final conditions (830°C, Po,~1073
bar), their microstructure is quite different.

The superconducting properties also follow a similar tendency under the effect of
changing the heating rate; the trend can be easily visualized in Fig. 5.37, which compares samples
grown in the same final conditions in the best region of the phase diagram previously discussed
(830°C, Poz: 10-4-10-3 bar).
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Intermediate ramps with a mixed heating profile (1200°C/min to 600°C and then
25°C/min to the final T) seem to yield the best results, with 1 M/cm2 of Jc at 77K for ~200 nm film.
In agreement with the TEM analysis, it may be ascribed to the fact that, ultra fast heating
(1200°C/min) in the low-temperature region before BaCO3 decomposition starts (600°C) prevent
copper oxide phases from coarsening; as the ramp slows down to 25°C/min when BaCO3 starts to
decompose, the drastic segregation observed by TEM (at 300°C/min) is avoided. Heating ramps
as fast as 300°C/min deliver very low ] both at 5 and 77K, for 1 and 2 layers. Additionally, when
fast ramps are adopted, the degree of epitaxy is compromised probably as a consequence of the
strong phase segregation that can change the local liquid composition and thus the
supersaturation: more a/b grains are observed (although harder to spot by XRD) by SEM (image
in Fig. 5.38), along with Ba-Cu-0 secondary phases.
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Fig. 5.37: Effect of the temperature profile on J.. YBCO films grown in Cu route at 830°C and final Po;
between 0.5-1 mbar. Films <150nm correspond to 1 layer in 2-3 composition, while films thicker than
150nm correspond to 1 and 2 layers of 3-7 composition.

Fig. 5.38: Effect of the heating rate on the film morphology. The SEM analysis of two YBCO samples (~200
nm) from 3-7 composition grown in Cu route shows that that fast ramps are responsible for more unreacted
barium cuprate phases and a/b grains.
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5.3.4 Microstructure and properties
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Fig. 5.39: Properties of YBCO films from the Cu route. (a) Resistivity evolution over temperature for a 2-3
composition YBCO film from transport measurements; (b) TEM EELS maps of a film grown on LAO, showing
no contamination of the film upon substrate reaction with the eutectic melt; additionally, no carbon is
detected after BaCO3; decomposition.

Overall, good critical temperatures (Tc) were obtained in Cu route with sharp resistivity
drops, Fig. 5.39a, inferior to 2K (AT.). This is in agreement with the TEM image of Fig. 5.39b, that
shows that no carbon retained can be observed by TEM in the grown films, despite the initial
presence of BaCOz due to the use of F-F precursors. In addition, even though the eutectic liquid is

quite corrosive, no substrate reactivity was observed in this route, Fig. 5.39b. The values of Tc

(>91K) were optimal for the samples anlyzed.
In terms of microstructural defects, intergrowths of the Y-248 phase (Y2BasCugOx) were

observed in the Y-123 phase for both 2-3 and 3-7 melts, and they are shown in Fig. 5.40a: they
consist of double CuO chains that appear as stacking faults. Films grown in Cu route with 2-3
composition, Fig. 5.40b, seem to have a better in-field behavior than the 3-7 composition.

830°C, P, 10° bar
Mixed ramp
(25°C/min from 600°C)

A
A (2-3) Curoute 77K 5K
© (3-7)Curoute | 79K 5K
001 o1 1 10 100
Field [T]

Fig. 5.40: Microstructure and in-field properties of YBCO films from the Cu route. (@) HRTEM
characterization of the YBCO matrix showing the presence of Y-248 as stacking faults; (b) J. decrease as a
function of the magnetic field, for samples with J. (at 77K) of 1 MA/cm? (3-7 composition) and 0.7 MA/cm?

(2-3 composition).
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5.3.5 Alternative routes and outlooks

Overall, in terms of current percolation, large blocks of Cu0O, barium cuprates and yttria
grains observed by TEM and GIXRD represent the main cause of the low current percolation. As
alternative strategies, mixed routes were tested with the 3-7 melt to reduce the phase segregation
problem present at slow heating rates in the form of large CuO grains which originate from the
Cu(0) blocks.

In particular, one strategy was to increase the Po, from 10-8 to 10-5 bar in order to convert
Cu(0) to BaCuz0, before letting YBCO grow, in order to force the dissolution of the large Cu grains.
A quenched sample in the intermediate pressure region (10-5 bar) confirms that Cu conversion to
BaCu;0; took place (XRD scan in Fig. 5.41a), and that growth of YBCO from this phase still permits
to reach epitaxial conditions (GADDS scans in Fig. 5.42). Therefore, the XRD analysis confirmed
that a mixed route is viable, but further tuning of temperature, pressure and dwell times are
necessary to find the optimal ]. conditions.

In fact, the first tests also reveal the presence of important phase segregation after
conversion of Cu to BaCuz0: (Fig. 5.41b), particularly in the form of large Y.03 grains, up to 200
nm in a BaCuz0; matrix. Since the dwell time of these first samples at Po2=10-5 bar ranged from 10
to 40 minutes, a strong phase coarsening is easy to occur. Although the YBCO growth from this
sample by a further Po; increase still permits to reach epitaxial nucleation, the superconducting
properties are inferior in terms of Jc when compared to a sample grown in the same conditions
but from the Cu route (SQUID in inset of Fig. 5.42). In fact, the X-ray analysis in grazing incidence,
Fig 5.42, reveals the presence of unreacted yttria and barium cuprate phases. Since the previously
shown in-situ experiments (Figs 5.6b and 5.19b) proved that only a few seconds are necessary to
achieve full Cu oxidation to BaCu;0>, in the future the mixed route should be tested with shorter
dwell times and in appropriate furnaces that permit multiple fast pressure changes.

Poz"’lo'8 bar = P02=1O'5 bar
(a) (b)

Intensity [a.u.]

20 [deg]

Fig. 5.41: The Cu-BaCu,0, mixed route. (a) XRD analysis of a 3-7 composition quenched sample after 40-
minute dwell at Po,=10" bar and 830°C from the Cu route at slow heating ramps (25°C/min). The XRD scan
confirms the presence of the expected BaCu,0; phase and Y05, (b) corresponding TEM with IEELS maps.

150



Transient Liquid Assisted Growth (TLAG) of YBCO - Chapter 5

Poz"’lo'8 bar = Poz=10'5 bar = Poz=10'3 bar

-YBCO(005)

LAO #ygco(003

© © o
S 8 =]
3 ] 3
£ g =
- - -
) Qo ]
3 = S

6x10° 4 Cu —=BaCu 0O route Cu route

,

. )
1 8"(}, 0’@ 0417 (77K)

J, [mA/em’]

2
4x10° ? "oug

o 10 20 30 40 50 60 70 80 90 100
> Temperature [K]

Intensity [a.u.]

2x10°

Curoute |(GIXRD)

0

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
20 [deg]
Fig. 5.42: The mixed route, YBCO growth step. Comparison of 3-7 composition films grown with slow ramps
(25°C/min) with the mixed approach shown in Fig. 5.41 and with the Cu route, analyzed by GIXRD and by

(inset) SQUID. Growth conditions are 830°C and Po,~107 bar. Although the samples are both epitaxial,
percolation problems are still present.

In the future, promising approaches might rely on mixed routes and on the BaCu;0; route;
in particular, in the latter, less phase segregation takes place since metallic copper is not formed,
which is responsible for forcing Ba and Cu precursors to crystallize into separate phases. In fact,
with the BaCu;0; route, so far optimized for base pressures of Po2,=10-5 bar, ] values superior to
1 MA/cm? (up to 5 MA/cm? for 90 nm films) have already been obtained with slow heating rates
(see L. Soler’s thesis, [155]). Conversely, one of the benefits in the use of low total pressures, such
as those of the Cu route, is the easier BaCO3; decomposition. Hence, as a possible solution to the
segregation problem of the Cu route, the advantages of low Pror conditions should be combined
with those of the BaCu,0; route, by testing this route at lower total pressures (i.e. 10-6 bar) and
under the effect of different temperature profiles.

10

PoJ/bar

10

Fig. 5.43: Effect of the base Po, in YBCO films from P route. The GADDS analysis is relative to 100-200 nm
YBCO grown from 2-3 and 3-7 melts at 830°C and Po,=1073. Top samples are grown from BaCu>0; route
with base Po,=10 bar (reproduced from L. Soler’s thesis [155]) and bottom samples with base Po,=10° bar
(from the current thesis).
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In fact, the final film properties may depend not only on the route, but also on the specific
route base pressure. For example, the GADDS images of Fig. 5.43 illustrate that, when the base
pressure is as high as Po2=10-5 bar, solution stoichiometry has an important role in tuning
supersaturation, which in turn controls the epitaxial growth; at this Po,, optimum layers were
obtained with the 3-7 composition, while the 2-3 melt had strong difficulties in reaching epitaxial
conditions. However, recent samples grown from Po;=Pror =10-6 bar via the BaCuz0; route deliver
significantly good epitaxy even for the 2-3 melt. Therefore, also the effect of Poz needs to be
understood in the context of the different routes developed, and of future optimization strategies.

5.3.6 Towards thick films and tapes

Finally, the stability of the TLAG approach was also tested in the context of reaching
thicker superconducting films and also of growth on metallic tapes. This would give us the full
knowledge of the opportunities of this new approach for a practical technology.

Even though further work should be done in order to finely tune the growth conditions for
thick films, early tests, reported in Fig. 5.44, already show that the Cu route is promising for
achieving epitaxial YBCO in 1-pum layers (Fig. 5.44a). The resistivity measurements, Fig. 5.44b,
show a high T. and rather narrow transition widths for both 2-3 and 3-7 compositions, which
suggests that no carbon retain occurs at the film grain boundaries, confirming that BaCOs can be
easily decomposed even in these thick layers, as anticipated in section 5.2.
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Fig. 5.44: Cu route-TLAG in thick films: characterizations. (a) High-resolution XRD scan for 1um YBCO films
grown from the Cu route and (b) resistivity measurements for 2-3 and 3-7 compositions of 1 um films grown
in Cu route. (c) SEM cross-section of a thick film with J.: 0.04 (77K) and 1.1 (5K) MA/cm?.
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At 5K, Jc values for thick samples grown in Cu route at 830°C and Po2=10-3 bar, are just
above 1 MA/cm?, which means that there is room for improvement. The low superconducting
properties are mainly ascribed to unreacted yttria and barium cuprates (such as Ba;Cuz0s)
generated by the trapped liquid, as shown by the grazing incidence XRD analysis of Fig. 5.45.
Therefore, the main issue to face is still the significant need to reduce phase segregation of

secondary phases.
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Fig. 5.45: Thin and thick YBCO films from Cu route. Comparison of GIXRD scans of 100 nm and 1 um 2-3
composition films grown in Cu route, showing the presence of secondary phases; top: SEM image showing
the presence of Barium cuprate areas separated from YBCO regions.

On the other hand, the Cu route showed also the ability to deliver good epitaxial YBCO
samples even on metallic tapes, Fig. 5.46. Tapes from SuUNAM Co. were employed, which had the
following structure: Hastelloy C276 (100 pm)/Al,03 (40nm)/Y>03 (7nm)/Mg0O (10nm)/MgO
(10nm)/LaMnOs3 (20nm), on top of which the superconducting layer is grown.

For samples grown on such tapes, the XRD analysis in Fig. 5.46a shows good c-axis
nucleation with the presence of only the (001) YBCO reflections; the rest of the peaks is ascribed
to the tape, with the epitaxial LaMnO3; (labelled LMO in the GADDS), the homo-epi MgO reflections,
and the rings of the Hastelloy layer. Good T. of 90K are also achieved on tape, Fig. 5.46b; the low
Jc values, specifically Jc=0.1 MA/cm2 (at 77K) and 1.9 MA/cm? (at 5K) confirm that optimization is
still necessary on tape.

Given the promises of these first tests, the transfer of TLAG to thick films and tapes is being
continued by several PhD candidates of the group.
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Fig. 5.46: Cu route-TLAG in metallic tapes: characterizations. (@) GADDS scan of the 2-3 composition YBCO
(100 nm) grown from the Cu route on SuNam tapes, showing the epitaxial LaMnOs (LMO) buffer layer, the
epitaxial MgO layer and the rings assigned to the Hastelloy C276; (b) T. from resistivity measurements of
the sample shown in (a) compared to a sample grown on LAQ in similar conditions. J.: 0.1 (77K) and 1.9
(5K) MA/cm?.

5.4 Partial conclusions

In this chapter a new YBCO growth approach was introduced that combines the
advantages of cost-effective chemical methods with those of liquid assisted growth. The TLAG
novel approach is able to achieve growth rates of 100 nm/s thanks to the presence of a transient
eutectic liquid of BaCuO;-CuO composition, originating after the BaCOs; intermediate is

decomposed.

Based on weather BaCO3; decomposition and YBCO growth are decoupled or not, two main
YBCO growth routes were introduced within TLAG: the T route and the P route. We showed that
the fast growth is intrinsic of the transient liquid since it can be obtained in both TLAG routes.
However, the parameters influencing the fast growth are yet to be understood, especially in terms
of phase diagram region and of the effect of the pressure jump during YBCO growth.

Unlike what previously thought, we demonstrated that BaCO3 can be easily decomposed
in this approach; although the main parameter governing its decomposition is the film thickness
through which CO; out-diffusion occurs, its presence in FF-CSD methodologies does not constitute
a limit even up to thick (1 um) films, making this approach promising for the future optimization
of FF-routes. The kinetic analysis confirmed the experimental data for BaCO3; decomposition; in
addition, since its theoretical formulation does take into account several parameters such as the
presence of a liquid, the kinetic analysis may provide a further indirect proof of the presence of

the transient liquid, due to the deviations observed close to the eutectic line.

The specific TLAG method studied in this chapter is based on the pressure route: once
BaCO3; decomposition has been achieved after heating up the sample at low oxygen pressure
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where YBCO is not stable, a subsequent Po, increase is responsible for the fast YBCO
crystallization. Two pressure routes can be adopted which differ in the base Po,. The BaCu;0;
route consists in heating up the mixture of oxides and carbonate from Po,=10-6-10-5 bar, while the
Cu route from Po,~10-8 bar. While the 3-7 melt delivers the best results with both approaches
thanks to the lower supersaturation, the 2-3 composition seems to be viable at Po2<10-¢bar.

One of the advantages of the Cu route is that low total pressures permit to overcome the
problem of BaCOz; decomposition; conversely, in the BaCu;0, the minimum pressure is
Pror=P02=10-5/10-6 bar; Therefore, BaCO3 decomposition in this route is more affected by residual
local COy, furnace geometry and gas flow.

With chemical methodologies, the final film properties depend strictly on the growth
approach. In particular, they have been shown to depend on the temperature profile parameters
in the Cu route: very fast ramps cause strong phase segregation along the film; fast ramps have to
be adopted only in the low-temperature region before BaCOz decomposition starts, to reduce
phase coarsening. In fact, the main severe drawback to be solved in the Cu route remains the
strong phase segregation observed during the low-pressure step, which causes regions of trapped
liquid that later on crystallizes into barium cuprate blocks. These large (~100nm) grains interrupt
the YBCO matrix, setting the ]J. upper limits at 1 MA/cm? at 77K.

Despite that, in the conditions of the Cu approach, the TLAG method is rather robust in
achieving c-axis epitaxial YBCO in a wide region of the phase diagram and under different
supersaturation conditions, film thicknesses and supports. In fact, rather good epitaxial samples
could be obtained with both melts on tape and with 1 um films on metallic substrates, even though
the superconducting properties require further optimization in the future.

Future strategies to tackle the Cu route issues may include mixed growth approaches
based on the P-routes, with the exploration of lower Pror (<10-5 bar) in the BaCuz0; route.
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CONCLUSIONS AND
PERSPECTIVES

Chapter 6

In conclusions, this thesis showed how advanced thermal analysis (TA) techniques permit
to disclose the mechanism underlying film pyrolysis, and that TA are crucial for the development
of the necessary knowledge to optimize the pyrolysis and growth steps of complex oxide films.

One of the key aspects is that in most solid-gas reactions, such as decomposition, gas and heat
transport in films are different than in powders; in fact, films decompose differently than powders,
due to the faster gas diffusion and heat dissipation as the surface to volume ratio increases. It
follows that, if this is not acknowledged, many steps can be erroneously thought of as intermediate
compounds. Therefore, the information derived from TA on powders is inaccurate and, more
important, it can be misleading.

The intensive TA studies carried out on the single salt precursor solutions of FF-YBCO led to
the understanding that thermal behavior depends on the nature of the metal cation:

e Those which easily undergo reduction (Cu) will tend to break on the M—O0C=0 site, while for
the others (Ba, Y) the preferred cleavage site will be the MO—C(=0)—O0 bonds. Thus, in inert
atmosphere the first group will release the corresponding acid (propionic acid) while the
second class a symmetrical ketone (3-pentanone) through a radical mechanism.

e Humid oxidative atmospheres are better for pyrolysis as they reduce the amount of residual
carbon and they shift decomposition to lower temperatures, since hydrolysis and oxidative
degradation require lower temperatures to start than radical reactions.

e Humid-oxidative degradation of propionate ligands ranges from soft (with formation of
propionic acid in humid O; and low temperatures, based on the preferred cleavage at the M—
0C=0 site) to hard (oxidation to acetaldehyde and CO; at higher temperatures, based on the
cleavage of the MOC(=0)—C bond). Thus, the low-temperature oxidative degradation will be
more effective for the CuProp2-CuO conversion, while the high-temperature one will be
preferable for the YProps-Y20.CO; and BaProp:-BaC;0s conversion. Behind these
intermediates the same general bond-cleavage rule can be applied. It follows that BaCO3
cannot be avoided in favor of an oxide at low temperatures, even in humid atmosphere.

e With the additions of TEA, the decomposition process becomes more robust with respect to a
change of atmosphere when the decomposition temperatures of the metal carboxylates are as
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low as TEA’s; this is a consequence of the fact that decomposition proceeds via an
esterification reaction between TEA and the propionate units. Esterification is more
important for the Y than the Cu salt, in agreement with their preferred cleavage bonds, while
it is almost negligible for the Ba case. Although smoother mass losses are achieved adding
TEA, its presence causes an increase (50 to 100°C) in the decomposition temperature range;
it also affects the intermediate phases by acting on the copper redox behavior.

The knowledge developed from single-component solutions revealed to be essential to
understand the thermal behavior of the ternary solution, although its behavior goes beyond
the simple sum of its components. For instance, unexpected interactions were:

e CuO reduction, induced by the decomposition of the other salts;

e BaCOj3 crystallization into a non-thermodynamically stable phase (the monoclinic instead of
the orthorhombic), which, although not fully understood yet, is probably due to seed-induced
crystallization by the other metal species when melting of the barium precursor precedes its
decomposition.

The monoclinic BaCOz phase, in fact, delays BaCO3z decomposition, which in turn has a detrimental
effect on the epitaxial conditions for YBCO growth. So far, two main strategies can be adopted to
avoid the BaCO3; monoclinic phase:

i) operating in rigorously anhydrous-working conditions, or
ii) using propionate-free precursors (such as acetates)

The first option requires the use of high purity solvents and atmosphere control environments
that involve a significant complexity and cost. Conversely, the second strategy is straightforward
and cost-competitive, but it requires a new solution design.

Having faced the main pyrolysis issues, the YBCO growth from the pyrolyzed oxides and
carbonates was studied; a novel growth approach, TLAG, was introduced which is based on the
growth of YBCO from a BaO-CuO transient liquid, generated after BaCO3; decomposition.

The specific TLAG route analyzed in this thesis is the P route, characterized by decoupling BaCO3
decomposition from YBCO growth; depending on the phases involved, two P routes were
identified: the BaCu,0 and the Cu route, which can be achieved by tuning the base pressure. In P
route:

e BaCO3; decomposition can be easily achieved at low total pressures (<10-6 bar), where it can
be decomposed even in up to 1-um YBCO films.

¢ In terms of solution composition, lower supersaturation (i.e. eutectic composition) increases
the epitaxy.

e The BaCuz0; route (at Po2=10-5 bar) gave the best performances with thin films (5MA/cm for
90 nm) but it is more sensitive to residual local CO; (and thus flux and total pressure effects)
in terms of BaCO3; decomposition; as a consequence, it is more affected by non-anhydrous
working conditions.

e Conversely, the Cu route has the disadvantage of a higher phase segregation due to Cu(0),
which reduces film performances, but it is especially compatible for BaCO3; decomposition in
thick layers thanks to the low base pressure.

o The robustness of TLAG was proved by the fact that epitaxy could be achieved when the
process was transferred to thick films (1 pm) and tapes.
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Within CSD approaches, the TLAG method is the first reported route to achieve very high growth-
rates, 100 times faster than other CSD routes, up to 100 nm/s, being competitive to recent liquid-
growth processes by physical methods, while still reaching competitive J. values with low cost
chemical strategies. This puts HTS technology on the frontlines of addressing clean energy
production and transportation.

However, the next breakthroughs in CSD methods would be to raise the thickness upper limit of
competitive properties to 1-um or thicker in a single deposition, and to transfer the approach to
metallic tapes: one final challenge for CSD methods to lead the market as cost-effective routes for
long-length HTS tapes manufacturing and perhaps address fast-increasing world energy demands
thanks to the low-cost production.
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