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Abstract

In today’s society, the increased challenges of energy crisis and environmental pollution
urge the development of environmentally friendly and pollution-free energy storage and
conversion devices, such as solid oxide fuel cells (SOFC), batteries and so on. In addition,
the advancement of industrialization and information technologies requires the emergence

of safe, efficient and low energy-consumption electronic devices.

Transition metal oxides are promising materials for energy and information applications
because of the flexibility of their functional properties. In these materials, point defects have
significant effects on the functional properties, such as electrical conductivity, magnetic
properties and catalytic activity etc. Thus, understanding and quantifying the point defects
in transition metal oxides is crucial for tailoring their functional properties for energy and
information applications. This is even more relevant in oxide thin films, where other
phenomena, such as homo and hetero interfaces, are known to severely impact their defect
concentration but their limited dimensions hinder the applicability of traditional methods for
point defect quantification. This thesis is devoted to the quantification and control of point
defects in LaixSrxFeOs.s (LSF) thin films, a material widely used as electrode in energy and
information technologies. Based on the knowledge of defect chemistry, the application of
LSF thin films is extended to synaptic transistors. The work is focused on the following
aspects: i) Quantification of the point defects in LSF thin films as a function of oxygen partial
pressure at intermediate-to-low temperatures by in-situ ellipsometry; ii) study of the defect
chemistry of Lao.sSrosFeOs.5 (LSF50) thin films during the ion intercalation process in liquid
alkaline electrolyte at room temperature; iii) development of a synaptic transistor with solid

electrolyte.

In the first part of this thesis, a novel ellipsometry method for studying the defect chemistry
of LSF thin films is developed. Ellipsometry spectra of LSF thin films were highly sensitive
to the variation of hole concentration. Through this novel technique, the optical conductivity
of LSF thin films can be univocally related with the hole concentration in the LSF thin films with
different Sr content (Sr content= 0.2, 0.4 and 0.5). A novel in-situ spectroscopic ellipsometry
approach was developed to study the hole concentration in the LSF thin films as a function of oxygen
partial pressure from 10'° to 10Y" bar at intermediate-to-low temperatures (350 °C-540 °C). The

results demonstrate the applicability of ellipsometry to study the defect chemistry of oxides thin films
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and show the importance of non-dilute behavior in the layers. In this sense, the in-situ
ellipsometry approach is able to push the current limits for the direct measurements of point
defects in the LSF thin films to intermediate-to-low temperatures, which represents a crucial

step forward in the understanding of LSF thin films for low-temperature applications.

In the second part of this thesis, the in-situ ellipsometry technique is extended to measure
the concentration of point defects in LSF50 thin films during the ion intercalation process in
alkaline electrolyte. A series of ex-situ techniques show that both oxygen and protons were
intercalated into LSF50 perovskite structure at moderate electrochemical potentials, giving
rise to the variation of hole concentration in the LSF50 thin films as a charge compensation
mechanism. In-situ ellipsometry measurements of the optical conductivity during the ion
intercalation allowed to develop a defect chemistry model to describe the ionic intercalation in LSF
thin films in liquid alkaline electrolytes. Overall, in-situ ellipsometry shows possibility of
revealing the defect chemistry of LSF50 thin films during ion intercalation in liquid
electrolyte, which is a crucial progress for understanding and tailoring the LSF50 thin films’

functional properties for energy and information applications.

In the third part of this thesis, the proof of concept of the LSF50/BisV18Cuo2010.7
(BICUVOX) synaptic transistor is proved. BICUVOX thin film was found to be suitable as
an electrolyte in the synaptic transistor due to its high in-plane ionic conductivity at low
temperatures. LSF50 films were employed as gate and channel due to the tunable electronic
structure through modifying the concentration of point defects, such as oxygen vacancies.
Writing voltages applied to the gate were found to be able to drive oxide ions from the gate
(channel) to the channel (gate) through the BICUVOX electrolyte at low temperatures.
Oxide ions incorporated into the channel can vary the oxygen content and modify the
electrical conductance of the LSF50 thin film channel. The performance of the
LSF50/BICUVOX synaptic transistor at temperature as low as 150 °C is demonstrated.

In appendix, optical impedance spectroscopy is proposed for LSF thin films. Sinusoidal
optical signals as the response of the oscillatory electrical voltages were collected by in-
situ/in-operando ellipsometry, a formalism was developed to describe the optical behaviour
of the LSF thin films. The electrochemical parameters determined from the optical
impedance spectra for the solid-electrolyte electrochemical cell were in good agreement with

those derived from the electrochemical impedance spectra, demonstrating the reliability and



applicability of optical impedance spectroscopy for LSF/CGO/YSZ electrochemical cells at
intermediate temperatures.

In summary, this thesis deals with the study of the point defects of LSF thin films and its
application in synaptic transistors, the novel in-situ ellipsometry approach gets insight into
the defect chemistry of LSF thin films. The synaptic transistor with the solid electrolyte
BICUVOX based on the defect chemistry of the LSF thin films can be operated at

temperatures as low as 150 °C.
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Resumen

En la sociedad actual, los crecientes desafios de la crisis de energia y la contaminacion
ambiental instan al desarrollo de dispositivos de conversion y almacenamiento de energia
respetuosos con el medio ambiente y libres de contaminacion, como las pilas de combustible
de oxido solido (SOFC), baterias, etc. Ademas, el avance de la industrializacion y de las
tecnologias de informacién requiere la aparicion de dispositivos electronicos seguros,

eficientes y de bajo consumo energético.

Los dxidos de metales de transicién son materiales prometedores para aplicaciones de
energia e informacion debido a la flexibilidad de sus propiedades funcionales. En estos
materiales, los defectos puntuales tienen efectos significativos en las propiedades
funcionales, como la conductividad eléctrica, las propiedades magnéticas y la actividad
catalitica, etc. Por lo tanto, comprender y cuantificar los defectos puntuales en los éxidos de
metales de transicion es crucial para adaptar sus propiedades funcionales a las aplicaciones
de energia e informacién. . Esto es incluso mas relevante en peliculas delgadas de 6xidos,
donde se sabe que otros fendmenos, como las interfaces homogéneas y heterogéneas,
impactan severamente su concentracion de defectos, pero sus dimensiones limitadas
dificultan la aplicabilidad de los métodos tradicionales para la cuantificacion de defectos
puntuales. Esta tesis estd dedicada a la cuantificacion y el control de defectos puntuales en
peliculas delgadas de LaixSrxFeOss (LSF), un material muy utilizado como electrodo en
tecnologias de energia e informacion. Basado en el conocimiento de la quimica de defectos,
la aplicacién de peliculas delgadas de LSF se extiende a transistores sinapticos. El trabajo se
centra en los siguientes aspectos: i) Cuantificacion de los defectos puntuales en peliculas
delgadas de LSF en funcion de la presion parcial de oxigeno a temperaturas intermedias a
bajas mediante elipsometria in-situ; ii) estudio de la quimica de defectos de las peliculas
delgadas de LaosSrosFeOs.s (LSF50) durante el proceso de la intercalacion de iones en
electrolito alcalino liquido a temperatura ambiente; iii) desarrollo de un transistor sinptico

con electrolito sélido.

En la primera parte de la tesis, se desarrolla un nuevo método de elipsometria para estudiar
la quimica de defectos de peliculas delgadas de LSF. Los espectros de elipsometria de las
peliculas delgadas de LSF fueron muy sensibles a la variacién de la concentracion de huecos.

A través de esta nueva técnica, la conductividad Optica de las peliculas delgadas de LSF se
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puede relacionar univocamente con la concentracion de huecos en las peliculas delgadas de
LSF con diferente contenido de Sr (contenido de Sr=0,2, 0,4 y 0,5). Se desarrollé un nuevo
enfoque de elipsometria espectroscopica in-situ para estudiar la concentracion de huecos en
las peliculas delgadas de LSF en funcion de la presion parcial de oxigeno de 10*° a 107 bar
a temperaturas intermedias a bajas (350 °C-540 °C). Los resultados demuestran la
aplicabilidad de la elipsometria para estudiar la quimica de defectos de peliculas delgadas
de 6xidos y muestran la importancia del comportamiento no diluido en las capas. De esta
manera, el método de elipsometria in-situ puede empujar los limites actuales para las
mediciones directas de la quimica de defectos de las peliculas delgadas de LSF a
temperaturas intermedias a bajas, lo que representa un paso crucial adelante en la

comprension de las peliculas delgadas de LSF para aplicaciones de bajas temperaturas.

En la segunda parte de esta tesis, se amplia la técnica de elipsometria in-situ para medir la
concentracion de defectos puntuales en peliculas delgadas LSF50 durante el proceso de
intercalacién idnica en electrolitos alcalinos. Una serie de técnicas ex-situ muestran que tanto
el oxigeno como los protones se intercalaron en la estructura de perovskita de LSF50 a
potenciales electroquimicos moderados, dando lugar a la variacion de la concentracion de
huecos en las peliculas delgadas de LSF50 como mecanismo de compensacion de carga. Las
mediciones de elipsometria in-situ de la conductividad Optica durante la intercalacién de
iones permitieron desarrollar un modelo de quimico de defectos para describir la
intercalacion ionica en peliculas delgadas de LSF en electrolitos alcalinos liquidos. En
general, la elipsometria in-situ muestra la posibilidad de revelar la quimica de defectos de
las peliculas delgadas de LSF50 durante la intercalacion de iones en el electrolito liquido,
que es un progreso crucial para comprender y adaptar las propiedades funcionales de las

peliculas delgadas de LSF50 para aplicaciones de energia e informacion.

En la tercera parte de esta tesis se demuestra la prueba de concepto del transistor sinaptico
LSF50/BisV1.8Cu020107 (BICUVOX). Se descubrié que la pelicula delgada de BICUVOX
era adecuada como electrolito en el transistor sinaptico debido a su alta conductividad i6nica
en el plano a bajas temperaturas. Las capas de LSF50 se emplearon como compuerta y canal
debido a la estructura electronica sintonizable mediante la modificacion de la concentracion
de defectos puntuales, como los vacantes de oxigeno. Se descubridé que los voltajes de
escritura aplicados a la compuerta pueden conducir iones de 6xido desde la compuerta (canal)
al canal (compuerta) a través del electrolito BICUVOX a bajas temperaturas. Los iones de
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Oxido incorporados en el canal pueden variar el contenido de oxigeno y modificar la
conductancia eléctrica del canal de la pelicula delgada de LSF50. Se demuestra el
rendimiento del transistor sinaptico LSF50 / BICUVOX a la temperatura tan baja como 150
°C.

En el apéndice, se propone la espectroscopia de impedancia Optica para peliculas delgadas
de LSF. Las sefales oOpticas sinusoidales como respuesta de los voltajes eléctricos
oscilatorios se recogieron mediante elipsometria in-situ/in-operando, se desarrollé un
formalismo para describir el comportamiento dptico de las peliculas delgadas de LSF. Los
pardmetros electroquimicos determinados a partir de los espectros de impedancia Optica para
la celda electroguimica de electrolito solido estaban en buen acuerdo con los derivados de
los espectros de impedancia electroquimica, lo que demuestra la confiabilidad y
aplicabilidad de la espectroscopia de impedancia dptica para las celdas electroquimicas
LSF/CGO/YSZ a temperaturas intermedias.

En resumen, esta tesis trata del estudio de los defectos puntuales en las peliculas delgadas
de LSF y su aplicacidén en transistores sinapticos, el novedoso enfoque de elipsometria in-
situ da una idea de la quimica de defectos de las peliculas delgadas de LSF. El transistor
sinaptico con el electrolito solido BICUVOX basado en la quimica de defectos de las

peliculas delgadas de LSF puede funcionar a las temperaturas tan bajas como 150 °C.
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1.1 Motivation

Energy crisis and environmental pollution are the main challenges in today’s society as a
result of the development and progress of industry. For a long time in the past, the
combustion of fossil fuels has greatly increased global carbon emissions that cause global
warming, sea level rise and other urgent issues. As a solution of these issues,
environmentally friendly energy technologies, such as Solid Oxide Fuel Cells (SOFC) and
electrochemical capacitors, are desperately needed to convert and store green, pollution-free
and sustainable energy. In addition, the emergence of artificial intelligence and the
upgrading of electronic devices have greatly increased the demand for information

technologies with low energy consumption, high efficiency, high reliability and safety.

Among the available materials, perovskite oxides are promising candidates for energy and
information applications, due to the tremendous flexibility in functional properties that can
be tuned not only by the wide variety of compositional elements but also by the point defect
configurations in the structure.>? Strontium doped lanthanum ferrite Lai-xSrxFeOs-s (LSF) is
a representative paradigm, in which the substitution of Sr?* for La®* allows the generation of
point defects in order to maintain electroneutrality. The electrical conductivity, ionic
transport behaviour and electrochemical properties of LSF can be optimized by the generated
point defects for use in energy and information devices.®>® Furthermore, the thin films
technologies, which reduce the dimensions of oxides materials to nanoscale, allow for the
optimization of the oxides’ functional properties by engineering the strain and interface

between the thin film and the substrate.” 10

This chapter is devoted to the introduction of the defect chemistry and applications of LSF
perovskite thin films. The applications of Mixed lonic and Electronic Conductors (MIEC)
in energy and information devices are reviewed in Section 1.2; the structure and defect
chemistry of LSF, as well as the effects of point defects on LSF thin films’ properties are
described in Section 1.3; the characteristics and advantages of thin films respect to bulk
materials are revealed in Section 1.4; the peer techniques dedicated to the study of defect
chemistry of oxides are described in Section 1.5; finally, the scope of this thesis is explained
in Section 1.6.



1.2 Role of MIECs in energy and information applications

1.2.1 Energy applications
1.2.1.1 Solid Oxide Fuel Cells (SOFC)/Solid Oxide Electrolysis Cells (SOEC)
The industrialization process and society progress lead to the increasing energy demand as
depicted in Figure 1.1a.'! On the one hand, the exhaustion of limited fossil fuels requires
the development of sustainable energy sources; on the other hand, as illustrated in Figure
1,1b,*2 a significant portion of air pollution is caused by the combustion of fossil fuels, so
generation of green and pollution-free energy is required in today’s society. A Solid Oxide
Fuel Cell (SOFC) as an electrochemical energy conversion device produces electrical energy
via redox reactions. It is composed of an anode, a cathode and an electrolyte. In SOFC
operation, oxygen gas from surrounding environment is supplied to the cathode, where O
is reduced to oxygen ions O%, the generated O% ions pass through the electrolyte and are
transported to the anode. Hydrogen is supplied as fuel at the anode and oxidized to H20O,
concomitant the liberation of electrons. The released electrons move from the anode to the
cathode via an external circuit, generating electricity.’*>*> Opposite to SOFC, a Solid Oxide
Electrolysis Cell (SOEC) is a device that converts H>O and/or CO; into Hz and/or CO with
consumption of electrical energy.®” As well known, hydrogen is a clean fuel, and syngas,
which is a mixture of CO and H>, can be used to produce synthetic natural gas and synthetic

petrol 16

SOFCs and SOECs are highlighted by their flexibility, security and high efficiency in power
generation, reducing the emission of toxic and greenhouse gases.***'" However, the main
drawback of SOFCs and SOECs is the high operation temperature above 600 °C,*31" which
reduces the cells’ lifetime and raises its cost.}>!8 The cells’ performance at lower temperature
is mainly limited by the electrochemical polarization of electrode materials.'® Therefore, in
the last decades researchers intensively investigated new electrode materials for solid oxide
cells. MIECs, which are able to transport both electrons and ions, extend the Oxygen
Reduction Reaction (ORR) from Triple Phase Boundaries (TPB) to the electrode bulk,
largely increasing the active sites for electrochemical reactions and enhancing the solid oxide
cells’ performance.**2° For instance, Lai1-«SrxCo1-yFeyOs (LSCF) with perovskite structure is
found to have high mixed ionic and electronic conductivity, as well as cathodic performance
at intermediate temperatures;?*?2 Lai«Sr«FeOs (LSF) exhibits good stability and

compatibility with Yttrium-Stabilized Zirconia (YSZ) electrolyte, as well as small area-



specific polarization resistance in the temperature range of 650 °C to 800 °C;?® SrFe1xTixOs-
5 (STF) poses low polarization resistance and high oxygen diffusion rate at low temperatures,
making it a good candidate for SOFC cathode materials.?* In brief, the perovskite materials

are of fundamental importance for solid oxide cells.
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Figure 1.1 a. Evolution of the global energy demand. The triple bars represent the prediction of
maximum, minimum and average energy demand. Reprinted from Renewable and Sustainable
Energy Reviews, 82, Abdallaa, A. M., Hossaina, S., Azad, A. T., Petra, P. M. |, Begum F.,
Eriksson, S. G., Azad, A. K.. Nanomaterials for solid oxide fuel cells: A review. 353-368,*
Copyright (2017), with permission from Elsevier. b. Sources of the emission of CO. Reprinted
from Dey et al.,'? with permission from Elsevier.

1.2.1.2 Supercapacitors (SC)
A supercapacitor (SC) is an alternative energy conversion and storage device that consists
of a negative electrode and a positive electrode separated by a liquid electrolyte. It is

characterized by high power density, stability, fast charge and discharge process, non-
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toxicity and low cost.?>?" Differing from the batteries that convert chemical energy into
electricity via chemical reactions, according to the charge storage mechanism, SCs can be
classified into two categories: Electrical Double Layered Capacitor (EDLC) and
pseudocapacitor. As the mechanisms depicted in Figure 1.2,% in EDLC electronic charges
are accumulated and stored on the electrode surface, the electrodes are therefore based on
the materials with high specific surface area, such as graphene, activated carbon, porous
carbon and carbon nanotubes etc.;?"? in pseudocapacitor charges are stored through the
Faradaic reactions occurred at the electrolyte/electrode interface. Pseudocapacitors can be
divided into three types according to the reaction mechanism: underpotential deposition,
redox pseudocapacitor and intercalation pseudocapacitor.?>?® The underpotential deposition
is based on the deposition of one metal on the surface of another metal under the effects of
Nernstian voltages; the charge storage in redox pseudocapacitor is based on the Faradaic-
characteristic redox reactions that occur on the electrode surface; and the charge storage in
intercalation pseudocapacitor consists in the insertion or intercalation of cations into the
electrode bulk (see Figure 1.2b-d).?>28
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Figure 1.2 Mechanisms of charge storage for a. EDLC, b. Underpotential deposition, c. Redox
pseudocapacitor and d. Intercalation pseudocapacitor. Reprinted from Coordination Chemistry
Reviews, 431, Tomar, A. K., Joshi, A., Singh, G., Sharma, R. K., Perovskite oxides as
supercapacitive electrode: Properties, design and recent advances, 213680,% Copyright (2021),
with permission from Elsevier.

The improvement of the supercapacitors’ performance is primarily focused on the electrode
materials in order to amplify the potential window, increase the active surface area,
miniaturize the device, and increase the energy density, cycling stability and electrochemical
capacitance etc. In recent years, there has been a surge of interest in perovskite materials as

electrodes in pseudocapacitors. It was reported that the perovskite BiFeOz shows good
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stability, high specific capacitance of 81 F g and specific energy density of 6.6832 J g in
aqueous NaOH electrolyte.®® The redox reactions which change the oxidation state of Mn
in LaixSr«MnO3 (LSM) lead to high specific capacitance, energy and power density in KOH
electrolyte, and good stability even after thousands of charging and discharging cycles;!?
Wang et al. found that Sr doping in LaFeOs (LFO) enhanced the electrochemical
performance of the material in Na;SOs electrolyte.®® Therefore, understanding the
mechanisms of perovskite electrode materials is critical for enhancing the performance of

oxides materials in supercapacitors.

1.2.1.3 Water splitting
The increase of CO> in the atmosphere forces the quest for a carbon-free energy vehicle.
Among the different possibilities investigated in the past, hydrogen stands as the most clean,
sustainable and pollution-free energy for vehicle. Thus, hydrogen production have become
the focus of many works. One of the most interesting and clean methods for hydrogen
production is water splitting. It is based on the decomposition of water into H> and O under
the application of an electrical overpotential. Water splitting can be separated in two parts:
Oxygen Evolution Reaction (OER) that oxidizes water into O, takes place at anode and
Hydrogen Evolution Reaction (HER) that reduces water into H, takes place at cathode.
Water is employed as the reactive material for water splitting and its abundance significantly
lowers the cost; Additionally, the pollution-free water splitting process gives rise to high
purity of H.3* Nevertheless, the efficiency of water splitting is limited by the sluggish HER
and OER. Several electrocatalysts based on Ir and Pt metals have been reported to pose
excellent electrocatalytic performance,® but their high price hinders their widespread
application. Perovskite materials have been widely studied as the electrocatalyst materials
for water splitting due to their low cost and high flexibility in functional properties. For
instance, Matsumoto et al. revealed the excellent electrocatalytic performance of LSM in
alkaline media;®’ Liu et al. reported that the cation deficiency in Sr1-xNbo.1C0o7F€0203-5 was
able to boost the OER activity by increasing the surface oxygen vacancies and the active
sites;%® Wang et al. discovered that a simple Fe-doping in SrCoOs-s would improve the OER

activity and durability of the electrocatalyst.*®



1.2.2 Information applications

1.2.2.1 Electrolyte-Gated Transistors (EGT)
An Electrolyte-Gated Transistor (EGT), which enables the simulation of artificial synapses
with low energy consumption and low voltage, is a promising device for neuromorphic
applications.*® In comparison with two-terminal EGTs, three-terminal EGTs show
outstanding time efficiency because the signal transmission and self-learning processes can

be performed simultaneously.*42

As the schematic representation of EGT shown in Figure 1.3a,* a three-terminal EGT is
composed of a drain, a source and a gate. The drain and source are situated at the two
opposite ends of a semiconductor channel, which is separated from the gate by an electronic
insulating electrolyte.** Channel’s conductance, which simulates synaptic weight, can be
modulated by the voltage applied between the gate and the source.*® Based on the mechanism
of operation, EGTs can be classified into two groups: Electrolyte-Gated Field-Effect
Transistor (EG-FET) and Electrochemical Transistor (ECT). In EG-FET with impermeable
semiconductor, the voltage applied between the gate and the drain causes the charge carriers
(holes and electrons) to move and accumulate at the electrolyte/channel and gate/electrolyte
interfaces forming Electrical Double Layers (EDL);*#44¢ in ECT the applied gate voltage
causes reversible incorporation or release of ions into the channel, with O% and H* ions being
the most prevalent.*®434446 Depending on the polarity of the gate voltage, EGT can be
operated in both carrier accumulation and depletion modes, as shown in Figure 1.3b and c.
In recent years, synaptic EGTs based on SrMOsz; (M=Fe or Co etc.) have been
investigated, 041454748 the electrolyte-gated oxygen incorporation process controls the
electrical properties of SrMOz.;, resulting in synaptic transistors with non-volatility, long-

term plasticity, good stability and reversibility,4041:4547.48

A large number of researches have been focused on the synaptic transistors based on ionic
liquid electrolytes,*®#244 but the difficulty in integration hinders the fabrication of the
devices. In turn, the solid electrolytes (for instance, Yttria-Stabilized Zirconia (YSZ) and
Gd-doped Ceria (GDC)) enable the integration with other components of the devices and
facilitate the fabrication.**-! In solid-electrolyte synaptic transistors, gate voltage is able to
pump oxide ions into (or out of) the channel through the electrolyte with ionic conductivity,
changing the conductance state of the channel.**®! The main drawback of the conventional

solid-state electrolytes is its low ionic conductivity at room temperature. Besides, synaptic
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transistors based on extraction and injection of lithium ions (Li*) have attracted a lot of
interest. However, integration with other components and miniaturization in dimensions are
problematic for some of the solid-state electrolytes based on Li* ions.>

Thus, the investigation of synaptic transistors with good performance becomes more and
more important.
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Figure 1.3 a. Schematic representation of the cross section of a representative EGT. b. Carrier
accumulation mode and c. Carrier depletion mode of the EGT with impermeable (left) and
permeable (right) semiconductor channel. Reprinted from Advanced Materials, 25, Kim, S. H.;
Hong, K.; Xie, W.; Lee, K. H.; Zhang, S.; Lodge, T. P.; Frisbie, C. D., Electrolyte-Gated
Transistors for Organic and Printed Electronics, 1822-1846,* Copyright © 2013 WILEY-VCH
Verlag GmbH & Co.
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1.3 La1xSrxFeOs5 (LSF): a paradigm of MIEC perovskite oxide

La1xSr«FeOs-5 (LSF) has been widely investigated as cathode for SOFCs and SOECs,> %
electrode for supercapacitors,®® catalyst for electrochemical water splitting,®®” and channel
for memristors and synaptic transistors.*#” LSF with perovskite structure is highlighted by
their electrical and electrochemical performance.®®® Furthermore, the abundance of Fe
significantly reduces the costs, making LSF suitable for fundamental studies. As a
paradigmatic MIEC perovskite oxide, the concentration of point defects in LSF strongly
impacts the LSF’s functional properties.®2 In this section, the perovskite structure and

point defects in LSF will be discussed.

1.3.1 Crystal structure of LaixSrxFeOs.5
LSF is a perovskite oxide material. Perovskite structure can be written as ABXs, the A-site
Is usually occupied by cations of rare earth lanthanide metals or alkali earth metals, such as
La, Pr, Sr and Ca etc., the B-site is usually occupied by cations of transition metals, such as
Fe, Mn, Cr, Co and so on, and the X-site is occupied by oxygen anions. As illustrated in
Figure 1.4,% depending on the coordinator system, perovskite structure can be represented
in two forms: in one of them, the B-site cations are located in the center of the unit cell, the
A-site cations are located at the corners of the cell and the oxygen anions are located in the
center of the faces of the cubic cell. In the alternative representation, the A-site cations are
located in the center of the cubic cell, the B-site cations are located at the corners of the
structure and the oxygen anions are located at the edges. Each A-site cation is coordinated
by 12 oxygen anions, while each B-site cation is in the BOs octahedra with a six-anion

coordination.

Depending on the radius of the A-site and B-site cations, the perovskite structure is usually
found to be distorted with the Goldschmidt tolerance factor (t):162

ratro

= m (Equatlon 11)

Where 14, 15 and r, denote the radius of the A-site, B-site cations and oxygen anions,

respectively. The perovskite structure is considered to be stable if 0.77< t <1.%4

LSF bulk materials with perovskite structure have been commonly synthesized by a variety

of chemical methods, such as solid state reaction or wet routes like sol-gel.526567
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Orthorhombic structure is found for LSF with low Sr content, while with increasing the Sr
amount, the perovskite structure becomes distorted and the symmetry turns to be

rhombohedral 8566

(a)

Figure 1.4 Schematic representations of perovskite structure. Reprinted from Materials Today
Energy, 7, Moniruddin, M.,llyassov, B., Zhao, X., Smith, E., Serikov, T., Ibrayev, N., Asmatulu,
R., Nuraje, N. Recent Progress on Perovskite Materials in Photovoltaic and Water Splitting
Applications, 246-259,%% Copyright (2017), with permission from Elsevier.

1.3.2 Defect chemistry of LaixSrxFeOs.s

Defects are defined by the deviations or imperfections from the ideal structure that result
from the deficit of atoms or excess of interstitial atoms in the structure.®® The vacancies and
extra interstitial atoms are defined as point defects. The two main types of intrinsic structural
defects are: Schottky defects and Frenkel defects. If ions escape from their proper sites and
leave vacancies in the structure, Schottky defects are formed. On the other side, when ions
in the structure move to occupy the interstitial sites, Frenkel defects are formed. The
Schottky defects predominate over the Frenkel defects in the LSF family of materials due to
the packed structure that impedes the formation of interstitial defects.%®

In LSF, the substitution of La®* by Sr?* results in the creation of oxygen vacancies or electron
holes for charge compensation. The produced electronic defects (holes or electrons) are
trapped by the metal atoms, giving rise to the defects such as Fe** holes and Fe?* electrons.

The global electroneutrality can be expressed as:

"In this thesis, the point defects are expressed using Kroger-Vink notation. The symbol My*
represent the occupation of ion M on N site and V,, represents oxygen vacancies. The symbol’s
subscript x can be ’, x or ® that means the negative, neutral or positive effective charge.
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La® Fe3 0, = La, > *Sn**Fe}t Fejt 05 5 + g 0, (Equation 1.2)
According to the models proposed in various published works,>®° point defects on the A site
can be Laj,, S/, and V/}, point defects on the B site can be Fep,, Fepe, Fere, Vi, and
point defects on oxygen are O and V. In terms of electroneutrality, the sum of the positive

charges must equal the sum of the negative charges as:
[STio] + [Fere]l + 3[V/q] + 3[Vge ] = [Fege] + 2[V5] (Equation 1.3)

The concentration of point defects in LSF can be tuned by the equilibrium of the material
with the gas atmosphere as described by Equations 1.4 and 1.5:360.70-74

20, + 2Fef, + Vs © 0 + 2Fey, (Equation 1.4)
302+ 2Fef, + Vi © O + 2Fef, (Equation 1.5)
The disproportionation reaction of Fey, can be expressed as:*%070-74
2Fef, © Fep, + Feg, (Equation 1.6)

The equilibrium constant K; for charge disproportionation is:

K; = [FepellFere] (Equation 1.7)

[Feg,]?
In addition, the Schottky reaction also should be taken into account:%7
3[Vol + [Vig] + [Vre] © nil (Equation 1.8)

Since this thesis is focused on LSF with a large Sr amount (20%~50% in mol), the effect of
the Schottky reaction is negligible and the point defects in the materials are denominated by
the doping.> [V,] is therefore assumed to be negligible. Furthermore, the vacancies at La
site (V) which are caused by the non-stoichiometric La/Fe ratio are also believed to be

negligible under the optimal Pulsed Laser Deposition (PLD) conditions.%%7

Thus, the main point defects in LSF are Laj, St/4, Fepe, Fep,, Fep, and Vi, , and the A-

site, B-site and oxygen stoichiometry can be written as:
[Laj,] + [Sri] =1 (Equation 1.9)

[Fep.] + [Fepe] + [Fepe] = 1 (Equation 1.10)
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[05] + Vo] =3 (Equation 1.11)

According to the model developed by Mizusaki et al.,’* as depicted in Figure 1.5, the
evolution of the concentration of point defects in LSF materials with oxygen partial pressure
(pO2) can be divided into three regions: In oxidizing conditions, charges are compensated
by iron holes Fep, and oxygen vacancies V,; (Region 1); when pO. decreases, the
concentration of iron holes decreases and the concentration of oxygen vacancies increases
following Equation 1.4; In reducing atmosphere (Region I1), iron holes are totally depleted
and the point defects in LSF are dominated by oxygen vacancies, a plateau is reached with
an oxygen vacancy concentration of 0.5[S;, |; Under extremely reducing pOg, iron electrons

Fey, begin to form and oxygen vacancies increase again following Equation 1.5.
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Figure 1.5 Representation of the evolution of the oxygen nonstoichiometry as a function of oxygen

partial pressure. Reprinted from Journal of Solid State Chemistry, 58, Mizusaki, J., Yoshihiro, M.,

Yamauchi, S., Fueki, K., Nonstoichiometry and defect structure of the perovskite-type oxides Lai-
«SrkFe0s.5, 257-266," Copyright (1985), with permission from Elsevier.

Taking into account the temperature and oxygen partial pressure range studied in this thesis,

the concentration of Feg, is negligible. Thus, the oxygen incorporation reaction in LSF is
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dominated by Equation 1.4 and the equilibrium constant (Kox) can be obtained considering

a dilute representation of the chemical potential:36%.70-74

R C 2pa . o
K, = [Fepel”[00] _ _ [Fepe]”(3-9) = exp(—AHﬂ+AS£) (Equation 1.12)

1
. = = RT T
[Vol[Ferel?p022  §(1—[Fej,])2p02

Where AH,, and AS,, denote the standard enthalpy and entropy for the oxygen

incorporation reaction, R is gas constant and T is temperature.

1.3.3 Effects of the point defects on the LSF thin films’ properties

1.3.3.1 Defect chemistry-tailored electronic structure
Several studies were dedicated to the investigation of the electronic structure of LSF using
different functional characterization techniques, such as Photoemission Spectroscopy
(PES),’® X-ray Photoemission Spectroscopy (XPS),”” X-ray Absorption Spectroscopy
(XAS),”®"" and Fourier-Transform Infrared Spectroscopy (FTIR).”® The electronic structure
and the density of states of LFO and LSF derived from the Density Functional Theory (DFT)
simulations are schematically illustrated in Figure 1.6. The Valence Band (VB) of LFO and
LSF consists of the occupied tog and eg orbitals of the hybridized Fe 3d and O 2p states, while
the Conduction Band (CB) consists of the unoccupied minority tog and eq orbitals. The
creation of Fe** holes as a result of the charge compensation in LSF induces an acceptor
state within the band gap between VB and CB.”""® The hybridized Fe 3d/O 2p orbitals shift
toward the Fermi level as the Sr amount increases, lowering the bandgap and favoring
electrical conduction and OER.® Furthermore, as the Sr content in LSF increases, the degree

of hybridization of the Fe 3d and O 2p orbitals becomes stronger.®:7680
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Figure 1.6 Schematic representation of the electronic structure for LFO and LSF, the letters “A”
“B” and “C” denote the electronic transitions.’”’

1.3.3.2 Defect-dependent optical properties
Several previous studies have informed the effects of electron holes on the optical properties
of LSF thin films,’"7%82 the optical absorption spectra of LSF epitaxial thin films reported
by Scafetta et al. are illustrated in Figure 1.7.8% The optical properties of LSF thin films are
substantially influenced by the Sr content. An increase in the Sr amount increases the
intensity of the optical features "A" and "B" while weakening the feature "C". Considering
that oxygen vacancies in the LSF thin films were previously reduced by annealing in oxygen
gas, the variation of the optical absorption with Sr content is primarily attributed to the
concentration of Fe** holes that emerge for charge compensation. As the optical features “A”
“B” and “C” are directly related to the electronic excitations highlighted in Figure 1.6, the
optical feature “A” at low energy is associated with the electron transfer from the top of VB
to the Fe** hole-induced state; the feature “B” is attributed to the electron promotion from

the hybridized Fe 3d/O 2p orbitals in the VB toward the unoccupied tzg orbitals in the CB;
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and the feature “C” corresponds to the electron excitation from the deeper majority electronic
state to the empty minority spin Fe ey orbitals.””"®® With increased Sr amount, the
intensification of spectral weight of the optical features “A” and “B” implies an increase in
the density of states; additionally, the decrease in the onset energy for the transition “B” with
increasing Sr content reveals a narrowing of the bandgap between VB and CB, corroborating
the electronic structure extracted from the XAS and XPS results.”®7"7983
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Figure 1.7 Optical absorption spectra for epitaxial LSF thin films, the inset shows the Tauc plot of
the onset energy of the transition. Reprinted from Scafetta, M. D., Xie, Y. J., Torres, M., Spanier, J.
E., May, S. J., Optical Absorption in Epitaxial La:xSrxFeOz Thin Films. Appl. Phys. Lett. 2013,
102 (8), 0-5,% with the permission of AIP Publishing.

1.3.3.3 Defect-dependent electrical and mass transport performance
The electrical conductivity of LSF can be written as a sum of the ionic and electronic
conductivities:

0 = Ojon + 0p + 0y (Equation 1.13)

Where g;,, is the ionic conductivity which is independent of oxygen partial pressure, a,, and

o, represent the conductivity associated with the holes and electrons, respectively.

As the oxygen partial pressure-dependent electrical conductivity depicted in Figure 1.8a,%°
the examplified measurements for LSF at 900°C show that the electrical conductivity of LSF
decreases with increasing pO: in the low pO- regime, but it increases with increasing pO- in
18



the high pO2 regime. Under oxidizing atmospheres, the charges in LSF are mainly
compensated by the generation of Fe** holes, the electrical conductivity of LSF is
denominated by polaron hopping, which denominates p-type conduction.>® 788 Thus, the

electrical conductivity is proportional to pO2** as

KOX [0} -
o, = eup(ﬁ) [FeX1(p0,)i (Equation 1.14)

Where e is the electron charge; p is the hole mobility which also shows a dependence on
pO. due to the large variation of band structure related to the electron holes and oxygen

vacancies.®

Under reducing atmospheres, the predominant charge carriers in LSF are Fe?* electrons and
the electrical conductivity is defined by n-type conduction, which has a pO2™*** dependence
according to:5%71.8485

KOX VO H
Oy = euﬂﬁ) [Fep,1(02)t (Equation 1.15)

Where un is the electron mobility and K,, is the equilibrium constant for oxygen

incorporation reaction at extremely reducing conditions.

Bongio et al. described the impact of Sr content on the LSF’s electrical behaviour.®” As
shown in Figure 1.8b, the maximum electrical conductivity at 900 ° C was found in
LagsSrosFeOs-s, in which the maximum [Fe*)/[Fe3*] ratio is present.8” The electrical
conductivy increases with the Sr content in the regime of x<0.5, where electron holes
predominate over oxygen vacancies and increase with the Sr amount;® While the electrical
conductity decreases with increasing Sr content in the regime of x>0.5, where oxygen
vacancies are more favorable than electron holes and the concentration of electron holes

decreases with increasing Sr amount.®’
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Figure 1.8 a. Oxygen partial pressure dependence of the electrical conductivity of LSF at 900 °C.
Data taken from the research published by Patrakeev et al.>® b. Sr content (x) dependence of the
electrical conductivity of LSF at 900 °C in air. Data extracted from the research published by
Bongio et al.?’

The oxygen mass transport properties of LSF have been investigated in various works.3 7188
92 Both the surface exchange coefficient kox and the diffusion coefficient of oxygen ions Do
are found to be highly related to oxygen vacancies in LSF. Ritzmann et al.®® suggest that the
formation of oxygen vacancies is favored in LSF with large Sr amount due to a decrease in
the enthalpy of oxygen vacancy formation, resulting in more active sites for oxygen
incorporation. Moreover, due to the equivalence between the conductivity of oxide ions and

conductivity of oxygen vacancies: %

CyDy = CpDy (Equation 1.16)

Where Cv and Co are the concentrations of oxygen vacancies and oxygen ions, respectively.

Dv and Do are the diffusion coefficients of oxygen vacancies and oxygen ions, respectively.

Thus, the diffusion coefficient of oxygen ions is directly proportional to the concentration of

0Xygen vacancies as:

Dy = % (Equation 1.17)

Therefore, as the data shown in Figure 1.9,°°-°2 both kox and Do increase with the Sr amount,

in other words, with the concentration of oxygen vacancies.
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Figure 1.9 a. Surface exchange coefficient and b. Oxygen ion diffusion coefficient of LSF at
different temperatures in oxygen partial pressure between 0.05 and 0.07 atm. Data extracted from
the references.%92

1.3.3.4 Effects of point defects on electrochemical properties
In terms of electrochemical properties, Shen et al.%! discussed the enhancement of OER
activity of LSF with Sr doping, revealing that the current density and Tafel slope increase
with the Sr content. This enhancement is associated with the change in the LSF’s electronic
structure as a result of the presence of Fe** holes. On the one hand, as the Sr content increases,
the VB shifts closer to the Fermi level (EF), improving the band alignment with water, and
increasing the reaction rate and efficiency;%* On the other hand, the Sr substitution in LSF
leads to a new electronic state situated between the CB and VB, reducing the bandgap and
boosting the electron transfer;’”’® moreover, the increased concentration of Fe** holes
related to the Sr doping improves the degree of hybridization of the Fe 3d and O 2p orbitals,
concomitant a shortening of the Fe-O bond length,>"18 optimizing the electron transfer
between the Fe ions and oxygen species, and resulting in higher OER current.5” 1% Aside
from Fe**, Shen et al.>’ revealed that the oxygen vacancies on the surface can boost the OER
activity by providing more accessible sites for oxygen species adsorption and oxygen ion

diffusion.

Not only the OER performance, but also the electrochemical capacitance of LSF is strongly
influenced by oxygen vacancies and Fe** holes. In the work published by Alexander et al.,*

Fe** holes were revealed to be able to modulate the redox reaction potential, while oxygen
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vacancies in the LSF structure were uncovered to provide more available sites for the OH"
incorporation, improving the charge capacity.

In brief, understanding and quantifying the defect chemistry of LSF is important for
optimizing the materials’ properties.



1.4 Thin film processing for enhancing functional materials in

the field of energy and information

lon conduction in electrolyte of the electrochemical devices is achieved by ion transport in
the electrolyte materials which pose high ionic conductivity. The cationic substitution in
oxide materials may lead to the creation of oxygen vacancies, favoring the migration of
oxygen.® The well-known solid-state electrolytes, such as YSZ and GDC, show good ionic
conductivity at high temperatures.®®*” The main shortcoming of these solid-state electrolytes
Is their poor ionic conductivity at low temperature, which prevents their use in low-
temperature applications. As a solution of this issue, thin films with nanometric thickness
are able to improve the oxide ions migration at low temperatures by reducing the ion

diffusion length and introducing grain boundaries.%®*

Oxides with mixed ionic and electronic conductivity extend the ORR from the TPB to the
electrode bulk, enhancing the electronic and ionic transport performance for the
aforementioned energy and information applications. Thin film technologies reduce the
materials’ dimensions and alter the MIECs’ functional properties compared to bulk materials.
The large surface area/thickness ratio defined by the geometry of thin films increases the
active sites for ions incorporation and reduces the diffusion length for the ions transport,
boosting the kinetics of ORR and enhancing the materials’ electrochemical properties, such
as capacity, lifetime and so on.1%1%0-102 Fyrthermore, oxygen vacancies accumulated at the
grain boundaries and interfaces in thin films facilitate the oxygen incorporation and diffusion,

hence defining the conduction mechanism. 9103104

Unlike bulk materials, the thin films’ properties can be engineered by the thickness,
orientation, grain boundary configuration, and the strain induced by the mismatch of lattice
parameters between the film and the substrate.” Saranya et al.’® reported the ability to
change the nature of LSM thin films’ conductivity with the fast oxygen surface exchange
and oxygen diffusivity at grain boundaries. The decrease in the films’ thickness causes strain,
affecting the materials' structural, electrical and optical properties.’%% For instance,
Biswas and Jeong'® reported a metal-insulator transition in SrirOs thin films, which was
explained by the disorder arising from the increased grain boundaries with the decrement of
films’ thickness. The strain originated from the difference in the lattice parameters between
the thin film and the substrate has the potential to distort the perovskite structure and change
the defect concentration in the thin film, particularly oxygen vacancies.”®'° The strain was
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found to be capable of increasing the metal-insulator transition temperature in ferrite thin
films,*! enhancing the surface oxygen exchange,'!? and reducing the Curie temperature,*3
thereby engineering the electrocatalytic,® electrochemical,'*? ferroelectric® and electrical
properties.!'+!13 Finally, the thin film technologies enable the control of the thin films’
orientation in order to acquire the optimum functional properties for the anisotropic

features. 114115

Furthermore, on the one hand, nanometric-thick thin films offer the possibility of scaling
down the energy and information devices, allowing for their use in portable devices;!61t7
on the other hand, thin films promote circuit integration with microfabrication technologies
and demonstrate flexibility of substrate for film deposition, allowing transistors to be used

in wearable applications.*-

Given the benefits provided by the well-defined geometry of thin films, understanding the
defect chemistry and engineering the point defects in thin films are essential for controlling
their functional properties and enhancing their applications in energy and information

domains.
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1.5 Currently available techniques for defect chemistry study in

thin films

Because direct quantification of point defects in transition metal oxides is challenging,
numerous approaches have been devised to explore defect chemistry indirectly. For instance,
thermogravimetry and coulometric titration,’>"41%-122 \which are widely employed for
studying the nonstoichiometry of bulk materials, are based on measuring the change in the
materials’ mass at high temperatures under different pO2. However, the reduced mass and
small thickness of thin films limit their application in nanometric-thick films.!2 By
measuring the defect-tailored chemical expansion, X-ray Diffraction (XRD) was employed
to explore the oxygen non-stoichiometry in oxides,*?* but the application of bulk atomic
lattice refinement models and the strain associated with the mismatch between film and
substrate may cause inaccuracy in the concentration of point defects for thin films. Because
the electrical capacitance of the electrode is directly proportional to the concentration of the
species involved in the oxygen incorporation reaction, Schmid et al.!?>?® proposed an
alternative electrochemical approach involving Electrochemical Impedance Spectroscopy
(EIS) to extract the point defect concentration from the chemical capacitance of the electrode
(Figure 1.10a). The main advantage of the method is the possibility of modelling the defect
chemistry in situ and under real electrochemical conditions (i.e. under electrochemical bias),
which can be used to get mechanistic information about the relation between bulk point
defects and oxygen incorporation and evolution reactions.*?” However, the large polarization
resistance of the electrode at low temperatures shifts the impedance to extremely low
frequencies beyond the measurable range, making the low-temperature measurements
difficult. Furthermore, as shown in Figure 1.10b electrical conductivity of the thin film as
a function of pO: is considered to be able to describe the concentration of the majority charge
carrier in the thin film, which can be used to obtain the equilibrium constant by fitting with
a defect chemistry model.12812° This approach is highlighted by the facile implementation,
however, the carrier mobility is also a function of pO», which is difficult to separate from
the carrier concentration. The UV-Vis optical technologies,****3! as promising approaches
for quantifying the point defects in oxides, measure the variation of the optical properties
under different electrochemical conditions by in-situ setup, providing possibility to get
insight into the defect chemistry of thin films in a non-destructive way. For instance, optical

transmission was developed to track the defect chemistry and get insight into the kinetics of

25



oxidation and reduction reactions for Pr doped ceria (Figure 1.10c) and La doped
Sr(TiFe)Os-s thin films.13! It must note that for optical transmission the substrates of the thin
films should be transparent, which hinders its application for some photon energy windows.
Recently, in-situ Raman spectroscopy opens a hew way for studying the oxygen vacancies
in SrTi1xFexOs-5 thin films by correlating the Raman shift with the oxygen nonstoichiometry
(Figure 1.10d).1%2

Furthermore, while all of the aforementioned methods were developed for oxygen
incorporation/release reactions in oxide thin films with solid electrolytes, the defect
chemistry of oxide thin films during oxidation/reduction processes in liquid electrolytes is

yet unknown and poorly understood.
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Figure 1.10 Studies of the defect chemistry in thin films by a. Chemical capacitance. Reproduced
from Ref. 126 with permission from the PCCP Owner Societies. b. Electrical conductivity.
Reprinted from Solid State lonics, 273, Perry, N. H., Pergolesi, D., Bishop, S. R., Tuller, H. L.
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Co. KGaA, Weinheim
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1.6 Scope of this thesis

This thesis is devoted to the engineering of the point defects in the non-stoichiometric LSF
thin films for energy and information devices. The ability to tune the functional properties
of LSF thin films in energy and information applications (SOFCs, electrochemical capacitors,
transistors etc.) requires a thorough understanding of the point defects in the films. Inspired
by the previous researches, in this thesis, a novel in-situ ellipsometry spectroscopy method
will be proposed to get insight into the defect chemistry of LSF thin films. The concentration
of point defects in LSF thin films are indirectly quantified under the real electrochemical

conditions (electrochemical bias) through a direct correlation with the optical conductivity.

Based on the knowledge of defect chemistry, the ferrite thin films have been explored for
their application in three-terminal electrolyte-gated transistors, in which the modulation of
the thin films’ electrical properties linked to the point defect concentration acts as the

response to the stimulus.
This thesis is organized by the chapters:

Chapter 2 deals with the experimental techniques employed for the thin film deposition and
characterization, with the details of the in-situ ellipsometry technique for the measurements

in gas atmosphere and liquid electrolyte, as well as the electrochemical techniques.

Chapter 3 describes the implementation of the in-situ ellipsometry technique to track the
concentration of electron holes in the LSF thin films at intermediate-to-low temperatures and
under various equivalent oxygen partial pressures, including a non-dilute defect chemistry

model which satisfactorily describes the point defects in the ferrite thin films.

Chapter 4 is dedicated to determine the mechanism of ion intercalation in LagsSrosFeQO3-s
(LSF50) thin films in alkaline electrolyte. The defect chemistry of LSF50 thin films during
ion intercalation is studied using in-situ ellipsometry. The point defects in the films are
indirectly quantified by correlating the optical conductivity at low photon energy to the hole
concentration. Finally, a dilute model that enables the description of defect chemistry of

LSF50 thin films in liquid electrolyte is involved.

Chapter 5 presents the design concept of a solid-electrolyte synaptic transistor in which the
ionic conductor BisV1.8Cuo 20107 (BICUVOX) film is employed as electrolyte and the MIEC

LSF50 films are employed as gate and channel materials. The modulation of the electrical
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properties of the channel material with the electrochemical bias applied at the gate is
described in detail, as well as the performance of the transistor at low temperatures.

Finally, in Appendix an “optical impedance spectroscopy” based on the frequency-
dependent optical response of LSF thin films to the imposed AC electrical voltages is
proposed, the performance of this technique for the solid-electrolyte and liquid-electrolyte

LSF electrochemical cells is discussed.
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2.1 Introduction

The objective of this chapter is to provide an overview of the methodologies and techniques
used in this thesis. In Section 2.2, the Pulsed Laser Deposition (PLD) technique used for
fabricating samples in thin film is introduced and its mechanisms are discussed. Furthermore,
the Large-Area PLD (LA-PLD) employed in this thesis for growing thin films and the solid-
state synthesis used for fabricating the PLD targets are presented. In Section 2.3, the
techniques used for structural and compositional characterization in this thesis are discussed.
Section 2.4 details the principles of ellipsometry technique and its applications for in-situ
measurements, as well as the data analysis. A series of electrical configurations and
electrochemical techniques employed in this thesis are covered in Section 2.5. In Section
2.6, the Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) used for
characterizing the depth profiles of reactive particles in thin films is described. The Positron
Annihilation Lifetime Spectroscopy (PALS) employed for characterizing open-volume and
negatively charged defects in the structure is introduced in Section 2.7. Finally, Section 2.8
Is devoted to describe the Finite Element Modelling method employed for simulating the

distribution of electrochemical potential in the thin films.
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2.2 Thin film deposition
2.2.1 Pulsed Laser Deposition (PLD)

Physical Vapor Deposition (PVD) as a powerful technology for thin film deposition is based
on converting atoms or molecules of a liquid or solid material into a vapor under vacuum
conditions. The vapor is then carried towards the substrate, where it condenses on the surface
to form a thin film. Depending on the existence of collisions in the deposition process, the
PVD process can be divided into evaporation and sputtering. Among the PVD techniques,
Pulsed Laser Deposition (PLD) technique has been developed prosperously in the fields of
oxides'™, graphene®, amorphous thin films®’ for semiconductors, sensors, superconductors,
electronic, optical and optoelectronic devices etc. PLD involves removing the material
species (atoms, ions or molecules etc.) from a solid target with an energetic laser, vaporizing
the species into a plasma plume, and forming a thin film on the substrate surface. As a form
of PVD technology it is distinguished from other traditional techniques such as Chemical
Vapor Deposition (CVD), Molecular Beam Epitaxy (MBE), and magnetron sputtering by

the stoichiometric transfer of materials, high versatility and flexibility.8-°

As illustrated in Figure 2.1, an energetic laser beam is emitted and focused on the target
material after the transmission through a series of optical components (lens, mirrors etc.),
the energetic laser ablates the target material, resulting in the formation of a luminous plasma
plume composed of the energetic species that are ejected away from the target and deposited
on the substrate. A PLD system consists of a laser excimer, a series of optical components,
a vacuum chamber equipped with pumps to regulate the atmosphere inside the chamber, a
substrate holder and a collection of target holders, ultraviolet (UV) lamps for heating the

substrate, and motors for moving and rotating the substrate and target.
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Figure 2.1 Schematic representation of the PLD system.

Despite the mechanism of PLD is relatively complex, the deposition process can be divided

into three stages:

1) Laser-target interaction: In this stage, the energetic laser is radiated and focused on the
target surface at an angle of incidence of 45°, the transfer of the energy of the laser pulses
to the target material induces local heat of the target. Once reached the critical temperature,
the target material is ablated and evaporated away from the target forming a luminous plasma.
Relating to the excitation mechanism the ablation can be classified in electronic, thermal,

exfoliation and hydrodynamics ablation.*?

i) Plasma plume expansion: A plasma comprised of the energetic species is formed above
the target surface and expands to the substrate that is in parallel to the target. As a function
of the background gas pressure, the plume expansion can be divided into three regimes:
Vacuum, transition and diffusion regimes. Since there is no background gas in the vacuum
regime, the scattering of the ablated particles is negligible and the stoichiometry of the film
grown in this regime is most probably close to that of the target material.*®* The increased
background gas pressure found in the transition regime causes the interactions of the ablated
species with the background gas to be significant, resulting in a plume splitting into fast zone
and slow zone, the resulting film is deficient in heavy element.}*1" In the diffusion regime,

the highest gas pressure confines the plasma plume, the plume is more homogeneous in
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elemental composition and the deposition rate is determined by the diffusion coefficient of
the species in the background gas.®

iii) Film growth on substrate: Once the sputtered species adsorbed on the substrate surface,
the adsorbed species react with each other, diffuse on the surface and then nucleate, this
process directly determines the morphology and the crystallinity of the grown film. In PLD,
there are three distinctive growth modes:*?1%2° a) VVolmer-Weber mode, which gives rise to
the formation of clusters or islands on the surface, results in a polycrystalline film with
notable roughness; b) Frank-Van der Merwe mode, which consists in a layer by layer growth,
leads to an epitaxial thin film with smooth surface and c) Stranski- Krastanov mode, which
is considered as a combination of the two aforementioned modes, consists in the nucleation
of clusters or islands after the formation of the first monolayers, leading to the formation of

polycrystalline thin films with rough surface.

In general, the following deposition factors have a direct impact on the morphology,

microstructure, and crystallinity of the grown thin film:

e Substrate temperature and nature: On the one hand, the heating of the substrates
improves the mobility of the species adsorbed on the surface, benefiting the
crystallization of the thin film;?%?2 on the other hand, the substrate’s characteristics
heavily influence the film growth mode.?® The significant mismatch between the
lattice parameters of the substrate and the deposited film leads to a polycrystalline-
characteristic film. In opposite, the good match between the thin film and the
substrate results in an epitaxial film.

e Laser frequency: A few studies?*? have revealed the impact of laser frequency on
the microstructure of the grown thin films, elucidating that high laser frequency
increases the density of the adsorbed species with smaller sizes on the substrate
surface but leads to an inhomogeneous microstructure and smaller film roughness.
In contrary, low laser frequency gives rise to a homogenous microstructure of the
films but reduces the smoothness of the final films.

e Target-to-substrate distance: The target-to-substrate distance substantially
influences the kinetic energy of the arriving species on the substrate surface. Shorter
target-to-distance increases the kinetic energy of the target species, resulting in a
dense and thick film with strong adhesion to the substrate.*?® Nevertheless, the short
distance may cause the rebound of adsorbed species on the surface, damaging the
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quality of the final film.2*>27 |arge target-to-distance decreases the kinetic energy
of the species close to the substrate and reduces the film thickness.?® Moreover, the
longer distance is expected to increase the number of scattering events between the
material species and the background gas, resulting in a more oxidized plume.!#29:30
e Background gas: Oz and Ar are the most common gases used in PLD. The inert gas
Ar causes elastic and Kinetic interactions between the plasma plume and the
background gas, whilst the reactive gas O> causes oxygen to be incorporated into
films influencing the oxygen stoichiometry.!*1>31 Several reported studies
investigated the dependence of the stoichiometry of SrTiOs3 thin film on the oxygen
pressure during the deposition and found that the oxidation of the species in the

plasma plume controls the stoichiometry of the grown film 323

Therefore, selecting proper deposition parameters is critical for producing a final film with
optimal characteristics. In this thesis, the La1-xSrxFeOs.s (LSF) and La1xSrxMnOs.s (LSM)
thin films were deposited by PLD with a laser fluence of 0.54 J cm™ (spot size: 30 mm?) at
laser frequency of 10 Hz in an oxygen partial pressure of 6.7-10° mbar with an oxygen gas
flow of 5 sccm, the target-to-substrate distance was set to 90 mm and the substrate
temperature was kept at 700 °C, with the exception of the LSF50 films in the
LSF/BICUVOX/LSAT and LSF/FTO samples, which was kept at 600 °C and 500 °C,
respectively. (Chapter 5 and Appendix). BisV18Cuo 20107 (BICUVOX) thin films were
deposited with a laser fluence of 0.45 J cm™ at a laser frequency of 10 Hz under the partial
oxygen pressure of 0.267 mbar, the target-to-substrate distance was set to 110 mm and the

substrate temperature was kept at 600 °C.3*

2.2.2 Large-Area Pulsed Laser Deposition (LA-PLD)

The main disadvantage of PLD is that the small angular distribution of the plasma plume
causes small-area film deposition (= 1 cm?) and inhomogeneity for large-area film,
restricting the technology’s industrialization. %> Nevertheless, the innovation of Large-Area
PLD (LA-PLD) breaks this limitation and amplifies the applicable substrate size up to 6
inches.®® LA-PLD uses a focused laser to raster the rotating target linearly with a controlled
mirror, resulting in a broad angular expansion of the plasma plume that is able to uniformly
cover the large-size substrate. The deposition mechanism and parameter effects are identical
to those of a conventional PLD. However, to achieve homogeneity in thickness and
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microstructure of the final films, the target-to-substrate distance should be increased. Figure
2.2 shows the LA-PLD system used in this thesis for thin films deposition.

T -

Figure 2.2 LA-PLD machine of PLD-5000 model from PVD Products® used for thin film
deposition at IREC with the major components indicated: (1) laser excimer, (2) lens and mirrors,
(3) vacuum chamber, (4) load lock chamber and (5) substrate motor, respectively.

2.2.3 PLD targets fabrication
As well as commercial targets, home-made Lao sSro.4FeOz-s and LaosSrosFeOs-s (LSF40 and
LSF50) targets were employed for thin films deposition in this thesis. The target materials
were synthesized by conventional solid-state reaction. The dehydrated oxides reactants
La>O3, SrCO3z and Fe>Oz in powder were stoichiometrically mixed according to the reaction

in Equation 2.1 and milled together in an agate mortar.
1;—xLa203 + §F6203 +xS7C05 - La,_,Sr,FeOs45 + C0, T (Equation 2.1)

The mixture was then heated up to 1250 °C in air at a rate of 5 °C min! for 12 hours. Once
the materials were synthesized, the powder was uniaxially die-pressed into a one-inch or
two-inch pellet, followed by sintering at 1300 °C in air for 12 h.
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2.3 Microstructural and compositional characterization
2.3.1 X-Ray Diffraction (XRD)

Monochromatic X-rays are produced by the collisions of accelerated electrons with a metal
anode under an electric field, the X-rays are radiated to a material and coherently scattered
by the atoms of the material due to the interactions between the photons of the
electromagnetic X-rays and the electrons of the atoms (Figure 2.3), this process is known as
X-Ray Diffraction (XRD). Constructive interferences between the dispersed beams reinforce
the beams intensity, giving rise to diffraction peaks.

The constructive interferences take place when the path difference equals to a multiple of

the wavelength following Bragg's law:
nA = 2dsin 0 (Equation 2.2)

Where n is an integer (1, 2, 3...), 4 is the X-rays wavelength, d is the distance between the

diffraction planes and @ is the angle of incidence.

XRD provides microstructural and compositional information of crystalline materials, such
as the crystallographic structure, phase, lattice parameters and grain size etc, because the
wavelength of X-rays is of the same order of magnitude as the spacing of the atoms in the

structure.

Figure 2.3 Sketch of the Bragg’s law and X-rays path in XRD

In this thesis, the XRD measurements were carried out for characterizing the quality of the

deposited thin films in a coupled 6-26 Bragg-Brentano configuration. A Bruker D8 Advance
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diffractometer at IREC and a PANAlytical X'Pert PRO MRD diffractometer at Scientific
and Technological Centers at University of Barcelona (CCiTUB) with a Cu K, radiation
source (A=1.54187 A) were employed. High-Resolution XRD (HR-XRD) measurements
were performed at CCiTUB to identify the epitaxial LSF thin films in the LSF/LSM/Nb:STO
samples (see Chapter 4) using a PANAlytical X’Pert-PRO MRD diffractometer with a Cu
K. radiation source and a combination of a parabolic mirror and a Germanium
monochromator with two reflections. The obtained diffractograms were analyzed using
X’Pert HighScore Plus software.

2.3.2 Scanning Electron Microscopy (SEM)
SEM is a powerful tool for characterizing morphology and topography of materials in a wide
variety from powders to thin films. An electron beam composed of accelerated and energetic
electrons is focused on and scanned over the surface of a material, exciting secondary
electrons, back-scattered electrons, characteristic X-rays and fluorescent X-rays along the
materials’ profile. The excited secondary electrons are commonly used for studying the
materials’ morphology; Back-scattered electrons, which are more energetic and related to
the atomic number of the composition than the secondary electrons, are usually employed to
study the compositional distribution by visualizing the image contrast as a result of the

different atomic weight.

In this thesis, the cross-section of the thin films fabricated by PLD (see Chapter 3) and the
morphology of the LSF films (see Chapter 4) were obtained in secondary electrons mode

using a Zeiss Auriga scanning electron microscope at IREC.

2.3.3 Energy-Dispersive X-Ray Spectroscopy (EDS)
An energetic electron beam excites electrons from the inner orbitals of an atom's electronic
structure, leaving electron holes. X-rays are produced when electrons from the outer orbitals
fall into the inner orbitals, filling the gaps. The emitted X-rays are characteristic of the energy
difference between the two orbitals and the nature of the atoms. A microanalysis system
collects and analyzes the produced X-rays, providing qualitative and quantitative

information on the chemical components contained in the materials.
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In this thesis, a Zeiss Auriga SEM-coupled energy-dispersive X-ray spectroscope at IREC
was employed to reveal the cationic stoichiometry in the deposited LSF thin films.

2.3.4 Atomic Force Microscopy (AFM)

AFM is a technique based on the interaction between the surface and the probe that consists
of a sharp tip mounted on a cantilever, governed by the scanning of the probe along the
surface. It is able to visualize the tri-dimensional topography of a surface with high
resolution on nanometric scale. The two main operational modes for topography

measurements are:3’

e Contact mode: In this mode, the tip maintains a constant touch with the surface and
scans over the surface. There are two methods to measure topography: i) maintaining
the force constant: the movement of the tip in the direction z is recorded to generate
the topographical images while the deflection of the cantilever is kept constant. ii)
Maintaining the height constant: in this case, the topography is visualized using the
feedback signals from the cantilever deflection, which is detected by a laser beam
reflected at the cantilever surface.

e Tapping mode: When a sharp tip approaches the surface and scans over it, the
cantilever oscillates at the resonant frequency, the variation of the amplitude of the
oscillations as a function of the interaction force between the tip and the surface is
collected as feedback signals to generate the topographic images.

In this thesis, the topography of the polycrystalline LSF thin films was characterized in
tapping mode using an atomic force microscope of XE 100 model from Park System Corp.
located at IREC. The obtained AFM images were processed using XEI software. The

topography images of LSF thin films are shown in Chapter 3.
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2.4 Optical properties characterization

2.4.1 Ellipsometry

Ellipsometry is a non-destructive and contactless technique for characterizing structural (e.g.
thin film thickness and dielectric constants) and optical (e.g. optical absorption coefficient)
properties of a material. It is based on the measurements of the variation of the polarization
state of a light beam after it is reflected from the surface of a sample. As in the sketch of
ellipsometry illustrated in Figure 2.4., a Xenon lamp employed as light source emits a
spectrum of light beams oriented in random directions, which are then linearly polarized by
a rotating polarizer and obliquely incident on a sample. The linearly polarized light can be
decomposed into two perpendicular p- and s- components: the propagation of the p-polarized
light is perpendicular to the incidence plane and that of the s-polarized light is parallel to the
incidence plane. After being reflected due to the interactions between the polarized light and
the material, the linearly polarized light transforms into an elliptically polarized beam with
a change in phase and amplitude of the electric field along both the s- and p- propagation
directions. The elliptically polarized light subsequently passes through a modulator and an
analyzer, where it is again transformed into a linearly polarized light. The detector collects
the light beam and transforms it into an optical spectrum.

The s- and p- components of the complex Fresnel reflection coefficient (rs and rp) of the

sample can be written as:

. Ers r, = ’Zf (Equation 2.3)

Where Eins and Einp are the electric field for the incident s- and p- polarized light,

respectively. Ers and Er are the electric field for the reflected s- and p- light, respectively.

The incidence angle is set to 70 ° which is close to the Brewster angle of the material in order

to maximize the difference between rp and rs.%®
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Figure 2.4 Sketch of the components and the light path in ellipsometry experiments

Ellipsometry measures the variation of the polarization state of the light beam through the
difference in phase shift (A) and the ratio of amplitude change (V) that are shown in Figure
2.5. The complex reflectance ratio (p) is defined by the ratio between the rp and rs of the

material and it can be calculated using the measured ellipsometric parameters A and W as:

p = :—p = tan(¥) - e (Equation 2.4)

N

Figure 2.5 Elliptical polarization of the light beam in s- and p- components with the ellipsometric
parameters A and ¥ indicated.

Ellipsometry presents the main benefits of its high precision and reproducibility due to the
measurements of the difference or ratio between two values, which are insensitive to
fluctuations.®® Since the reflection coefficient is strongly related to the optical properties,

electronic structure and thickness of the material, the material’s complex dielectric constant

57



(¢) and complex refractive index (7) can be obtained from the measured reflection
coefficient using an appropriate mathematical model. For instance, in the case of a semi-
infinite material, the dielectric coefficients can be expressed as:*°

= +ig, =% =n+ik = sin?(0) |1+ tan’ (9)(1;—’;)2] (Equation 2.5)

Where ¢, and ¢, are the real part and imaginary part of the complex dielectric constant,
respectively. Herein, the dielectric constant of air is assumed to be unity. n and k are denoted

as the refractive index and the extinction coefficient of the material, respectively.

Therefore, the optical absorption coefficient (o) which is related to the extinction coefficient

can be expressed as:
a=— (Equation 2.6)

Where 4 is the wavelength.

In this thesis, the thickness and optical properties of several thin films were measured
employing an ellipsometer UVISEL from Horiba Scientific. As shown in Figure 2.6 the
ellipsometer consists of an UV Xenon lamp of 75 W that provides a broad spectral range
from 0.6 eV to 5.3 eV, a linear polarizer, a modulator oriented at 0°, an analyzer oriented at
45 °, a monochromator iHR320 (Horiba) that selects the desirable wavelength, a sincerity
CCD detector (Horiba) composed of photomultipliers for wavelengths in the UV-visible
range and a InGaAs photodiode for wavelengths in the near infrared range. The
monochromator and multiwavelength setups enable the acquisition of the elllipsometric
spectra that are adapted to the needs. The monochromator allows real-time ellipsometric
measurements at a single wavelength with high resolution in a broad spectra range of 0.6 eV
to 5.3 eV, whereas the multiwavelength setup allows real-time measurements at various
wavelengths at the same time but in a narrower spectral range of 1.5 eV to 4.9 eV. The

acquired ellipsometry data were processed and analyzed in DeltaPsi 2 software.
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Figure 2.6 Ellipsometer UVISEL from Horiba Scientific at IREC with the components indicated:

(1) Light source, (2) linear polarizer, (3) modulator and analyzer, (4) Raman superhead and (5)
sample stage.

2.4.2 In-situ/operando ellipsometry characterization

2.4.2.1 Characterization of electrochemical cells with solid-state electrolyte
An experimental setup for in-situ ellipsometry measurements, illustrated in Figure 2.7,
includes a Linkam stage (THMSG600) that enables the temperature control and electrical
connections, as well as a cover made by aluminum film which allows the light beam to pass
through while reducing heat dissipation. A polarized light beam enters into the stage at an
angle of incidence of 70° and is focused on the sample with a spot size of 2 mm?. After the
interactions with the sample, the light beam is reflected and detected by the detector and the
optical spectra are obtained in a photon energy range from 0.6 eV to 5.0 eV with a step of
0.05 eV using the monochromatic ellipsometry. The measurements can be performed at
different temperatures ranging from 50 °C to 600 °C and at various applied voltages, in other
words, at various equivalent oxygen pressures in a range of 10° bar to 10" bar (see below).

59



Figure 2.7 Experimental setup at IREC for in-situ ellipsometry characterization of electrochemical
cells with solid-state electrolyte under real electrochemical conditions. a. Global sight of the setup
with the components indicated: (1) Polarizer, (2) Linkam stage, (3) Cover made by aluminum
film and (4) Modulator and analyzer. b. Configuration of the sample with electrical
connections in the setup. (5) Electrical contact probes, (6) Sample and (7) Thermal stage.

In this thesis, in-situ/operando ellipsometry measurements for solid-electrolyte
electrochemical cells were performed on LSF/CGO/YSZ samples in air at intermediate
temperatures under real electrochemical conditions. The results are presented in Chapter 3.
As the schematic representation of the measurements shown in Figure 2.8, silver paste was
used on the backside of the YSZ substrate as counter electrode. For increasing the current
collection, gold paste was painted on the 2 mm x 3 mm sides of the LSF thin films which act
as working electrode. On one corner of the YSZ electrolyte, a silver reference electrode was
painted, which was used to check the potential applied across the YSZ electrolyte. DC

voltage bias (AV) was applied between the LSF layer (working electrode) and the silver
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counter electrode both in anodic and cathodic modes using a potentiostat of the model of
SP-150 from Biologic in order to tailor the equivalent oxygen partial pressure in the LSF

thin films (pgS") according to the Nernst potential:

4eAV .
Pe," = por exp(kb—T) (Equation 2.7)

Where p&E is the oxygen partial pressure of the environment, ky is the Boltzmann constant,

e is the electron charge, T is temperature of the sample and AV is the overpotential losses in

the LSF thin film, which is calculated by subtracting the YSZ electrolyte and back electrode

resistive contributions from the applied electrochemical bias.

Once the voltage-induced current in the LSF thin film was stabilized, the ellipsometry

measurements were carried out.

Source‘ '
and polarizer Detector

LSF
REF . Goldcc

AV ——
& YSZ

Silver
paste

Figure 2.8 Schematic representation of in-situ ellipsometry measurements for solid-electrolyte
cells.

2.4.2.2 Characterization of electrochemical cells with liquid electrolyte
As shown in Figure 2.9, a home-made chamber fabricated by 3D printing using a Prusa i3
style 3D printer and Acrilonitril Butadiene Styrene was employed for the characterization of
liquid-electrolyte electrochemical cells. The chamber is equipped with two transparent
optical windows which are perpendicularly tilted to the incident light beam in order to ensure
full optical transmission of the light beam. Besides, the chamber architecture is adapted to
the introduction of the reference electrode. In-situ/operando measurements can be carried

out in this setup using a three-electrode configuration, in which a counter electrode (activated
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carbon), a reference electrode (silver wire) and a liquid electrolyte are introduced into the

chamber.

Figure 2.9 Experimental setup for in-situ ellipsometry characterization of electrochemical cells
with liquid electrolyte. a. Global picture of the setup with the elements indicated: (1) Electrical
connections, (2) Terminal of the potentiostat and (3) Reference electrode b. Electrical configuration
of the sample inside the chamber with the components indicated (4) Home-made chamber, (5) 0.1
M KOH electrolyte, (6) Counter electrode and (7) Sample.

In this thesis, this in-situ ellipsometry setup was employed for tracking the optical properties
of thin film electrodes during the ions intercalation reaction in an alkaline electrolyte (0.1 M
KOH solution). For the measurements in liquid electrolyte, the electrical contact of the LSF

62



and LSM thin films (working electrodes) was extended using a copper wire attached to the
sample surface. In order to avoid undesirable reactions, the samples were encapsulated using
a robust epoxy resin while an active area of the material of interest was left to be exposed to
the electrolyte and to the light beam focus of the ellipsometer. LSF50 film was polarized
with a DC voltage bias, and the ellipsometry measurements were taken in static mode (see
Chapter 4) and in kinetic mode (see Appendix) to detect the change in the optical properties

with the oxidation state of the material.

In the static ellipsometry measurements, the polarization potentials ranging from 0.5 V to -
0.4 V were applied to the LSF thin films using chronoamperometry (see Section 2.5.4) and
the optical spectra were acquired in a photon energy range of 1.5 eV to 4.85 eV with a step
of 0.05 eV at each applied potential, the results are discussed in Chapter 4. For the real-time
ellipsometry characterization, an AC potential with amplitude of 0.05 V was applied to the
LSF thin film using Large Amplitude Sinusoidal Voltammetry (LASV) (see Section 2.5.5),
the ellipsometry was devoted to track the change in optical properties of the sample over
time. Ellipsometry spectra were collected at different frequencies using the multi-
wavelength ellipsometry in a photon energy range of 1.5 eV to 4.9 eV and the results are
shown in Appendix.

2.4.3 Ellipsometry data analysis

Collected ellipsometry raw data were modeled and fitted in DeltaPsi2 Software (Horiba)
using an appropriate physical and mathematical model to extract the optical and structural
properties of thin films. Due to the finite thickness of the thin films, Equation 2.5 cannot be
applied and a mathematical model that takes into account the thickness of the layers needs
to be considered. Herein, the LSF40/CGO/Y SZ sample measured at 400 °C in air atmosphere,
IS being taken as an example to demonstrate the methodologies for ellipsometric data
analysis. The ellipsometry raw data A and ¥ shown in Figure 2.10a were modeled using a
four-layer model as illustrated in the inset of Figure 2.10a: from the bottom to the top, the
bottom layer represents the substrate, the second layer represents the interlayer, the third one
is the film of interest and the top layer is composed by 50% vol. of the LSF thin film and
50% vol. of Void (in case of LSF films in liquid media, this layer is composed by 50% vol.
of the LSF thin film and 50% vol. of the liquid media), considered to be roughness of the
sample (typically<4 nm).
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After that, the raw data were fitted employing a series of Lorentzian oscillators,** of which
the dielectric constant can be written as:*?

w2 .
e=¢g+ X1 s (Equation 2.8)

w24V
wg =W+ jg

Where ¢, denotes the high frequency dielectric constant, w denotes the angular frequency of
the light beam, w, j, f; and y; are the resonance frequency, intensity and broadness of the

corresponding oscillator, respectively.

To extract the optical properties of LSF from the raw data, the previously fitted optical
spectra of the interlayer and the substrate were employed. In addition, the roughness and
thickness of LSF thin films are kept free. The ellipsometry data fitting gives sensitivity to all
of the parameters, both those of the oscillators and the films thickness. Thereby, the
sensitivity of the parameters of the corresponding oscillator, which was provided by the
DeltaPsi2 program during the data fitting procedure, was used to determine the optical
parameter errors. The optical conductivity of the thin films can be computed from the

extracted parameters as follows:

Ooptical = M;_Zk (Equation 2.9)
Where n is the refractive index, k is the extinction coefficient, A is the wavelength and Z is a

physical constant referring to the impedance of free space.

A high-quality fitting of ellipsometry data of the exemplified LSF sample with a negligible
error ¥?=0.04 is shown in Figure 2.10a, the extracted optical conductivity of the LSF thin
film as well as the Lorentzian oscillators used for the modelling are plotted in Figure 2.10b.
In general, the model and the method used for the data fitting are suitable for the LSF films
studied in this thesis.
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Figure 2.10 a. Modelling and fitting (solid lines) of ellipsometry raw data A and ¥ (symbols) for
the exemplified LSF40/CGO/YSZ sample measured at 400 °C in air atmosphere, the inset
illustrates the model employed in the procedure. b. Extracted optical conductivity for the LSF thin
film and deconvolution of the Lorentzian oscillators used for the data fitting.
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2.5 Electrical and electrochemical measurements

2.5.1 Two-probe method
The two-probe approach consists in applying a voltage bias (or electric current) between two
points of the material and measuring the induced electric current intensity (or voltage)
between these two points as illustrated in Figure 2.11. The electrical conductivity (o) can be

expressed as inverse of the resistivity (p) according to the equation:

—p1=_4 -
oc=p " = RLE; (Equation 2.10)

Where R denotes the resistance of the material; d denotes the distance between the two
electrodes; L denotes length of the electrodes and t, denotes the film thickness. The two-
probe method is preferred here since it is better suited for measuring electrical properties of
materials with high resistivity than a conventional four-probe method (due to some factors,

such as surface leakage, which can cause relevant inaccuracies).*

Figure 2.11 Schematic representation of the two-probe method for the electrical characterization of
layers.

In this thesis, electrical properties of the LSF50 thin film channel in LSF50/BICUVOX
synaptic transistors were measured in air using the two-probe approach with a sourcemeter
(Kethley 2400) (Figure 2.12a). The temperature of the sample was controlled between room
temperature and 300 °C by a Linkam stage (TMS600) as shown in Figure 2.12b. The

resulting electrical properties are discussed in Chapter 5.
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Figure 2.12 Equipment used for the electrical characterization of layers a. Sourcemeter (Kethley
2400) b. Linkam stage (TMS600) with controlled temperature, atmosphere and two- and four-
probe electrical access.

2.5.2 Electrochemical Impedance Spectroscopy (EIS)

EIS is a powerful technique for determining the complex electrical impedance of the
components in an electrochemical cell across a wide frequency range. Its high sensitivity to
phenomena taking place at the surface and interface allows measurements of electrochemical
features as well as redox reactions occurring in the electrode in the electrochemical cell. EIS
as a sensitive and non-destructive electrochemical technique has been widely used to
investigate the corrosion of coatings,* degradation of membranes,* and performance of
SOFCs.*

EIS technique extends the Ohm’s law to AC current for frequency-dependent resistors, for
which a sinusoidal-form potential V with small amplitude Vo and angular frequency o gives
rise to an AC current response in sinusoidal shape at the same frequency with amplitude Io
and a phase shift ¢ respect to the input potential.

The input potential (V(t)) can be expressed as a function of time as:
V(t) = Vysin(wt) (Equation 2.11)
Where w is defined by the frequency in Hertz (f) as: w=2xzf
The induced current (I(t)) can be written as:
I(t) = Iy sin(wt + @) (Equation 2.12)
Analogous to the Ohm’s law, the complex impedance (2) is calculated as:
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_v_ Vo sin(wt) sin(wt)
Z(w) T Iy sin(wt+) - “0 sin(wt+)

(Equation 2.13)

The expression of impedance can be related to Euler’s formula and rewritten in a complex

number as:
Z(w) = Zyexp(—ip) = Zycosp —iZysing = Z'(w) — iZ" (w) Equation (2.14)

Where Z’ and Z’’ represent the real and imaginary parts of the complex impedance,

respectively.

The impedance data are commonly plotted in a Nyquist plot in accordance with Equation
2.14, in which the real part (Z°) is plotted along the abscissa axis and the imaginary part in
negative values (—Z"’) is plotted along the ordinate axis. The Nyquist plot of a typical
Randles circuit is exemplified in Figure 2.13. The Randles circuit is composed by a
resistance of electrolyte (Rs), a Faradaic polarization resistance (Rp) and a double-layer
capacitance (Cal). The Rs is found to be in series with the parallel connection of R, and Cai.
The Nyquist plot is characterized in a semicircle-shape arc, the electric parameters of the
circuit components can be derived by fitting with the appropriate model. In this example, the
value of Rs is given by the intercept of the arc with the abscissa axis at high frequency, as
well as the sum of Rs and Ry is given by the intercept at lower frequency. Each point on the
arc represents the impedance at the corresponding frequency, the imaginary part of
impedance achieves the maximum value at the center of the semicircular arc following the

relationship:

W = 1 2r
M Rpcdl ™

(Equation 2.15)

Where wwm denotes the frequency at which the —Z’’ has the maximum absolute value and t,

represents the characteristic time for the electrochemical reaction.
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Figure 2.13 Nyquist plot of a representative Randles circuit. The inset shows the equivalent circuit
of the Randles circuit.

In this thesis, EIS spectra were recorded in the frequency range of 1 MHz to 0.1Hz with an
amplitude of 0.05 V. EIS and equivalent circuit modelling were employed for
LSF/CGO/YSZ samples in order to subtract the chemical capacitive contribution of the YSZ
electrolyte and determine the chemical potential for the LSF thin films, the resulting EIS
spectra are presented in Chapter 3. The measurements were conducted with a three-
electrode configuration using Staircase Potentio-Electrochemical Impedance Spectroscopy
(SPEIS) and Potentio-Electrochemical Impedance Spectroscopy (PEIS) provided by a SP-
150 Biologic potentiostat (Figure 2.14a). Furthermore, EIS was employed for characterizing
the ionic conductivity of the BICUVOX thin film electrolyte in the synaptic transistors at
various temperatures using the two-probe method described in Section 2.5.1 with a Linkam
stage (Figure 2.12b) to control the temperature and an impedance analyzer (Figure 2.14b)

to record the EIS spectra. The results are detailed in Chapter 5.
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Figure 2.14 a. Potentiostat SP-150 from Biologic. b. Alpha-A Novocontrol impedance analyzer
with ZG4 electrochemical interface located at IREC

2.5.3 Cyclic Voltammetry (CV)
CV is a versatile and sensitive electrochemical technique that is widely used for evaluating
the redox reactions occurred in the materials of interest for fuel cells,*” Lithium ions
batteries,*® and other applications.* It is based on the electrical current measurements that
sweep the potential in both forward and backward directions over a range of values. The

redox reaction is an electron transfer process that can be written as:
M™ +ne”- oM (Equation 2.16)

The concentration of the reduced species ([M]) and the oxidized species ([M""]) on the
electrode surface is controlled by the electrochemical potential (E) agreeing with the Nernst

equation:

_ RT ,  [M]
E=Ey+—In ]

(Equation 2.17)

Where Eo denotes the standard potential of the species, R denotes the gas constant which
equals to 8.314 J Kt mol?, n denotes the number of transferred electrons in mol and F

denotes the Faraday constant.

A representative cyclic voltammogram is shown in Figure 2.15, the potential sweeps from
a positive starting potential E1 towards a negative switching potential E> giving rise to a
reduction reaction M™* + ne~ — M at the electrode and resulting in a cathodic peak at the
potential Ep ¢ with the peak current I, c. Once reached the switching potential E>, the potential

sweeps backward to the positive potential Ei, leading to an oxidation reaction M + ne™ —
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M™* at the surface of the electrode, an anodic peak at the potential Epa with the current Iya
arises. The separation between the cathodic and anodic peaks (AEp) is associated with the

diffusion of the species.>

At the potential Epa (or Epc), the Nernst potential gives rise to a gradient of species
concentration between the bulk electrode and the surface. Beyond the potential Epa (Or Ep,c),
the decrease of current with potential is governed by the diffusion of the species from the
surface (or the bulk) to the bulk (or the surface) following the Fick’s law, the peak current
(Ip) for the electrochemically reversible reactions is given by the Randles-Sevcik equation

as.
I, = £2.69  105n3/2ACDY?v1/? (Equation 2.18)

Where A is the active area exposed to the electrolyte in cm?, C is the bulk concentration of
the species in mol cm=, D is the species’ diffusion coefficient in cm?s™? and v is the scan

rate in mV s,

I (nA)

M™ +ne- = M
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Figure 2.15 A representative cyclic voltammogram

In this thesis, CV was employed to identify redox reactions taking place in LSF50 thin films
given by the ions intercalation in the alkaline electrolyte. The CV measurements were
performed in a range of potential from 0.5 V to -0.5 V vs Ag/AgCl at a scan rate of 0.5 m V-
L using the setup shown in Figure 2.9b and the SP-150 Biologic potentiostat shown in Figure

2.14a. The resulting voltammograms are illustrated in Chapter 4.
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2.5.4 Chronoamperometry (CA)
CA is a well-known electrochemical technigue that involves applying a DC voltage to the
electrode and monitoring the evolution of the current over time (see Figure 2.16). Several
functional parameters of the material of interest, such as diffusion coefficient, capacity,
amount of the transferred electrons, active area and so on can be extracted from the current.
The area under the I-t curve represents the transferred charge (Q) induced by the potential

which can be calculated through an integral formula:

Q = [ 1(®d(t) (Equation 2.19)

L(A)

t(s)

Figure 2.16 Single-step potential waveform (blue) and current response waveform (red) for CA,
the shadow represents the area integrated under the current curve.

In this thesis, CA technique provided by the potentiostat SP-150 from Biologic (Figure
2.14a) was employed for applying potentials to LSF working electrodes for varying the
oxidation state of LSF thin films according to the Nernst equation. This method was used in

the in-situ and ex-situ ellipsometry measurements for LSF thin films detailed in Chapter 3

and Chapter 4.
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2.5.5 Large Amplitude Sinusoidal Voltammetry (LASV)
LASV entails applying a sinusoidal AC potential (V) with the amplitude (Vo) and the

frequency (f) (Equation 2.11) to the electrode and monitoring the current response, which
Is governed by the reversible charge transfer process (Equation 2.16) on the electrode

surface.

In this thesis, LASV was used in the in-situ ellipsometry measurements for evaluating the
real-time ellipsometry response of LSF thin films to the input sinusoidal potential at various
frequencies. The potential was applied to LSF40/CGO/YSZ samples with an amplitude of
0.05 V and frequencies ranging from 0.01 Hz to 1 Hz using the SP-150 potentiostat from
Biologic (Figure 2.14a). Obtained results are discussed in Appendix.
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2.6 Time-of-Flight Secondary lon Mass Spectrometry (ToF-
SIMS)

ToF-SIMS is an analytical technique that aims at investigating composition for thin films or
for surface of bulk materials. In comparison with conventional SIMS, ToF-SIMS is
highlighted by the very broad detectable mass range, the high sensitivity and the excellent
mass and spatial resolution.* The principle is based on a short-time primary ion beam that
bombards the surface of the sample, the ion beam is typically composed by energetic ions
such as He*, Xe™, Ar", Ne*, Ga* or Cs" . The primary ion beam has a higher energy than the
bond energy of the ions on surface, which causes secondary ions (atoms, molecules, ions, or
molecular fragments) to sputter away from the surface. The time of flight (t) of the sputtered

secondary ions from the surface to the detector is proportional to its mass (m) as:

t=1L|—= (Equation 2.20)

2ZEy

Where L is the travel length of the ions, z is the charge and Ex is the kinetic energy of the

sputtered secondary ions.

As a consequence, the ions are distinguished by their specific mass and the generated mass
spectra can be used to determine the composition of the sample.

In this thesis, ToF-SIMS was used for determining the nature of ions involved in LSF50
thin films during ion intercalation in alkaline electrolyte. The ToF-SIMS measurements were
performed using an ION-ToF instrument located at Imperial College London in United

Kingdom. The results are presented in Chapter 4.
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2.7 Positron-Annihilation Lifetime Spectroscopy (PALS)

PALS is based on the annihilation of positrons accompanied by analysis of the subsequent
emission of gamma rays. PALS is well known as a non-destructive characterization
technique for qualification and quantification of open-volume and negatively charged
defects in materials.>>>* Positrons from a radioactive beam penetrate into a material,
thermalize and interact with the surrounding electrons forming a “positronium”. The
positronium can be found in two states: para-positronium (p-ps) and ortho-positronium (o-
ps) with anti-parallel and parallel spins of positrons and electrons, respectively. Positrons
lifetime is defined as the duration time from the emission of positrons to the detection of the
gamma rays, the p-ps and o-ps are characterized by the lifetime of 125 ps and 142 ns,
respectively.>® The parameters of the o-ps are of interest to characterize the defects as the
intensity and lifetime of o-ps directly provides information of the size and amount of the
open-volume defects.>>% As the lifetime of positrons is sensitive to the interaction of
positrons with electrons in the lattice, PALS can be used to detect and quantify negatively
charged defects in solids.>” In Variable Energy Positron Annihilation Lifetime Spectroscopy
(VEPALYS), positrons are implanted with variable beam energies, which allows to control

the penetration depth of positrons and is useful for studying thin films.>®

In this thesis, VEPALS measurements were performed on four post-treated
LSF50/LSM/Nb:STO samples in order to determine the nature of defects in the LSF50 thin
films . Two of the samples were respectively annealed in 100% dry O, atmosphere and 100%
dry N2 atmosphere, the another two samples were fully oxidized and reduced in 0.1 M KOH
solution by CA, respectively. The VEPALS measurements were conducted at Mono-
energetic Positron Source (MePS) beamline. The measurements were carried out in
collaboration with the Helmholtz-Zentrum Dresden-Rossendorf (HZDR) in Germany and

were conducted by Dr. Maciej Oskar Liedke. PALS results are shown in Chapter 4.
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2.8 Finite Element Modelling (FEM)

FEM is a mathematical method for solving complex systems through the discretization of
the complex domain into numerous smaller parts called “elements” that are interconnected
by nodes or boundaries. The original solution of the phenomena taking place in the complex
system under study is usually based on Partial Differential Equations (PDES) which cannot
be solved using analytical methods. However, PDEs can be numerically solved by
discretizing them into finite elements, which can be a series of algebraic equations or
ordinary differential equations.>® The solutions of the original system are obtained by the

reassembling of the finite element solutions through a spatial transformation.®°

In this thesis, FEM was used to determine the distribution of equipotential regions in thin
film electrodes such as LSF layers deposited on YSZ (100) substrates. These systems were
modelled using COMSOL Multiphysics Modelling software. The geometry of the model, as
shown in Figure 2.17a, consists of an electrolyte YSZ layer and an electrode LSF thin film
on top. It is possible to distinguish two type of currents: i) the electronic current (ie) along
the film length and ii) the ionic current (ii), flowing from the YSZ electrolyte, perpendicular
to the LSF film. The electronic current in the LSF thin film was simulated with the electrical
current, which assumes negligible ohmic losses perpendicular to the layer (dependent
variable: electronic potential A®,). A fixed potential was applied on the borders of the
electrodes, simulating the negligible ohmic resistance of the gold current collector (Figure
2.17b and c). The ionic current in the YSZ electrolyte was simulated by the electric current
module (dependent variable: ionic potential A®;). The two modules were connected by
imposing the same normal current density entering/exiting the electrode surface i,,, =
(AP, — ACDi)/ﬁpol, where R'pol is the polarization resistance of the LSF electrode. In the
model, LSF was considered surface limited (infinite oxygen diffusion in the thin film) and

the ionic conductivity of YSZ was fixed at 10* S cm™.
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3.1 Introduction

Point defects, imperfections and higher dimensional extended defects are known to severely
impact the overall functional properties of transition metal oxides (see Chapter 1).%? The
knowledge and quantification of the chemical reactions that dominate the defect
concentration in oxide thin films (i.e. defect chemistry) is essential for understanding the
material’s behaviour and for engineering their properties. This is especially relevant at
intermediate-to-low temperatures (below 500 °C), where a high electrochemical activity and
the nanometric dimensions of the thin films allow the point defect equilibrium with the
environment,® hampering the use of the high temperature defect chemistry model from the

bulk counterpart.

Although many different techniques are available for the measurement of the defect
concentration in bulk oxides such as thermogravimetry or coulometric titration, the reduced
mass and thickness of thin films pose severe challenges in their applicability to nanometric-
thick layers.* Overall, there is a lack of available experimental techniques able to estimate

the defect chemistry in such oxides thin films at intermediate-to-low temperatures.

This chapter is devoted to the growth and characterization of thin films of the relevant
material LaixSrxFeOs.s (LSF) and the study of its defect chemistry in the low-to-intermediate
temperature range using a novel in-situ spectroscopic ellipsometry approach. It can be

divided into the following sections:

e In Section 3.2, high-quality films with target formulation LaogSro.2FeO3.s (LSF20),
LaoeSro4Fe0s.s (LSF40) and LaosSrosFeOss (LSF50) were deposited by Pulsed
Laser Deposition (PLD).

e In Section 3.3, a relation between the low-energy transition and holes concentration
found by ex-situ ellipsometry measurements confirms the viability of ellipsometry
for studying the defect chemistry of LSF thin films. Furthermore, the impact of
temperature and grain boundaries on the optical properties is discussed.

e In Section 3.4, the point defects concentration in LSF20, LSF40 and LSF50 thin
films was unveiled as a function of oxygen pressure (pO.) for the intermediate-to-
low temperature range by in-situ ellipsometry, the equilibrium constants for oxygen
incorporation reaction were extracted from the defect chemistry modelling using a

non-dilute model.
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3.2 Development of LaixSrxFeOz-5 thin films

LSF20 LSF40 and LSF50 thin films were deposited by Large-Area Pulsed Laser Deposition
(LA-PLD) on Gadolinium-doped Ceria (CGO)-coated Yttria Stabilized Zirconia (YSZ) (001)
substrates. The CGO layer (~10 nm) was deposited on YSZ substrates as a diffusion barrier
to prevent the formation of secondary phases at the LSF/YSZ interface.>® The LSF films
were grown with an energy fluency of 0.54 J cm™ at a frequency of 10 Hz. The substrate
was kept at 700 °C, in an oxygen partial pressure of 0.0067 mbar during the deposition and
the substrate-to-target distance was set to 90 mm. The CGO barrier layer was deposited
under the same conditions but at a temperature of 750 °C. As shown in Figure 3.1a, all the
LSF thin films were deposited using a microfabricated Si mask that allowed the deposition
of 2 mm x 3 mm rectangular layers at the center of the 10 mm x 10 mm Y SZ (001) substrates.
The cross-section image of the exemplified LSF50 film shown in Figure 3.1b confirms the
high density of the thin films deposited by PLD.

LSF
CGO

YSZ (100)

Figure 3.1 a. Schematic representation of LSF thin films deposited on YSZ (100) substrates with
the CGO barrier layer. b. Cross-section morphology of the LSF50 thin film characterized by SEM.

As-deposited LSF thin films were characterized by X-Ray Diffraction (XRD), as depicted
in Figure 3.2. LSF20 thin film shows a pseudo-cubic polycrystalline structure with two main
orientations along the (h00) and (hkO) directions, while LSF40 and LSF50 films present a
single (h0O) preferential orientation. The increase of the Sr content in the LSF layers gives
rise to a shrinkage of the out-of-plane lattice parameter, as shown by the progressive shift
towards higher angles of the (100) diffraction peaks in Figure 3.2b. This contraction of the
unit cell with the Sr content is associated with a subsequent partial oxidation of the Fe ions,

being the ionic radius of the Fe** smaller than the one of the Fe3*.”°
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Figure 3.2 a. XRD patterns of the as-deposited LSF20, LSF40 and LSF50 thin films on the (100)-
oriented YSZ substrate with the CGO interlayer. The CGO and YSZ phases are labelled while the
LSF phase is identified by indicating the reflection peaks. b. Detail of the (100) diffraction peak
showing the shift towards higher 26 angles while increasing the Sr content.

LaFeOs (LFO) thin film was also deposited on top of a Sapphire (0001) substrate to better
understand the effect of Sr-doping on the perovskite crystal structure, see Figure 3.3a. The
LFO thin film shows a pure phase with a pseudo-cubic polycrystalline structure. As plotted
in Figure 3.3b, the out-of-plane lattice parameter obtained from XRD confirms the
contraction of the pseudo-cubic LSF structure with the increased Sr content, and this

contraction of the unit cell with Sr content is consistent with literature data.’” Here, the

lattice parameter is plotted as a function of the real Sr content in the thin films. The latter
was measured by Energy-Dispersive X-Ray Spectroscopy (EDS), revealing a Sr content of
0.17+0.01, 0.34+0.01 and 0.44+0.01 for the LSF20, LSF40 and LSF50 thin films,
respectively. The good matching of the lattice parameter with bulk references shown in
Figure 3.3b confirms that the textured LSF40 and LSF50 layers are not expected to be
subjected to misfit elastic strain imposed by the substrate. As discussed above, the difference
in the radius between Fe3* and Fe** is principally responsible for the variation of the out-of-
plane lattice parameter of the LSF thin films. Nevertheless, as the LSF thin films were not
fully oxidized during the PLD process, a portion of Fe atoms exist as Fe**, which explains

the discrepancy of the obtained lattice parameter from a linear approximation.
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Figure 3.3 a. XRD pattern of the LaFeO; (LFO) thin film deposited on the (0001)-oriented
Sapphire substrate. The LFO phase was identified and the asterisk represents the diffraction peak of
the substrate. b. Comparison of the of out-of-plane lattice parameter of LSF thin films as a function

of Sr content with literature. "

Structural differences among the samples are also confirmed by surface topography
measured using Atomic Force Microscopy (AFM), see Figure 3.4a-c. Here, a
nanocrystalline structure is clearly observed for the LSF20 with a root mean square
roughness (rms) of 0.9 nm, while a smoother surface was measured for the LSF40 and LSF50
layers with a rms of 0.3 nm. The increase of structural order in the samples with higher Sr
content is due to the decrease of the lattice parameter observed rising the Sr concentration,
progressively approaching the half diagonal of the in-plane lattice constant of the CGO (3.85
A) and allowing a textured growth.*2*® It must be noted here that the presence of high-angle
grain boundaries in the LSF20 thin film may locally modify the point defect concentration,

as was previously found in other MIEC materials (see the discussion in Section 3.3.2).%
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Figure 3.4 AFM images of the as-deposited a. LSF50 b. LSF40 and c¢. LSF20 thin films. The scale
bar in the images is equal to 250 nm.

Spectroscopic ellipsometry was used to determine the thickness of the LSF thin films,
yielding the thickness of 94+1 nm, 98+1 nm and 112+1 nm for the LSF50, LSF40 and LSF20
thin films, respectively. Overall, it is possible to conclude that the deposited LSF layers

provide a representative set of samples for the study of the defect chemistry in LSF thin films.
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3.3 Effects of chemical and structural defects on the optical

conductivity of LaixSrxFeOs.;

3.3.1 Electronic holes concentration as a function of the Sr content
Electronic holes strongly modify the optical absorption and the bandgap of the LSF
family.1%1115 Although this effect is well documented in literature, to the best knowledge of
the author, a direct relation between hole concentration and optical features is still lacking.
For this reason, as a first step, here we study the optical properties of LSF thin films at room
temperature by spectroscopic ellipsometry. In order to remove all the oxygen vacancies and
observe the true effect of electronic holes on the optical absorption, the samples were fully
oxidized by electrochemical method at 400 °C (see experimental details in Section 3.4.1 and
Chapter 2).

Under these conditions, the concentration of holes in the films is entirely determined by the

Sr content and the electronic equilibrium can be written as:
[S11.4°] = [Fer.] = x (Equation 3.1)

Where [St,,'] and [Fey,.] are the concentration of Sr and localized electronic holes

represented according to the Krdger-Vink notation, respectively.

Moreover, LFO thin films with null hole concentration (x = 0) were also measured for

comparison.

The ellipsometry data were processed using the five-Lorentzian oscillator model detailed in
Chapter 2 (see Section 2.4.3) and the resulted optical conductivity spectra are shown in
Figure 3.5a. Observing the optical conductivity, one can clearly note that increasing the hole
doping leads to strong modifications of the optical properties of the material, consisting in
an increase of spectral weight of the low energy transitions around 1 eV and 3 eV (named
“A”and “B”, respectively) and a decrease of the high energy features around 4.5 eV (labelled
“C”). These results are in good agreement with previously reported works, which deeply
analyzed the origin of optical transitions in the LSF system by means of different
spectroscopy techniques.®*1817 According to these studies, the parent LaFeOs presents a
semiconductor structure in which the valence band is mainly composed by hybridized O 2p-

Fe eg orbitals and the conduction band by empty minority spin Fe toq4 States, while changing
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the Fe oxidation state in LSF through Sr doping introduces new intra-bandgap states, as
depicted in Figure 3.5b. The exchange of electrons between all these bands have been
directly correlated to the “A”, “B” and “C” features observed in the optical conductivity
spectra (see Figure 3.5b). More specifically, transition “A” corresponds to the electron
promotion from the valence band to the intra-bandgap states induced by hole doping while
transitions “B” and “C” are assigned to the transfer of electrons from O 2p-Fe eq orbitals to
Fe tog states and from deeper electronic states towards the empty minority spin Fe egq orbitals,
respectively.'® In the energy range considered, Sr doping mainly affects optical transitions
indirectly by modifying the concentration of holes in the system, which induces new Fe
intra-bandgap electronic states as illustrated in Figure 3.5b, and not directly since available

Sr electronic states are far from the Fermi level 101115

For the purpose of investigating the defect chemistry of LSF, transition “A” was analyzed in
more detail since this feature is correlated with the concentration of holes in the doped
system.'®'” For this analysis, the contribution of the transition “A” to the total spectra was
deconvoluted (see Section 2.4.3, Chapter 2 ) showing a linear relationship between the
associated maximum of the optical conductivity and the concentration of holes in the system,
see Figure 3.5c. Moreover, as illustrated in Figure 3.5a, the fully reduced LSF50 sample
([Fer.]~0) shows an optical spectra similar to the LFO layer and no low energy transition
“A”, confirming that electronic holes are at the origin of the changes observed in the optical
properties. The strong experimental and theoretical relation between transition “A” and the
electron holes in LSF suggests that ellipsometry may be used to track the defect chemistry
of LSF thin films.
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Figure 3.5 a. Optical conductivity spectra of the fully oxidized LFO, LSF20, LSF40 and LSF50
thin films measured by spectroscopic ellipsometry at room temperature. b. Sketch of the LSF
electronic band structure and main optical transitions.®1015171820 ¢ The deconvoluted optical
conductivity of the low energy transition “A”. The inset shows the linear relation between the

maximum optical conductivity and the hole concentration in the LSF system at room temperature.
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3.3.2 Impact of (micro)structural features on the optical conductivity
In this section, the possible uncertainties coming from the presence of structural defects will
be discussed. For example, if LSF films present misfit strain, structural defects or other
phenomena able to modify both the electronic band structure and the energetics of oxygen
incorporation in layers, the linear relation found in the previous section may not hold
anymore. Moreover, grain boundaries or dislocations could introduce local modification of
the concentration of electron holes, introducing uncertainties in the quantification of the

optical conductivity.

As previously stated (see Figure 3.1b), PLD deposition conditions for the fabrication of
dense thin films layer were selected, which reduces the effects of some structural defects
such as pores. Nevertheless, it is well known that Grain Boundaries (GBs) or dislocations
may be present holding different composition than the grain bulk,*?* which could lead to
changes in the overall optical properties measured by ellipsometry. Generally speaking,
grain boundaries in oxides are expected to present an accumulation of oxygen vacancies in
the grain core along with a depletion of positive defects concentration in the grain
boundaries” surroundings for maintaining charge neutrality.?> Due to the high Sr
concentration of our LSF thin films, the extension of the space charge will probably be very
small (small Debye length), and mainly composed by hole depletion (most numerous
positive defect). Therefore, the effect of GBs could be simulated by an effective medium
composed by 95% of bulk LSF and 5% of fully reduced GBs, considering an average grain
size of 40 nm and a GB width of 1 nm. We performed a set of simulation of the A and
¥ ellipsometry angles expected in our system, where the GB optical properties are set equal
to the fully reduced LSF50 layer and the optical properties of the bulk are varied from fully
oxidized to fully reduced (see Figure 3.6). From the simulations, it is possible to observe
that small differences are detected in ¥ angle in the fully oxidized samples but these tends
to reduce while reducing the thin films. As commented in the previous section, these
differences may produce small uncertainties in the exact quantification of the transition “A”
in the fully oxidized thin films at room temperature, which may vary its linearity depending
on the film’s structure. Nevertheless, the effect of GBs is expected to be of minor importance
in the in-situ electrochemical analysis of LSF thin films, since a minor variation is observed
between the homogeneous and heterogeneous model while reducing the sample. For this

reason, the quantification of the defect chemistry based on the Brower analysis in LSF thin
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films still holds its validity.
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Figure 3.6 Simulation of optical parameters for the homogeneous and inhomogeneous LSF50
sample at 400 °C, the inset shows the model used for simulating the inhomogeneous sample.

3.3.3 Temperature dependence of the optical conductivity in LSF
In order to explore the effect of temperature on the optical properties of LSF, the LSF50
sample was electrochemically oxidized (see experimental details in Section 3.4) at 540°C
with a subsequent cooling step to room temperature maintaining the anodic voltage therefore
ensuring a fully oxidized state. The optical conductivity of the sample was then characterized

by ellipsometry at each temperature.

The extracted optical conductivity spectra of the LSF50 thin film recorded at different
temperatures are exemplified in Figure 3.7a. As expected, the spectral weight of the
transition “A” gradually strengthens with sample cooling. Moreover, the transition “B” can

be assigned to a direct transition due to the temperature independent optical conductivity
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edge. The plotting of the maximum of optical conductivity of transition “A” is shown in
Figure 3.7b, confirming the visual observation. A similar behaviour documented in
literature associates the temperature effect to the increased phonon absorption and the
modified electronic structure.® Nevertheless, the linear relation found at room temperature
(Figure 3.5) still holds also at high temperature, although a different slope is observed due
to the effect of temperature on the electronic band structure,’® see Figure 3.7c. In summary,
although the temperature is a factor that affects the electronic band structure of the
semiconductor-like materials, the low energy optical transition can be used to track the

concentration of holes in LSF at any temperature.
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3.4 Quantification of points defects in LaixSrxFeOs-5 thin films

3.4.1 In-situ ellipsometry analysis under voltage bias

3.4.1.1 Control of the equivalent oxygen partial pressure in LSF
We investigate here the variation of optical conductivity in LSF thin films under real
operation conditions. In particular, it is possible to measure the material under test as an
electrode of an electrochemical cell. If this cell is employed as an oxygen pump against the
material, i.e. pumping oxygen in and out the electrode, a wide range of equivalent oxygen

partial pressures can be covered by simply applying a voltage bias.?3242

In this chapter, Ag/YSZ/LSF electrochemical cells were fabricated and afterwards measured
in a dedicated setup with electrical probes and a heating stage designed for in-situ/operando
spectroscopic ellipsometry analysis (see details in Section 2.4.2.1, Chapter 2). As the sketch
depicted in Figure 3.8, DC voltage bias (AV) was applied between the LSF layer and the
silver counter electrode both in anodic (AV>0) and cathodic (AV<0) modes varying the
chemical potential in the LSF thin films. The variation of the optical properties is tracked by
ellipsometry. Under cathodic bias, the voltage forces the gaseous oxygen to be reduced and
incorporated into the LSF, while under anodic polarization, the cell operates in reverse way
extracting oxygen through the film surface. This electrochemical bias modifies the oxygen
chemical potential of the LSF layer, varying the equivalent oxygen partial pressure

experienced by the material (pg>") according to the Nernst potential: #-2°

4eAE H
PcLijF _ pgf . exp(:b_T) (Equation 3.2)

Where pgf is the oxygen partial pressure of the environment, ky, is the Boltzmann constant

and e is the electron charge. The overpotential AE at LSF electrodes can be calculated by
subtracting the resistive contributions of the YSZ substrates (Rys;) and the silver counter

electrode (R, ) to the applied electrochemical bias (the inset of Figure 3.8), as:
AE = VDC - RYSZ - IDC - RAg " IDC (Equatlon 33)

Where V¢ is the applied DC voltage bias and I is the induced current flowing in the

sample.
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Figure 3.8 Schematic representation of the in-situ ellipsometry measurements. The inset illustrates
the oxygen chemical capacitance and the resistive contributions in the samples.

An anodic Nernstian voltage induces an electrical current from the LSF electrode to the
counter electrode (and opposed, in the case of a cathodic voltage), passing through the YSZ
substrate. Considering the similarity of the electrochemical behaviour of the studied
materials, the LSF50 sample measured at 400 °C is taken as a representative example; Figure
3.9a shows the measured electrical current as a function of the Nernstian voltage. Impedance
spectroscopy measurements were carried out at each potential to measure the resistive
contributions in series to the LSF electrode (see Figure 3.9b). All the spectra show a high-
frequency contribution, associated with the ionic conduction in YSZ electrolyte, a middle
arc related to the electrochemical contribution of Ag paste, and a very resistive low-
frequency contribution, associated with the incorporation/evolution of oxygen on LSF
electrode. One can notice that, due to the low range of temperature investigated in this work,
the resistive contribution associated with the oxygen incorporation in LSF layer is very high,
shifting the characteristic time of the process below the measurable frequency. This
highlights the limitations of the chemical capacitance method for deriving the defect
chemistry of oxides at low temperature, where the capacitance associated with the electrode

cannot be fully resolved.?
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Figure 3.9 Results of the electrochemical measurements of the LSF50 sample at 400 °C. a.
Electrical current induced by the applied Nernstian potential. b. Nyquist plot of the representative
electrochemical impedance spectra recorded at different applied electrochemical potentials

3.4.1.2 Limitation of the electrochemical method
As we stated in the previous section, an electrochemical bias can be used to vary the oxygen
equilibrium of an oxide thin film and to measure the evolution of the optical properties in
different equivalent oxygen partial pressure (see Figure 3.8). Still, as pointed out in
literature, 25 three conditions must be fulfilled in order to assure a homogenous oxygen
chemical potential in the LSF layers: (i.) Oxygen transport must not be limiting across the
LSF/electrolyte interface; (ii.) The oxygen incorporation on the LSF surface is limiting the

overall electrode reaction (facile oxygen diffusion); (iii.) The sheet electronic resistance of
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the LSF layer is low and the electric potential drop along the film’s sides are negligible. The
use of a CGO barrier avoids the formation of secondary phases at the LSF/YSZ interface,
therefore assuring negligible potential drops across this boundary. Condition (ii.) is generally
assumed to be true for LSF thin films, where the surface exchange reaction is dominating
over the oxygen diffusion across the layer.2>2’ The high electronic conductivity of LSF in
oxidizing conditions ensures the fulfilment of condition (iii.) in anodic and small cathodic
electrochemical potentials.?®° However, high cathodic potentials may give rise to an
inhomogeneous electrochemical potential in the thin films, since the decrease of the hole

concentration is expected to progressively decrease the electronic conductivity of LSF layers.

To understand the effect of electronic inhomogeneity in the electrochemical measurements,
the distribution of electrochemical potentials along the sample was modelled by Finite
Element Method (FEM) using COMSOL Multiphysics Modelling software, the modelling
details are described in Chapter 2 (see Section 2.8). The model is based on the work of
Lynch et al.,?® who simulated the electrochemical distribution in thin film electrodes. One
must note that these simulations are mainly intended to depict the effect of inhomogeneous
electrochemical potential on the ionic conduction of the YSZ substrates and not to describe
the real electrochemical conditions of the thin films under study.

Under electrochemical bias, the reaction of oxygen incorporation competes with the in-plane
electronic conduction. Electrons flow from the metallic current collector parallel to the film,
reaching the oxygen species on the surface of the electrode where the oxygen reactions take
place. Figure 3.10 shows the ionic potential in the YSZ electrolyte simulated varying the
sheet resistivity of the electrode (107 to 102 ohm*cm) and the polarization resistance of the
surface (10%-10° ohm*cm?). This range was chosen to cover realistic values under the
experimental conditions studied. The results show that low values of sheet resistivity and
high values of surface polarization resistances ensure equipotential electrodes thin film.
Nevertheless, it is also interesting to note that equipotential layers can be obtained even with
relatively large values of electronic resistivity, provided that the surface polarization
resistance is high enough. This condition is easily observed at low temperature, due to the
higher activation energy of oxygen incorporation (1 to 2 eV) compared to electronic
transport (0.2 eV).32%3!
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Figure 3.10 Schematic representation of a. heterogeneity and b. homogeneity of electronic
distribution in LSF thin films. c. FEM Modelling of the electronic distribution in the sample as a
function of sheet resistivity of LSF film (p,sr) and polarization resistivity of the surface (R;).

Nevertheless, as commented before, describing the real behaviour of LSF electrodes is
challenging, since both surface polarization and electronic conductivity of the layer vary
under electrochemical bias. For this reason, we considered a different approach based on the
observation of the YSZ resistance in impedance spectroscopy under different chemical
potentials. Figure 3.11a shows a representative example of the LSF50 sample measured at
400 °C. The high frequency electrochemical element, associated with the ionic conduction
in the YSZ electrolyte, is constant for any value of bias down to -0.4 V. Below this value,
the resistance associated with this element starts to increase. The origin of this variation is
related to the decrease of active area when passing from homogenous to inhomogeneous
chemical potential conditions, as depicted in Figure 3.11b and c. In other words, for low
cathodic potential (V >-0.4 V), the low electronic resistivity of LSF thin films and the high
polarization resistance ensure an equipotential chemical potential along the LSF thin film.
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Increasing the cathodic potential (V < -0.4 V), the reduction of the hole concentration gives
rise to an increase of electronic resistivity that, linked also to a reduction of polarization
resistance, gives rise to a non-homogenous distribution of the ionic potential in the LSF layer.
This change of regime is observed in the ionic contribution of the YSZ in EIS, where an

increase of resistance is measured.
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Figure 3.11 Electronic homogeneity in the representative LSF50 thin film at 400 °C as a function
of Nernstian voltage bias a. Electrochemical impedance spectra of the LSF50/CGO/Y SZ sample
recorded at 400 °C. The arrow indicates the increase of the ionic resistance of YSZ. b.
Equipotential LSF thin film at low cathodic voltage. c. Non-equipotential LSF thin film at high
cathodic voltage.

The method described here was then used to understand the maximum negative bias
applicable while maintaining the equipotential conditions. All the results presented in the

next sections are within this limit.

3.4.1.3 Optical conductivity as a function of oxygen partial pressure in LSF
Based on the previous considerations, in-situ spectroscopic ellipsometry measurements of
LSF thin films were carried out under different electrochemical bias, i.e. equivalent oxygen
partial pressures, as a function of temperature (T = 350 - 540 °C) using the set-up described
in Chapter 2. As an example, Figure 3.12a shows the evolution of the ellipsometry
parameters 4 and ¥ measured for the LSF50 sample at 400 °C. A monotonic modification
of the complex reflectance of the sample is observed varying the bias, especially in the low
energy region, where interference oscillation typical of semi-transparent layers appears at
large cathodic potentials. The raw experimental ellipsometry data were fitted with the model
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described in Chapter 2 to obtain the optical conductivity as a function of equivalent oxygen

partial pressure (see Figure 3.12b). One can note that, decreasing the oxygen partial pressure,

a gradual decrease of spectral weight of transitions “A” and “B” takes place, along with an

increase of transition “C”, giving rise to a radical change of optical properties of the LSF

thin film, which also changes colour from black to almost transparent, see Figure 3.12b.

The variation of optical conductivity lowering the pO is similar to the behaviour observed

in the fully oxidized samples when decreasing the Sr content (see Figure 3.5), indicating

that the electronic holes progressively deplete in the LSF thin film. This hypothesis is also

supported by the evolution of the low energy transition “A” (see Figure 3.12c), gradually

reducing the spectral weight of the hole-induced empty states above the Fermi level.1°
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Figure 3.12 a. Ellipsometry complex reflectance measured at 400 °C for the LSF50 sample as a
function of pO- (see the colour scale bar). b. The extracted optical conductivity spectra of the
LSF50 thin film. The variation of the film colour with pO; is shown in the inset. c. Evolution of
the low-energy transition “A” with pO.. The arrows indicate the increment of the equivalent

oxygen partial pressure.
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For evaluating the reversibility of this approach, we measured the optical properties of the
LSF40 sample under identical electrochemical conditions after the complete electrochemical
oxidation and reduction. Obtained ellipsometry spectra are shown in Figure 3.13. It must be
noted here that all the measurements were perfectly reversible and reproducible. This means
that the changes observed in the in-situ measurements are entirely originated by the variation
of hole concentration and not by structural features (i.e. micro voids, cracks) that would lead

to a strong non-reversible behavior.
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Figure 3.13 Ellipsometry complex reflectance measured at 400 °C and equivalent oxygen pressure
of 0.0087 bar after the full oxidation (cycle 1) and reduction (cycle 2) for the LSF40 sample.
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3.4.2 Defect chemistry model for LSF

3.4.2.1 Defect chemistry of LSF50
Motivated by the linear relation found in Section 3.3 between transition “A” and the hole
concentration in the LSF system, the maximum of the optical conductivity of “A” was
plotted as a function of the oxygen partial pressure in a Brouwer diagram, see Figure 3.14.
The behaviour found is in agreement with the diluted defect model developed by Mizusaki
et al.*2, in which the holes progressively decrease their concentration following the oxygen

incorporation reaction:
Vs' +50, + 2Fe, & 2Fej, + 0F (Equation 3.4)

With diluted equilibrium constant (K&):

Kt = [Ff%e]z'[og] (Equation 3.5)
(p02)Z:[Vg | [Feg,]?
Here [Fex.1, [V5'1, [Fer.] and [03] refer to the concentration of Fe3*, oxygen vacancies,
Fe** holes and oxygen ions written according to the Krdger-Vink notation, respectively. Note
that considering both the range of oxygen pressure and the temperature conditions in this
study, the concentration of Fe?* electrons is expected to be negligible,®3 so that the

electronic equilibrium in the LSF system can be simplified to:
[ST1a"]1 = 2[V5'] + [Fege] (Equation 3.6)

Equations 3.5 and 3.6 can be used to fit the evolution of hole concentration with the pO>
found by spectroscopic ellipsometry, see Figure 3.14. The diluted model well describes the
experimental data for the LSF50 sample, endorsing the possibility of optically measuring in
situ the concentration of holes in the system under real operation conditions.
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Figure 3.14 Variation of the maximum of the optical conductivity of transition “A” and the
concentration of Fe** holes per unit cell with the equivalent oxygen pressure measured for the
LSF50 thin film at 400 °C (dots), the solid lines represent the fitting of the concentration of Fe*
holes and oxygen vacancies considering a K&:=7500.

It is interesting to note here that the ellipsometry technique is sensitive not only to the optical
constants of LSF films but also to the fluctuation of the thickness of thin films as a function
of equivalent pOz. The thickness of the LSF50 was given by the ellipsometry data fitting and
is shown as a function of the equivalent pO> in Figure 3.15. In order to compare the results
with literature, a second-order polynomial expression developed by Chen et al. was
considered,” where the out-of-plane lattice expansion was measured as a function of the
oxygen vacancies concentration in the system. In Figure 3.15, the lattice expansion
predicted by this model is reported. Please note here that we consider the concentration of
oxygen vacancies calculated by the fitting of optical conductivity (Figure 3.14), meaning
that the measured thickness evolution and the model are independent. Within the error,

experimental results are in reasonable agreement with literature.

It must be noted that the large fluctuation of optical constants at high anodic and cathodic
voltages decreases the sensitivity of the thickness measurements, lowering the confidence of
the fitting in the same way for the other materials LSF40 and LSF20 studied in this chapter.

For this reason, the variation of optical conductivity is preferred to quantify the point defect
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concentration in the LSF system, in this chapter. Nevertheless, it is important to remark that
this approach might be used to study the defect concentration of oxides in systems where the
optical properties (electronic structure) are not modified upon oxygen reduction, simply by

tracking their chemical expansion/contraction.®
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Figure 3.15 Thickness of the LSF50 thin film as a function of equivalent pO- at different
temperatures obtained from the fitting of the experimental data (symbols) and the expected
thickness variation obtained by using a second-order polynomial model developed in literature
(Solid lines).”

3.4.2.2 Role of the Sr content in the defect chemistry of LSF
The point defect concentration as a function of equivalent pO, was then measured with the
same procedure for LSF thin films with different Sr content. Figure 3.16 shows the evolution
of electronic holes in the layers obtained by fitting the maximum of optical conductivity at
400 °C. One can note that, decreasing the Sr concentration, the dilute model starts to fail in
describing the hole concentration, especially at intermediate pO2, where the films are
constantly more reduced than expected. In other words, increasing the hole concentration
the oxygen incorporation becomes progressively more difficult, giving rise to a less steep

growth of [Fep,].
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Similar non-ideal behaviours were reported in literature for other oxides, such as Lai-
xSIxCr0z.5,24 La1-xSrxC003-5,2°2¢ SrFe03.5,>" BaixLaxFeOs-5,%8 and are commonly described
considering the Gibbs free energy of incorporation reactions (Equation 3.4). Indeed, a non-
dilute behaviour can be described by considering a non-diluted chemical potential of defect

species:
W = u? + RTIn([i] - v;) (Equation 3.7)

Where ) denotes the standard chemical potential, [i] denotes the concentration of the i
specie and y; denotes the activity coefficients, which may deviate from the regular unity.
The oxygen incorporation equilibrium constant (Equation 3.5) can be rewritten as:
[Ferel?[05] _Vﬁe%eyoé id . ViepoY 0%

=Kl % (Equation 3.8)

2
Ye.x Yyor
Feg,'Vo

Koy = T
T o g FeR I Tres, Vi
One can note that the equilibrium constant is now composed by the product of the dilute K¢
and the activity coefficients, not necessarily constant in the whole pO. range. In order to
better define the problem, it is useful to consider the Gibbs free energy of the oxygen
incorporation reaction defined by a standard term (AG4 constant for any pO2) and an activity

term (AGSY), as:
AGoy = —RTIn(K,y) = AGEE + AGEY (Equation 3.9)

The activity term AGEY represents the deviation from the standard free energy of the ideal
solution, which is the driving energy for the modification of the oxygen incorporation
equilibrium. A commonly employed model for describing non-dilute behaviour in oxides
was proposed by Mizusaki et al., who considered AGSZ to be linearly proportional to the

point defect concentration, as:3
AGEX = a[Fe’] (Equation 3.10)

Alternatively, in this study also a quadratic approximation is considered, probably originated

by a non-negligible interaction between the point defect concentration:
AGEF = b[Fe']? (Equation 3.11)
Figure 3.16 demonstrates a comparison of the dilute, linear and quadratic models for the

experimental results. All of the three models fit well the hole concentration at high pO. and
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the three models fall into the same value at low pressure. The major difference between them
is observed at the intermediate pO2, where the experimental hole concentration is lower than
that expected by the dilute model, and a deviation of the experimental results from the fitting
curve is clearly observed. The non-dilute model in which the Gibbs free energy of the oxygen
incorporation reaction is considered to be linearly proportional to the holes concentration®*
enhances the fitting, although the experimental results are still more reduced than that
expected by this model. In this sense, we employed a quadratic model in which the Gibbs
free energy of the oxygen incorporation reaction is a second-order polynomial function of
the hole concentration. One can note that this quadratic model leads to a satisfactory
description of the experimental data. Therefore, the quadratic model is used for fitting the

hole concentration as a function of pO: in this study.
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Figure 3.16 Dilute defect chemistry model (dash lines), linear (dot lines) and quadratic (solid lines)
approximations of the concentration of holes (symbols) for a. LSF50, b. LSF40 and c. LSF20 thin
films measured at 400°C as a function of equivalent oxygen pressure.

The ideal equilibrium constant K¢ and quadratic non-ideal parameter b obtained at 400 °C

for the different thin films is shown in Figure 3.17a. In agreement with the literature, the
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oxidation constant progressively lowers increasing the Sr content, shifting the chemical
equilibrium of Equation 3.4 towards a more reduced state. However, also the quadratic
parameter b is observed to present roughly the same behaviour, rapidly decreasing with the

Sr content, similarly to what was observed in LaixSrxCrOs.s.3*

Based on the parameter K" obtained from the experimental concentration of point defects,
the Gibbs free energy of the LSF thin films for oxygen incorporation can be expressed as a

function of holes concentration as:
AGreq = —AG,, = RTIn(K;:P (T, [Fe']) (Equation 3.12)

The Gibbs free energy is plotted in Figure 3.17b. One can note that the Gibbs free energy
gradually decreases as the hole concentration increases, which is consistent with the fact that
the chemical equilibrium of the oxygen incorporation reaction (Equation 3.4) is shifted to
the reduced state for the LSF films with high concentration of holes. It is noteworthy that in
the dilute model, the Gibbs free energy maintains constant over the range of hole
concentrations and deviates from the experimental data. However, combining Equations 3.9

and 3.11, the quadratic model can be written in Gibbs free energy as:
AGreq = RTIn(KiE) — b?[Fe’] Equation (3.13)

As depicted in Figure 3.17, this second-order non-dilute model effectively matches the
experimental data, reinforcing again that this model is suitable for describing the defect
chemistry of the LSF thin films.

A comprehensive model for describing the physical origin of AGS¥ and its relation with the
other point defects is still uncertain. Lankhorst et al. used a rigid band model formalism to
interpret the variation of AG,, measured in LaixSrxC003-5.3>% In their model, the non-ideal
behaviour was explained by a rigid shift of Fermi level when increasing/decreasing the
electron concentration, giving rise to a modification of the enthalpy of oxygen incorporation.
For metallic and semi-metallic oxides, an alternative explanation based on hole degeneracy
was also proposed, where the oxygen incorporation leads to the formation of delocalized and
highly degenerated holes that modify their activity.>>*° Although a modification of the
electron hole activity may be at the origin of the behaviour observed in the LaixSrxFeOs.s
thin films, the presence of a finite bandgap, especially for low Sr content, and of localized
electronic defects makes these two models not applicable.’” Nevertheless, the large variation
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of the optical conductivity observed reducing the hole concentration, along with the strong
modification of band structure and energy levels measured in previous works,'%° suggests
a strong non-ideal behaviour of the hole chemical potentials, which is expected to affect both
the enthalpy and the entropy of AG,,. Moreover, the trend observed for the non-ideal
parameter as a function of Sr content (see Figure 3.17a), suggests that the non-dilute
behaviour is related to the larger bandgap of these films, while increasing the dopant
concentration the bandgap tends to reduce and more semi-metallic behaviour is observed,
decreasing the influence of the band structure changes on AG,,.. The most interesting direct
consequence of this behaviour is that the concentration of oxygen vacancies is consistently
higher than the one predicted by the ideal behaviour, especially for the LSF20 thin film.
Although the derivation of the exact mechanism behind the non-ideal behaviour observed is
out of the scope of this work, the results show the unique capabilities of spectroscopy
ellipsometry to sense the hole concentration in LSF thin films and to disclose non-dilute

phenomena in the defect chemistry of MIEC oxides at intermediate-to-low temperatures.
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3.4.3 Equilibrium constants as a function of temperature
In-situ ellipsometry measurements were carried out at different temperatures. Figure 3.18
shows a similar variation of hole concentration as a function of equivalent pO; at different
temperatures, a shift of the curves of hole concentration is clearly observed due to the
temperature effects on the electronic structure. Finally, the evolution of the equilibrium
constant K:¢ with temperature was obtained and is plotted in an Arrhenius-like
representation in Figure 3.19. Here, equilibrium constants derived from previous high
temperature measurements are also reported and extrapolated to the low temperature range
investigated in this work. 2532 A good agreement is observed between this set of data and our
measurements, despite the difference of temperature window and of the nature of samples,

suggesting that difference commonly found in thin films may not be due to the energetics of
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the oxygen incorporation equilibrium but to deviation from ideal dilute systems, more

predominant at low temperature.
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Figure 3.18 Experimental concentration of holes (symbols) as a function of equivalent pO, with
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3.5 Conclusions

The defect chemistry of LSF thin films with different Sr content was studied by
spectroscopic ellipsometry, for the first time, concluding that low energy transitions (=1eV)
observed in the optical conductivity can be used for tracking and quantifying the
concentration of holes in the material. Moreover, LSF was used as an electrode in an
electrochemical cell coupled to an ellipsometer, this approach can be extended to calculate
the concentration of holes as a function of temperature and oxygen partial pressure in a wide
range from 10'° to 10Y7 bar and 350°C to 540°C, respectively. In this way, the defect
chemistry of LSF20, LSF40 and LSF50 thin films was unveiled for the intermediate-to-low
temperature range, which is not accessible with other techniques. The equilibrium constants
extracted from the analysis of the optical constants variation shows a good agreement with
the extrapolation from high temperature bulk measurements. Nevertheless, deviations from
the dilute defect model are observed in the LSF layers, especially for low Sr-content,
consisting in a less abrupt increase of hole concentration while oxidizing the sample. Overall,
in this work, it was possible to push the current limits for the direct measurement of defect
chemistry in LSF20, LSF40 and LSF50 thin films to lower values of temperature, which is
crucial for a systematic description of transition metal oxides nowadays in the core of several

emerging energy and information technologies.
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4.1 Introduction

Transition metal oxides are promising electrode materials for room temperature energy
conversion and storage applications based on ion intercalation, such as ion batteries,'
supercapacitors,*® and pseudocapacitors.’ In particular, perovskite oxide such as Las-
xSrkMnO3z.5 (LSM), La1xSrxCo0s.5 (LSC), LaixSrxFeOs.s (LSF) and LaixCaxFeOs.s etc.
were observed to intercalate oxygen at room temperature in different liquid electrolytes,
which raised the attention for their application as battery electrode,®*° supercapacitor,'*2
rapid and efficient electrochromic windows and synaptic memories.>° In these materials,
ionic intercalation is a complex phenomenon that involves redox reactions, ionic and
electronic transfer through a liquid-solid interphase and ionic transport.r® lonic intercalation
in perovskites oxides usually comprises a change of oxidation state of the B-site metal,
bringing strong modifications of the electronic band structure of the oxide and affecting its

electronic, thermal and optical conductivity among others,>1416-19

Despite this significant interest in low temperature ionic intercalation in perovskite oxides,
the exact mechanism and dynamics of ionic insertion are still unclear. For instance, different
works show that the main specie diffusing in and out LSF electrodes during intercalation in
alkaline electrolytes is oxygen,>"1820 while other proposed that protons are the main
responsible for its pseudo-capacitive behavior.?* Moreover, ionic intercalation in these
materials is usually interpreted on the basis of pseudocapacitive Nernst behavior, where the
effect of the different point defects is not taken into account.?? In this regard, a
comprehensive defect chemistry model considering both the intercalating species and the
point defect in the perovskite oxide is still lacking. One must also note that the knowledge
of the point defect concentration in the oxides is very desirable, due to its impact on many

different functional properties.>’16:2012

This chapter is devoted to study the defect chemistry of LagsSrosFeOs-s (LSF50) thin film
along the ion intercalation in alkaline media. LSF50 is a representative example in which the
electrochemical properties strongly depend on the concentration of point defects.?*2*
Comparing with bulk materials, the intimate contact between a thin film and the electrical
substrate minimizes the potential losses at the interface and favors the polarization of the
thin film. In this chapter, an in-situ ellipsometry technique was proposed to study the defect

chemistry of LSF50 thin film in 0.1 M KOH electrolyte as a function of the intercalation
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potential. Section 4.2 is devoted to determine the electrochemical reactions occurred upon
the ionic intercalation in LSF50 thin films in alkaline electrolyte. Section 4.3 is dedicated to
the investigation of the ion intercalation mechanism using several ex-situ characterization
techniques; Section 4.4 entails the in-situ ellipsometry study of the defect chemistry of

LSF50 thin film (including a defect chemistry model).
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4.2 lonic intercalation in LaosSrosFeOs-s thin films in alkaline

electrolytes

180-nm-thick LSF50 epitaxial films were deposited on 10 mm x 10 mm (100)-oriented Nb
doped STO (Nb:STO) substrates (Crystec GmbH) employing PLD. An interlayer of
Lao.sSro2Mn0Os.s (LSM20) was deposited between LSF50 films and the substrate for
improving the electrical conductivity of the sample, ensuring no in-plane drop of the
electrical potential 2> The LSF50 layer was deposited using a microfabricated Si mask that
allowed the selective growth of a layer of 5 mmx5 mm layer in the central area on top of
LSM20. The deposition conditions are detailed in Chapter 2. Deposited
LSF50/LSM20/Nb:STO samples were encapsulated for the experiments in liquid electrolyte
following the method described in Section 2.4.2.2 in Chapter 2, leaving a LSF50 active
surface of 11.7 mm? to the liquid electrolyte (0.1 M KOH solution). Activated carbon was
used as the counter electrode and a silver wire as the reference electrode, which was pre-
stabilized and measured against an AQ/AgQCIl reference. Cyclic voltammetry (CV)
measurements were conducted on the encapsulated sample in 0.1 M KOH aqueous
electrolyte sweeping potential from 0.5 V to -0.5 V at a scan rate of 0.5 mV/s. The resulting
CV curve is shown in Figure 4.1. The redox reaction peaks centered at E1> = -0.15 V are
observed in the CV curve for the LSF50 thin film, which is consistent with the results
reported in literature for similar compounds in powder form.'® Moreover, the insignificant
change in the CV curves with the cycling number demonstrates the electrochemical stability
of the film. The asymmetric peaks observed in the CV scans are likely originated by Kkinetic
limitations, different in cathodic and anodic polarization and linked to the sluggish ionic
diffusivity in the LSF50 bulk film at room temperature.
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Figure 4.1 CV curves of the LSF50 thin film measured in 0.1 MKOH electrolyte at a scan rate of
0.5 mV/s. The inset shows scheme of the electrical configuration employed during the experiments.

In order to explore the origin of the electrochemical behavior observed in the electrochemical
measurements, LSF50 films were fully oxidized and reduced in the 0.1 M KOH electrolyte
by applying a DC voltage of 0.5 V and -0.4 V, respectively (samples are labelled as “KOH-
oxidized” and “KOH-reduced”, respectively). Furthermore, two LSF50 thin films were
annealed in dry N2 and Oz at 575 °C (named as ‘“Nz-annealed” and “O.-annealed”,
respectively). The post-treated LSF50 thin films were ex-situ analyzed by SEM, XRD and

ellipsometry.

In order to explore the chemical stability and morphological characteristics of the LSF50
thin films, the morphology of the N2-annealed and O.-annealed, KOH-reduced and KOH-
oxidized LSF50 thin films was evaluated by SEM. As illustrated in Figure 4.2, despite an
increase in the roughness and grain size of the KOH-reduced and KOH-oxidized LSF50
films (particularly the KOH-reduced film), which is due to the slight chemical etching
caused by the 0.1 M KOH solution,?’ the LSF50 films retain a dense granular microstructure
after the various treatments, revealing the stability of the LSF50 films. Therefore, no cracks

or extended defects are visible on the thin films surface.
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Figure 4.2 SEM morphology characterization for a. the N2-annealed LSF50 film, b. the O,-
annealed LSF50 film, c. the KOH-reduced LSF50 film and d. the KOH-oxidized LSF50 film.

HR-XRD was employed to retrieve the film structural parameters, and to characterize the
chemical stability and volume expansion of the Oz-annealed, N2-annealed, KOH-reduced
and KOH-oxidized samples. Resulting XRD patterns are shown in Figure 4.3a. Films
present a single (h00)-oriented perovskite phase for the entire set of samples, demonstrating
the purity and epitaxy of the LSF50 films without secondary phase formation. Details of the
(200) diffraction peak shown in Figure 4.3b reveal that the diffraction peaks situated at 26
of 46.44 ° and 46.9 °, which are associated to the substrate and the LSM20 layer, remain
invariable throughout the samples highlighting the stability of the Nb:STO substrate and
LSM20 film. Conversely, a displacement of the diffraction peak position of the N2-annealed
LSF50 film from 26 of 46.75 ° to 46.16 ° with respect to the O»-annealed LSF50 film
indicates a slight chemical expansion in the out-of-plane lattice parameter of the LSF 50 film
from 3.883 A to 3.928 A (=2%), upon change of the oxygen content. Interestingly, such a
lattice expansion is consistent with the ellipsometry measurement, as the film thickness
resulting from the fitting of the LSF50 response increases from 178 nm (O2-annealed) to 180
nm (Nz-annealed). This expansion is due to the reduction of Fe** ions to Fe3* ions which

have larger ionic radius as a result of oxygen release from the perovskite structure.?®-3! The
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same peak position shift is also observed for the KOH-reduced film, confirming the change
of the oxidation state of iron (Fe*'/Fe®*) caused by reversible ionic intercalation at room
temperature in liquid. One can note that although the KOH-oxidized thin film shows a higher
diffraction intensity at 20 of 46.72 ° compared to the KOH-reduced LSF50 film, the
diffraction peak (200) is not evident at that diffraction position for the KOH-oxidized LSF50
film, which could be interpreted by its broadening and convolution with the LSM20
diffraction peak. For the KOH-reduced and KOH-oxidized films, the LSF50 diffraction
peaks become broader and asymmetric, probably due to the creation of structural defects
during the ionic intercalation in liquid electrolytes, in agreement with the SEM results and

literature.®?
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Figure 4.3 a. HR-XRD diagrams of the O;-annealed, N;-annealed, KOH-reduced and KOH-
oxidized samples b. Magnification of the (200) diffraction peak. The diffraction peaks of the
Nb:STO substrate and the LSM20 interlayer are marked as * and #, respectively.

The ellipsometry data were processed and analyzed employing four Lorentzian oscillators
and the analysis method described in Section 2.4.3 in Chapter 2. The extracted optical
conductivity for the KOH-reduced and KOH-oxidized LSF50 films is shown in Figure 4.4
together with the results measured for the Oz-annealed and N2-annealed LSF50 thin films. It
is considered that the oxygen vacancies in the Oz-annealed LSF50 film were completely
removed and the film was fully oxidized, Fe** holes were dominant in order to compensate
the electronic charges ([St{,]~[Fej,.1).2%%** In turn, No-annealed LSF50 thin film presents
a fully reduced state, dominated by oxygen vacancies ([Sr;,]~2[V;]).3® Therefore, the
variation of optical conductivity observed for the post-annealed samples, which is consistent

with the evolution of optical conductivity of the LSF films as a function of oxygen pressure
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described in Chapter 3, is totally attributed to the change in Fe** concentration in the
film.313435  Analogously, the KOH-reduced and KOH-oxidized samples present a similar
trend in the variation of optical conductivity, consisting in weakening the low-energy optical
transitions at photon energies around 1 eV and 3 eV (features “A” and “B”) and intensifying
the optical transition at higher photon energy around 4.2 eV (feature “C”) upon KOH
reduction. This behavior demonstrates that electrochemical redox peaks observed in Figure
4.1 are related to the intercalation of an ionic species in the LSF50 layers, which gives rise

to a change of the Fe** holes concentration (as charge compensation mechanism).
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Figure 4.4 Ellipsometry response of the LSF50 film to the ion intercalation and annealing.

To exclude an electrochemical and optical response of the underlining LSM20/Nb:STO
layers in the electrochemical window studied, in-situ ellipsometry measurements were
performed for the LSM20/Nb:STO sample at various intercalation potentials under the same
experimental conditions. As the CV curve shown in Figure 4.5a, no current peak is observed
in the potential range of 0.5 V to -0.4 V despite a drop of current intensity associated with
the oxygen reduction reaction (ORR) at the onset energy of 0 V.23 The negligible variation
of the LSM20 film’s optical conductivity with the intercalation potential (Figure 4.5b)
reveals that the variation of optical conductivity of the LSF50/LSM20/Nb:STO sample

shown in Figure 4.4 is totally associated with the change in the LSF50 thin film. Moreover,
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a similar redox behavior was also observed for a LSF50 thin film deposited on FTO-covered
glass substrate, confirming that the redox peaks arise entirely from the LSF50 thin film.
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Figure 4.5 In-situ ellipsometry measurements for the LSM20 thin film a. CV curve for the
LSM20/Nb:STO sample, the colorful balls represent the intercalation potentials where the
ellipsometry spectra were measured. b. Ellipsometry response of the LSM20 thin film to the
intercalation potentials.

In brief, the redox peaks present in the CV curves in Figure 4.1 are associated with a
reversible ionic intercalation from the KOH electrolyte, resulting in a Fe**/Fe®" transition as
charge compensation mechanism.
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4.3 Determination of the ion intercalation mechanism

The common intercalation mechanism used in literature for explaining the electrochemical
redox peaks observed for perovskite oxide in alkaline electrolytes involves the incorporation
of oxygen species through the annihilation of an oxygen vacancy (V,,) and the formation of

two localized electronic holes (Fey,), as described in Figure 4.6a and Equation 4.1:1016.22
20H' (1) + V + 2Fef, & OX + 2Fep, + H,0(1) + 2¢’ (Equation 4.1)

According to the Kroger-Vink notation, OH' , Fef,, 03, and e’ represent the OH™ ions in
the liquid electrolyte, Fe** and O ions in the lattice of the perovskite structure and the
electrons generated as a result of oxygen intercalation, respectively. The variation of iron
oxidation state observed in the previous section appears to endorse this mechanism,
assuming oxygen is the only species diffusing in and out the LSF50 thin films. Nevertheless,
an alternative pathway based on the incorporation of protons (OH,) may also explain the

variation of optical conductivity observed, as described in Figure 4.6b and Equation
4.2:14,38410

OH' (I) + OHy + Fef, & 0} + Fegp, + H,0(D) + ¢’ (Equation 4.2)

In this case, protons are incorporated in the material through the dissociation of water,
reducing the oxidation state of iron as compensation mechanism (please note that protons in
the perovskite structure are associated with oxygen atoms with a formal positive charge).
This reaction was alternatively proposed for explaining ionic intercalation in perovskite
oxides.?! It is important to note that also both pathways may be active together, each
responsible for a part of variation of Fep, holes concentration during the electrochemical
intercalation. In order to discriminate the two possible mechanisms, we investigated the

active incorporation pathway ToF-SIMS, PALS and ex-situ ellipsometry.
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Figure 4.6 Schematic representation of the oxygen a. and protonic b. intercalation mechanisms in
alkaline electrolytes.

4.3.1 The proton and oxygen pathways
In order to determine the feasibility of the protonic pathway shown in Equation 4.2, ToF-
SIMS experiments have been conducted on the sample reduced in KOH (see Section 2.6 in
Chapter 2 for details on SIMS technique). The possible proton incorporation was studied
by ToF-SIMS in the KOH reduced sample. Figure 4.7 shows the depth profiles of the H-,
OH’, LaOy", FeO-, TiO"and MnO ions measured for the KOH-reduced sample. An increased
signal of the H" and OH" is visible in the LSF50 layer with respect to the background signal
(STO layer). The signal for these species strongly decreases together with the FeO intensity,
indicating the reaching of the LSM layer underneath. This experiment clearly shows that an
enhanced proton concentration is present in LSF50 as a consequence of incorporation during
the electrochemical reduction in KOH electrolyte, proving that the protonic pathway is active.
The sharp decrease of hydrogen species at the LSF/LSM interface suggests that, within the
electrochemical window studied, protons are not intercalated in the LSM layer, which

remains inactive as shown in Figure 4.5.
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Figure 4.7 ToF-SIMS depth profiles of H-, OH", LaO;", FeO", TiO and MnO" ions for the KOH-
reduced sample.

The presence of protonic species measured by ToF-SIMS shows that the protonic pathway
Is active in LSF50 thin films during electrochemical intercalation in alkaline electrolytes.
Nevertheless, also the oxygen pathway may be active together with the protonic one, being
responsible at least in part of the variation of oxidation state observed. Since oxygen
vacancies are not easy to measure in thin film oxides, we performed an indirect experiment

to verify the presence of oxygen intercalation in the LSF50 thin film.

First, a LSF50 sample was annealed in dry N2 at T=575 °C. As shown in the optical
conductivity of Figure 4.8a, the N2-annealed LSF50 film was fully reduced. Since a dry
atmosphere was used, no protons are expected in this state and the dopant is entirely
compensated by oxygen vacancies ([Sr/,]1~2[V,]). The sample was then oxidized in 0.1 M
KOH electrolyte by applying potentials of 0.5 V. The optical conductivity presented in
Figure 4.8a shows that an almost complete oxidation is obtained in the sample, highlighted
by the large increase of optical conductivity in the low energy region. According to the
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protonic pathway, positive bias should decrease the concentration of protons in the layers.
Since no protons were originally present in the sample, the only possible explanation for the
oxidation of the layer is an active oxygen pathway allowing the oxygen entering into the
reduced sample filling the oxygen vacancies and increasing the oxidation state of Fe (see

Equation 4.1).

An analogous experiment was also performed with a sample completely oxidized in dry O
atmosphere, see Figure 4.8b. Also in this case, a complete reduction was observed in the
sample after electrochemical bias in KOH. It is also interesting to notice that the CV curves
of the two different annealed samples (Figure 4.8c) are very comparable and present the
redox peaks at the same voltage, despite starting from a very different oxygen vacancy (and
electron holes) concentration. This also suggests that a new equilibrium is achieved in liquid

electrolytes, in which both oxygen and protonic species are intercalating in the layer.

In summary, according to the ex-situ measurements with the different techniques involved,
a mixed oxygen and proton mechanism can be concluded for the ion intercalation reaction.
Cathodic intercalation potentials cause oxygen anions to be pumped out from the LSF50
structure and protons to be incorporated from the liquid electrolyte into the LSF50 structure,

while the opposite reactions take place at anodic potentials.
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Figure 4.8 a. Optical conductivity spectra of the N.-annealed sample followed by the fully
oxidation and reduction in 0.1 M KOH solution. b. Optical conductivity spectra of the Oz-annealed
sample followed by the fully oxidation and reduction in 0.1 M KOH. c. CV curves of the O,-
annealed and Nz-annealed LSF50/LSM20/Nb:STO samples.

4.3.2 Characterization of lattice open-volume defects by PALS
In order to characterize the nature of the defects in the LSF50 thin films, VEPALS was
employed (see Section 2.7 in Chapter 2 for details on PALS). PALS is particularly sensitive
to localized vacancy-like defects (or close porosities) of neutral or negative charge, which
act as annihilation sites for positrons.*! VEPALS cannot directly measure positive defects
such as oxygen vacancies or protons but it is sensitive to their association with negative
defects (e.g. cationic vacancies), resulting in the formation of an associate. A higher oxygen
vacancy content is expected to lead to an increase of defect lifetime owing to the formation
of larger open clusters.*>® Figure 4.9a shows the average positron lifetime (za) obtained as
a function of E, for the KOH-oxidized and reduced samples as well as the O-oxidized and
the N2-reduced LSF50 thin films. Here, zav = X 7i-1;, as obtained from deconvolution of the

measured lifetime in two-lifetime components (cf. also experimental). The average defect
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size for all the LSF50 film that corresponds to a lifetime of 200 ps falls into the range of B-
site vacancy.*144%® The N;-annealed and KOH-reduced samples are characterized by a larger
average positron lifetime zay with respect to the oxidized counterpart (Oz-annealed and KOH-
oxidized, respectively), showing that the reduction in dry N2 increases the defect size, which
can be explained by the increased clusters of oxygen vacancies and cationic vacancies.*?“®
Interestingly, for the KOH-oxidized and reduced layers, zay is larger than that for the O»-
annealed and N2-annealed samples, respectively, suggesting that a more defective structure
is induced upon treatment in liquid. All the layers present similar average lifetimes for
implantation energy corresponding to the LSM interlayer, confirming that the different
treatments do not affect this material.

An analysis of the single lifetime components (zq41 and zq2) and the relative intensities allows
obtaining further insights, see Figure 4.9b. Comparing with literature values of STO,** the
dominant defect component tq1 in the LSF50 film is found to be in the range of Ti vacancy
(V") and a complex between Ti and oxygen vacancies. Reducing the sample (both in KOH
and in N2) is observed to increase the average time of 141, in accordance with an increase of
oxygen vacancy concentration and the creation of cation-oxygen vacancy associates. A
considerable increment in the intensity lq> is observed for the KOH-reduced sample
compared to the other films. This lifetime is comparable with the formation of Schottky type
defects in STO or similar type of defects clusters. One can note that the KOH-reduced LSF50
thin film shows larger positron lifetime and higher intensity than the Nz-annealed sample. A
possible explanation is that the hydration reaction brings an increase of structural disorder,
in which the incorporated protons bond with oxygen gives rise to the displacement of oxygen
from the equilibrium sites, resulting in lattice distortion and increased defect volume.'"%
This hypothesis appears to be supported by the decrease of crystalline quality observed in

the XRD experiments (Figure 4.3).
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4.4 In-situ ellipsometry study of the defect chemistry of

LaosSrosFeOs-5 thin films

In the previous sections it was shown that protons and oxygen both contribute to the ionic
intercalation of LSF50 thin films in alkaline electrolytes. The variation of oxidation state of
Fe in the LSF50 layers was directly observed by ellipsometry, as a large variation of optical
conductivity, in agreement with the one measured in Chapter 3. Here, in-situ ellipsometry
measurements are performed during the electrochemical reduction for getting more insights

into the mechanisms of ion intercalation.

4.4.1 Electrochemical measurements
The variation of optical conductivity in LSF50 thin films was studied by employing the in-
situ ellipsometry method and the experimental setup as detailed in Section 2.4.2.2 in
Chapter 2. In order to measure the real equilibrium conditions, this study was focused on
the reduction reaction at room temperature applying DC voltage steps to the sample, from
0.5V to-0.4 V. The equilibrium was considered achieved when the electrochemical current,
measured after each polarization step, reached a constant value close to zero, see Figure
4.10a. In this way, the real equilibrium state at each electrochemical potential could be
obtained without kinetic limitations. As exemplified by the current response shown in
Figure 4.10b, the evolution of electrochemical current can be divided into two stages: in the
first stage, the current decreases abruptly in a few seconds, probably due to the extraction of
oxygen anions and adsorption of protons on the film’s surface (surface limitation);* in the
second stage, in which the current tends to stabilize slowly, is controlled by the chemical

diffusion coefficient.*
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Figure 4.10 Evolution of the electrochemical current over time at different applied voltages, the
inset shows the exemplified evolution of the current when the voltage was switched from 0.045 V
t0 0.015 V.

4.4.2 In-situ ellipsometry measurements
The ellipsometry spectra of the LSF50 sample at each equilibrium potential were in-situ
recorded once the electrochemical current was stabilized. The resulting evolution of the
ellipsometry signal (A and ) is illustrated in Figure 4.11a. The ellipsometry signals
demonstrate a monotonic variation with the intercalation potential revealing the sensitivity
of ellipsometry to the ion intercalation. Therefore, in-situ ellipsometry can be applied to
study the defect chemistry in the LSF50 thin film as a result of ion intercalation. These raw
data were analyzed using four Lorentzian oscillators*’#® and following the methods
described in Section 2.4.3 in Chapter 2. The thickness and roughness of the LSF50 film
were kept free for the data fitting, the impact of the thickness and roughness in the data fitting

will be discussed later.

To extract the optical properties of LSF50 from the raw ellipsometry data, the previously
fitted optical spectra of the LSF50, LSM20 layers and 0.1 M KOH solution were employed.
The extracted optical conductivity spectra of the LSF50 thin film, measured by in-situ
ellipsometry at various intercalation potentials, are shown in Figure 4.11b. The optical
conductivity spectra of the LSF50 film show a monotonic variation in the intensity of the
optical transitions “A”, “B” and “C”, consisting in that the features “A” and “B” become

weaker and weaker but the feature “C*” become stronger and stronger upon cathodic potential
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(i.e. reduction reaction). This tendency implies a decrease of the hole concentration in the
LSF layer, similar to the evolution of the LSF50 film’s optical conductivity as a function of

pO, reported in Chapter 3 and holes concentration as described in literature, 31354749
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Figure 4.11 a. In-situ ellipsometry signals (A and ) of the LSF/LSM20/Nb:STO sample as a
function of applied voltage (see the colour scale bar). b. Optical conductivity spectra of the LSF50
thin film recorded at various intercalation potentials (applied voltages). The arrows indicate the
variation of intercalation potential, “A”, “B” and “C” label the optical transitions.

4.4.3 Concentration of electronic holes during ionic intercalation
In Chapter 3, the concentration of electronic holes in LSF has been directly related to the
intensity of the low energy transition “A”. However, the high optical absorption of the liquid
electrolyte in the infrared region hinders the application of the same procedure in this study.
In order to overcome such a limitation, we focus here on the variation of the LSF films’
optical conductivity at the photon energy of 2 eV. In Figure 4.12a, the presence of a linear
relation with the Fe** holes concentration is demonstrated. Considering the fact that the

concentration of holes in the KOH-reduced LSF50 thin film is negligible and the
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concentration of holes in the KOH-oxidized LSF50 film is defined by the Sr dopant (=0.44
per unit cell),** a linear relation at 2 eV is also considered here to extract the hole
concentration at each potential. The slight deviation observed in the KOH-oxidized LSF50
thin film and the one deposited on CGO/YSZ may be attributed to the nature of the LSF50
thin film and the substrate. Therefore, the concentration of electron holes in the LSF50 film
can be indirectly determined from the optical conductivity at the photon energy of 2 eV using
the linear relation defined by the data of KOH-reduced and KOH-oxidized thin films.

As a result, the Fe** holes concentration at different intercalation potentials was quantified,
see Figure 4.12b. The curve strongly suggests a single electrochemical exchange process
(proton intercalation or oxygen extraction) during the reduction, as shown by the gradual
decrease of the iron valence. Moreover, it is also interesting to compare the charge
transferred after each voltage step (i.e. incremental capacity®?) calculated by ellipsometry
and by electrochemical method. Since the Fe*/Fe®* transition is accompanied by charge

transfer as:
Fep, + le' — Fef, (Equation 4.3)

The number of charge transferred in the reduction reaction can be calculated via the

ellipsometry approach as:
Qelliposmetry =n- [Fe4+] F (Equation 4.4)

Where n is the number of LSF50 cell (in mol) in the thin film and F is the Faraday constant.
On the other hand, the charge transferred at each stepwise voltage can be obtained
calculating the area under the I-t curve of Figure 4.10b, as:*

t2 .
Qetectrochemical = ftl I(t)dt (Equation 4.5)

Figure 4.12c shows the incremental capacity obtained from the electrochemical and
ellipsometry measurements employing the Equations 4.4 and 4.5, respectively. A good
agreement in the trend of the incremental capacity obtained by the two approaches is
observed, although the electrochemical method systematically shows a slightly larger value
of charge transferred at each voltage step. This behavior can be ascribed to the
electrochemical reactions (charge transfer) on the film surface caused, for instance, by
oxygen reduction reaction (ORR),?*® which would not change the Fe oxidation state. Since

in-situ ellipsometry is bulk-sensitive, it is able to differentiate the battery-like behavior
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linked to the ionic insertion from the electrochemical reactions taking place on the sample

surface.>
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concentration and optical conductivity. ¢c. Comparison of the incremental capacity of the LSF50

thin film obtained from the electrochemical and ellipsometry results.

148



It is important to discuss here the effect that the different fitting models may have on the
equilibrium hole concentration extracted by ellipsometry. For investigating the effects of
the LSF50 film’s thickness and roughness on the ellipsometry data analysis, three different
models are considered, as shown in Figure 4.13. In the first model, the thickness and the
roughness of the LSF50 film are kept free for data modelling (Figure 4.13a). In the second,
the thickness of the LSF50 film is kept fixed while the roughness is kept variable (Figure
4.13b). In turn, in the third model, the thickness and the roughness of the LSF50 layer are
kept constant (Figure 4.13c). The sum of the thickness and roughness of the LSF50 film
given by the ellipsometry data fitting using the model a (Figure 4.13a) is depicted in Figure
4.13d. Here, a significant variation about 13% in the film thickness is observed, this conflicts
with the slight expansion about 2% detected by HR-XRD and ex-situ ellipsometry as
previously stated. The origin of this significant expansion is still unclear, however, it could
be due to the surface electrochemical reactions which interfere with the sensitivity of the
ellipsometry to the LSF50 film’s thickness and roughness.

Nevertheless, one must note that the Fe** concentration given by the optical conductivity
extracted by the three models is coincident (Figure 4.13e), revealing that the concentration
of electron holes derived from the optical conductivity is unaffected by the sensitivity of the
ellipsometry to the film thickness and roughness in the data analysis. Therefore, the model
is not expected to influence the equilibrium concentration of Fe** obtained by in-situ

ellipsometry measurements.

149



d

Light beam
LY /

\\ // b \
a
\\\ /
S e
LSM

185
. 180+
E .

*
w1757 4
£ 170 ol
g) 4 1
S 165
+ j
@
2 160 1‘
=
£ 155
e ] . ¢
L]
150
00 01 02 03 04 05

Concentration of Fe** holes per unit cell

per unit cell (m

44

Concentration of Fe

Light beam

- KOH (50%)

F
D

Light beam

D
D

05 1 1 1 L 1 1
1 ® ®
0.4 \
0.3 H
A
v
[ J
0.2 4 .
0.1 °
| * Model a
. 4  Model b
0.0 A * * v 9® v Model c
04 -0.2 0.0 0.2 0.4 0.6

E vs Ag/AgCI (V)

Figure 4.13 a-c. Models proposed for simulating and fitting the ellipsometry data. a. Model in
which both the film thickness and roughness of the LSF50 are kept free, b. Model in which the
film thickness of LSF50 is kept fixed while the roughness is kept free and ¢. Model in which both
the film thickness and roughness are kept fixed for LSF50. d. Sum of thickness and roughness
given by the model a. e. Holes concentration as a function of intercalation potential derived from

the optical conductivity which is fitted by employing the three proposed models.

4.4.4 Defect chemistry modelling

The results obtained in the previous sections suggest that: (i) Protons enter in the LSF50 thin

films upon electrochemical reduction. (ii) Oxygen is also exchanged during ionic

intercalation with the electrolyte and the same equilibrium can be reached regardless on the

initial defect concentration in the layer. (iii) A single electrochemical process is observed

upon reduction, i.e. protons and oxygen are exchanged together. Therefore, ion intercalation

can be described as a combination of oxygenation and hydrogenation reaction involving

oxygen anions and protons. The global reaction can be written as a sum of the oxygenation

reaction (Equation 4.1) and the hydration reaction (Equation 4.2) as:

30H, + V; + OH + 3Fe¥, & 20% + 3Fej, + 2H,0(0) + 3e]
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Applying Nernst equation, the potential for the ion intercalation can be expressed as:

_ g RO (o8] IFer,]? ) RT | [H;0P2 _

Where Eo is the standard potential of the ionic intercalation, R is the gas constant (8.314
Jmol*K1). The first logarithmic component on the right-hand-side of the equation is linked
to the concentration of the point defects in the LSF thin film, and the second logarithmic
term is associated with the concentration of the ions in the liquid electrolyte with the activity
coefficient assumed to be 1.%° Thus, Equation 4.7 can be rewritten as:

5, 4 BT 1 (o8] IFekel? ) :
E=E,+ In ([V(;][OH'][Fegef +0.16V (Equation 4.8)

Because the electronic transition Fe**/Fe?* was not detected in the studied potential
window, ¢ the Fe?* electrons in the LSF50 are negligible. Thus, the electronic equilibrium
in the LSF50 film is:>"*8

2[Vy1 + [OH'] + [Feg,] = [S1/4]=0.44 (Equation 4.9)
[Fepe] + [Fef,] =1 (Equation 4.10)

The ratio between the concentration of oxygen vacancies V; and OH" ions can be determined
by the hydration reaction: ¢

H,0() +V;, + 0} < 20H (Equation 4.11)
With the equilibrium constant Ky:

__lowp |

The hydration equilibrium constant depends on the material s properties and defines the total
amount of protons that can be incorporated in the layer. The protonation mechanism of
ferrites perovskites in high temperature humid environment was studied in detail by Prof.
Maier and co-workers.3%%861-63 |nterestingly, they found that in the intermediate temperature
range 250 °C - 500 °C LSF presents quite a low protonic concentration, especially when
compared with Ba-doped ferrites. Nevertheless, the protonation mechanism (Equation 4.11)
is regulated by an endothermic reaction, meaning that the concentration of protons will be
higher at lower temperatures. Considering the enthalpy and entropy of the hydration reaction

measured for LSF,39°861-63 3 value of Ky around 0.1 can be extrapolated at room temperature,
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which is comparable with the protonation constant measured for a good protonic conductor
such as BaosSrosFeosZno20s.5 at 400 °C. Since no quantitative information on the
concentration of protons in the reduced LSF50 thin films can be deduced from SIMS

measurements, a value of Ky=0.1 has been fixed in this study.

The set of Equations 4.7-4.12 can be combined for obtaining an expression where the
electrochemical potential of intercalation can be described as a function of Fe*' hole

concentration, as:

n

Where [Vj3] is the solution of the second-order equation:

E=E,+3)
3F

(2.56+[Vpl+[Fep,])? [Fep,]3
[Vol(0.44-2[V5]~[Fep ) (1~[Fer,])?

) +0.16V (Equation 4.13)

] __ (0.44-2[v5]-[Feg,]?

2.56 + [V5] + [Fepe] = Ko V2] (Equation 4.14)

With these equations, it is possible to fit the equilibrium Fe** concentration obtained at each
electrochemical potential considering only E, as a free parameter. Figure 4.14 shows the
results of the model obtained for a E, = 0.83 V (vs RHE) or -0.083 V (vs Hg/HgO). An
excellent fit of the experimental data is obtained, suggesting that the proposed model is able
to describe the mechanism of ionic intercalation in LSF50 thin films. The model shows that
the concentration of protons and oxygen vacancies increases while reducing the samples

until the majority of holes is consumed.
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Figure 4.14 a. Logarithmic plots and b. Linear plots of defect chemistry modelling for the
experimentally obtained Fe** holes concentration with the equilibrium constant K,,=0.1.
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Finally, it is worth to discuss the effect of the hydration equilibrium constant on the defect
chemistry in liquid. Three possible cases are considered: i) the ion intercalation is dominated
by the oxygenation reaction (Equation 4.1) assuming that the constant K, equals to
1073 (Figure 4.15a and b); ii) the oxygenation and hydrogenation reactions are supposed to
have the similar importance in the ion intercalation assuming that the constant K,, equal to
0.1 (Figure 4.15c and d); iii) the hydrogenation reaction is assumed to be dominant with
the constant K, = 100 (Figure 4.15e and f). One must note that all three models are able to
reproduce the concentration of electron holes in the LSF50 film, however, the concentration
of V, and OH distinguishes them. For the mixed reactions in the hydration regime (Figure
4.15b and c), the concentration of OH" ions is found to be higher than that of V/; vacancies,
being consistent with what suggested by Zohourian et al..>® The hydration reaction becomes
more favorable with a larger equilibrium constant Ky as the temperature decreases, giving
rise to the formation of concentrated OH' ions. Overall, the obtained concentration of Fe**

can be satisfactorily described by the defect chemistry model in a wide range of the

equilibrium constant Ky, although with different % ratios.
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Figure 4.15 Experimentally obtained Fe** concentration as a function of intercalation potential
(symbols) and defect chemistry modelling of the point defects concentration in the LSF50 thin film
for a-b. Oxygenation dominated reaction. c-d. Mixed oxygenation and hydrogenation reaction and

e-f. Hydrogenation dominated reaction. (Solid lines). a., c. and e. show the plots of the point
defects concentration in logarithmic scale. b., d. and f. show the plots of the point defects
concentration in linear scale.
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4.5 Conclusions

In summary, an electrochemical field (induced by an applied voltage) forces the intercalation
of ions from the alkaline electrolyte to the LSF50 bulk resulting in the Fe**/Fe3*electronic
transition. In this work, the ion intercalation was characterized by CV. The intercalation
mechanism consists in the mixed oxygenation and hydration reactions and was
unambiguously determined by ex-situ HR-XRD, ex-situ ellipsometry and SIMS techniques.
PALS technique was employed to determine the ion intercalation-induced open-volume
defects in the thin film while in-situ ellipsometry showed a high sensitivity to the depletion
of Fe** electron holes along the reduction reaction. The concentration of Fe** holes in the
LSF50 film was derived from the optical conductivity via the linear proportionality of the
optical conductivity at the photon energy of 2 eV with the concentration of holes. The
evolution of Fe** concentration with intercalation potential was satisfactorily described by
the dilute defect chemistry models, highlighting that the intercalation mechanism is defined
by oxygenation and hydration reactions. Overall, in-situ ellipsometry approach is successful
for studying the defect chemistry of LSF50 oxide thin films upon ion intercalation in alkaline
media, opening a new way to the rational engineering of the LSF50 thin film’s functional

properties for energy and information applications.
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5.1 Introduction

5.1.1 Electrolyte-gated transistors
The rapid development of artificial intelligence results in an increased demand for
miniaturized hardware for neuromorphic computing with high efficiency and low energy
consumption. Conventional silicon-based transistors based on Complementary Metal-Oxide
Semiconductor (CMOS) technology can also be employed for neuromorphic computing but
involve large areas and tremendous energy budget.)* Therefore, alternative technologies
emulating neuron-like behavior are being explored. Among others, memristors proved their
suitability as potential alternative.>® However, their device-to-device (even cycle-to-cycle)

variability represents a major drawback for the real implementation of the technology.®

Alternative to memristors, three-terminal transistors emerged as a promising option for
neuromorphic circuit devices. Three-terminal Electrolyte-Gated Transistors (EGTS) are
similar to conventional transistors but with an adjustable channel able to analogically modify
its electrical properties by ion-gating. In EGTSs, an electrolyte substitutes the dielectric in
conventional transistors in such a way that the charge carrier concentration in the channel is
controlled by the ions accumulated at the electrolyte-channel interface.” Since the
accumulation is in the vicinity of the interface (nanometric gap), the formed capacitor
presents a very high capacitance inducing a large variation in the channel carrier density.’
More interestingly, if the channel consists on a MIEC, it can accept intercalation and
transport of ions in and out , which permanently modifies its state of charge giving rise to a
long-term plasticity effect.®° This plasticity in the channel opens the way to fabricate EGTs
for neuromorphic applications.®® The insulating characteristics of the electrolyte prevent
the current leakage resulting in less energy loss.'!*?

Different ion conductors have been employed as electrolytes for developing EGTs. In the
case of protons, the mechanism of insertion of H* into the channel of the transistor is found
to be reversible and non-volatile, however, the poor retention properties of the H*
intercalation-based transistors and a notable moisture sensitivity limit their use in long-term
applications.®*3 Similar limitations are found when using Li as intercalating ion. While high
Li mobility at room temperature has made this ion a preferred choice for transistor
applications.!* Its intrinsic volatility problems represent a hindrance for its implementation.
In several studies, synaptic transistors based on the topotactic transformation of SrMOs.5 (M

= Fe or Co etc.), which was carried out by controlling the intercalation of O? anions, were
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developed and good synaptic properties were reported.®*31>17 Nevertheless, the liquid
electrolyte used in these experiments complicates a practical device fabrication (especially
regarding miniaturization). Therefore, the requirements of non-volatility, high switching
speed, stability, scalability and reliability etc. should be considered in the device design in

order to optimize the functionality of microelectronic devices.341819

Solid-state electrolyte not only enables the coherent interface contact, which facilitates
modulation of the transistor channel's electrical properties, but it also helps with circuit
integration.?2! Considering the highly humidity-dependent performance of the transistors
based on protons gating in the SiO; electrolyte and the narrow operation potential window,?
23 Tsuchiya et al. developed a series of electric-double-layer transistors based on oxide ion
conduction employing various solid oxide electrolytes,?>?+28 in which the oxide ions diffuse
along the oxygen vacancies without relying on the atmosphere, and the stability of thin films
expands the operation potential window.?1242¢ Moreover, Krick and Mayre ported a three-
terminal Lai13Sr23FeOs.5/Gd-doped CeO: transistor based on the reversible and non-volatile

manipulation of oxygen vacancies in Lai/sSr2sFeOs.s channels.?’

5.1.2 Design concept of an ionic solid-state transistor
Inspired by the previous studies, as the schematic representation shown in Figure 5.1a, a
solid-state electrolyte transistor, which consists of three terminals (source, drain and gate),
Is proposed in this chapter. Epitaxial BisV18Cuo20107 (BICUVOX) thin film deposited on
(100)-oriented (LaAlO3)o.3-(Sr2AlTaOs)o.7 (LSAT) substrates presented in Chapter 2 and
described elsewhere?® performs the role of the electrolyte. According to the ionic
conductivity of BICUVOX films reported by Garbayo et al.,?® ijonic conductivity of
BICUVOX thin films is anisotropic, with in-plane conductivity being more than two orders
of magnitude higher than out-of-plane conductivity due to the higher oxygen mobility in the
in-plane direction. Furthermore, the in-plane ionic conductivity of BICUVOX thin film is
significantly higher than that of YSZ and CGO, especially at low temperatures (see Section
5.3).8 In this study, the in-plane configuration for the oxide ions conduction in the
BICUVOX electrolyte is chosen in order to achieve the best performance of the device. Two
layers are deposited on top of the BICUBOX thin film electrolyte: LSF50 thin film with
dimensions of 3 mm *2.5 mm acts as the gate, and a second LSF50 film with dimensions of

0.26 mm *2.5 mm acts as the channel. Au paste was painted and cured at 600 °C above the
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gate and the two ends of the channel acting as the gate electrode, source and drain. To
minimize the transit distance of oxygen ions, the Au top electrode covers the entire gate
surface, as well as the separation distance between the channel and the gate was scaled down

to micrometers.

The electrical properties of the LSF50 channel are modulated by the gate voltage Ve, as
sketched in the electrical configuration shown in Figure 5.1b. Taking into account the
electronic structure of doped LSF described in Chapter 1, the Sr doping gives rise to the
growth of the density of the hole-induced electronic state and the shift of the majority Fe
3d/02p orbitals towards the conduction band, enclosing the bandgap and enhancing the
electrical conductivity. In Chapter 3, it is detailed that oxygen content has similar effects
on the electronic structure of LSF: in agreement with Equation 5.1, under oxidizing
conditions, the oxygen vacancies in LSF are filled and the concentration of iron holes
increases, resulting in an enhanced electrical conductivity of LSF;?*2 under reducing
conditions, the oxygen anions in LSF are expelled and the oxidation state of Fe atoms is +3,

resulting in the decreased electrical conductivity.?®-32
. 1 % o % .
Vo' +50; + 2Fep, © 2Fer, + 0 (Equation 5.1)

Considering the extremely low surface exchange coefficient of LSF oxides at low
temperatures,® the oxygen adsorption or desorption reaction on the films’ surface is absent.
As a result, the migration of oxide ions primarily lies on the oxygen vacancies in the bulk
films. When an anodic (cathodic) voltage is applied between the gate and the source, the
electric field created between the gate and the channel leads to the migration of O% ions
accumulated in the gate (channel) to the channel (gate) passing through the BICUVOX
electrolyte. Referring to the studies of defect chemistry of LSF thin films reported in
Chapter 3 and Chapter 4, the concentration of point defects (oxygen vacancies and electron
holes) in LSF films is highly sensitive to the Nernstian potential, even at room temperature
in ionic liquid, see Chapter 4. It is well known that the point defects (oxygen vacancies and
electron holes) strongly impact the electrical properties of LSF50 film,3#-3¢ the variation of
the electrical properties of the channel as a response to the gate voltage was measured by

applying a voltage Vps as low as 0.01 V between the source and the drain.
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Figure 5.1 a. Schematic of the three-terminal solid-state electrolyte transistor. The letters “G”, “C”,
“D” and “S” represent the Gate, Channel, Drain and Source, respectively. b. Schematic of the cross
section of the transistor with the oxygen pathway represented by arrows.

This chapter deals with the development of a solid-state electrolyte transistor with three
terminals based on the modulation of carrier density in the channel by oxide-ion intercalation.
LSF50 oxide thin films with mixed ionic and electronic conductivity are employed as the
gate and the channel, while BICUVOX oxide thin film is employed as the low-temperature
oxygen conductor electrolyte. In this chapter, Section 5.2 is devoted to the PLD deposition
and the microstructural characterization of the oxide thin films. Section 5.3 deals with the
ionic conductivity of epitaxial BICUVOX films deposited by PLD; Section 5.4 details the
performance of the solid-state electrolyte transistor and Section 5.5 outlines the work that

would be required in the future to improve the transistor’s functionality.
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5.2 Fabrication of the synaptic transistor

BICUVOX thin films were deposited on (001)-oriented LSAT substrates with dimensions
of 5mm * 5 mm using LA-PLD. The BICUVOX film was grown with a laser frequency of
10 Hz in an oxygen partial pressure of 0.267 mbar, the substrate temperature was kept at 600
°C and the substrate-to-target distance was set to 110 mm.?® The LSF50 thin films were then
deposited on top of the BICUVOX-covered LSAT substrates using a hard mask that allows
the two LSF50 films to be separated in two independent sections. The LSF50 films were
grown at the substrate temperature of 600 °C in an oxygen partial pressure of 6.7*10° mbar
with a laser frequency of 10 Hz. Figure 5.2 shows the SEM image of the as-prepared sample.
The LSF thin films show a different contrast in the image due to the higher electronic
conductivity compared to BICUVOX. A separation distance of 0.22 mm was measured

between the gate and channel.

Figure 5.2 SEM image of the LSF50/BICUVOX/LSAT sample prepared by PLD. The separation
distance d between the two LSF50 films is 0.22 mm. The lengths [;and [, are 3 mm and 0.26 mm,
respectively. The width w is 2.5 mm.

The spectroscopic ellipsometry measurements for the LSF50/BICUVOX/LSAT sample
provide the thickness of the different layers: 47+1 nm and 371 nm for the BICUVOX and
LSF50 layers, respectively. The microstructural characteristics of the as-deposited films
were measured by XRD. The XRD diagram shown in Figure 5.3a reveals that the unique
(000)-oriented BICUVOX and LSF50 phases are present in the BICUVOX and LSF50 layers

without the formation of visible secondary phases, confirming the purity and epitaxy of both
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films. The thickness fringes present on the both sides of the (002) diffraction peak of the
BICUVOX phase (Figure 5.3b) indicate the coherent interference between the deposited
film and the substrate.3’° Therefore, the BICUVOX and LSF50 films fabricated by LA-
PLD present very high quality and are suitable for developing the three-terminal EGT.
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Figure 5.3 a. XRD diagram of the as-deposited BICUVOX and LSF50 thin films. The diffraction

planes are labelled. The symbols o and # represent the LSAT substrate and the LSF50 phase and

the symbol @ represents the BICUVOX phase. b. Magnification of the (002) diffraction peak of
the BICUVOX film. The arrows indicate the thickness fringes.
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5.3 lonic conductivity of BICUVOX electrolyte

The in-plane ionic conductivity of the epitaxial BICUVOX thin film was measured by EIS
in air at different temperatures (300 °C, 200 °C, 150 °C and 100 °C). The Au electrodes on
top of the gate and the channel were used as the current collectors. Figure 5.4a shows the
Nyquist plot of the EIS spectra measured for the LSF50/BCV/LSAT sample. As the inset in
Figure 5.4a shows, three resistive contributions to the EIS are observed at 300 °C. The
semicircle at high frequency is interpreted as the one linked to the ionic contribution of the
BICUVOX bulk electrolyte, the arc at intermediate frequency is attributed to the Au metal
and the arc at low frequency is associated with the surface oxygen exchange reaction on the
LSF50 film. This interpretation is corroborated by the similar EIS spectra for the
electrochemical cells of LSF films with YSZ electrolytes.*® Furthermore, the ionic
conductivity of BICUVOX thin film derived from the resistance of the high-frequency
resistive contribution in the EIS spectra is in good accordance with the values reported in
literature,?®4! which will be discussed in details later. It is noted that the low-frequency
contribution is not discernible at low temperatures, this can be explained by the high
polarization resistance of the oxygen exchange reaction on the LSF50 film’s surface, which

shifts the impedance to very low frequency outside the measurement range.

The equivalent circuit used to simulate the EIS spectra is included in Figure 5.4a, the
resistance Rs represents the resistance of the BICUVOX electrolyte, Rp indicates the
polarization resistance of the oxygen exchange on the LSF50 thin film’s surface and the
constant phase element CPE represents the capacitance. The in-plane ionic conductivity (ain)
of the epitaxial BICUVOX thin film is calculated as the inverse of the resistivity (p):

=— (Equation 5.2)

Where d is the ions transport distance defined as the separation distance between the gate
and channel and A is the area of the transversal section, which is defined as w multiplied by
the thickness of the BICUVOX film.

The resulting in-plane ionic conductivity of the BICUVOX film is plotted in an Arrhenius
plot and compared with that of CGO and YSZ, as shown in Figure 5.4b. It is noted that the
in-plane ionic conductivity of the epitaxial BICUVOX thin film is linearly proportional to
the increment of temperature. Taking into account the margins of error owing to the

uncertainty of temperature, the obtained ionic conductivity is in good agreement with that
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measured for the BICUVOX film grown on SrTiOs substrate in literature.?® Comparing with
the ionic conductivity of YSZ and CGO,*** the in-plane ionic conductivity of the
BICUVOX film is three orders of magnitude higher, particularly at low temperatures,?® it
can be concluded that the epitaxial BICUVOX film is a pivotal electrolyte material for low-

temperature solid-state electrolyte transistors.
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Figure 5.4 a. Nyquist plots of the EIS spectra measured for the LSF50/BICUVOX/LSAT sample at
different temperatures. The inset presents the equivalent circuit. b. Arrhenius plot of the ionic
conductivity of BICUVOX film measured by EIS (symbols) as a function of temperature. The inset
shows the sketch of the experimental setup for the experimental EIS measurements. The in-plane
ionic conductivity of the epitaxial BICUVOX thin film grown on SrTiOs (100) substrate and the
ionic conductivity of YSZ and CGO are extracted from the references.?842-4
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5.4 Electrical characterization of the transistor

5.4.1 Channel conductance modulation and potentiation/depression
The developed device is operated by applying a voltage to the gate while the channel
conductivity is measured. The channel current in response to the gating voltage is shown in
Figure 5.5a (measured with a fixed Vps voltage of 0.01V), demonstrating the viability of

controlling the electrical properties of the channel by applying a DC voltage at the gate.

The anodic DC voltages (+Vg) force the LSF50 gate material to be reduced and drive the
oxide ions to the LSF50 channel passing through the BICUVOX electrolyte, while the
cathodic DC gate voltages (-Vg) force the channel material to be reduced and drive the oxide
ions to the gate. The incorporation of oxide ions into the LSF50 channel at anodic gate
voltages decreases oxygen vacancies and increases electron holes for charge compensation,
enhancing the electrical properties.®2 The variation of the electrical current in the LSF50
channel (Ic) shown in Figure 5.5b is quite similar to the evolution of the concentration of
Fe** holes described in Chapter 3, identifying that the voltages applied at the gate modify
the point defect concentration in the channel, although with a deviation in the slope of the Ic
vs Vg dependency, which is attributed to the uncertainty of the electrical potential loss in the

in-plane setup.

One can note that at 0.4 V the LSF50 channel becomes fully oxidized and the channel current
therefore becomes saturated. Although at the gate voltage of -0.2 V the electrical current
flowing in the channel (Ic) is similar to that between the gate and the source (lg) due to the
large concentration of oxygen vacancies in the LSF50 film at the reduced state (see Chapter
3), the electrical current Ig is two orders of magnitude smaller than the electrical current Ic,
indicating that the BICUVOX thin film poses a high electrical resistance which leads to a

negligible current leakage in the transistor.
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Figure 5.5 a. Current response between the drain and source (lI¢c) to different gate voltages at 300
°C (applying a measurement voltage Vps=10 mV). b. I-V characteristics of the transistor.

After these results, we can conclude that the gate voltage is able to modulate the channel
conductance state at 300 °C by controlling the amount of oxide ions incorporated into the
channel. The potentiation and depression of the channel conductance were achieved by
applying gate voltages between +20 V and -20 V. The positive gate voltages cause O ions
to be incorporated into the channel, causing the potentiation effect in the channel
conductance. In contrary, the negative gate voltages cause the O% anions to migrate away
from the channel, leading to the depression effect in the channel conductance. Before the
investigation of the potentiation/depression behaviour at low temperatures, the LSF50
channel was fully oxidized at 300 °C by applying a gate voltage of 1.5 V, the gate was
therefore fully reduced and the O ions were attracted and accumulated in the channel. Then,
the sample was quenched down to 150 °C in order to maintain the oxygen content in the
films. As demonstrated in Figure 5.6a, the depression of the channel conductance was
carried out at 150 °C starting from the stabilization at the gate voltage Vg of 0 V, then from
around 175 s a negative voltage of -20 V was implemented to the gate for 180 s, followed
by recovering the voltage back to 0 V for the same length of time, this depression period was
repeated for 3 cycles and the change in the channel conductance was tracked with Vps=0.01
V.

The negative gate voltage -20 V attracts the oxide ions accumulated in the channel to the
gate reducing the channel conductance from 90 uS to 88.7 uS in the first period. When the
gate voltage was decreased back to 0 V, the channel conductance did not return to its initial
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state, revealing the non-volatility feature of the transistor.® Moreover, it is noteworthy that
the electrical conductance of the channel was decreased around 5.6 % after three cycles of
the depression. The voltage-manipulated channel’s electrical state and the non-volatile
behaviour demonstrate the applicability of the transistor at temperatures as low as 150 °C.
One can note, however, that the electrical conductance was likely not stabilized within the
period of 180 s due to a long-term electrical relaxation process caused by the slow chemical
diffusion of O% ions in the BICUVOX electrolyte at low temperatures.*®4” This issue can be
mitigated by minimizing the distance between the gate and the channel. More accurate
approaches, such as the ones involving photolithography, would reduce migration path of

O? ions between the gate and the channel from millimeters to micrometers.

The potentiation process was carried out in the same manner by changing the polarity of the
applied gate voltages with a length of time of 120 s for each applied voltage. As shown in
Figure 5.6b, the positive gate voltage reverses the flow of O% ions from the gate back to the
channel, enhancing the channel conductance. As well as the depression behaviour, the
potentiation is also non-volatile and reproducible. Therefore, the three-terminal
LSF50/BICUVOX transistor presented in this study can be operated at 150 °C, representing
the proof-of-concept of a low-temperature solid-state oxide-based transistor.
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Figure 5.6 a. Response of the channel conductance for pulsed voltages of -20 V and 0 V with
pulse width of 180 s measured at 150 °C with Vps=0.01 V. b. Response of the channel conductance
to the pulsed voltages of 20 V, 0 V and -20 V with pulse width of 120 s measured at 150 °C with
Vps=0.01 V.

5.4.2 Retention properties
The long-term retention at room temperature of a certain channel state (fixed at elevated
temperature) was studied. For that, gate voltages were applied at 300 °C to ensure a proper
ion intercalation (overcoming high resistance of the electrolyte at lower temperatures). Then,
after a stabilization time, the device was quenched to room temperature in absence of voltage
bias. Once stabilized at room temperature, the device was heated back to 300 °C at the
applied gate voltage. The results shown in Figure 5.7a demonstrate that the post-cooling
sample restores its conductance state at 300 °C at the same voltage bias, revealing that this
process is reversible. Once stabilized again at 300 °C, the gate voltage was changed in order
to modify the channel’s electrical state, and then the sample was quenched to room
temperature with the gate voltage removed. The retention measurements were carried out by

varying the gate voltage from -0.1 V to 1.1 V at 300 °C and measuring the channel’s electrical
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conductance at room temperature with open circuit. As depicted in Figure 5.7a, the gate
voltages applied at 300 °C not only vary the electrical conductance at 300 °C, but also modify
the channel’s electrical properties at room temperature. It is notable that the electrical
conductance of the room-temperature channel increased from 5*107° uS to 26 pS as varying
the gate voltages from -0.1 V to 1.1 V at 300 °C. In agreement with the behaviour of the
Lay/sSrasFe0s.5/Gd-doped CeO> transistor proposed by Krick et al.,?” the increase in the
conductance at room temperature is proportional to the magnitude of the voltages applied at
300 °C.

The stability of the conductance state at room temperature induced by the gate voltages of -
0.1V and 0.5V applied at 300 °C is illustrate in Figure 5.7 b and c, respectively. It is worth
noting that after 14 hours, roughly 80% of the conductance state remained. In summary, the
gate voltages applied at high temperatures are able to increase the electrical conductance of

the channel at room temperature.
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Figure 5.7 a. Multilevel channel conductance states modulated at 300 °C and the retention
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channel conductance at room temperature over time for the conductance states induced by the gate
voltages of b. -0.1 V and c. 0.5 V applied at 300 °C.
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5.5 Further work towards room temperature oxide-ion synaptic

transistors

Although the proof-of-concept of the LSF50/BICUVOX transistor has been demonstrated at

temperatures as low as 150 °C, the long-term electrical charge/discharge process caused by
the sluggish oxygen diffusion through the BICUVOX and the LSF hinders its practical

application.®34648 Further work is ongoing in the following areas in order to improve

performance and lower the operation temperature:

Increasing the thickness of the BICUVOX electrolyte while keeping its epitaxial
nature: As Equation 5.2 indicates that the resistance of the oxides is inversely
proportional to the area of the transversal section for oxide ions conduction, thus,
increasing the thickness of the BICUVOX electrolyte will effectively reduce its
resistance, facilitating the conduction of oxide ions. However, as the film thickness
increases, the strain between the film and the substrate weakens and the difference
of lattice parameter between the film and the substrate becomes insignificant, !
causing the film to lose its epitaxial characteristic and having a negative impact on
BICUVOX s ionic conductivity. Thus, the balance between the film thickness and
the ion transport distance is important for optimizing the transistor’s performance.
Minimizing the separation distance between the gate and the channel: As indicated
in Equation 5.2, minimizing the separation distance between the gate and the
channel is to shorten the oxide ions diffusion length, which is beneficial for reducing
the oxide ions conduction resistance in BICUVOX and enhancing the response of
the transistor. According to the calculations, if the thickness of the BICUVOX thin
film is 300 nm, the separation distance should be roughly 0.5~2 um, which can be
achieved by microfabrication or focused ion beam.

Reducing the width of the channel (the parameter [, in Figure 5.2): When a voltage
bias is applied between the gate and the source, the oxide ions first oxidize the region
of the channel closest to the gate; following that, the oxide ions extend to the places
further away from the gate.?® Thus, reducing the length I, improves the kinetics of
the charge/discharge process of the channel by lowering the mass of the channel to

oxidize or reduce and shortening the oxide ions transport length.
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These modifications (already ongoing) are expected to end up with a solid oxide synaptic
transistor based on oxygen and able to operate at low temperatures, eventually

approaching ambient temperature.
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5.6 Conclusions

In this chapter, a three-terminal transistor with solid electrolyte was developed. (000)-
oriented BICUVOX thin films demonstrated to be appropriate for being used as an
electrolyte in the transistor thanks to its high in-plane ionic conductivity. Because of the
ability to change the electronic structure at low temperatures by regulating the amount of
oxide ions, LSF50 thin films were employed as gate and channel. The conduction of oxide
ions in the BICUVOX electrolyte under the effects of the gate voltages causes oxide ions to
be intercalated and de-intercalated in and out of the LSF50 channel, allowing to precisely
control the conductance of the channel. At the current stage of development, the transistor is
able to operate only above 150 °C showing good non-volatile performance and thermal
retention properties. In this synaptic transistor the solid-state BICUVOX electrolyte not only
effectively solves the difficulties of integration faced by the transistors based on the ion
gating in liquid electrolyte, but also lowers working temperature over the transistor based on
the YSZ electrolyte, reducing the energy consumption. Nevertheless, additional future work
is still needed (ongoing) to bring the operation temperature to room temperature.
Furthermore, the BICUVOX and LSF50 thin films scale down the dimensions of the
transistors, which ensures future miniaturization of high density devices. Overall, the
LSF50/BICUVOX synaptic transistor proposed in this study provides a new alternative for

neuromorphic computing applications.
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6. Conclusions

This thesis was devoted to the point defects engineering in oxides thin films for energy and

information technologies. The work dealt with three main topics: (i) Indirect quantification

of point defects in LaixSrxFeOs-s thin films by in-situ ellipsometry in gas atmosphere at

intermediate-to-low temperatures; (ii) track of the defect chemistry of LaosSrosFeOz-s thin

films during ionic intercalation in alkaline electrolyte at room temperature; and (iii)

development of a LaosSrosFeOss thin film-based synaptic transistor with solid-state

electrolyte. The main outcomes can be summarized as follows:

Indirect quantification of point defects in LaixSrxFeOs-s thin films by in-situ
ellipsometry. The concentration of electron holes in Lai.xSrxFeOs.5 (x=0.2, 0.4 and
0.5) thin films was indirectly quantified by in-situ ellipsometry as a function of
oxygen pressure at temperatures ranging from 540 °C to 350 °C, overcoming the
restrictions of high temperature requirements in conventional techniques for the
study of defect chemistry in oxide thin films. The main findings can be listed as
follows:

o The low energy transition observed in optical conductivity has been

univocally linked to the concentration of electron holes in the ferrite thin
films. The analysis of the optical permittivity as a function of Sr concentration
in fully oxidized La1xSrxFeOz.5 thin films demonstrates that ellipsometry can
be used for tracking and quantifying the concentration of holes in Laj-
xSrxkFe0s.s thin films.

The in-situ ellipsometry analysis of an electrochemical cell based on Lai-
«Sr«Fe0s.5 electrode allows to calculate the equilibrium Fe** concentration at
intermediate-to-low temperatures as a function of oxygen pressure ranging
from 107 to 107 bar.

A non-dilute defect chemistry model that satisfactorily describes the
concentration of electron holes, enabling the study of the defect chemistry of
La1xSrxFeOs.s thin films, has been developed. The results highlight the
importance of considering non-dilute phenomena in the study of oxygen

incorporation in oxide thin films at intermediate-to-low temperature.
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Overall, the in-situ ellipsometry technique offers a new way to measure the defect
chemistry of LaixSrxFeOss5 (x=0.2, 0.4 and 0.5) thin films as a function of oxygen
pressure at intermediate-to-low temperatures, which is crucial for engineering their

functional properties for energy and information applications.

Study of the defect chemistry of LaosSrosFeOss thin film during ion
intercalation in alkaline electrolyte. The variation of Fe** concentration in
LaosSrosFe0s-s thin film induced by the intercalations of ionic species in alkaline
electrolyte (0.1 M KOH solution) at room temperature was quantified by in-situ
ellipsometry, and the underlying mechanism was understood by means of ex-situ
ellipsometry, ToF-SIMS and PALS etc. The main results are listed as follows:

o Electrochemical potentials applied between alkaline electrolyte and
LaosSrosFe0s-5 electrode cause ions to incorporate (or release) into (out of)
Lao 5SrosFe0s-s thin film, resulting in the electronic transition between Fe**
and Fe*" in the film, depending on the polarity of the potentials.

o Ex-situ measurements coupled with a variety of characterization techniques
(ToF-SIMS, PALS, XRD, ellipsometry) proved that both oxygen and protons
in agueous KOH electrolyte are actively involved in the ion intercalation.

o The concentration of electron holes in LaosSrosFeOs-s thin film tailored by
the ion intercalation can be tracked in situ during electrochemical ionic
intercalation by ellipsometry. A defect chemistry model involving both
oxygen and protons as active species has been developed. The model is
observed to correctly describe the hole concentration in the layers during

ionic intercalation.

Therefore, the point defects in LSF50 thin films tailored by the ion intercalation in
alkaline electrolyte at room temperature were quantified by in-situ ellipsometry.
This technique shows the possibility to get insight into the defect chemistry of
LaosSrosFeOs.s thin film in alkaline electrolyte, which is pivotal for the
understanding and engineering of the functionality of oxide thin films in real devices,

such as supercapacitors, transistors, and so on.

Development of a synaptic transistor with solid-state electrolyte: A synaptic
transistor based on the variation of electronic conductivity in the LagsSrosFeOz-s

channel through solid-state electrolyte electrochemical intercalation was developed.



A BisV18Cuo20107 (BICUVOX) oxide thin films was used as fast oxygen ion
electrolyte. The main results are:

o BICUVOX thin film presents an excellent in-plane ionic conductivity of
1.21*10° S cm™ at 150 °C, which makes it suitable for being electrolyte in
the synaptic transistor.

o The oxygen content in the non-stoichiometric LaosSrosFeOs.s thin film
strongly impacts its electrical properties, due to variation of Fe*
concentration. The large and continuous variation of electronic conductivity
during oxygen intercalation qualifies LSF as a promising gate and channel
semiconductor in synaptic transistors.

o The voltage applied between the LSF channel and gate is observed to directly
control the amount of oxide ions intercalated through the BICUVOX
electrolyte, modulating the electrical conductance of the LaosSrosFeOz-s thin
film channel.

o The channel conductance can be modulated by the presynaptic gate voltages
at low temperatures down to 150 °C with good non-volatility and retention
properties. Besides, a room temperature operation is envisioned by
optimizing the dimensions of the device.

In brief, the synaptic transistor based on LaosSrosFeOs.5 and BICUVOX thin films
breaks the limitations of working temperature of traditional solid-state oxygen
electrolyte transistors and enhances the integrity compared to liquid-electrolyte

transistors, providing a new promising candidate for synaptic memories.

In summary, this thesis presents systematic studies of the point defects in LaixSrxFeOs.s thin
films under real electrochemical conditions using a novel in-situ ellipsometry technique.
Based on the knowledge of defect chemistry, a new synaptic transistor with solid-state
electrolyte that can operate at low temperatures is developed, showing that La;xSrxFeOs-s
thin films can be promising materials for energy and information applications through

engineering the concentration of point defects.
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Appendix

Optical impedance spectroscopy of ferrite
thin films
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A.1 Optical impedance spectroscopy for electrochromic thin

films

Electrochromic materials, which are able to change their optical properties under the effects
of electrochemical potentials,’ have been investigated for smart windows applications in
architecture in order to increase the energy efficiency and modulate the indoor light.>4° As
presented in the previous chapters of this thesis, the Sr?* substitution for La®* in LaFeOs
originates oxygen vacancies and/or the Fe** electronic holes.® Nernstian voltages applied to
Lai1-xSrxFeOs-s (LSF) thin films allow for the adjustment of the oxygen chemical potential
and electronic structure of the materials,”® giving rise to the variation of the Fe**
concentration and changes in optical properties and color in the visible range.>** Thus,
controlling the variation of LSF’s optical properties with the applied voltages and
understanding the parameters that affect the electrochromic properties are critical for
optimizing the materials’ functionality in the electrochromic applications. Although Park et
al. qualitatively demonstrate the time-dependent color change of Ca-doped BiFeOs thin
films under the effect of an electrochemical potential by in-situ optical microscopy,*? there
is still a lack of a characterization technique for tracking the dynamic variation of optical
properties of the materials with electrical voltages and determining the parameters involved
in the dynamic change. Manka et al.® proposed for the first time the term “optical impedance
spectroscopy” in order to characterize the optical behaviour of the electrochromic materials,
their research work shows the possibility of obtaining the materials’ optical impedance
spectra and parameters involved in the variation of optical properties using optical
transmittance which is intimately related to the electrical signals. Nevertheless, the
measurements of optical transmittance require that the substrates of samples must be
transparent. Based on the sensitive response of the ellipsometric parameters of LSF thin
films to Nernstian voltages (see Chapter 3 and Chapter 4), this appendix is devoted to the
development of an optical impedance spectroscopy for characterizing the voltage-dependent
dynamic change in the optical properties of LSF thin films using in-situ ellipsometry. The
oscillatory ellipsometric response to the applied AC voltages allows for obtaining the optical
impedance spectra for LSF thin films using an appropriate formalism. The optical impedance
spectroscopy enables the extraction of the electrochemical parameters involved in the

electrochromic process.
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A.2 Optical impedance spectroscopy on electrochemical cells

with solid-sate electrolyte

In-situ ellipsometry measurements were conducted at 540 °C in air on a 98 nm-thick
Lao.sSro.4FeO3-s (LSF40) thin film deposited on a CGO-coated YSZ (001) substrate (see
Chapter 3 for the fabrication procedure as well as the microstructural and compositional
characterization). In order to enhance the optical response, the sample was stabilized at a
bias of -0.1 V which corresponds to an oxygen partial pressure pOz of 2.24*10* bar. A
sinusoidal voltage bias set at -0.1 V with an amplitude of £0.05 V and frequency ranging
from 0.01 Hz to 1 Hz was then applied to the LSF40 thin film using LASV. Evolution of
optical properties of the sample was simultaneously characterized by ellipsometry in Kinetic
mode fixing the photon energy at 1.21 eV. More details about the experimental setup can be
found in Chapter 2.

Kinetic evolution of the ellipsometry parameter ¥ with electrical voltage is illustrated in
Figure A.1. The optical parameter ¥ is directly related to the imaginary part of the overall
optical constants of the measured sample. It should be mentioned that in the experimental
configuration, the switch of electrical voltage from -0.1 V to -0.15 V reduces the LSF40 thin
film by decreasing the oxygen partial pressure from 2.24*10* bar to 1.29*%107 bar, as a result,
the LSF40 thin film takes on a more transparent color tone; the switch of electrical voltage
from -0.1 V to -0.05 V oxidizes the LSF40 film by increasing the oxygen partial pressure
from 2.24*10** bar to 3.87*10° bar, in this sense, the color tone of the LSF40 thin film
becomes darker. The input sinusoidal electrical voltages applied at the LSF40 thin film give
rise to frequency-dependent oscillatory optical response with a delay in the optical response
that is significant at low frequency. Moreover, the amplitude of the optical response
increases with decreasing the frequency, characteristic of a kinetic limited process. Both the

electrical and optical signals can be fitted with a sinusoidal equation as:
y(t) = Ap sin(w(t — ty)) (Equation A.1)

Where Ao is the amplitude of the sinusoidal-shape wave, which is denoted as Eo for electrical
signals and ¥, for optical signals; w is the angular frequency which is related to the

frequency in Hertz as: w=2mnf; to is the initial time for the period.
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Figure A.1 a. Sinusoidal optical signals at the photon energy of 1.21 eV for the LSF40/CGO/YSZ

sample measured at 540 °C as the response to the input sinusoidal electrical voltages. b. Details of
the signals at high frequency.

Similar to the mechanism of EIS and electrochemomechanical spectroscopy presented by
Swallow et al. for the material PreCe1-xO2-5,1* the optical admittance can be defined as:

_ ¥Yy(w) sin(wt+e(w)) .
Y(t) = B (@D (Equation A.2)

o(w) represents the phase lag between the optical signals and the electrical signals, which

can be calculated by:
o) = w(tor — tow) (Equation A.3)

to,e-to,w represents the delay time in the optical response respect to the input electrical

stimulation.
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The function of optical admittance can be written in a complex form as:

Wo(w)
Eop

Y(w) = (cos p(w) + jsinp(w)) (Equation A.4)

Yo (w)

— and the phase lag ¢ as a function of frequency derived
0

Figure A.2a depicts the module

Yo(w)

0

from the parameters of the sinusoidal fitting. It is confirmed that the amplitude

increases as decreasing the frequency, because at low frequency the LSF40 thin film has
more time to equilibrate with the new conditions. One can note that the phase lag increases
with the frequency and the error becomes significant at high frequency, which can be
associated with a higher relative delay in the launch of the optical and electrical
experiments.* Figure A.2b shows the Nyquist plot of the optical admittance for the
LSF40/CGO/YSZ sample measured at 540 °C. A semicircle is observed in the figure, closing

for lower frequencies.
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admittance for the LSF40/CGO/YSZ sample measured at 540 °C.

Figure A.2 a. Bode plots of the module and the phase lag ¢ as a function of frequency. The

In order to better understand the physical significance of the optical impedance spectra, the
optical admittance should be transformed to the well-known parameters which are associated
with the electrochemical properties. In this sense, it is useful to consider the equivalent
circuit of the electrochemical system in the case of an electrical and optical impedance
spectroscopy (see Figure A.3). In the case of classical EIS, the observable parameter is the
variation of current through the cell in response to an AC voltage signal. The simplified
equivalent circuit of the system is composed by: (i) a series resistance Rysz, deriving from

the oxygen conduction through the YSZ; (ii) a surface resistance Rs due to oxygen
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incorporation on the LSF surface; (iii.) a chemical capacitance Cchem, representing the
accumulation of charges in the LSF layer in response of a Nernstian voltage, see Figure
A.3a.”® This is the classical equivalent circuit derived by Maier et al. for a surface limited
incorporation mechanism. It is important to note that under DC voltage the system will

give rise to a DC current, limited by the sum of the overall series contributions.

a Electrical IS b Optical IS
Measure current variation across the cell Measure charge variation in LSF
Charge that passes for LSF YSZ LSF YSZ
ORR and incorporation
f
of oxygen \ Rs / Charge that
— I th h
R ctrolyte Rs  Cehem  RYSZ
T Coremn ~VW\— (and counter —\/\/‘ { : N
back
/ = electrode) / \
Charge that The charge equilibrium comes from the
accumulates in the oxygen entering from the YSZ OR the surface

films when changing
the potential

Figure A.3 Schematic representation of the equivalent circuit in the case of a. electrical and b.
optical IS.

On the other hand, in the case of optical impedance (Figure A.3b), the observable parameter
is the variation of optical properties in the LSF layer. As discussed in Chapter 3, the
ellipsometric parameters at low photon energy are sensitive to the variation of the
concentration of Fe** holes under the effects of Nernstian voltage.'”8 Figure A.4a compares
the evolution of the ellipsometry data ¥ for the overall LSF40/CGO/YSZ sample with the
concentration of electron holes in the LSF40 thin film at different applied voltages extracted
from the study discussed in Chapter 3, confirming that the change in the optical parameter
¥ mainly comes from the evolution of Fe** holes. Since the films are surface limited, the
oxygen chemical potential is expected to be constant across the thin film, meaning that no
diffusion losses are expected. A linear correlation between the hole concentration and ¥
down to 10% hole concentration is shown in Figure A.4b, enabling the linear transformation

of the measured ¥ data to hole concentration in LSF40 thin film.

203



P (1.21 eV) (9)

11

10

¥ (121eV)| |
u [Fed+]

0.4

0.3

0.2

0.1

0.0

[Fe4+] per unit cell

[Fed+] per unit cell

0.40

0.35—-
0.30—-
0.25—-
0.20—-
0.15—-
0.10—-
0.05—-

i

0.00

T T T T T T T T T T T T T T T T
-0.5 -04 -03 -0.2 -0.1 00 0.1 02 03 04 4 5 6 7 8 9 10 11
E(V) ¥ (%)

Figure A.4 a. Ellipsometry data ¥ of the overall LSF40/CGO/YSZ sample and the Fe**
concentration of the LSF40 thin film extracted from the measurements at 540 °C reported in
Chapter 3. b. Linear correlation between the Fe** concentration and Y.

Therefore, optical impedance spectroscopy directly measures the variation of charge in the
LSF layer under the application of a Nernstian AC potential. These charges are related to the
variation of Fe** concentration taking place while oxygen flows in and out of the layer. As
shown in Figure A.3b, oxygen may either come from the surface of the LSF film or from
the backside electrode through the YSZ electrolyte, depending on the fastest path (i.e. lower
resistance). Due to these considerations, Equation A.4 can be transformed to Equation A.5

as.

I(w) = % (cos p(w) +jsin(p(a))) =1+ jI" (Equation A.5)
0

With g}, = e[Fe**]

Where gn represents the charge variation in the LSF40 film, e is the elementary charge which
equals to 1.6*10° C. The Nyquist plot of the optical admittance adapted to Equation A.5
is shown in Figure A.5a. We note that in this form, the optical admittance has the unit of a
specific capacitance (charge divided by voltage), which can be represented in F/cm?. In this
sense, the optical admittance represents the chemical capacitive contribution of the LSF thin
films due to the change of Fe oxidation state for different frequencies. According to the

chemical capacitance model for LSF with dilute defects reported by Schmid et al.:*°

e?

. LR
= & tuc (4CV + ch)

Cehem (Equation A.6)
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Where K represents the Boltzmann constant; T denotes the temperature; c,, and c;, denote
the concentration of oxygen vacancies and electron holes in the LSF40 thin film; n,,
represents the amount of LSF40 unit cells. Considering the voltage bias of -0.1 V (equivalent
oxygen partial pressure of 2.24*10* bar) applied in this study, oxygen vacancies are four
times more numerous than electron holes,’” so that Equation A.6 can be simplified to

Equation A.7 omitting the component ﬁ:
\%4

2

Conom = %nucch (Equation A.7)

Since a direct correlation between the ellipsometry data ¥ and the holes concentration is

found in Figure A.4Db, the capacitance qE—" is thus linked with the chemical capacitance of the
0

LSF40 thin film. At high frequencies, the kinetic limitations impede the equilibrium of the
applied voltage, resulting in a low variation of oxidation state and a large time delay.
Lowering the frequency, the system has more time to reach the equilibrium, resulting in a

larger variation of Fe oxidation state and in a smaller delay.

Due to the significant higher surface polarization resistance of the sample at 540 °C
compared to the YSZ ionic resistance,’>!° the optical admittance can be fitted with an
equivalent circuit which consists of an in-series connection of a capacitor and the YSZ
resistor as shown in the inset of Figure A.5a. Therefore, it is possible to derive a
mathematical expression of the equivalent circuit, which differs the EIS formulation due to
the fact that the charge, and not the current, is considered. The variation of charge in the
layer can be written with the following differential form:

d av .
% = Cenem (Equation A.8)

Which leads to an admittance equal to:
Yo = Cenem (Equation A.9)

This equation represents the response of the layer in the case of no kinetics limitation.
Nevertheless, the presence of a finite ionic diffusion in the YSZ generates a delay in the

measured charge, which can be written as:

V = Rys; 2 (Equation A.10)
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It is interesting to note that this equation is formally equal to an inductive contribution for

electrical impedance spectroscopy (where the current and not the charge is observable). The

admittance of the resistive component Rysz can be then written in its complex formulation
.14

as:

! (Equation A.11)

JwRysz

Yysz =

Therefore, the overall admittance of the equivalent circuit can be written as:

1

Cchem — Cchem _ ; Cchem®RyszCchem (Equatlon A 12)
14+jwRysz  1+(wRyszCchem)? 1+(wRyszCchem)?

Y= (—+joRysz)™" =

chem

Substituting RyszCchem by the characteristic time z, Equation A.12 is rewritten as:

Y = Cchem . Cchem®T =Y _jY” (Equation A13)

T 1+ (wT)? 1+(wt)?2

Figure A.5 shows the fitting of the optical impedance spectra obtained according to this
equation. It is worth noting that the reliability of the fitting is revealed not only in the Nyquist
plot but also in the Bode plots of the real and imaginary parts of the optical admittance of
the LSF40/CGO/YSZ sample, as shown in Figure A.5b. A chemical capacitance of 3270
F/cm? for the LSF40 thin film is obtained from the fitting, which is in good agreement with

the value reported in the literature.™
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Figure A.5 a. Nyquist plot of the real and imaginary parts I’ and 1" of the optical admittance with

the fitting using the equivalent circuit presented in the inset. b. Bode plots of the real and imaginary
parts I' and I"” of the optical admittance vs frequency with the fitting.

206



In addition, the resistance of YSZ can be calculated according to:

T

Rys; = - (Equation A.14)

Where v is the volume of the LSF40 film, 7 is obtained from the fitting as 0.76 s. The
resulting resistance of YSZ is 436 Q, being consistent with the value measured by EIS as

shown in Figure A.6.
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Figure A.6 Nyquist plot of electrochemical impedance of the LSF40/CGO/Y SZ sample measured
at 540 °C with a Nernstian voltage of -0.1 V.

Overall, an optical impedance spectroscopy based on the real-time optical response with the
AC voltages is successfully developed for the LSF40/CGO/Y SZ electrochemical cell at 540
°C.
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A.3 Optical impedance spectroscopy of a thin film LSF50 cathode

in alkaline electrolyte

As discussed in Chapter 4, the electrical potentials applied to LSF50 films are able to induce
ion intercalation in alkaline electrolyte, giving rise to the variation of the Fe** concentration
in LSF50 thin films that can be observed by ellipsometry. Therefore, a study of the
applicability of optical impedance spectroscopy at room temperature for LSF50 thin films

in alkaline electrolyte is explored.

The experimental setup illustrated in Chapter 2 was employed to carry out the in-situ Kinetic
ellipsometry measurements at room temperature (RT) and 40 °C for LSF50 films deposited
on FTO-covered glass substrates. Firstly, electrochemical behavior of the LSF50/FTO
sample was characterized by CV at RT and 40 °C at a scan rate of 0.5 mV s. As depicted
in Figure A.7, the cathodic peaks centered at -0.05 V and 0.03 V (vs Ag/AgCl) indicate the
Fe**/Fe®* electronic transition in the LSF50 thin film in 0.1 M KOH electrolyte at RT and
40 °C, it is clearly observed that the higher temperature improves electrochemical

capacitance.

5x107°- —

———40°C
——RT

04 02 00 02 04
E vs Ag/AgCI (V)

Figure A.7 CV curves of the LSF50/FTO sample in alkaline electrolyte measured at RT and 40 °C.
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A DC bias was applied between the LSF50 film and the KOH electrolyte to enhance the
variation of the optical signals (-0.02 V and 0.02 V for the measurements at RT and 40 °C,
respectively). The amplitude of the sinusoidal voltage was set to 0.05 V and the frequency
was varied from 0.1 Hz to 1 mHz. The ellipsometry data were collected concurrently with
the application of electrical voltage using multiwavelength ellipsometry. The resulting in-
situ kinetic ellipsometry data are shown in Figure A.8. Differing from the data presented in
the previous section, in this study the elliposmetry parameter 4, which is directly related to
the real part of optical properties of the sample, is chosen for the analyses due to the better
oscillatory signal evolution measured. Similar to the results for the solid-electrolyte sample
at high temperature stated above, the applied AC voltages give rise to an oscillatory variation
of the optical parameter 4. The amplitude and phase lag of the signals are related to the
change in the Fe** concentration as a result of equilibrium with the electrochemical

conditions, as investigated in Chapter 4.
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Figure A.8 Oscillatory voltage-induced optical response A4 at the photon energy of 2.06 eV of the
LSF50/FTO sample measured at a. RT and b. 40 °C.
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The input AC voltage and the output oscillatory optical response 4 can be fitted using a

sinusoidal function, as indicated in Equation A.1. The resulting values of the IA/—" ratio and
0

phase lag ¢ are shown in Figure A.9a. Similar to what observed in the previous section of

this chapter, the optical signal (ﬁ—") increases with decreasing the frequency, because low
0

frequencies promote the electrochemical equilibrium of the LSF50 film. Furthermore, at RT
the phase lag ¢ increases with frequency until 0.02 Hz, after which the ¢ starts to decrease.
This divergence may originate from the fitting error due to the considerable noise in the
optical signals at high frequencies. A large phase lag of roughly 26° for the sample measured
at RT exists even at the extremely low frequency (1 mHz), indicating a considerable delay
in the optical response. This suggests very slow kinetics, probably due to the slow ion
diffusion rate in the LSF50 thin film at low temperatures.?°23 The phase lag is decreased by
increasing temperature from RT to 40 °C, although a significant phase lag of 23 ° is still
evident at 1 mHz. The significant phase lag between the input electrical voltages and the
output optical response leads to an incomplete semicircle in the optical admittance as shown
in Figure A.9b, increasing the error associated with the fitting and hindering the
development of a precise model for the optical admittance. Indeed, we note that the physical
model in the case of diffusion limited process may be far more challenging than the one
under surface limited kinetics, due to a gradient in the oxygen chemical potential across the
thin films that reflects into a gradient of optical properties. Therefore, the ellipsometry signal
observed is probably a convolution of many different optical states, varying across the films

with the characteristic diffusive profile.
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Figure A.9 a. Bode plots of the % ratio and phase lag ¢ for the LSF50/FTO sample measured at
0
RT and 40 °C. b. Nyquist plots of the optical admittance for the sample measured at RT and 40 °C.
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Therefore, further research into the applicability of optical impedance spectroscopy to
LSF50/FTO samples in alkaline electrolyte is required in the future. The experiments can be

improved in the following aspects:

I.  Reducing the oxygen diffusion length by decreasing the thickness of the LSF50 layer.
ii.  Improving the experimental setup in order to increase the measurement temperature
since the oxygen diffusion coefficient of LSF is linearly proportional to
temperature.?%24
iii.  Enabling the experiments at frequencies below 1 mHz, although it will be time-
consuming.
iv.  Developing a theoretical model able to correctly describe the optical impedance

spectra of diffusion-limited ionic incorporation.
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A.4 Conclusions

In this Appendix, an in-situ kinetic ellipsometry technique was developed to monitor and
quantify the change in the optical properties of LSF films with sinusoidal electrical potentials.
The method was tested for both the solid-electrolyte LSF sample at high temperature and the
liquid-electrolyte LSF sample at room temperature. The parameters derived from the
coupling electrical and optical signals allow the measurement of optical impedance
spectroscopy. The obtained optical impedance spectra can be fitted using a proper model.
The electrochemical parameters extracted from the measured optical impedance spectra
were in good agreement with the EIS measurements. Overall, the developed optical
impedance spectroscopy is applicable and reliable for solid-electrolyte LSF50/CGO/YSZ
samples at high temperatures, although more efforts are needed for liquid-electrolyte LSF

samples.
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