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CHAPTER 1

General introduction

The use of Transparent Conducting Oxides (TCOs) has become a fundamental as-
pect within the realm of material science, owing to their exceptional combination
of properties namely, excellent electrical conductivity as well as high optical trans-
parency. These properties have contributed to their use in multiple applications,
including solar cells, touch screens, light-emitting diodes, and more. Traditional
TCOs are typically semiconductor-based, using materials such as Indium Tin Oxide
(ITO) or Aluminum-doped Zinc Oxide (AZO). The biggest challenge now is finding
the right balance between high electrical conductivity and optical transparency since
we want the light to pass through a TCO without important reflection or absorp-
tion. The objective is mainly to minimize the scattering of the free carriers while at
the same time making sure the light is transmitted in the visible range (energy <
1.75 €V) as introduced in the following expression of the screened plasma frequency,

determining the absorption onset of the carriers:

e n
* = —/ 1.1
“p €ocr V m* (1.1)
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where e is the electronic charge, ¢y and er the vacuum and the relative dielectric

constant, respectively. n is the charge carrier density and m* is the effective mass.

Based on the screened plasma frequency, in the semiconductor approach, the idea
is to dope a wide bandgap material in order to increase the carrier concentration
n. Regardless of their industrial success, these materials have specific disadvantages
such as high production costs, limited abundance of critical elements, and chal-
lenges in achieving efficient p-type TCOs. Recently, an interesting evolution has
been introduced in TCO research with the emergence of a new approach based on
correlated metals, exhibiting distinctive electronic and optical characteristics due
to their strong electron-electron interactions. This approach has the potential to
overcome some of the limitations of semiconductor TCOs, providing an alternative
way to synthesize high-performing, cost-effective TCOs, and more significantly, en-
abling the development of efficient p-type TCOs - a challenge in the field. In this
approach, using correlated metals ensures the high carrier concentration, but also
the control of the effective electron mass m* in order to have a transparent material,

while keeping excellent electrical properties.

Two interesting candidates for various technological advancements are lanthanum
strontium vanadium Oxide (LSVO) as an n-type TCO and lanthanum strontium
chromium Oxide (LSCO) as a p-type TCO. The objective of this thesis is to prepare
high quality thin films of these two perovskite-based materials in order to explore
the optimization of the TCO properties through charge doping via the La/Sr con-
tent and through control of strain via the use of different substrates. Chapter 2
provides a comprehensive overview of the current advancements in perovskite-based
materials, specifically highlighting LSVO and LSCO. The importance of these ma-
terials in emerging technologies is highlighted, with particular emphasis placed on

their structural, electrical, and optical characteristics.

Following this, Chapter 3 presents the methodology used for the preparation and
characterization of the thin films, the relevant parameters and the main analysis
methods. The intention of this chapter is to introduce the working principle of the
techniques and technical approaches used in this thesis, as well as to describe the

data treatment and analysis.



Chapter 4 of this manuscript focuses on the investigation of thin film solid solu-
tions of lanthanum-doped strontium vanadium Oxide (LSVO). Our objective is to
establish the structural, electronic and optical properties upon doping and to deter-
mine the optimal level that enhances material performance for the use as TCO. The
effects of strain engineering on the LSVO thin films are also examined, assessing its
contribution to the optimization of the film properties and material functionalities.
After the report of a p-type conducting phase in LSVO thin films, a special focus
will be put on the type of charge carriers in this study.

In Chapter 5, the attention is directed towards thin film solid solutions of
lanthanum-doped strontium chromium Oxide (LSCO), a p-type TCO. Again, the
influence of La-doping on the structural, optical and electrical characteristics of the
films will be investigated, as well as the impact of strain engineering. Furthermore,
the integration of LSCO with state-of-the-art materials used in photovoltaic appli-
cations will provide insights on the potential of the material for specific applications.

In summary, this thesis investigates the optimization of LSVO and LSCO per-
formance by means of deliberate lanthanum doping and strain manipulation. Our
objective is to enhance our knowledge of the fundamental mechanisms that govern
the properties of these materials, with the intention of making significant contribu-
tions to their potential applications in various technological fields such as electronic
devices. The findings of this study exhibit the potential to customize perovskite-
derived materials for particular applications, and the knowledge acquired will con-
tribute to the wider comprehension of the design and engineering of a new type of

promising TCOs.
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CHAPTER 2

State of the art

This chapter will review the most relevant aspects of TCOs and the investigated
perovskite solid solutions, that are directly relevant to the scientific work of this
thesis. Although there exists significant literature documentation on the topic of
LSVO and LSCO bulk materials and their parent compounds, it is impractical to
encompass all aspects within a single review. The aim is to focus on the funda-
mental structural, electrical, and optical characteristics, which play a key part in

comprehending their viability as transparent conducting oxides (TCOs).
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2.1 Transparent conducting oxide

Prior to delving into the potential application of correlated metals as a transpar-
ent conducting oxide (TCO), it is necessary to provide a comprehensive overview
of the history of TCOs. Transparent conducting oxides represent a unique cate-
gory of materials that exhibit a combination of electronic conductivity and optical
transparency. This combination of properties is essential in various applications
such as solar cells [30], touch screens [31], light emitting diodes [32], intelligent
windows [33], infrared plasmonics [34] and transparent electronics [32]. The inves-
tigation of TCOs has persisted for over a century due to their significant practical
applications. Baedeker successfully synthesized the initial TCO thin film in 1907
through the process of thermal oxidation of a Cd film under vacuum, as documented
in [35].

Despite exhibiting excellent electron mobility, this TCO is not largely used due
to its toxicity. The initial major production of TCOs occurred during the Second
World War, wherein SnOy doped with Sb was utilized as a transparent coating
glazing material for aircraft windshields. [36] At present, the TCO industry relies on
wide bandgap post-transition metal oxides that are degenerately doped with n-type
carriers, such as F-doped SnO, and Al-doped ZnO. However, Sn-doped In,O3 (ITO
for Indium-Tin-Oxide) is the most commonly used material, accounting for 90% of
the market share for over six decades [37]. The exceptional electrical conductivity
of ITO coupled with its high optical transmittance of over 80% is the reason for this
massive use. The electrical conductivity of ITO can reach up to 10* Sem™!. The
current state of rising costs of raw materials has prompted extensive research efforts

toward identifying alternative options to ITO.

Furthermore, the constitution of transparent electronics and its fundamental
building blocks such as p-n junctions, was constrained due to the absence of p-
type TCOs with the necessary performances. This was attributed to the challenge
of incorporating acceptors into the intrinsic electronic structure of the TCOs, as
indicated by previous research [38]. The concept of chemical modulation of the

valence band through the hybridization of O 2p orbitals with Cu 3d orbitals was
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introduced by Hosono et al in 1997 [39]. The observed phenomenon facilitated a
significant degree of dispersion within the valence band, thereby resulting in a re-
duction in the localization of holes. A multitude of p-type TCOs were formulated
utilizing Cu?* oxides, specifically of the delafossite type, following this approach.
As a result, the p-n junction became a feasible prospect. The initial discovery of
the delafossite TCO CuAlO; was made by Hosono et al, who observed a p-type
conductivity of 1 Sem™ [40]. The aforementioned findings prompted a thorough
exploration of numerous delafossite CuM Oy compounds (where M represents B, Al,
Cr, Ga, Sc, In, or Y) using various deposition methodologies, including Pulsed Laser
Deposition, Sputtering, and Molecular Beam Epitaxy. Some of the most promising
delafossites include CuCrQOs, which exhibits a remarkably high conductivity of up
to 220 Sem™! [41], and CulnOg, which features bipolar doping [40]. Notwithstand-
ing the commendable electronic proficiency exhibited by delafossites, their optical
transmittance falls short of being satisfactory (30 %) and their structural stability is
low. Analogously, extensive exploration efforts have been conducted on alternative
p-type compounds, including chalcogenides (such as Cu,Zn;_,S, where z = 0.35)

1 and optical trans-

that exhibit electrical conductivity values of up to 261 Sem™
mittance of 58 % [42]. Additionally, spinel oxides have been investigated using the
same approach of chemical modulation of the valence band [43]. However, the p-
type TCOs proved insufficient in terms of the electrical and optical performances

compared to the current n-type TCOs.

The underlying concept of the aforementioned TCOs involves the enhancing of
carrier concentration in a semiconductor with a wide bandgap through the process
of doping. A novel alternative approach has been suggested by L. Zhang et al for
generating TCOs with high electrical conductivity and optical transparency through
the utilization of strong electronic correlations [1]. Such materials, namely SrVO;
(SVO) and CaVOj3 (CVO), possess a significantly high concentration of carriers,
reaching up to 2 x 10?2 cm™3, thereby surpassing the semi-conducting TCOs by
two to three orders of magnitude. Most of the scientific activities are centered
on the ’classical’ materials SVO [7,13, 14,19, 44-49] and CVO [1,50-52], but also
SrNbOj [49,53,54] or SrSnOs [55] have attracted interest. In general, metals exhibit
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Figure 2.1: Conductivity o vs screened plasma frequency w of different semiconduc-
tor TCOs, metals and correlated metals. Taken from reference [1]

a high electrical conductivity due to the presence of a high number of free charge
carriers. These carriers absorb light with a plasma frequency above or in the visible
range, thereby resulting in optical opacity. Conversely, a material that exhibits
optical transparency is in most cases characterized by a limited quantity of free
charge carriers, allowing to avoid the plasma oscillation, but thereby rendering it
an electrical insulator. In correlated metals, as proposed by Zhang et al, a high
number of free charge carriers is achieved while simultaneously minimizing their

photon absorption as presented in Figure 2.1 [1].

2.1.1 Band structure differences for correlated metals

Before delving into the main chapters of this thesis, it is important to establish a
fundamental understanding of the transparency properties in both correlated metals

and semiconductors. These two classes of materials exhibit distinet behaviors related
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Figure 2.2:  Band structure of (a) ITO and (b) SVO. Taken from reference [2]

to their bandgap and electronic correlations, which have significant implications for
their optical properties. Gaining insight into these aspects will serve as a crucial
foundation for the subsequent exploration of the topics and findings presented in
this research. Transparency in semiconductor thin films, particularly in the con-
text of their bandgap, is a fundamental property that has profound implications for
various optoelectronic applications. The bandgap represents the energy difference
between the valence and conduction bands in a semiconductor, and it determines
the material’s ability to absorb or transmit light. In semiconductors, transparency
is associated with bandgaps that fall within the visible range of the electromagnetic
spectrum, allowing these materials to transmit and interact with light in this range.
However, in correlated metals, a different mechanism comes into play. The trans-
parency of correlated metals, often referred to as correlated transparency, is distinct
from that of semiconductors. This phenomenon arises due to the strong electronic
correlations among the constituent electrons in these materials. These correlations
lead to a shift in the optical reflection limit, pushing it outside the visible range, thus
rendering correlated metals transparent in a manner that is fundamentally different

from conventional semiconductors.

Figure 2.2 provides a direct comparison between a typical semiconductor, namely
Indium Tin Oxide (ITO), and a correlated metal transparent oxide, strontium vana-
dium Oxide (SVO). This visual representation underscores the fundamental differ-
ences in their band structures. In the case of ITO, a clear and distinct bandgap is
evident, and this bandgap is the primary reason for its transparency. The bandgap

in semiconductors creates a region where there are no available electronic states for
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absorbing light within the visible spectrum, hence allowing light to pass through.
On the other hand, in the case of SVO, there is no discernible bandgap, and the
conduction bands are closely packed together, leading to a different mechanism for
transparency. In the case of SVO, transparency arises from the shift of the optical
reflection limit outside the visible range. The strong electronic correlations within
SVO drive this shift, resulting in the material being transparent despite the absence

of a traditional bandgap.
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2.2 Perovskite Oxides

Perovskite oxides are a distinctive category of materials that has been extensively
studied for a considerable duration. The discovery of the first perovskite structure
material CaTiOj3 is attributed to the geologist Gustav Rose in 1839 [56]. In recog-
nition of the contributions made by the Russian mineralogist Von Perovski, Rose
named this class of materials after him. The perovskite structure has since been
found to be a common feature in a wide range of functional materials, including su-
perconductors, catalysts, and photovoltaics [57]. Perovskite oxides are characterized
by the chemical formula ABOj3, wherein A and B represent two distinct cation sites
and oxygen serves as the anion. Cation A occupies the edge positions of cubocta-
hedra, coordinated with twelve O?~ ions. Cation B is in an octahedral coordination

with six O?~ ions, as presented in Figure 2.3 (a).

Cation A is typically an alkaline element and cation B a transition metal. The

intrinsic properties of these materials are directly influenced by the type and size

Figure 2.3: The perovskite structure: (a) constituting octahedra in the cubic phase
with the orientations using Miller indexes, (b) rotation of octahedra for tolerance
factors t # 1, (c) orthorhombic distortion of the cubic perovskite structure, (c) cubic
perovskite structure. Taken from reference [3]
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of the cations present. The effect of diversification of sizes has been observed to
result in a distortion or rotation of the BOg octahedron (Figure 2.3 (b)), thereby
reducing the cubic symmetry Pm3m and giving rise to orthorhombic, tetragonal or
monoclinic structural variations [58]. The extent of this distortion can be quantified
by employing Goldschmidt tolerance factor t [59]:

+— _ratro (2.1)

V2(rg +70)

Where r4, rg and ro are the radius of the A and B cations and oxygen, respec-
tively. ¢ can be used to approximate the degree of deviation from the state of ideal,
cubic symmetry (¢t = 1). For ¢ values within the range of 0.89 to 1, the structure
adopts a cubic configuration. However, for values of ¢ less than 0.89, the structure
changes into a orthorhombic, rhombohedral, or tetragonal arrangement. Finally, for
values of ¢ > 1, the structure assumes a hexagonal configuration.

For thin films, often a pseudo-cubic lattice parameter a,. is calculated in the
case of slightly distorted perovskite structures. a,. is used to compare the significant
lattice distances of the film with those of the substrate and evaluate the metrical
misfit. The exact way of calculating a,. depends on the type of structural distortion
of the cubic symmetry and the relative crystallographic orientations of the film and
the structure, and will be detailed when applied in this thesis.

The octahedral site holds significant importance in perovskite oxides and has
the potential to influence its physical properties. The electronic behavior of the
ABOj system is determined by the interactions between the d states of the transi-
tion metal B and the 2p states of oxygen, governed by their bond length, i.e. related
to the lattice parameter, and angle, i.e. related to possible structural distortions.
Furthermore, the electronic properties of the perovskite can be regulated by the
substitution of B cations with varying oxidation degrees, thereby facilitating elec-
tronic doping. Such effects can also be obtained by the substitution of the A-site
cations [60]. Again, size changes may lead to the distortion of the structure and
therefore to the B-O bond length and angle, and valence changes will lead in most
cases to a change of the B-site oxidation state due to the charge neutrality.

In thin films, another possibility exists to modify the bond lengths and angles,
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using epitaxial strain. Therefore, the deposition of ABO3 perovskites on different

substrates may influence strongly the observed physical properties.
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2.3 Epitaxial strain

The selection of a suitable substrate is of utmost importance in the process of thin
film deposition, as the quality of the resulting film crystal structure is dependent
upon both the degree of structural compatibility and lattice agreement. The lattice
constant of perovskite oxides typically falls within the range of 3.7 to 4.20 A, as
illustrated in Figure 2.4. [4]

Epitaxial strain arises when the lattice parameter of a thin film deviates slightly
from that of the substrate. Thin films may exhibit structural and atomic adapta-
tions to their respective substrates, resulting in mechanical strains and consequential
structural alterations such as tilting and distortion of the octahedra. The resulting
epitaxial misfit can be mathematically expressed as U:asa;:f, where a; and ay rep-
resent the in-plane lattice constants of the substrate and the film, respectively. This
factor enables the identification of the type of strain and facilitates its quantification.
In the case where the lattice constant of the film is greater than the substrate, it will
be subjected to compressive strain. As a result, the octahedral BOg will attempt to
alleviate this strain by means of rotations and/or the adjustment of the distance be-
tween B and O. This will consequently cause a modification in the B-O-B angle and
elastically the out-of-plane lattice parameter of the film cs. If the lattice constant
of the film is smaller than the substrate, the film will undergo tensile strain. This,

in turn, may result in a shorter ¢y, as illustrated in Figure (2.5) [5]. However, in

)
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Figure 2.4: The lattice constant of different perovskite oxides. Taken from reference
[4].
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Figure 2.5: Illustration of the adaptation of the film perovskite unit cell to compres-
sive and tensile strain. Taken from reference [5].

this case, it is not possible to adapt an initially cubic structure by the introduction
of rotations, and the distortion of the octahedra is the only possible adaptation.
The use of epitaxial strain has been shown to be an effective technique for ma-
nipulating the characteristics of diverse transition metal oxides [5,61-67]. Epitaxial
strain can be utilized to modulate electrical resistivity and induce metal-insulator
transitions in manganites, such as La;_,Sr,MnOj [68,69]). Epitaxial strain has been
employed also to manipulate the electrical and structural characteristics of ruthen-
ates such as SrRuOyj in a similar manner [70-72]. The aforementioned approach has

been implemented in the manipulation of electronic characteristics of LaNiOj3 [66]),

and SrVOs [29].
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2.4 Perovskite Vanadates

vanadium-based AVO3; perovskite oxides exhibit interesting properties and hold po-
tential for deployment in a variety of advanced technological domains, including
photovoltaics, smart windows, and superconductivity [73]. These oxides are charac-
terized by an electronic configuration with partially filled 3d orbitals, wherein the
oxidation state of V may fluctuate dependent upon the oxygen stoichiometry or the
A cation. In cases where the A cation is a trivalent species, such as lanthanum
or rare earth elements, the V cation assumes a 3d? configuration, indicating the
presence of two electrons in its 3d orbitals. On the other hand, in cases where the
A cation is divalent, such as with alkaline earth metals, the configuration of the V

cation is 3d".

This variation in electronic configuration results in a range of electronic and
magnetic characteristics within AVOj3 perovskites. The perovskite oxides exhibit a
conduction mechanism that entails the involvement of indirect exchange interactions
enabled by the oxygen O 2p orbitals. The covalent bonds between oxygen atoms
and transition metal cations, such as V, are strong, and the 2p orbitals of oxygen
atoms are crucial in enabling charge transfer and electron conduction within the
crystal structure. The conduction mechanism can be effectively explained by the
Hubbard model (Figure 4.7), which accounts for the strong electron-electron interac-
tions within the 3d orbitals of the transition metal cations. The transfer of localized
charges from one V ion to the next is governed by two distinct forms of energy: the
charge hopping energy (¢), which is responsible for the movement of charges from
one vanadium atom to another, and the Coulomb repulsion energy (U), which arises
from the mutual repulsion of two electrons occupying the same atomic site. In tran-
sition metal oxides, a contest arises between U and ¢, which may result in a Mott
metal-insulator transition (MIT). In the case where the hopping energy ¢ exceeds
the repulsion energy U (left part of Figure 4.7), the conduction band will feature a
high density of states at the Fermi level, the so-called quasi-particle band. This will
be reflected in the optical conductivity, which will exhibit three optical transitions,

namely the Drude peak, an intra-band peak related to a 3d-3d transfer, and an
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Figure 2.6: Illustration of the optical conductivity (a) and the band structure (b)
of a strongly correlated metal (U < t) and a Mott insulator (U > t). Adapted from
reference (6]

inter-band transition related to the 2p-3d transfer. Additionally, the material will

display a metallic character of the electronic conduction [74].

The second scenario involves the manifestation of a MIT phenomenon, wherein
U takes precedence over t (right side of Figure 4.7). Here, the repulsion of the
charge carriers leads to the opening of a gap at the Fermi level of the material,
the so-called Mott gap, and the splitting of the quasi-particle band in a Lower and
an Upper Hubbard Band. Therefore, in the optical conductivity, the Drude peak
related to the mobile charge carriers disappears and the spectral weight is shifted

to the intra-band peak. Electrically, the material is insulating.

The strontium Vanadate (SrVOs, SVO) is an example of a strongly correlated

metal with U < t. It demonstrates a cubic crystal structure characterized by Pm3m
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Figure 2.7: (a) Optical transmittance of SVO films on LSAT, about 50 nm thick,
deposited either at P(Ar) = 0 mbar (red) or at P(Ar) = 0.1 mbar (blue) (b) Tem-
perature dependence of the normalized resistivity p(T) / p(300 K) for SVO films on
LSAT and NdGaOjs substrates. Taken from reference [7]

symmetry. The lattice parameter is measured to be a = 3.84 A. It exhibits vana-
dium in a V** oxidation state, which is defined by a 3d! electron configuration in
which one electron occupies the 3d ty, orbital. This electronic configuration offers a
conductive electrical property. Regarding magnetism, it has been observed that the
stochiometric compound exhibits a Pauli behavior when the temperature exceeds
200 K [75]. The bulk SVO shows a stable electrical properties regarding the oxygen
deficiency, as demonstrated in the study by P.Dougier [76], as the oxygen-deficient
strontium Vanadate (SrVOaqg) exhibits almost similar metallic behavior to the sto-
ichiometric SrVO3. They also studied the optical properties with a focus on the
screened plasma frequency, revealing that the value for stochiometric compound is

1.36 eV and for the oxygen deficient compound around 1.20 eV.

Delving more into the structural,electrical and optical properties of the SVO thin
films, Mathieu Mirjolet et al [7] demonstrate a successful growth strategy by the use
of a nonreactive gas during a pulsed laser deposition process for obtaining high-
quality SrVOs; films with low resistivity, large carrier mobility, and improved optical
transparency as presented in the Figure 2.7. The room temperature resistivity values
are 31 pflem (SrVO; grown on NdGaOgs (001)) and 38 pf2em (SrVO; grown on
(LaAlO3)0.5(Sr2TaAlOg)o7 (001), LSAT) for about 50 nm thickness.

Many studies explored SVO as a potential transparent conducting oxides. Haiy-

ing He et al [77] examined the properties and characteristics of SVO emphasizing
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its high electrical properties, which arise from electron interactions. SVO exhibits

a carrier concentration of 2.2 x 10?2 cm ™3

, conductivity of 10* Sem™! and a plasma
frequency of 1.33 eV. It is worth noting that the properties of the SVO are highly
affected by the growth conditions, the substrate, and crystalline quality and the
good stoichiometry. For example, SVO deposited by Pused Laser Deposition (PLD)
on SrTiO3z (001) has a resistivity of 0.187 x 107° Qcm [13], while SVO deposited
on LSAT by Molecular Beam Epitaxy (MBE) has a resistivity of 3 x 107° Qcm [1],
and SVO deposited on LSAT by sputtering is showing a resistivity of 0.2 x 107°
Qcm [47]. Tt is also worth noting that the epitaxial strain and carrier concentration

allow fine tuning of optical properties of SrVOj3 films by modulating the effective

mass m* due to strain-induced symmetry [13,29].

Gabriele Sclauzero et al aimed to understand the Mott metal-insulator transition
(MIT) in perovskite systems that contain transition metal cations with d! and d?
electron configurations. [78] The selection of SrVOs as one of the three representative
materials was made in order to investigate the impact of epitaxial strain on the
Mott transition. The aforementioned strain (chapter 2.3) has the capability to
modify both the physical and electronic characteristics of the material, thereby
offering a mechanism to precisely adjust its performance. This theoretical study has
shown that compressive strain may be used on SVO thin films in order to approach
the metal-insulator transition. Another theoretical study by A. Paul and T. Birol
[79] concerns the evolution of the optical properties, and especially the screened
plasma frequency wy, under strain. It is shown that this magnitude, determining
the transparency window of the TCO, shifts to lower values under tensile strain,

while compressive strain leads to an increase.

Takuji Maekawa et al investigated the mechanical, thermal, and electrical charac-
teristics of polycrystalline SrVOs. [80] According to the findings of the study, SrVOs;
exhibits metallic behavior over the whole temperature spectrum. Furthermore, the
material exhibited values of the Seebeck coefficient that were negative, suggesting

that electrons constitute the vast majority of charge carriers.

Vincent Polewczyk et al [19] focused on the surface stability of SVO under various

atmospheres. It has been demonstrated that there is a formation of a Sr-rich V°7F
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layer on the surface over time, which can be removed by a water treatment. This

surface oxidation enhances the understanding of aging effects in perovskite oxides.

Yakel, Bertaut, Forrat, and Geller were the initial researchers in the structural
analysis of rare earth-based Vanadates RVO3 [81]. In these studies, it was established
that the structures of RVO3 (where R ranges from Pr to Lu) and LaVO3 compounds
are orthorhombic and identical to those of GdFeOs, respectively. LaVO3 adopts an
orthorhombic structure at room temperature with lattice parameters a, = 5.555 A,
b, = 5.553 A, Co = 7.848 A, and a= 90°. LaVO3 will be referred to as being associ-
ated with a pseudo-cubic structure (as introduced in chapter 2.2) in the discussion
that follows, with the lattice parameters cpczao/\/?: b,/ V2= c,/2= 3.925 A (o
and pc denoting orthorhombic and pseudo-cubic cells, respectively). It undergoes a
structural transition at 141 K and takes on a monoclinic structure with a,, = 5.591
A, by, =5562 A, ¢, =7.751 A, and a = 90.129 ° [82].

At this temperature, a new magnetic state appears and the octahedra are shown
to rotate stabilizing an orbital order (see Figure 2.3). Rogers and al demonstrated
that the LaVO3; compound exhibits a semiconductor behavior in the 120 — 670 K
range with an activation energy of around 0.2 eV [83]. T. Arima and Y. Tokura
investigated the optical characteristics and reported a number of optical transitions
inside LaVO3 (Figure 2.8). Charge transfer from the oxygen 2p orbital (O 2p)
to the vanadium 3d orbital (V 3d) is associated with two high-energy photonic
transitions [8].

Regarding the physical properties of LaVO3_s (6 = 0.08) with oxygen deficiency,
it has been demonstrated that it maintains the identical crystal structure as the
stoichiometric LaVO3 [84]. Additionally, it displays a semiconducting characteristic
comparable to that of the stoichiometric compound, indicating that the vacancy-

induced charge carriers remain confined.

The initial achievement of synthesizing LaVOg3 in the form of a thin film was
carried out by W. Choi et al [85]. The deposition of the material onto a LaAlOg
substrate with a (001) orientation (a,. ~ 3.79 A) was carried out using pulsed laser
deposition. The target utilized in this process was LaVO,. The epitaxial growth of

LaVO3 was carried out with great precision under a meticulously controlled reduc-
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Figure 2.8: Variation of the dielectric function of LVO with energy. Illustration
of the electronic structure indicating the different excitations related to the optical
transitions. Taken from reference [8]

ing atmosphere at a temperature of 500 °C. Upon conducting an X-ray diffraction
analysis of the thin film, the film displayed two distinct out-of-plane orientations,
namely (110), and (001),, when it was deposited under vacuum. The present study
reveals that the observed diverse orientation is significantly associated with a lattice
mismatch of approximately 3.5 % between the substrate and the film. Nevertheless,
the emergence of a secondary phase related to (201)-oriented LaVO,4 was observed
upon the utilization of high oxygen pressure. The phenomenon was further inves-
tigated by Hotta et al, who analyzed the LaVO3 composition variation in relation
to growth temperature and pressure (Figure 2.9) [86]. A comprehensive approach
involving electron energy loss spectroscopy (EELS) and scanning transmission elec-
tron microscopy (STEM) was utilized in order to gain a deeper comprehension of
this intricate subject. The focus of their inquiry was on the deposition of LaVOg3
onto a substrate of SrTiO3 (001) while operating under conditions of high oxygen
pressure, ranging from approximately 107° to 10~* mbar. The study revealed the

existence of V°* in three-dimensional islands of LaVO, [9], as depicted in Figure 2.9.
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The aforementioned critical observation has validated that the preparation of a stoi-
chiometric LaVOj thin film needs the utilization of growth conditions characterized

by high temperature and low oxygen pressure.

Focusing more into the development of efficient solar cells with Mott insulators,

Hai-Tian Zhang et al [10] have grown high quality LaVOs thin films using hybrid
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Figure 2.10: (a) Absorption coefficient values of vanadium-rich LVO (green symbols),
lanthanum-rich LVO (pink symbols), and stoichiometric LVO (blue symbols), (b)
The optical conductivity of bulk LVO compared to LVO deposited by HMBE and
LVO deposited by PVD. Taken from reference [10]
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Figure 2.11: Temperature dependent resistivity for a single crystal of the solid so-
lution La;_,Sr,VOs. Taken from reference [11]

MBE in order to investigate the impact of cation stoichiometry on structural, op-
tical, and electrical properties (Figure 2.10). Stoichiometric films demonstrated a
high structural quality and low defects, while nonstoichiometric films exhibited an
increase in defect concentration. H Rotella et al [87] focused on the influence of
growth temperature on the characteristics of the films. The samples demonstrated
a significant electronic mobility and a non-linear Hall effect when subjected to low

temperatures.

Regarding the solid solution La;_,Sr,VOsg, it retains the perovskite structure,
and shows a transformation from its parent compound LaVOs, a Mott-Hubbard
insulator that exhibits an antiferromagnetic transition, to SrVOs, a paramagnetic
metallic conductor (Figure 2.11) [11]. The Mott-Hubbard insulating phase of LaVOs3
decreases swiftly as the Sr concentration rises, and a change to a metallic state oc-
curs. When the insulating phase no longer exists at the critical concentration, which
is commonly found at z ~ 0.178. The Mott gap disappears due to the decreased

charge density. The addition of Sr?T leads to an increased part of V4* ions with
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a 3d! configuration, lowering the charge density, and the resulting lower Coulomb
interaction U (see chapter 2.4) becomes smaller than the hopping t. Therefore, for

x 2 0.18, La;_,Sr, VO3 becomes a correlated metal.

Due to its distinctive combination of electrical conductivity and optical trans-
parency, LSVO has recently attracted attention as a conducting transparent oxide.
As the bulk LSVO exhibits n-type conduction as was confirmed by measurements of
Seebeck coefficient and electrical measurements [11,27,88], Lay /3511/3VO3 thin films
deposited on LSAT have been reported to be p-type [12]. At ambient temperature,
the conductivity ranges from 742.3 to 872.3 Sem ™!, displaying an exceptionally high
conductivity for a p-type conductor and a high-temperature metallic phase (Figure

2.12). Due to its superior conductivity than many other p-type transparent conduct-
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Figure 2.13:  (a) Transmission spectrum of the LSVO thin films with varying
thickness on LSAT substrates. (b) Photographs of 12, 24, and 48 nm LSVO thin
films on LSAT substrates. (c) The plot of (ahv)? versus hv for the 48 nm LSVO
thin film. Figures taken from reference [12].

ing oxides, a p-type LSVO would be a useful conductor in a variety of optoelectronic
devices. However, such a p-type conduction has not been observed before, and this

study was the main motivation to study the full LSVO solid solution in thin films.

Lay/3511/3VO3 thin films also exhibited outstanding optical transparency in the
visible range in addition to their high conductivity. The range of transmission values,
from 53.9% to 70.1% (Figure 2.13), suggests that the films can let through a sizable

amount of visible light.

In contrast to what was observed in the parent compounds, a slight change in
the oxygen content can lead to significant variations in the solid solution proper-
ties, thereby drastically modifying the functionalities of these materials. L. Hu et
al [12] studied the influence of oxygen vacancies on the electronic phase transition
and transport properties of thin films Lag /3511 /3VO3. The presence of oxygen vacan-
cies induces a metal-insulator transition through electronic imbalances and lattice
distortions. The oxygen stoichiometry of Lag/35r,3VO3 was crucial, and the sub-
strate’s oxygen contribution was considered during thin film deposition. The effects
of oxygen reduction on transport properties were observed in Lag/3Sr1/3VO3_s films

and vary depending on the doping level and type of dopant used.



26 Chapter 2. State of the art

4.95 4000c

4.758 4.
1.56 1.57 1.58 1.59 1.60 1.61 162 1.63 164165

Q, /At <

—_—

5.05 O 45

5.00
LAO (103) @
495
162 163 164 165

4.90 . Q (&)

Q,/A*

SVO (103)

14 15 16 1.7 18 19

Q /A
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peak and the film peak indicate the coherently strained growth of the film on the
substrate. Figures taken from references [13] and [14].

2.4.1 Earlier studies at the CRISMAT

SrVOj; thin films are a very active research area at the CRISMAT since some years
now, with the aim to understand the fundamental mechanisms in this material and
develop an industrially viable alternative to Indium-Tin-Oxide (ITO). A number of
studies on the growth and the functional properties of this material were carried out
during the post-doc of Alexis Boileau and Martando Rath, leading to insights which
are indirectly also used in this thesis. The films were grown in the same deposition
chamber as the LSVO films being subject of this thesis, under comparable conditions.
Some of the main results will be summarized here, and the link to the LSVO thin

films developed in this thesis will be highlighted.

One of the main topics of the growth studies of SVO films was the strain state of
the material on different substrates, SrTiO3, LaAlO3 and LSAT, all (001) oriented,
and the influence on the resistivity of the films. We have shown by measurements

of Reciprocal Space Maps (Figure 2.14) that the films grow in a coherently strained
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Figure 2.15: (a) Low magnification cross-sectional bright field TEM image of as
grown SVO thin film on STO substrate, (b) High resolution TEM image of the
sample and insets show fast Fourier Transform (FFT) patterns of SVO grown on
the STO substrate, (c) High resolution STEM-HAADF micrograph showing perfect
alignment of [001] SVO film on [001] STO. The dotted line indicates the interface
position, (d) is a low magnification STEM-HAADF image showing the similar Z
contrast between SVO and STO and (e-h) STEM-EDX mappings of the elements
O, Sr, Ti and V respectively.

state on all these three substrates [13, 14], where the in-plane lattice parameter of
the films corresponds to the lattice parameter of the substrate. Structural studies
on LaVOjs films carried out on films deposited at the CRISMAT have also shown
a coherently strained growth on STO [89]. Therefore, we can infer that the LSVO

solid solution also grows coherently strained on these substrates.

A structural study using Transmission Electron Microscopy on cross sections has
been carried out by Oleg Lebedev on SrVOj thin films grown on STO (001) sub-
strate. The structural coherence of the films at the substrate interface, as expected
from the coherently strained growth, was observed as shown in Figure 2.15. The
EDX maps show an homogeneous distribution of the difderent elements in the film,
without interface interdiffusion.

The composition of the SVO thin films have been studied by Rutherford Backscat-

tering (RBS) for SVO films grown on all three substrates by Ramon Escobar-Galindo
at the Abengoa Research Laboratory in Sevilla, Spain. The fitting of the obtained
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Figure 2.16: Typical RBS spectrum of a thin SVO film on STO (001).

spectra (as an example see Figure 2.16) allowed to determine the relative composi-
tions of the cations and the anions. Concerning the Sr/V ration, the results show
that the same amount of Sr and V are present in the films, i.e. a good cationic
stoichiometry has been reached. Concerning the oxygen content of the films, it
was observed that the oxygen content depends on the used substrate. On LSAT
and STO, the SVO films have a propensity to an oxygen understoichiometry, while
for the films grown on LAO, the modeling shows an slight oxygen excess. Such
an understoichiometry for the films grown on STO is consistent with the observed

improvement of the film properties with a low temperature annealing in air [13].



2.5. Perovskite Chromites 29

2.5 Perovskite Chromites

lanthanum chromium Oxide, commonly referred to as LaCrQOs, is classified as a
G-type antiferromagnetic insulator, exhibiting a Neel temperature (Ty) of approx-
imately 290 K. It exhibits a charge transfer gap measuring 3.3 eV and assumes an
orthorhombic crystal structure (space group Pbnm) with lattice parameters a, =
5513 A, b, = 5476 A, ¢, = 7.759 A. [90,91] and pseudo cubic parameter 3.89 A.
Due to its intrinsic instability, SrCrO3 on the other hand is unstable due to the
high energy Cr** oxidation state, with just one electron more than the much more
stable Cr®*. Therefore, in bulk, this compound is difficult to synthesize, although
some studies exist showing that SrCrOs assumes a cubic perovskite structure with
a lattice parameter a = 3.81 A and is a metallic conductor [92], with bond instabil-
ities leading to a semiconducting phase [93,94]. Thin film studies have shown these
same instabilities, combined with a strong oxygen transport at quite low tempera-
tures. [95]. For the following, the solid solution will be referred to as La;_,Sr,CrO;
in the literature, as strontium is considered to be the dopant. Note that in our study;,
the lanthanum is considered as dopant, and so the solid solution in the upcoming
chapters would be considered as La,Sr;_,CrOgz. The electrical conductivity (o) and
Seebeck coefficient (S) of La;_,Sr,CrOs, in its doped variant, can be modulated.
The modulation is attained via partial aliovalent cationic substitution, denoted by
the ratio x, on the A-site of the perovskite configuration. The process of substitu-
tion leads to the creation of impurity energy levels that are shallow in nature, and

this, in turn, generates mobile hole carriers. [96]

LSCO thin films are of considerable importance because of to its broad range
of applications in advanced devices. A few such applications comprise of on-chip
thermal energy harvesters that transform dissipated heat into exploitable electrical
energy, and coolers that use the Peltier effect to regulate heat in microdevices. Thin
films offer advantages to optoelectronic devices by improving the performance of
transparent diodes and electrodes. In addition, they assume a crucial function in
photocatalysis, an operation used for the purpose of environmental restoration and

energy transformation. Furthermore, it plays a crucial role in the emerging domain
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Figure 2.17: Electrical and optical properties of LSCO: (a) Temperature dependence
of the conductivity, (b) Optical transmission and photographs of the LSCO films
deposited on STO(001), (c) RT conductivity and hole concentration versus x. Taken
from reference [15].

of spintronics, serving as the fundamental component of memory storage devices
that exploit the electron spin state. [15,97,98] Zhang et al.focused on the transport
properties of La;_,Sr,CrO3 thin films and the ability to be tuned depending on the
substitution ratio x. [15, 18] An in-depth analysis of the optical transmittance be-
havior of LSCO indicates a reduction in optical transparency caused by absorption
phenomena in the vicinity of the 450 nm wavelength, resulting in a subtle brownish
hue. In order to conduct a comprehensive comparative evaluation of LSCO’s per-
formance in relation to other p-type TCOs, the authors have intelligently calculated

a figure of merit (FOM), which sheds light on the material’s relative performances.

Divalent strontium (Sr?") is partly substituted at the perovskite A site, which
facilitates the entry of holes into the valence band and causes the material to change
into a p-type transparent conductor. [99] Farrell et al. used a small polaron hopping
model, appropriate for materials with very low mobilities, to further investigate

the transport features. [100] This approach made it possible to separate the hole
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concentration (p) from the Seebeck coefficient (5), which gave useful information on
the material’s inherent behavior. [15] Manipulating strain, the electric conductivity,
Seebeck coefficient, and thermoelectrics factor of the LSCO films can be tuned,

enhancing the properties as demonstrated by Dong Han et al [101] .

Comparative examination of the material’s metallic and polaronic phases re-
vealed observable differences in the lengths of the Cr-O bonds and band struc-
tures [16]. These results, shown in Figure 2.18, were obtained using ab-initio cal-
culations and demonstrated an enhanced localization of O atoms around a single
Cr atom in the polaronic state. Despite the material’s naturally poor mobility,
Sr substitution for La can significantly increase carrier concentration, leading to
an increase in electrical conductivity. According to experimental evidence, modest

polaron hopping accounts for transport phenomena for x = 0.65. [15]

Density functional theory (DFT) simulations have been combined with spectro-
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scopic data, including X-ray photoelectron spectroscopy (XPS) and X-ray Absorp-
tion spectroscopy (XAS), to provide a thorough understanding of hole introduction
as a result of Sr substitution for La [16]. These advanced methods have clarified the
valence band chemical potential changes and the origin of split-off empty Cr 3d tag
/ O 2p hybridized orbitals (Figure 4.15). [99]

D. Han and al [17] studied the effect of strain on the electrical and thermoelectric
properties of the Sr-doped LaCrOj transparent thin films. Epitaxial strain effects
on p-type transparent Sr-doped LaCrO3 thin films were systematically investigated
by growing high-quality fully-strained Lag.7551¢.25CrO3 (LSCO) epitaxial thin films
on three different (pseudo)cubic (001)-oriented perovskite-oxide substrates: LaAlOs,
(LaAlO3)p.3(SraAlTa0g)o.7, and DyScOs. The lattice mismatch induced in-plane
strain from -2.06% (compressive) to +1.75% (tensile), significantly influencing the
structural, electronic, and thermoelectric properties. Electric conductivity could
be finely controlled over two orders of magnitude (from 0.5 S cm™1 under tensile
strain to 35 S cm™~1 under compressive strain). Similarly, the Seebeck coefficient
(S) exhibited tunability by almost two-fold (from 127 pV K~1 under compressive
strain to 208 pV K~1 under tensile strain). These findings highlight the significant
influence of epitaxial strain as a potent tool for manipulating the electrical and

thermoelectric properties of LSCO, as presented in figure 2.19 and 2.20.

K. H. L. Zhang and al [18] systematically investigated the electronic property evo-
lution in La;_,Sr,CrO3(0 < x < 1) epitaxial films grown via molecular beam epitaxy
(MBE), employing a comprehensive set of techniques, including x-ray diffraction,
x-ray photoemission spectroscopy, Rutherford backscattering spectrometry, x-ray
absorption spectroscopy, electrical transport measurements, and ab initio modeling.
LaCrQg, initially an antiferromagnetic insulator, transforms into a metal upon Sr
substitution. The incorporation of Sr2+ for La3+ introduces holes into the va-
lence band, resulting in Crd+ (3d2) local electron configurations. The core-level
and valence-band features exhibit a systematic shift to lower binding energy with
increasing x, indicating a downward movement of the Fermi level toward the valence
band maximum. A transition from a p-type semiconductor to an insulator-to-metal

transition is observed at x > 0.65, particularly when films are subject to in-plane



2.5. Perovskite Chromites 33

250

(a) o
! o
200 F T
T
] Q
2 150) o
“n Q@
£ (<) @ /LAO
Q@ /LSAT
100 |
2 Q /DsO
102 L
(b)

10' b

o, (Scm?)

e DsSO
100 ( ) 1 L
€) a
A
A
—
o
. A
- - ~
£
o
g 10
= A
— ‘
("8
a A - A 1n0
A ISAT
A DSO
10—2 1 L 1 L
300 320 340 360 380 400
T (K)

Figure 2.19: Temperature-dependent properties. (a) Seebeck coefficient (S), (b)
electrical conductivity and (c) thermoelectric power factor (PF = S2 ) for each film
as a function of the temperature in the range of 300-400 K. Taken from reference [17]

compression through lattice-mismatched heteroepitaxy (figure 2.21 ).
Valence-band x-ray photoemission spectroscopy reveals a reduction in electronic
state density at the Cr dt2g-derived top of the valence band, while O K-edge x-ray
absorption spectroscopy indicates the emergence of a new unoccupied state above
the Fermi level as holes are doped into LaCrOj. Density functional theory (DFT)
with a Hubbard U correction of 3.0 eV (DFT + U) captures the evolution of these
bands with Sr concentration. In the semiconducting regime (x < 0.50), resistivity
data do not conform precisely to polaron hopping or band conduction models but
align best with a hybrid model, and the activation energies extracted from these fits

are well reproduced by DFT + U.
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Figure 2.20: In-plane electronic and thermoelectric transport characterizations.
(a) Temperature dependence of the resistivity (p..) in the 100-400 K range. (b)
Corresponding temperature dependence of the conductivity. (¢) Activation energies
(Ea) for small polaron hopping extracted from (b), plotted as a function of in-plane
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CHAPTER 3

Experimental Methods

The objective of this section is to present a comprehensive summary of the method-
ologies used in our study for the growth of thin films, as well as the subsequent
analyses conducted to assess their properties. The primary objective is to provide a
comprehensive description of the used methodologies and concepts, along with the
essential experimental conditions and parameters that played an essential part in

achieving the intended outcomes.
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3.1 Thin film synthesis

A variety of techniques have been developed for the growth of thin films, each pos-
sessing unique advantages and drawbacks. This section will present shortly the com-
monly used techniques of thin film growth, namely physical vapor deposition (PVD),
chemical vapor deposition (CVD) and atomic layer deposition (ALD). Pulsed laser
deposition (PLD) will be described in detail, and the deposition approach for the
films fabricated during this thesis will be presented.

Chemical Vapor Deposition (CVD) entails the chemical reaction of precursor
gases or liquids, leading to the formation of a solid material on the substrate sur-
face. These growth techniques present a remarkable degree of homogeneity in the
film and quick deposition rates, making them a fitting choice for industrial-scale
applications of considerable importance. The deposition of a large number of per-
ovskite oxide thin films has been developed with this technique [102,103], allowing
for high quality thin films, mostly polycrystalline. Perovskite Vanadates have not
been largely deposited by CVD techniques, up to our knowledge, but as an inter-
esting material for solid oxide fuel cells (SOFC), the growth of LaCrO; has been
demonstrated [104]. However, CVD typically needs elevated temperatures, and the
precursors used may be costly, unsafe, or challenging to manage. In addition, the
concern of possible contamination arising from leftover precursors calls for thorough

supervision of the manufacturing process.

Atomic Layer Deposition (ALD) is a special technique of the CVD family. This
process enables precise control over the thickness of the deposited film at an atomic
level, as the different precursors are injected and purged sequentially in the growth
chamber. Moreover, it exhibits exceptional conformal characteristics, making it a
suitable option for the coating of intricate geometries. Notwithstanding the advan-
tages, ALD is hampered by slow deposition rates and frequently necessitates costly
and possibly unsafe precursors. Also, the limited deposition temperatures do rarely
allow the deposition of crystalline films, and impose a annealing step. As ternary
oxides, perovskite oxides are an especially challenging family of materials for ALD.

The deposition of SrTiOj3 is the most investigated one, but due to the industrial
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importance of the ALD techniques, a number of perovskite oxides have been in-
vestigated [105]. The deposition of SrVO3 has been attempted, but the necessary

post-annealing step to crystallize the film has lead to oxidation problems [106].

A widely used family for the deposition of oxide thin films are the Physical
Vapor Deposition (PVD) techniques. This family encompasses various techniques,
including thermal and electron beam evaporation, as well as RF, DC, and mag-
netron sputtering, and also Pulsed Laser Deposition (PLD). One of the primary
advantages of physical vapor deposition (PVD) is its versatility and ease of use, as
it can effectively apply to a diverse array of materials. PVD techniques frequently
encounter challenges such as inadequate deposition rates and issues associated to
film homogeneity, particularly on complex geometries. Additionally, these processes
typically necessitate the use of high vacuum environments. However, for the depo-
sition of monocrystalline, high quality perovskite oxide thin films, these techniques

stay the most important ones.

Molecular Beam Epitaxy (MBE) is an outstanding PVD technique concerning
high quality thin films. This process involves the utilization of ultra-high vacuum
conditions to evaporate source materials, which subsequently condense onto a sub-
strate, resulting in the formation of thin films. The salient feature is its exceptional
level of purity, which is achieved through the implementation of a high vacuum
setting that restricts the exposure of the deposited atoms to any extraneous sub-
stances that may cause contamination. The MBE technique facilitates the growth
of films in an atomic layer-by-layer manner, thereby providing precise regulation
of film thickness and composition. The utilization of MBE is highly advantageous
in the fabrication of complex configurations such as quantum wells and superlat-
tices. Although MBE offers certain advantages, the process is characterized by a
slow deposition rate and necessitates the use of sophisticated and costly equipment,
thereby diminishing its cost-efficiency. Almost any standard perovskite oxide has
been deposited by MBE. The first studies on SrVO3 as a TCO have been prepared
using hybrid MBE [1], where a metal-organic precursor was used as the vanadium
source. One of the very few successful attempts to deposit SrCrOj thin films has

been carried out using MBE [107], and the solid solution LSCO was also investigated
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by MBE. [15, 18]

3.1.1 Pulsed Laser Deposition (PLD)

Pulsed Laser Deposition (PLD) is one of the most used deposition technique for per-
ovskite oxide, principally due to the good trade off between the growth optimization
time and the quality of the obtained film. In this technique, we use a high-intensity
laser to ablate a target of the to be deposited material, and therefore grow a thin
film of this material on a substrate. PLD offers a precise growth of film composition,
exhibiting a compatibility with multicomponent or layered structures, and diverse
range of materials. Despite its advantages, PLD may encounter challenges related
to film uniformity, and its deposition rate is generally inferior to that of alterna-
tive techniques. Furthermore, the substantial amount of energy utilized during the
procedure may occasionally lead to the incorporation of droplets or particles into
the coating. Notwithstanding the aforementioned limitations of PLD, it has been
selected as the preferred technique for this study. The reason of using PLD lies in
its capability to generate thin films with meticulous regulation of the stoichiometry,
a crucial aspect in the context of the materials under investigation.

The properties of the deposited film can be controlled by several process param-
eters, such as laser fluence, substrate temperature, background gas pressure, and
the target-substrate distance. Epitaxial growth is frequently facilitated by elevated
substrate temperatures, whereas the oxygen stoichiometry in deposited perovskite

oxide films can be regulated by manipulating the oxygen partial pressure.

Principle of Pulsed Laser Deposition

A pulsed laser beam is focused in the surface of a target, generally a solid pellet
composed of the cationic composition of the desired perovskite oxide. This interac-
tion results in the generation of a plasma plume, containing a variety of material
constituents in different states, including atoms, ions, and clusters. The expansion
of the plasma plume occurs in the direction of a substrate, which results in the
combination and precipitation of elements as a thin layer, as illustrated in Figure

3.1. The selection of the laser is an important factor. Perovskite oxide materials



3.1. Thin film synthesis 41

y

HEATER

"\SUBSTRATE
PLUME

VACUUM
CHAMBER

CASER
BEAM

Figure 3.1: Image of the plume generated by the impact of the laser on the target
(left side) and schematics of Pulsed Laser Deposition (right side).

often employ excimer lasers, such as KrF or ArF lasers, or solid-state lasers, like
Nd:YAG, owing to their notable energy output, which is necessary for the ablation
of the target material. The present study employed a KrF laser.

3.1.2 Growth parameters

Laser parameters The standard laser parameters for the deposition are a wave-
length of 248 nm, an outcoming energy of 200 mJ and a repetition rate of 3 Hz, if
not mentioned otherwise. Prior to deposition, the laser has been warmed up during
10 min in order to reach stable laser emission. After the warming period, the energy

of the laser has been calibrated and adjusted to the desired value.

Configuration of the targets A converging lens directs the high-energy laser
beam onto the target. The target is fixed on a rotating carousel that can hold
up to eight distinct targets, enabling the deposition of many materials in a single
run while maintaining the sample under vacuum. In the case of this thesis, targets
of the two parent compounds of each solid solution have been used and rotated

under the laser beam sequentially. For LSVO, a LaVO4 and a SryV,07 target have
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been used. These targets have the correct cationic stoichiometry, but the oxygen
content is adjusted by the growth atmosphere during the deposition. For LSCO, a
SrCrO, target has been used. Here, the oxygen content of the target has not been
measured, but the cationic stoichiometry is 1:1. For the other parent compound,
a target of LaCrO3 was used. Before the deposition, each target is preablated in
order to ensure a stable surface composition of the target, with the sample protected
from deposition by a shutter. The target and the substrate are kept at a constant
distance of 5 cm, which was shown to be optimal on the impact of the energy and
density of the species that arrive to the substrate. In the particular PLD machine
used for this thesis, the laser was scanned on the surface of the target on a area
of about 10 x 10 mm. Therefore, the plume is not fixed in space, but moves. The
substrate is placed in the resulting homogeneity area on the substrate holder in order
to ensure the deposition of homogeneous films. Compared to other PLD machines
with a fixed plume position, the deposition rates with such a scanning configuration
are up to a factor of 5 smaller, allowing to deposit the ultra-thin films needed for

the constitution of the solid solution and a high variability of the doping rate.

Substrate preparation An essential step in promoting the formation of high-
quality films is the substrate surface preparation. As part of the process, substrates
are carefully cleaned using acetone and ethanol in ultrasonic bath to get rid of any
surface impurities. After that, using silver paste to place the substrate onto a heating
support, a thermocouple is linked to the sample holder to provide temperature

control.

Conditions of vacuum and atmosphere The PLD process is carried out under
controlled atmospheric conditions. An initial 1072 mbar rough vacuum is attained
using a primary pump, and an additional 10~ mbar high vacuum is attained using
a turbo-molecular pump. oxygen may be injected into the chamber using mass flow
controllers after the required vacuum level has been reached, and the deposition
pressure is controlled by a valve in front of the turbo pump. As for the Vanadate solid
solution, over-oxidized targets Sro VoO7 are used, the deposition was carried out in

vacuum. Tests with even small amounts of oxygen in the deposition atmosphere did
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not lead to conducting samples. For the Chromite solid solution on the other hand,
using oxygen in the deposition atmosphere, was beneficial and has been optimized

(see chapter 5).

Temperature Regulation Prior to the deposition process, the substrate tem-
perature is carefully regulated. The temperature increases until it reaches 300 °C
at a rate of 20 °C/min, before a 3-minute pause. After that, the temperature is
raised by 10 °C/min rate until the appropriate deposition temperature is obtained.
The management of substrate temperature is essential because it affects the kinetic
energy of the depositing species, adatom mobility on the substrate surface, and ulti-
mately the growth mode and crystallinity of the films. The deposition temperature
has been one of the main parameter of the deposition optimization, and was chosen
in the range between 500 °C and 800 °C in order to allow for the in-situ crystalli-
sation of the film. After the deposition, the sample was cooled down at a rate of 10

°C/min under the deposition atmosphere.

3.1.3 Solid solution compositional calibration

A suitable calibration prior to the deposition of solid solution thin films is required
for the precise estimation of the parent compound deposition rates , and therefore
the composition of the deposited film. The approach of generating solid solutions
in-situ, in contrast to using solid solution targets, affords a significant degree of
control over the deposition of each parent compound, and a variety of solid solution
compositions can be produced by choosing the number of laser pulses applied to
the respective targets. Sub-unit cell layers of each parent material are deposited,
with the proportion corresponding to the intended composition within the solid
solution. By continuously executing this procedure, a film thickness of multiple tens
of nanometers is achieved.

Two distinct calibration methods have been tested to ensure the accuracy of the
growth rate and, as a result, the composition of the solid solution. The first one is
based on the thickness calibration of individual parent compound thin films, but as

the deposition rate may differ for extremely thin films, we have also carried out a
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Figure 3.2: XRR of LaVO3 on STO (a) and SrVO3 on STO (b) single film samples
with different numbers of laser pulses, (¢) XRR simulation of one of the LaVOs;
samples with Genx.

calibration process using a superlattice approach, so as to mimic as well as possible

the final deposition of the solid solutions.

Individual Target Deposition Calibration

This calibration procedure entails the growth of six distinctive samples, comprising
three single film samples for each parent compound. Samples are grown for each
target using varying numbers of laser pulses. Here, we have chosen particularly
2500, 5000, and 7500 pulses, in order to obtain a thickness which is easy to be
measured by X-Ray Reflectivity (XRR, see section 3.2.2). A plot is generated by
relating the film thickness with the used number of pulses. The slope of this curve
yields the deposition rate for every parent compound. This provides a reliable and

accurate estimation of the deposition rate, which is crucial in getting the intended
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Figure 3.3: The correlation between the thickness of the samples and the laser pulses

for (a) SVO and (b) LVO. The red lines are linear fits of the data.

compositions.

In order to provide an actual illustration of this calibration process, we present
here an example for the LSVO solid solution. The purpose of this experiment was
to calibrate and determine the thickness of three LaVO3 samples and three SrVOg3
samples, as illustrated in Figure 3.2 (a),(b). The estimation of their thickness was
accomplished using the sin? 6, estimation method, which will be further explained
in the subsequent XRR section. Furthermore, the Genx software was used to assess
the precision of this thickness estimation. Figure 3.2 (c¢) depicts the fit analysis on
an LaVOj; sample using this software, thereby providing additional validation. The
Genx fit is giving a thickness value of 14.1 nm and a film roughness of 0.7 nm in

this case.

The Figure 3.3 (a),(b) illustrates a linear regression that demonstrates the corre-
lation between the thickness and the number of laser pulses for both SVO and LVO
samples. The present analysis yielded highly precise deposition rates of 0.00543(10)
nm/pulse for SVO and 0.00236(2) nm/pulse for LVO. The accurate quantification
of the deposition rate per pulse allows the prospect for precise adjustment of laser
pulses on the target, thereby enabling effective tuning over the composition. Signif-
icantly, it is imperative to point out that the deposition of one unit cell calls for 71

pulses for SVO and 169 pulses for LVO in this specific case.
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Superlattice Deposition Calibration

An alternative method for a solid solution calibration is based on the deposition of
superlattices. The use of a superlattice-based approach has been found to bring no-
table advantages in comparison to the individual target calibration, especially in the
case that one of the parent compounds is not stable as a single film, as for example
SrCrOs. The superlattice calibration involves the growth of three distinct lami-
nate samples, all of which are subjected to identical deposition parameters, though
with varying quantities of laser pulses on the two parent compound (PC) targets.
The pulse numbers (npc1/npe2) used in the calibration were (1000/1000) X #s7,
, (1000/100)x #5712, and (100/1000)x #5153, where #5711, #5712, and #g73 denote the
respective numbers of repetitions required to attain comparable overall superlattice
thicknesses. The thickness of each superlattice sample is determined experimentally
and the deposition rate of each parent compound is calculated accordingly. The
aforementioned procedure entails the measurement of the total superlattice thick-
ness, followed by the division by the number of repetitions #g;, thereby enabling to
derive the thickness of each PC1/PC2 bilayer. The mean bilayer thickness Agy, is
then used to solve graphically the linear equation Ag;, = Tpc1 X npc1 + Tpez X Npcs.
Asr, npc1 and npcoe being known, a line can be drawn for each SL in a plot corre-
lating the two deposition rates 7pc1 and 7peg. The intersection of the three lines

denotes the common solution, i.e. the actual values of the deposition rates.

In order to provide a more comprehensive understanding of the calibration pro-
cess, we present here an example of the calibration carried out prior to a set of
LSCO solid solution. Figure 3.4 (a) displays the XRR measurements of the three
calibration superlattices that were examined. Based on the determination of the
overall thickness and using the GenX software, a series of equations were derived to

establish the relationship between the bilayer thickness and the rate of deposition:

4.43nm = Tsco X 300 + 100 x 1000
5.28nm = 7500 X 1000 + Toe0 X 300 (3.1)

6.22nm = Tsco X 1000 + TrL.co X 1000
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Figure 3.4: (a) XRR measurements of the different calibration superlattices for
SrCrO3/LaCrOg, (b) Graphical solution of the three superlattice equations.

Figure 3.4 (b) illustrates the graphical representation of the solution to these
three equations. The lines do not cross in a single point, due to the measurement
uncertainties. In this case, the middle of the obtained triangle is used, displaying
deposition rates of 0.003899 nm/pulse for SCO and 0.00279 nm /pulse for LCO.

This methodology offers a notable benefit of enhanced precision over the count
of laser pulses for every parent compound, with a reduced number of samples and
lower variability in comparison to the individual target calibration. Therefore, we
have chosen this calibration method for the studies carried out in this thesis. The
calibration has been carried out before each deposition campaign in order to take
into account changes in the machine or the targets. The reproducibility was typ-
ically in the range of 10 % for the deposition rates. From the calibrated growth
rates, the respective number of pulses on the parent compound targets has been cal-
culated by depositing the unit cell fraction corresponding to the desired La doping
x. The chemical composition of the solid solution samples has been controled by the
adapted techniques in some cases, showing that the developed calibration procedure

is reliable.

3.1.4 Surface cleaning of Vanadate films

Perovskite Vanadate thin films, and especially those containing an unstable V oxi-

dation state as VT as SrVO3 were shown to be subject to surface ageing [108]. The
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Figure 3.5: O 1s and V 2p3 (a), and Sr 3d (b) XPS spectra recorded before (dark
green) and after liquid water cleaning procedure of 1 min (red). (¢) XRR spectra
before and after the water cleaning. Figures taken from reference [19]

transformation to a higher oxide allowing for the V°* state, as Sr3V,QOg or SraV,05
was shown to take place under oxygen annealing at high temperature [109], with an
insulating character [110]). We have also observed the deterioration of the surface
resistivity of single SrVOg films after some months. Artificial ageing experiments
under ambient atmosphere have shown a decrease of the resistivity of monocrys-
talline and polycristalline films during annealings at temperatures from 150 °C on,
and a full destruction of the conducting perovskite phase at a temperature of 250
°C [111]. Therefore, a slow deterioration at room temperature of the surface due to

reaction with the ambient atmosphere on the time scale of some months becomes
possible.
This aspect is especially important for this thesis, as surface-sensitive spectro-

scopic techniques are employed (see chapter 3.3) in order to determine the chemical

composition of the films, and the V oxidation state. Bourlier et al [108] have pro-
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posed a water treatment of the SrVOg films, which allows to dissolve the higher
oxides in a rapid way and restore the surface of the originally deposited sample. We
have adapted this treatment to the LSVO films, by emerging and stirring them in
distilled water for one minute. In Figure 3.5 (a) and (b), the effect of this clean-
ing can be observed by XPS analysis. Without entering into the details of the line
shapes, both the V and the Sr signal change the shape after the cleaning, in the
same way as observed by Bourlier et al (cite Bourlier), restoring the V4* state of
the SVO film. The detailed analysis of this data was reported in [19]. In order to
estimate the thickness of the chemically modified surface layer, the film thickness
was measured before and after the water treatment by XRR, showing a reduction of
the film thickness of about 3 nm. With such a small thickness, the surface modifi-
cation does not influence macroscopic measurements as X-ray diffraction, optical or
electrical characterisation, but will influence the spectroscopic measurements. Thus,
in these cases, we have applied the water treatment systematically to the sample
after a first reference spectra on the aged surface. The spectra presented in this

thesis were made on water cleaned surfaces.
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3.2 Structural characterization

The structural characterization of the deposited thin films allows to determine the
structural phase and the orientation of the epitaxial films, but also to determine
important film characteristics, as for example their lattice parameter and the film
thickness. This characterization was carried out in this thesis using two techniques
of X-ray diffraction, where the high angle measurements in the Bragg-Brentano
configuration (section 3.2.1) allow for the analysis of the structural parameters of
the thin films, while low angle measurements (section 3.2.2) are used to determine

the thickness of the films.

3.2.1 X-Ray Diffraction

A crystalline arrangement of atoms is made up of a precise three-dimensional pe-
riodic lattice with a fundamental elementary cell defined by three lattice vectors
that describes completely the arrangement of atoms. Three lattice parameters, a, b,
and ¢, as well as three angles «, 3, and v, define these lattice vectors, which result
in 14 Bravais lattices with different symmetries. The elementary cell described the
minimal structural unit being reproduced periodically in the lattice, by distributing
the atoms in a pattern at each node of the lattice. Every plane that runs through
three nodes is referred to as a lattice plane. An infinity of identical planes, each
identified by the three Miller indices (hkl) and characterized by an interplane dis-
tance dp;, form a family of lattice planes when the periodicity of the lattice is taken
into consideration.

In order to characterize this periodic unit cell, the interaction of X-rays with the
constituting atoms is used. The technique entails exposing a crystalline lattice to
X-rays with a fixed wavelength A under a varying incidence angle . When X is an
integer multiple n of the inter-lattice spacing duy;, a fraction of the incident X-ray
beam is diffracted when it interacts with the crystalline lattice, leading to positive
interferences of the diffracted beam (Figure 3.6). Bragg’s law allows to capture

quantitatively this situation:

n\ = thkzl sin 0 (32)
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Figure 3.6: Schematic representation of the X-ray measurement principle, with the
incident beam on the left side with an incident angle #. The crystalline lattice is
characterized by the interplane distance d. [20]

This techniques can be used to determine the lattice parameter outside the plane
of the acquired phase as well as the interplanar distance dy;; separating two planes
belonging to the same family which make it a potent tool for describing the crystal

structure of materials.

The measurement is carried out in a X-ray diffractometer with the Bragg-Brentano
configuration. In this measurement setup (Figure 3.7), the X-ray tube’s location and
detector’s angular position are both changed at the same time. The diffraction vec-
tor, defined by the incident and the outcoming beam, stays normal to the sample’s
surface while the incidence angle 6 and detection angle 26 are increased, but its
length changes. As for positive interference, the diffraction vector has to coincide
with the lattice plane vector, only the crystallographic planes parallel to the sample
surface are accessible in this measurement mode. A large angle § — 26 scan gives
access to both the substrate’s and the deposited film’s diffraction peaks. As a result
of the interference of the diffracted beams at the film/substrate interface and the
surface of the deposited film, oscillations of finite thickness may be also observed.
The number of deposited atomic planes and subsequently the thickness of the film

may be determined by mathematically modeling these oscillations, as shown by the
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Figure 3.7: Schematic representation of the X-ray measurement configurations. [21]

expression:

I (sin(27rNcsin(/9\))> (3.3)

B Sin(27rcsz'n§))
where c¢ is the out-of-plane film lattice parameter and N is the total number of
scatterers, i.e. the number of atomic layers deposited during growth. As these
oscillations are related to the periodic arrangement of a reduced number of scatterers,
their appearance in the 8 — 20 measurements is a sign of a good periodicity, and
therefore a high crystalline quality of the deposited film.

In this thesis, a Bruker D8 Discover diffractometer has been used with a Cu X-
ray source. Before interacting with the sample, the beam crosses a monochromator
selecting the Cu Koy with a wavelength A = 1.5406 A and a slit of typically 0.2 mm
to shape the beam. The diffracted beam is again selected by a number of slits with

the same opening of 0.2 mm, before being detected by a point detector. Before the
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0 — 20 measurement, the sample is aligned with the diffractometer. The height z
of the sample is optimized so that it cuts half of the direct incident beam, and the
incident angle 6 is adjusted using a substrate diffraction peak in order to compensate
for misalignments of the sample with the beam. The typical scan parameters of the
0 — 20 measurements (if not stated otherwise) are a step of 0.1 ° and a time per step

of about 1s.

3.2.2 X-ray reflectivity

In addition to diffraction, X-rays may also reflect from a sample’s internal and ex-
ternal surfaces. Information about the thickness, roughness, and density of thin
films can be deduced from this reflecting behavior. When the incident X-ray beam
is small enough, the beam is reflected from the surface of the sample. When in-
creasing the incident angle above the critical angle 6., the beam enters the sample,
and is reflected at the interfaces between areas with different refractive index n, as
predicted by Snell’s law. This refractive index is related to the electron density,
so that the intensity of the reflected beam depends on the difference of the total
electron density of the different materials, i.e. the film and the substrate. When en-
tering the sample, the same mechanisms as in a Fabry-Pérot interferometer applies.
When the path difference Al between the reflected beam from the surface and the
reflected beam from an internal interface (such as the substrate/film interface or the
interfaces between different layers), is an integral multiple of the X-ray wavelength
A, the X-ray beam’s constructive interference results in intensity fringes in XRR
measurements. The thickness of the film d affects Al, which controls the periodicity

of the fringes.

Al = 2dvn? — cos? 0 (3.4)

The relationship between the film thickness d and the order number of the fringes
N can be calculated by rearranging this equation accounting for the requirement for
constructive interference, as following:

)\2

in?6,, = —N?+26 .
sin“ 6, i + (35)
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Figure 3.8: Thickness determination methodology (a) Typical XRR profile (b) sin? ¢
as a function of n? (considering n = 1,2,3,4 and 5) and the linear fits. In the shown
example, n = 2 is chosen as the correct linear dependence.

Here, 6,, is the position at which a maximum of the XRR oscillations is observed, and
0 denotes the refraction term. This equation indicates an easy method to determine
the film thickness. Plotting the measured angles sin®#,, as function of the order
number N? yields a linear connection, when the good N is assumed. The film’s

thickness is given by the slope B of this line:

A

A== (3.6)

Consequently, the thickness of the film may be estimated in XRR measurements by
determining the slope of this linear connection.

For the measurements, the same Bruker D8 Discover diffractometer as described
above has been used, with a monochromatic beam and a slit opening of 0.2 mm.
Prior to data collection, exact alignment of the sample height z and the incidence
angle 6 was done, in order to guarantee the correctness of the acquired data. Here,
the 6 alignment is done using the reflected beam at an angle above 6., typically at
1°.

To provide an actual illustration, Figure 3.8 demonstrates the process of esti-
mating thickness. In Figure 3.8 (a), a typical X-ray Reflectivity profile is displayed,
basically a LSVO sample with a composition of z = 0.33. In Figure 3.8 (b), sin?# as

a function of n? (considering as the oder number n = 1,2,3,4 and 5 of the first visible
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oscillation) is highlighted as the approach employed for thickness determination. As
shown, the slope of the optimal fit is used in the equation, yielding an estimation of
the LSVO thin film thickness. For this specific example, the estimated thickness is
to 22.9 nm.

As PLD samples are rather small (0.5 x 0.5 cm?), the beam size is larger than the
sample at low angles. Therefore, the measurements for 26 angles below about 1 © may
include an intensity variation related to the change of the reflected beam size. This
contribution is difficult to take into account in an analytical way, so that the analysis
of 8. allowing for the determination of the film density is not possible. However, it is
possible to integrate the sample size in XRR simulations using dedicated softwares,
as for example GenX [112]. In this thesis, the full simulation of the XRR (as
for example shown in Figure 3.2) was used only to confirm the thickness values
determined by the sin? 6,, method. Tests were also carried out in order to determine
if the value of 6. and its relation to the electron density can be used to determine
the solid solution composition, but the variation was too small to be detectable.
The roughness was extracted from the tests showing typical roughness values of

atomically smooth interfaces and surfaces.
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3.3 Spectroscopic measurements

In this thesis, one of the main issues is the demonstration that a solid solution
was actually formed in the thin films, deposited by sequential deposition from the
parent compound targets. The first aspect is the composition of the thin film, and
especially the La/Sr ratio, to confirm the La content in the films. The second
aspect is to observe the oxidation state of the transition metal ions, which should
undergo a change of the oxidation state when Sr is substituted by La as a sign of
the effective introduction of charge in the system. Both of these aspects can be
evaluated using spectroscopic measurement allowing for the quantification of the
atomic species and the oxidation state. X-ray photoelectron spectroscopy has been
carried with Damien Aureau and Mathieu Frégnaux from the ILV Versailles, as well
as Vincent Polewczyk, Giovanni Vinai and Piero Torelli from Elettra Trieste. Here,
also X-ray absorption spectroscopy (XAS) has been carried out, especially during a
beam time in september 2022, reuniting all persons involved in the XPS and XAS

measurements.

3.3.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique used for identifying the chem-
ical composition and valence state of elements. It involves the use of X-rays to excite
the core-level electrons of atoms within a certain distance of the sample surface in
the range of less than 5 nm. In a conventional experimental setup, X-rays of defined
energy are directed towards the surface of a sample. These X-rays interact with the
core electrons of the sample, resulting in their photoemission, a phenomenon widely
recognized as the photoelectric effect as shown in Figure 3.9.

Consequently, the creation of ionized states occurs, leading to the generation of
a photoelectron with a certain kinetic energy. This energy can be determined by the
difference between the energy of the incident photon and the binding energy of the
core electron that has been photoexcited. Additionally, the work function, which
varies depending on the material being analyzed, must also be considered. In the

context of a solid, the phenomenon of photoemission can be effectively explained
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Figure 3.9: Schematic representation of the photoabsorption process of X-rays. [22]

through the production of photoelectrons and Auger electrons initiated by the in-
teraction between X-ray radiation and matter, the scattering processes as they move
through the solid surface, and subsequently, the photoelectrons are then liberated
from the surface into the surrounding vacuum.

By examining the highest binding energy, we can gain insight into the electronic
configuration of the occupied states of the atoms within the sample. Due to the
distinct binding energies associated with each element, an XPS spectrum exhibits
selectivity in the identification of elements present within the sample being investi-
gated. Furthermore, XPS is not just used for the identification of chemical elements,
but also for the identification of alterations in atomic bonding configurations. This
phenomenon is observed through modifications in many aspects of the spectrum,
including shifts in binding energy, modifications in peak widths and shapes, and the
existence of bonding satellites or modifications in the valence band. The chemical
shift, denoting a difference in binding energy relative to the elemental state, gives
insights into the oxidation states of an element.

At ILV, the XPS measurements were performed on the surface of the samples
using a Thermo Scientific Ka X-ray photoelectron spectrometer. Complementary
measurements were performed at the Elettra APE beamline using synchrotron ra-
diation as well. The survey spectra were obtained in a binding energy range of 0 —

900eV and fitted. This fitting was an essential part of comprehending the chemical
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Figure 3.10: Charge compensation using flood gun during the XPS measurement.
[23]

environment and bonding that are present in the samples. We applied the Shirley
background subtraction approach, which is well regarded for its capacity to account
for inelastic background contributions in the core level spectra. In addition, in or-
der to further improve the accuracy of our findings, we utilized symmetric peak

morphologies and put constraints on peak locations, widths, and intensity ratios.

The accumulation of surface charge, which can expand and move the peaks and
decrease measurement accuracy and precision, is one of the difficulties in XPS anal-
ysis. The reason for this charge building is because the sample surface’s X-ray
photoelectrons have a negative charge that can collect and reject later electrons
that are released. A flood gun is frequently employed to get around this problem
(Figure 3.10). During the measurement, a flood gun is a low-energy electron source
that discharges low-energy electrons onto the sample surface. The electrons released
by the flood gun have the same sign (negative) and lower kinetic energy than the
photoelectrons released, which balances the surface charge and prevents charge ac-
cumulation. In order to neutralize the positive charge that accumulates during XPS
measurement, the flood cannon emits low-energy electrons onto the sample surface.
These electrons then interact with the surface. The sample surface quickly absorbs

the low-energy electrons that are released by the flood cannon due to their short
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Figure 3.11: La 4d core level XPS spectra of the solid solution thin films (a) with
flood gun, (b) without flood gun.

mean free path. As a result, the negative charge is neutralized, allowing surface
charging to not obstruct the photoemission process. For accurate measurements, a
flood gun is required, especially for insulating materials that have a propensity to
charge more quickly. Such a flood gun was used at ILV, and eliminates spectral dis-
tortions, increases measurement accuracy and precision, and enables the collection

of high-quality spectra by neutralizing the surface charge.

The effect of the flood gun on the reliability of the obtained XPS spectra is well
illustrated by measurements on LSVO solid solution films. In Figures 3.11, 3.12 and
3.13, measurements of the core levels of the interesting elements (La, O, V, and Sr,
respectively) with and without the flood gun are shown for different solid solution
composition. The influence of the sample charging can be observed as shifts of the
spectra and intensity differences. When using a flood gun, these features disappears
and a reliable analysis of the core levels become possible. All XPS measurements
used for the in-depth analysis of the sample composition in this thesis have been

conducted with the use of a flood gun.

The experimental procedure involves multiple steps, including the sample prepa-
ration, which is typically cleaned and prepared by mounting it on a sample holder.
It is worth noting that we performed the experiment on non-water treated sam-
ples, before another one of the same samples, but water cleaned. The chamber is

evacuated to a vacuum to lower molecules that could interfere with the experiment.
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Figure 3.13: Sr 3d core level XPS spectra of the solid solution thin films (a) with
flood gun, (b) without flood gun.

Monochromatic X-ray beam generated by aluminium anode irradiates the surface

of the sample. The ejected electrons are analyzed using an cylindrical electron ana-

lyzer, allowing the measurement of the binding energy.

3.3.2 X-ray absorption spectroscopy (XAS)

Electro-magnetic radiation absorption can be used in a wide range of applications

to learn plenty of information about a material’s physical and chemical properties.

X-rays are forms of electromagnetic radiation that have frequencies between UV and

~-rays in the electromagnetic spectrum. The referred to as soft X-rays (100 eV —
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3 keV range) and hard X-rays (energies over 3 keV) categories further divide the
X-ray radiation. X-rays in particular are able to interact with the internal electrons
of the material, or the core electrons. The absorption is the subsequent electronic
excitation of the core electron towards an empty molecular orbital, leaving a core-
hole. It is known that absorption processes depend on the photon energy of the
incident radiation. The electronic structure of the empty states of the absorbing
atom is therefore depicted by an X-ray absorption spectrum, which is a scan of the
absorption intensity in a given photon energy range, taken in proximity to a par-
ticular absorption edge. This electronic structure is associated to certain electronic
transitions. This makes it possible, for instance, to learn more about the oxidation
state of the atom that is absorbing. The strong localization of the core electron on
the absorbing atom, which makes the absorption process highly dependent on its
immediate surroundings, is another key benefit of XAS spectroscopy. As a result,
core spectroscopies are especially instructive since they may give precise details on
the atom’s immediate chemical and geometrical environment.

Experimentally, XAS analyzes a sample’s absorption coefficient as a function
of the incident radiation energy I,. For a homogeneous, isotropic material, this

absorption coefficient y is described by the Lambert-Beer equation:
[ = Lye P (3.7)

where [ is the intensity of the beam at the distance D inside the body. For a
crystalline solid, y is equal to the sum of the absorption cross sections ¢ for each of

the n chemical constituents of the unit cell:

1 n
h=5 x;ai (3.8)

where V' is the volume of the unit cell.

When the excitation energy is similar to the binding energy of core electrons,
there is a net increase in absorption, which results in the formation of the absorption
edges. In non-resonant areas, the absorption coefficient drops with increasing photon

energy. Accordingly, each core electron will produce a distinct absorption edge,
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Figure 3.14: X-ray absorption spectrum with the NEXAFS and EXAFS regions.

depending on where in the electronic structure it starts off energetically. This leads
to one of the key characteristics of XAS: the ability to choose a single absorption
edge by adjusting the incident photon energy. Even with a sample made up of
several chemical species, the XAS spectra of a single element may be isolated since
the absorption edges of the elements are often energetically separated. Moreover,
depending on the initial core level of the excitation, it is also feasible to distinguish

various absorption edges for the same element.

The Extended X-ray Absorption Fine Structure (EXAFS) extends from the up-
per limit of the Near Edge X-ray Absorption Fine Structure NEXAFS (or XANES)
region to several hundreds of eV above the absorption edge. The NEXAFS region
(Figure 3.14, which covers the energetic range starting from few eV before the ab-
sorption edge to 50 eV above it, is divided into three regions according to the X-ray
photon energy: the pre-edge, main-edge, and post-edge sections of the NEXAFS
region that each provide distinct information about the sample’s electronic struc-
ture. Experimentally, the sample is exposed to monochromatic X-rays, the energy of

which is scanned through a few eV range around the absorption edge of an element.

Due to its extensive energy tunability and special characteristics (high brightness,

collimation, and high level of polarization), Synchrotron radiation is the best X-ray
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source for carrying out XAS studies. The core-excitation of empty virtual orbitals
that takes place when the beam strikes the sample results in a core-hole and the
creation of a particle state. Since the excited state has a brief lifetime, the core
hole’s fate is to be filled, which can occur by one of two processes: fluorescence
emission (a non-radiative process) or Auger electron emission (a radiative process).
Figure 3.9 illustrates the process of fluorescence, which is the action of an electron in
an external shell filling the core-hole and producing a photon with a certain energy.
Instead, the Auger effect uses two electrons: the first one fills the core-hole as it
decays, but it also transfers energy to the Auger electron, which is subsequently

released into the continuum.

In addition, in-situ measurements are possible in order to gather more perti-
nent information. The extreme sensitivity of Total Electron Yield (TEY) detection,
where an electrical contact on the sample is used to collect electrons generated by
the absorption of the X-rays, allows to observe carefully all the near-edge features
with a probing depth of around 5nm. At the Elettra beamline APE-HE, a well-
established cell allowing to perform operando XAS at 1bar fluxing mixture of gases
(He, HoO vapor and O,) at variable temperature was used. The environmental
chamber is dedicated to conducting in situ/operando ambient pressure X-ray ab-
sorption spectroscopy (AP-XAS) in order to investigate the physical-chemical prop-
erties. APE-HE’s X-ray Absorption Spectroscopy identifies atomic species located
on the surface or buried within the material, exhibiting distinct absorption edges
within the energy range of interest (150-1600 eV). AP-XAS experiments are carried
out using the TEY mode, which provides surface sensitivity with a probing depth of
a few nanometers. To obtain XAS spectra, three picoampmeters are employed. The
first picoampmeter records the drain current at the entrance of the sample holder
to normalize the incoming intensity, the second measures the drain current of the
sample under X-ray radiation, and the third records the drain current of a refer-
ence sample that covers the entire energy range. This reference sample serves as a

baseline for the photon energy.

The experimental procedure involves a sample preparation and introduction to

the chamber. Note here that according to the protocol we developed the samples are
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Figure 3.15: L2 and L3 absorption edges of the different oxidation states of vanadium
(a) adapted from [24] (b) adapted from [25], and (c) adapted from [9].

cleaned with water before introduction to the chamber. Selecting the appropriate
energy range of X-rays, setting up the monochromator, and aligning the X-ray beam.
The absorption of the X-rays since they match the binding energy of core electrons,

that are detected to create absorption spectrum.

In our study, we developed a method to accurately quantify the oxidation states
of vanadium by analyzing the .2 and 1.3 absorption peaks. Upon existing literature
data on vanadium oxidation states (3+, 44, and 5+), we selected three distinct
references from Zimmerman et al [24], Kourkoutis et al [9], and Tan et al [25],
representing each oxidation state. Figure 3.15 presents the L2 and L3 absorption

peaks for these references, revealing noticeable differences in L2 and L3 intensity.

Figure 3.16 showcases the comparison between each oxidation state of the three
different references. We observed that the Zimmerman reference displayed a subtle

peak at the L3 bottom, setting it apart from the other references. It’s important
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Figure 3.16: Comparison between the three adapted references (a) V3*, (b) V4t
and (c) V5.

to mention that to overlap the references for comparison, we vertically manipulated
the reference data. The Zimmerman [24] and Tan [25] references exhibited similar
shapes, while the Kourkoutis [9] reference exhibited slight deviations in the edges
of the L2 and L3 peaks. Following this comparison, we opted for the Tan reference
due to its closest alignment with our experimental XAS results. Our protocol also
delved into different approaches for establishing baselines for both experimental and
reference data. We determined that aligning the baselines of L2 and L3 peaks at
the same level for all LSVO experimental curves and the Tan reference of V3, V4+

and V°T yielded the best fit outcomes.
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3.4 Electrical measurements

In order to ascertain the electrical transport characteristics, it is important in this
thesis work to investigate the electrical properties of the thin films. We can iden-
tify the electrical conduction modes of our samples by examining the temperature-
dependent behavior of the electrical resistance. By tracking the evolution of the
resistance under the influence of a perpendicular magnetic field (Hall effect), it be-
comes feasible to analyze transport characteristics such as the charge carrier density
n and the mobility p. In this work, the electrical characteristics were characterized
using a Quantum Design 9 T physical property measuring system PPMS (Figure
3.17). The sample is glued with a thermally conducting, but electrically insulating
varnish to the sample puck. Three samples can be measured on the same puck.
The sample is connected to the electrical contacts on the side of the sample holder,
which is introduced into a chamber in the PPMS, under He. The puck is connected
to an electrical contact in the bottom of the PPMS chamber so that the sample is
sitting in the center of superconducting coils allowing it to generate fields up to 9 T
perpendicular to the plane of the puck. The electronics of the PPMS generate the

necessary signals for the measurements and collect the data.

Figure 3.17 (a) illustrate the shematic representation of the PPMS. Inside, stage
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Figure 3.17: (a) Schematic representation of the PPMS, (b) details of the sample
puck
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for holding different samples, cooling system using liquid helium and a refrigerator
to reach very cold temperatures, strong magnet to reach important magnetic field
, sensors to measure temperature, windows to see the experiments, and systems to
control gases or vacuum conditions. Figure 3.17 (b) on the other hand shows typical

sample puck holder used to carry 3 samples in our case.

3.4.1 Electrical resistivity

The experimental procedure for measuring electrical resistivity on a thin film sample
involves using a four-point arrangement. In contrast to the two-point design, the
measurements of intrinsic resistance in this setup are not influenced by contact resis-
tance. A West Bond ultrasonic wirebonder was used to establish electrical contacts
between the sample and the measurement support, using a 25 pm Si-doped Al wire.
This alloy allows for low resistance contacts on the sample surface and exhibits re-
markable stability at low temperatures. The electric potential is determined by the
voltage difference between V* and V~, while the current is injected in the direction
from I™ to I". The contacts are distributed over the surface in the van-der-Pauw
geometry, where the four contacts are made in the four corners of the square sam-
ples. The voltage contacts are located on one side of the samples, while the current
contacts are located on the other side, with parallel polarisation. The experimental
procedure involves analyzing the resistance evolution within the temperature range
of 10 to 300K. This analysis is conducted using a PPMS (Physical Property Mea-
surement System), which possesses a sensitivity capable of measuring values ranging
from 10~* to 107 Q. The injected current is automatically optimized for the voltage
range being measured. Using the following formula, the electrical resistivity p is

determined from the measured resistance R in the van-der-Pauw configuration:

TRt

where ¢ is the film thickness and Rg is the sheet resistance.
The temperature dependent resistance measurements were carried out during

cooling from 300K to 5 or 10 K; with a cooling rate of 4K/min in order to ensure
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Figure 3.18: Hall measurement in Van Der Pauw configuration. [26]

the good thermalization of the sample.

3.4.2 Hall effect

The Hall effect of the thin films were also measured using the Van Der Pauw set-up
(Figure3.18). The same contacts were used as for the resistivity measurements, but
the attribution was changed so as to measure the perpendicular resistance, i.e. the
Hall resistance, as depicted in Figure 3.18(a). The velocity of charge carriers is
dependent on the current density, and their motion generates a Hall electric field
(Eg) in response to the Lorentz force related to the magnetic field H. The outcome
entails a perpendicular deviation and the emergence of a Hall resistance denoted as

R.y. The Hall coeflicient, or Ry, is the term used to denote the slope of R, = f(H).

(3.10)

This enables using the following equations to calculate the charge carrier density n

and the mobility u:

(3.11)
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where e is the electronic charge.
The Hall effect measurements were carried out scanning the magnetic field from
-9 T to +9T at different temperatures distributed from 10 K to 300K. Linear fits

were carried out to determine Ry at each temperature.

3.5 Optical measurements

3.5.1 Perkin Elmer Spectrophotometer: Measurement of

optical transmission and reflection.

Optical properties manifest in at least three effects: transmission, reflection, and
absorption. These three effects can be characterized by the following parameters:
Transmittance (T), Reflectance (R), refractive index (n), and also the absorption
coefficient (k).

During this thesis work, the optical transmission and reflection of our samples
were measured using a Perkin Elmer 1050 Lambda UV-Vis-NIR spectrophotometer
and a Universal Reflectance Accessory (URA). Optical transmission measurement
involves directing a monochromatic light beam onto the sample. From an experi-
mental perspective, the incident beam is first split into two, after passing through a
monochromator, using a splitter to irradiate both the sample area and the reference
area (see Figure 3.19 ). This will serve as a reference to determine the optical trans-
mission of the sample. Indeed, before each measurement, it is necessary to calibrate
the optical transmission to 100% by placing a reference material such as fused silica,

which has a transmission of 95%.
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Figure 3.19: Shematic representation of Perkin Elmer 1050 UV-vis-NIR

Optical reflection, on the other hand, was measured in the visible range using
a URA spectrophotometer. As illustrated in Figure 3.20, the light beam is focused
along an optical path onto the sample. During this work, the sample is illuminated
at a nearly normal incidence angle of 8° by a monochromatic beam with a size of
(2x2 mm?). It is important to calibrate the system before each measurement. To do
this, by adjusting mirrors, the beam from the compensator is focused directly onto

the detector to set the initial optical reflection to 0%.
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CHAPTER 4

(La,Sr)VOs3 solid solution thin films

The lanthanum strontium vanadium Oxide (LSVO) system has attracted a lot of
interest because of the properties that make it of potential use in transparent elec-
tronics, optoelectronics, solar cells, and solid oxide fuel cells. This Perovskite-type
transparent conducting oxide (T'CO) has generated a great deal of interest because
of the unusual combination of optical and electrical properties it possesses. The
effects of doping (section 4.2) and strain engineering (section 4.3) on the structural,
electrical, and optical characteristics of the LSVO system will be covered in this
chapter, after a thorough analysis of the structural quality an the effective forma-
tion of a solid solution (section 4.1). Also, the chemical modification of the surface
will be studied, in order to understand the influence of La doping on the chemical

instabilities of SVO (section 4.4).
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4.1 Growth of solid solution thin films

4.1.1 Growth optimization

In order to assess the optimal growth conditions of the solid solution thin films,
first, the growth of the parent compound single films has been studied and the
influence of the main growth parameters. We have decided to grow the thin film
material on a (001) oriented SrTiO3 (STO) substrate to assess the effect of the
La concentration on the material. This choice was made because the thin film
will experience less strain than on other substrates, such as the commonly used
(LaAlO3)0.3(Sr2TaAlOg)or (LSAT). Using STO, we can isolate the impact of the
doping content on the material’s characteristics without interference from excessive
strain.The growth of LaVO3 (LVO) has been optimized earlier during the thesis of
Hélene Rotella at the CRISMAT [87,113,114], and the growth of thin films of SrVOs3
(SVO) deposited on STO was optimized by Alexis Boileau [13,14] , so that only a
reduced optimization process was necessary, taking into account mainly the depo-
sition temperature. The other parameters were fixed to the standard parameters
mentioned in chapter 3.1.1.

Figure 4.1 shows the XRD 6 — 26 scan of about 20 nm thick films of SVO and
LVO on STO (001) substrates, deposited at temperatures between 400 and 700 °C.

The position of the Bragg peak of the SVO films does not depend on the depo-
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Figure 4.1: 6 — 260 scan of the (002) reflection of the STO and the SrVO; (a) and
LaVOs (b) thin films at various deposition temperatures
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Figure 4.2: 6 — 260 scan of the (002) reflection of the STO and the LSVO solid
solution set for a deposition temperature of (a) 500 °C and (b) 700 °C.

sition temperature, but the film quality does. With elevated temperature, above
600 °C, the intensity of the Laue fringes of the Bragg peak decreases, indicating
a deteriorating film quality. On the other hand, the LVO films show a stronger
temperature dependence regarding the Bragg position, but also its width. Here,
the low deposition temperatures lead to a wide and less intense Bragg peak, indi-
cating lower film quality. When enhancing the deposition temperature, the Bragg
peak becomes more intense and narrow, and some Laue fringes are observed for a
deposition temperature of 700 °C. Therefore, while SVO shows a better quality at
low deposition temperatures (as was already observed before [13]), LVO needs high
deposition temperatures for a good quality.

Based on the parent compound optimization results, the optimal growth tem-
perature for the solid solution required two distinct temperatures, mainly 500 °C
and 700 °C. For both temperatures, five different compositions of La,Sr;_, VO3 thin
films were grown with values of z as following: (0,0.16,0.33,0.5,0.66,0.83,1). While
the subsequent section will delve more deeply into the set grown at 500 °C, it is
essential to present some experiments and findings from the solid solution set grown
at 700 °C, which contributed to the choice of pursuing the study at 500 °C.

Figure 4.2 depicts the XRD 6 — 26 of the different solid solution compositions
grown on STO substrates at a temperature of 500 °C (a) and 700 °C (b). For both

deposition temperatures, Bragg peaks are observed of the thin film for all compo-
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sitions. The Laue fringes prove the good level of crystalline quality observed in all
of the solid solution samples. It is interesting to note that although 500 °C is not
an optimal temperature for pure LVO, the presence of Laue fringes sets in at x
= 0.83, showing that even a small content of Sr stabilizes the film. A comparable
mechanism is observed for the 700 °C solid solution on the Sr rich side: although the
pure SVO film shows a rather feeble crystalline quality, the only lightly La-doped
solid solution z = 0.16 shows the presence of Laue fringes. Therefore, both deposi-
tion temperatures lead to high quality solid solution thin films. XRR measurements
were conducted on all solid solutions, revealing a thickness of approximately 20 nm
for all thin films, consistent with the calibration procedure results. Here, the genX

software was employed to determine the thickness by fitting the XRR curves.

The observed shifts in Bragg peaks, which increase in position with increasing La
content, provide confirmation of the distinct compositions achieved in the solid so-
lution. In principle, the structural characterization confirmed the successful growth
of the set at both temperatures, thereby demonstrating a good level of crystalline
quality. Figure 4.3 illustrates the evolution of the out-of-lattice parameter with the
lanthanum doping, presenting in both cases a non-linear trend. The observed behav-
ior will be thoroughly explained in the following sections of the LSVO solid solution
grown at a temperature of 500 °C, but some general features should be noted here.
First, ¢ differs for < 0.5, where the samples grown at 700 °C show smaller values
than for the samples grown at 500 °C. This behaviour was also observed for pure
SrVO3 grown on SrTiOs [13], which was shown to be strongly related to the pres-
ence of oxygen vacancies, due to the higher diffusion mobilities at higher deposition
temperature. The La-rich solid solution z = 0.83 film show on the other hand quite

comparable lattice parameters for both deposition temperatures.

The main obstacle was encountered during the process of electrically characteriz-
ing the solid solution grown at 700 °C. As illustrated in Figure 4.4, most compositions
for x < 0.66 showed a metallic temperature dependence. But significantly, Figure
4.4 (b) presents the Hall effect observed in the 0.66 composition, demonstrating an
S-shape Hall effect, which is commonly associated with hall anomalies. This ob-

servation suggests the existence of magnetism or the simultaneous presence of two
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Figure 4.3: Evolution of the out-of-plane lattice parameter ¢ with lanthanum content
x for the two deposition temperatures. The horizontal lines indicate the lattice
parameters of SrVOs3, LaVO3 and SrTiO3 bulk value.

types of charge carriers, which may be again related to oxygen vacancies either in the
substrate [115] or the film. Therefore, based on the absence of electrical anomalies
within the samples grown at 500 °C as will be presented in the following sections,
the 500 °C temperature was chosen to be the optimal parameter for the LSVO solid

solution study.

From the measurements of reciprocal space maps of the (103) reflections of the
film and the substrate (an example is shown in 4.5), the coherently strained state of
the whole solid solution on the STO substrate is observed, as was also reported in
earlier studies on SVO [13] and LVO [114]. The analysis of the out-of-plane lattice
parameter ¢ (Figure 4.4) with the evolution of the lanthanum content z in the solid
solution shows two different regimes (1) and (2). In the first domain (1) with = <
0.4, ¢ slowly increases from 3.86 A (z = 0) to 3.87 A (z = 0.33). Exceeding 40%
La doping, the slope changes, and ¢ seems to increase more quickly from 3.88 A
(x = 0.5) to 4.00 A (z = 1). Therefore, the ¢ evolution with La content is not
linear throughout the LSVO solid solution. Such a non-linear evolution is often
interpreted in bulk as a sign of lacking substitution. However, in thin films, the

strain also plays an important role on the obtained c¢. The change of the slope is
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observed when ¢ becomes larger than the STO lattice parameter, asro = 3.905 A.
Therefore, the strain state of the film changes from tensile strain in regime (1) to
compressive strain in regime (2), corresponding to a strain-reduced ¢ in regime (1)

and a strain-enhanced c in regime (2). Thus, the obtained evolution is coherent with
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Figure 4.5: (a) Reciprocal Space Map of the (103) reflection of the STO substrate
and the LSVO film with a La content of 83 %
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a homogeneous solid solution and the related lattice parameter change, undergoing

a strain state change on the chosen substrate.

4.1.2 Chemical characterisation

In order to determine more precisely the La content and the effect of La substitu-
tion on the V oxidation state, spectroscopic measurements were carried out on the
solid solution grown at 500 °C. Figure 4.6(a) shows the XPS survey measurements
used to determine the composition of the film by the relative intensity of the signal
related to the different elements. After Gaussian fitting and Shirley background re-
moval, the content of the single elements was calculated from the O, C, Sr, La and V
peak regions. A spectrum decomposition with holographic deconvolution was used
to identify spectral lines, with a targeted peak deconvolution algorithm. In order
to corroborate the XPS quantification, a scanning electron microscope with energy-
dispersive X-ray spectroscopy (EDS) was also performed. Due to the thin film form
of the sample, the EDX measurements suffer from a small interaction volume of
the beam with the interesting material, and the presence of Sr in the substrate is a
second hindrance to quantify exactly the La/Sr content of the film. We have used
comparative measurements of the single film LaVO3//SrTiO3 sample with the solid
solution samples, and we were able to estimate a La content, but the reliability of
these results is small, accounting for the large error bars. Figure 4.6(b) shows the
experimentally obtained composition of the samples for three compositions, using
the average of the XPS and EDX results. It can be observed that the experimen-
tal values are slightly higher than the nominal values for x < 0.5 | but stay very
close. Therefore, the calibration process is reliable, and in the following, the nominal
compositions will be used for the analysis.

In order to confirm the homogeneous integration of the lanthanum into the solid
solution, XPS measurements of the Ladd core spectra were carried out on all the
solid solution films containing La. Figure 4.7(a) shows the evolution of the spectra
with the doping content. As x increases, a corresponding increase in the intensity
of the La 4d core level signal can be observed, as assessed by the increase of the

integrated area of the peaks (Figure 4.7(b)). This indicates that, as the number



80 Chapter 4. (La,Sr)VOj3 solid solution thin films

_ x=0. b
@, o N x=05| 45 |(P)
- (8] 7 5 35
ol.= [ ) § o i
. T
- M—*U_i,ﬁ 20 | s
3' i i i i o
o L x=0.33| =
-y e
g B = 1 5 ~
E = i i J
e —— 1.0 -
P 05 L A Experimental average
N | ——— : e MNominal value
L i L et | . I ; | ; I
600 450 300 150 0 33 50 66
Binding energy (eV) Lanthanum content (%)

Figure 4.6: (a) XPS survey spectra of LSVO solid solution thin films for specific
La,Sr;_, VO3 compositions (z = 0 bottom panel, 0.33 middle panel, and 0.5 top
panel) (b) Experimental composition extracted from the average of XPS and EDS
vs nominal composition.

of laser pulses on the LaVOy, target increases, the La concentration within the film
increases also. The shift in La core levels is due to the change of the binding energy
caused by the changes in the chemical environment of the atoms. The doping alters
the electronic structure of the material, leading to changes in the band structure and
Fermi level, and thus a shift of the core levels. At the same time, the intensity of
the Sr core level (Figure 3.13 in section 3.3.1) decreased as the doping concentration
increased. Nevertheless, no discernible changes in the intensity of the V 2p3 and O
1s core levels were seen (Figure 3.12 in section 3.3.1). Therefore, on the whole solid

solution range, La is well substituted for Sr.

Analyzing core levels can provide us a variety of details on the surface’s chemical
composition and electrical structure. But also, the chemical state of the atoms on
the surface, including the existence of chemical bonds and their kind, may also be
determined via core level analysis. The Figure 4.8 shows an insight on the core levels
of the x = 0.5 solid solution set before and after water treatment. Collecting the
measurements with and without water treatment allowed for a precise evaluation

of the solid solution’s surface composition while taking into account the possible
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integrated area of the core levels.
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Figure 4.8: Core level XPS spectra of the x = 0.5 solid solution thin film before and
after a surface water treatment.

surface oxidation of lanthanum strontium Vanadate. In Figure 4.8, only a very
small difference is observed between the pristine surface and the water treated one,
indicating a less reactive surface as for pure SVO. This is either related to the fact
that the La doping stabilizes the V4* at the film surface, or that the La doping leads
to a non-solubility in water of the V®* containing surface oxides.

The La/Sr ratio has also been determined before and after the water treatment
(Figure 4.9). The determined ratio is very similar before and after the water treat-
ment, and also to the nominal value. This observation indicates that the measured

La/Sr ratio is robust against surface ageing or surface treatment, again enhancing
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Figure 4.9: Experimental La/Sr ratio determined from XPS measurements before
(orange squares) and after (green circles) the water treatment of the LSVO solid
solution samples. The nominal La/Sr ratio is indicated by open triangles.

the reliability of the calibration process and the deposition process.

Figure 4.10 shows the fitting performed on the Sr 3d core levels for 4 different
compositions. strontium exhibits two prominent peaks, denoted as Sr 3d5/2 and
Sr 3d3/2. The observed peaks serve as distinctive markers, that indicate the in-
terconnections between strontium and other elements. The Sr 3d3/2 peak exhibits
a slightly higher energy level (1.8 €V) compared to the Sr 3d5/2 peak. Two Sr
contributions are observed in the spectra. The one at lower energy relates to the
strontium atoms located in the perovskite structure in close proximity to the sur-
face, specifically within the lattice component. The high-energy region corresponds
to the presence of termination on the surface of the perovskite. [108]

The results highlight an increase of the surface strontium contribution in the
sample, which is pretty coherent with the segregation of the strontium on the surface
with the ageing effect. This observation confirms that the water treatment seems
to be less effective on the highly-doped lanthanum samples, as the composition x =
0.5 shows more pronounced surface strontium than the composition x = 0.16 or z
= 0.33.

To learn more about the development of the vanadium oxidation state, we carried



4.1. Growth of solid solution thin films 83

14000 =y 12000
d latti ‘
(a) S: . :L r;::e (b) Sr 3d lattice
12000 - g 10000 ——— Sr 3d surface
full si?nulation | LRS-
»8« 10000 g x=0.33 full simulation
e x =0.16 T i
2 s000{ ~ >
[7] (7]
& S 6000 -
€ 6000+ =
4000 4 4000 4
2000 . — 2000 e I .
126 128 130 132 134 136 138 140 142 126 128 130 132 134 136 138 140 142
Energy (eV) Energy (eV)
(C) Sr 3d lattice (d) Sr 3d lattice
J Sr 3d surface Sr 3d surface
8000 8000 -
background —— background
o) full simulation| — full simulation
2 x=0.5 a
< | o
= 26000 -
[7] 7]
c c
- A b
£ ! IS
4000 - I\ A
/ AV 4000
'y -
126 128 130 132 134 136 138 140 142 26 128 ™0 W2 1M 138 18 10 W
Energy (eV) Energy (eV)

Figure 4.10: XPS Sr 3d core level spectra (black circles) with fit: Sr lattice con-
tribution (orange line), Sr surface contribution (green line) and the full simulation
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out a similar experiment on the V 2p3 core levels (Figure 4.11). The examination
of the variations in vanadium oxidation states within the solid solution presents
an intriguing outcome. The variation of oxidation states is not as significant as
expected, especially when compared to the noticeable impact of lanthanum doping.
Therefore, the application of X-ray Absorption Spectroscopy (XAS) presents itself
as a highly appealing process for further investigation.

The XAS spectra of the vanadium L2 and L3 edges for compositions x = 0.16,
0.33, 0.5, and 0.66 are presented in Figure 4.13, together with the parent compound
single films.

It was possible to identify the proportionate contribution of each vanadium ox-
idation state inside the thin films by fitting the experimental XAS data with these

three components, giving us a more comprehension of the electrical structure and
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full simulation (blue line).

local atomic environment. This quantitative approach enables an evaluation of the
function of lanthanum doping and its influence on the distribution of vanadium’s
oxidation states in the presence of various gaseous environments.

Regarding the vanadium oxidation states and their relationship to lanthanum
doping levels, focusing first on the initial state, which occurs before any gas ex-
posure. As the lanthanum doping level increases, there is a noticeable rise in the
V3* oxidation state. Therefore, the V ions change their oxidation state upon intro-
duction of La into the lattice, which is a sign of the effective charge doping of the
solid solution. As the composition changes from pure strontium Vanadate (SVO)
to lanthanum-doped strontium Vanadate with = 0.16 (LSVO), the fraction of the
V4* state is not strongly impacted. However, when = outreaches this value, the

V4* contribution strongly decreases, while the V°F contribution increases. Several
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Figure 4.12: Relative contribution of the different V oxidation states to the XPS V
2p3 core level as a function of the La content

causes may have contributed to this V>* and V** oxidation states’ development.
The effect of lanthanum doping on the local atomic and electronic structure of the
vanadium site is one hypothesis that could apply. lanthanum may produce local dis-
tortions when it enters the lattice, changing the chemical environment of vanadium
and impacting the distribution of its oxidation states. Additionally, fluctuations
in the lattice parameters due to the ionic radii differences between the Sr and La
ions may affect the vanadium oxidation states. It is significant to highlight that the
fitting procedure used to deconvolute the vanadium L2 and L3 edges is naturally
complicated, and several difficulties were encountered throughout the study. There-
fore, to enable comparisons between the various spectra, our main attention was on
recreating the contour of the L2 edge, while placing less emphasis on the L3 edge.
This decision was taken as a result of the L2 edge’s more well-defined characteristics
and greater signal-to-noise ratio, which make it more suited for such analyses. The
quantification of the vanadium oxidation states, however, may be affected in various
ways by this method, perhaps resulting in an under- or overestimation of some of

the oxidation state fractions.

Another possibility is that the water treatment, to which these samples were
submitted before the measurements, is less effective when La is doped into the

lattice. In pure SrVQOs;, the chemical modification of the surface leading to the V°*
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Figure 4.13: XAS spectra of the V 12,3 edge for a SVO single film (a), z = 0.16

(b), 0.33 (c), 0.5 (d) and 0.66 (e), and a LVO single film (f).

Data is shown in

black, the contributions of the V3*, V4* and V°* as green, orange and yellow line,
respectively. The full simulation is shown as a blue dashed line. In the bottom of

the panels, the quantification of the relative contribution of the three V oxidation
states is displayed in shades of blue.

state is related to the formation of SroVoO7 [116] or SrzVoOg [109]. These oxides

are soluble in water [117], leading to the cleaning effect of the water treatment.

However, when doped with La, also these surface oxides will be doped with La,

reducing their water solubility. This may be also the reason why the XPS shows

a stable V oxidation state distribution with La doping, as the small penetration

depth of the technique does not allow to sample the film underneath the chemically

modified surface.



4.2. (La,Sr)VOg; as a transparent conducting oxide 87

100 ]
V3+
90 { Vd+
. V5+

80
70
60
50 |
40

30

Relative contribution ( %)

20

O T T T T T T T T T T
0 20 40 60 80 100

Lanthanum %
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4.2 (La,Sr)VOj; as a transparent conducting oxide

After having established the high crystalline quality of the fabricated solid solu-
tion thin films and the effective charge doping, the focus is to establish the func-
tional properties, i.e. the electrical transport properties and the optical properties,
throughout the solid solution. The optimal doping content will be determined, as

well as the influence of thin film form on the properties.

4.2.1 Electrical resistivity

The electrical resistivity of the LSVO solid solution thin films was measured be-
tween 10 and 300 K as presented in Figure 4.15 (a). The resistivity displays a
high resistance that exceeds the measuring range of our present experimental set-
up for compositions with a La content > 0.66. Therefore, it was not possible to
measure the temperature dependence of the x = 0.83 solid solution or the LaVOs3
parent compound thin film. In bulk material, a metal-insulator transition (MIT) is
known to occur at z =~ 0.8 (see chapter 2.4), which is consistent with the insulating
behaviour of the La-rich films. For films with = < 0.5, a noticeable metallic tem-
perature dependency of the resistivity is observed. The resistivity values for x =

0 are discovered to be similar with those often seen in strontium Vanadate (SVO)
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films on STO deposited by PLD [13,109]. Moreover, these values resemble those
of semiconducting n-type transparent conducting oxides (T'COs), including indium
tin oxide (ITO) [77]. Also, the SVO films in question outperform other TCO mate-
rials such as fluorinated tin oxide (FTO) and antimony-doped tin oxide (ATO) in
terms of resistivity values [118]. The electrical characteristics of the SVO film (z =
0) significantly improve after being doped with lanthanum. Pure SVO’s resistivity,
which was measured at 270 uf2cm at 300 K, significantly decreases to 159 udem
for the composition with an = value of 0.5. This decrease in resistivity underlines
how well lanthanum doping works to improve the material’s electrical performance.
The addition of lanthanum atoms likely modifies the electronic structure of the SVO
lattice, changing the concentrations and mobility of charge carriers and eventually

enhancing electrical properties.

Figure 4.15 (b) shows the evolution of resistivity for all conducting samples be-
tween room temperature and 10 K. It is crucial to note that the decrease in room
temperature resistivity is followed by a noticeably greater decrease in the low tem-
perature resistivity. This finding shows that variations in the La content may be
causing changes in the transport mechanism. When z increases, the resistivity de-
creases at room temperature. This development may be due to the presence of more

charge carriers, which raise the material’s total electrical conductivity. The resis-
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Figure 4.15: (a) Resistivity as a function of temperature of the LSVO solid solution
thin films, and (b) evolution of resistivity with lanthanum content.
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Figure 4.16: (a) The fit parameters « (left axis) and A (right axis), and (b) the
residual resistivity py as a function of the La content.

tivity of the samples continues to drastically decrease when the temperature drops
to 10 K, suggesting that the low-temperature transport processes may be affected
differently by the lanthanum doping. A number of causes, including a decrease in
charge carrier scattering, modifications to the electronic band structure, or the for-
mation of new transport channels, might explain the larger drop in low-temperature
resistivity. Even more, the variation of the La content may lead to changes in the
crystal lattice, which can change the dispersion of charge carriers and, as a conse-
quence, have an impact on the material’s low-temperature transport capabilities.
Including lanthanum atoms into the lattice may also result in modifications to the
electronic band structure, which might result in the opening or closure of certain
electronic channels that affect the general transport behavior. In the following, we
will investigate some of the properties of the charge carriers in order to identify the

underlying mechanism of this decrease of the resistivity upon La doping.

In a correlated metal, the temperature dependence of resistivity can be expressed
by the equation p(T') = po + A x T*, where py represents the residual resistivity at
0 K, A denotes the electronic interactions in a strongly correlated metal, and the
exponent « is a measure of the Fermi liquid nature of the material. This equation
offers a helpful foundation for comprehending the electrical characteristics of corre-
lated metals, such as LSVO. The evolution of the a and A values as the lanthanum

doping level varies is shown in Figure 4.16 (a). strontium Vanadate (SVO) in bulk
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displays metallic behavior like a Fermi liquid, with a value of & = 1.85 and A values
in the 107 cm.K? range [119]. These numbers are quite consistent with our values.
Considering the evolution of these parameters with lanthanum doping, the o values
range between 1.8 and 1.5, reaching a minimum for the x = 0.5 film. At the same
time, the A values dramatically rise and approach the 1077 range. This suggests
that the = 0.5 film has stronger electronic correlations. Nonetheless, once the
doping content exceeds 0.5, the value significantly rises while the A value sharply
declines. The first reason is probably the small temperature range on which the
metallic behaviour is observed, before changing to an insulating temperature de-
pendence. The used model doesn’t seem to apply for explaining the sample with x
= 0.66 temperature dependence. This shows that the thin film solid solution may
have a smeared metal-insulator transition (MIT). The difference from the predicted
behavior suggests that other variables or mechanisms, such as modifications to the
electronic band structure, distortions of the lattice, or the impact of impurities on

the material’s electrical characteristics, may be the reason.

Figure 4.16 (b) presents the evolution of the residual resistivity at 0 K as a func-
tion of lanthanum doping. There are several variables that may affect the connection
between residual resistivity and doping content, including the concentration of the
dopant, the crystal structure, and the existence of impurities or defects in the mate-
rial. In this specific case, the residual resistivity decreases as the lanthanum doping
concentration increases, reaching a minimum value at a concentration of z = 0.5.
This reduction in residual resistivity could be attributed to the improved electrical
properties resulting from the introduction of additional charge carriers due to the
lanthanum doping. On the other hand, a dramatic rise in residual resistivity is seen
when the doping level exceeds x = 0.5. This rise is probably the result of impurities
and defects brought on by the high lanthanum content in the crystal lattice. These
defects and impurities may cause more charge carrier dispersion, which lowers the
material’s total electrical conductivity. In addition to the effects of impurities and
defects, the metal-insulator transition (MIT) may also play a role in the observed
increase in residual resistivity. As the lanthanum doping concentration increases be-

yond x = 0.5, the material may be approaching or undergoing the MIT, which could
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Figure 4.17: (a) Hall resistance as function of magnetic field of the LSVO solid
solution films (b) Charge density n at 10K and 300K vs x (c¢) Carrier mobility at
10K and 300K vs z.

significantly alter the electrical properties of the material. The interplay between the
impurities, defects, and MIT may collectively contribute to the substantial increase

in residual resistivity observed for doping levels exceeding x = 0.5.

4.2.2 Hall effect

In order to gain a deeper understanding of the charge carrier type and charge density
n in the LSVO solid solution, Hall effect measurements were conducted, as shown
in Figure 4.17.

The Lag 351,17 VO3 solid solution and the pure LVO are not presented because of

the high resistance of the samples. All curves show the same sign of the Hall effect,
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including the pure SVO film, where the n-type conduction is well established [1]. An
analysis of our measurement set-up and the respective current and field direction
also confirm n-type charge carriers. Therefore, we do not observe p-type conduction
as was reported for a thin film composition of z = 0.66, [12] which is clearly an
n-type conductor in our study. It should be noted that in the reference [12], no
comparative Hall measurements with either the known p-type semiconducting phase
for La concentrations higher than 0.8 are shown, nor with the known n-type metallic
phase with lower La concentrations. Also, a positive sign of the Seebeck coefficient
indicated in the bulk study of Lag 755102503 [120] is complicated to interpret in the
vicinity of the MIT and at high temperature, as shown by Uchida et al [121]. The
Seebeck coefficient of compositions next to the MIT changes sign with temperature
as a result of the crossover between the low energy and the high energy regime, and
it is the sign of the Seebeck coefficient at low temperature indicating the carrier
type. In this reference, the compositions around the MIT show a negative Seebeck
coefficient at low temperature, confirming the here observed n-type conduction.
The slope, representative of the Hall constant, is rather similar for the samples
with x < 0.5, and changes strongly for the x = 0.66 film. Therefore, the x = 0.66
film is on the verge of the MIT. Regarding more in detail the evolution for x < 0.5,
the La doping leads to a small increase of the charge carrier density. For SVO and its
3d! vanadium configuration, a charge density of 1.7 x 10** cm™ is expected. The
here observed value is slightly smaller, indicating that only few oxygen vacancies
are present in the film. When doping with La, a second 3d electron is introduced in
the system, explaining the growing charge density when increasing x. The mobility
shows a maximum for the x = 0.33 sample. The mobilities are ranging between 1

and 3 cm?/V s, which is comparable to pure SVO thin films prepared by PLD [13,29].

4.2.3 Optical measurements

The electrical transport characterizations have shown that the LSVO solid solution
thin films display a high charge carrier density. The opening of an optical trans-
parency window in the visible range is, however, prevented by the tendency of charge

carriers to absorb and reflect visible light. A high charge carrier density must be
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Figure 4.18: (a) Optical reflectivity of La,Sr;_,VOj; solid solution thin films, (b)
the screened plasma frequency wy versus La content.

maintained while minimizing photon absorption on one hand and shifting the re-
flection threshold towards the infrared region on the other hand in order to achieve
TCO properties. Absorption takes place at high energy, whereas the light reflection
threshold, which is determined by the screened plasma frequency wy, is located at
low energy (1.75 eV). This enables the visible domain optical transparency window
to be opened.

In order to establish the optical reflection limit for the functional parameters,
optical reflectivity measurements in the visible spectrum (350-850 nm) were con-
ducted. These measurements were carried out by Sylvain Duprey of the CIMAP
laboratory in Caen.) Due to the presence of silver paste on the back side of the
samples, it was not possible to measure the optical transparency. However, SrVOs3
films on SrTiO3 have typically a transmittance of above 80 % [13], indicating that
solid solution thin films have comparable transmittance.

Figure 4.18 (a) shows how the resulting signal from the LSVO solid solutions
may be split into two domains on each side of the wavelength (about 500 nm) where
the reflectivity has a local minimum. A peak connected to an intra-band transition
within the vanadium 3d orbitals is seen at low wavelengths. This transition results
from the excitation of the energy levels in the O 2p, which increases reflectivity at
shorter wavelengths. Yet, the reflectance increases towards high wavelengths when

there are free charge carriers present. The lowest reflectivity in the wavelength
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range between these two regions denotes the reflectivity minimum, sometimes re-
ferred to as the plasma edge. This minimum is linked to plasma resonance, which is
a phenomenon that happens when a material’s free charge carriers are activated by
external radiation and evenly oscillate. The major indication of TCO transparency
in the visible range is the plasma frequency wy, which is a fingerprint of the trans-
parency of TCOs in the visible range. This latter is related to the unscreened one
by the following formula w = w,/\/€;, where ¢, is the relative permittivity of SVO.
According to previous studies on SVO, ¢, is determined from the real part of the
dielectric function at the energy where the optical interband first occurs [122]. As
shown in Figure 4.18(b), the value of w;, was obtained by using the relative permit-
tivity value (e, = 4) [13]. wy; varies linearly with the La content, increasing up to a
value of 1.5 eV for x = 0.67. The obtained values are coherent with the reference
range of SVO, which is reported to be between 1.3 and 1.4 eV. [122] However, all
values stay below 1.75 eV, and indicate therefore optically transparent materials.
The linear increase of wy with x shows that the minimum reflection should move

towards the visible range compared to pure SVO.

4.2.4 The effect of La doping on electronic correlations

The above-shown results allow for a more detailed analysis of the role of the La
doping in terms of electronic correlations and the interaction with the strain. The
screened plasma frequency as presented in the general introduction can be expressed
as

e n

ro 4.1
“p €oer V m* (4.1)

where e is the electronic charge, ¢y and er the vacuum and the relative dielectric
constant, respectively. With the measurement of w; and n, the effective mass m*
can be calculated, when the €eg is known. For SrVOs;, the commonly used value is
4 [122], and for LaVO3 eg = 5 was used [28]. These values are estimations, and the
evolution of €g in the solid solution is not determined. Therefore, for simplicity, we
have used ez = 4 as an estimation for the whole solid solution.

With the above measured values of wy (Figure 4.18 (b)) for the whole solid
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Figure 4.19: Evolution of the effective mass (left axis) of the charge carriers in
(La,Sr)VO3 as a function of the La content in the thin films (red symbols) and in
bulk (black symbols, data taken from [27], [28] and [29]). The solid line represents
the tetragonal distortion ¢/a (right axis) of the solid solution thin films.

solution and n for the conducting samples (Figure 4.17 (b)), the evolution of m*
along the solid solution has been calculated for the thin films, as shown in Figure
4.19. The value of the pure SrVOj; film coincides well with what was determined
in other studies on thin films [29]. It is interesting to note that m* increases only
slightly up to a La content of 50 %, while the film with 66 % shows a strong
increase to about 25. The same La content in bulk samples shows a lower m* value
of about 13 [28], and even pure LaVOj has a lower value of about 17 [27]. The
enhancement of m* with La content in the bulk solid solution is related to the
increasing orthorhombic lattice distortions by octahedral rotations and therefore
enhanced electronic correlations. When comparing to the observed macroscopic
lattice distortion related to the substrate misfit (Figure 4.19, right axis), it becomes
evident that the strong increase of m* takes place when the films go over from a

tensile strain indicated by the ¢/a value < 1 to a compressive strain (¢/a > 1).

Thus, the strain modified crystalline structure may play a governing role: for
films under tensile strain, octahedral rotations are suppressed, as they tend to reduce

the V-O-V in-plane distance. In this range for a La content below or equal to 50%,
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the La dopants enhance the charge density in the system, but the bulk octahedral
rotations are blocked by the tensile strain state. This may be an explanation of the
observed decrease of the resistivity and the optimal value of the 50 % La film. In
the bulk solid solution, the enhancement of the charge density is accompanied by
lattice distortions and stronger electronic correlations, compensating the effect on
the resistivity. On the other hand, when the strain state of the film goes over to
compressive at La contents above 50%, the introduction of octahedral rotations is a
very efficient way to compensate the compressive strain. Thus, octahedral rotations
will be rather enhanced compared to the bulk material, leading to an enhanced
effective mass. This would also indicate that the Metal-Insulator-Transition may
occur at lower La contents in compressively strained films, which would have to be

confirmed by smaller doping steps in these thin films.
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4.3 Strain engineering

A shown in the previous section, a method that is promising for modifying the char-
acteristics of transparent conducting oxide perovskite thin films is strain engineer-
ing. It can largely modify the electrical and optical properties of these materials by
varying the strain, which opens up new opportunities for improvements and applica-
tions. We will go into detail about how strain engineering affects the characteristics

of lanthanum strontium Vanadate (LSVO) thin films in this section.

4.3.1 Structural and chemical characterization

We have deposited the solid solution set of LSVO thin films on (001) - oriented lan-
thanum strontium Aluminium Titanate (LSAT') substrates in order to investigate the
behavior of these thin films and compare their properties. This investigation seeks
to make comparisons with the solid solutions that have been previously deposited
on STO (001) substrates. As compared to STO (3.905A), the lattice parameter of
LSAT (3.868 A) is smaller, leading to a compressive strain on a large part of the
solid solution. The calibration for the deposition process was performed in the same
way as in the preceding studies with STO substrates to guarantee a fair compari-
son. We strive to reduce disparities that may result from variations in deposition
parameters. This strategy will provide a more precise and thorough knowledge of
the behavior of the LSVO thin films by allowing us to concentrate on their funda-
mental characteristics on the two different substrates. It is worth noting that the
deposition rate were similar to the calibration of LSVO on STO substrate.

The Figure 4.20 (a) represent the §—26 diffractograms for LSVO thin films grown
on LSAT substrate, captured using XRD. The diffractograms target the region close
to the (002) Bragg peak particularly. The (002) reflection corresponding to the
LSAT substrate is clearly visible at a position close to 47 °. For the LSVO thin
films, the peak associated with the (002) reflection with positions ranging from 45.4
° to 47.35 °. This range in peak positions can be attributed to the differences in the
lanthanum composition within the individual films. The Laue fringes in the thin

films deposited on LSAT show high intensity, especially at higher La doping levels,
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Figure 4.20: (a) 0—26 scan of the (002) reflection of the LSAT and the La,Sr;_, VO3
solid solution thin films, (b) Out-of-plane lattice parameter evolution with the La
content.

as compared to those deposited on STO substrates (Figure 4.2). The shift in the
thin film’s Bragg peak as a result of the amount of lanthanum inserted into the film
is highlighted. According to this finding, solid solutions of different compositions
are effectively formed in the thin films, demonstrating that the growth of different
solid solution was successful and that lanthanum was effectively incorporated in the
film structure. The out-of-lattice parameter evolution with the lanthanum content

is following perfectly the law of Vegard, as it is linear (4.20 (b)).

Using XPS, we sought to elucidate the elemental composition and chemical en-
vironment of lanthanum strontium Vanadate (LSVO) solid solutions on the LSAT
substrate. Recognizing the necessity of a comparative analysis, we again measured
both water treated and untreated sample surfaces. Through a comprehensive anal-
ysis of the core level peaks corresponding to the samples before and after exposure
to water, we were able to estimate the composition concerning the La/Sr ratio, as
depicted in Figure 4.21. At x = 0.83 for LSVO deposited on LSAT, a notable vari-
ation was observed, both concerning the nominal La/Sr ratio, as well as concerning
the difference before and after the water treatment. This deviation may be related
to the more strongly insulating character of the sample, with x being above the
metal-insulator threshold. However, our data revealed no discernible compositional

differences for the other solid solution sets grown on STO and LSAT. In addition,
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Figure 4.21: Experimental composition extracted from XPS before and after water
treatment versus the nominal composition for LSVO solid solution films grown on

LSAT (001).

the calibration procedure utilized in our study exhibited remarkable accuracy, with

the experimental composition closely matching the predicted nominal composition.

We carried out an in-depth investigation of the Sr 3d core levels for a total of
four distinct compositions of LSVO that had been deposited on LSAT substrates.
Figure 4.22 is a representation of the fitting that was carried out on the Sr 3d core
levels, same as previous analysis on LSVO deposited on STO, each correlates to
a distinct chemical environment, which helps to shed light on the interactions and

bonds that are present in the LSVO.

For all the measured samples, two Sr contributions related to two different chem-
ical environments are observed. Based on a thorough analysis of the Sr 3d core level
in SrVOs [108], these two contributions can be ascribed to a contribution related
of the Sr atoms being integrated into the perovskite lattice (Sr lattice) and to a
contribution of Sr atoms being located at the surface of the samples, with a distinct
chemical environment related to Sr-O-H bonds. This latter contribution is observed
in the case of a chemical modification of the surface. Disregarding the x = 0.16
sample for the moment, it can be observed that the Sr lattice contribution increases

from x > 0.33 (Figure 4.24). Therefore, the more La is doped into the system, the



100 Chapter 4. (La,Sr)VOj solid solution thin films

20000
Sr 3d lattice —— Sr 3d lattice
18000 - (a) : ——— Sr3d surface 12000+ (b) ——Sr3d surface
16000 —— background background
x=0.16 —— full simulation full simulation
7 14000 5 100004 y =05
a
< 12000 <
2 = J
'@ 10000 @ .
5]
£ 8000+ £
= 6000+
6000
4000 4 4000 4
2000 4 ; . ' - B
130 132 134 136 138 130 132 134 136 138
Energy (eV) Energy (eV)
10000+ Sr 3d lattice : R —— Sr 3d lattice
(C) ——— Sr 3d surface 3000-(d) —Sr 3d surface
9000 - ——background ——background -
full simulation ‘% full simulation
‘% 8000 ‘% 70004
(=% a
) L |
> 7000+ >
G B 6000 -
& 6000 § ]
£ £
5000 1 5000 - |
4000
3000 : : : : 4000 : : :
130 132 134 136 138 130 132 134 136 138
Energy (eV) Energy (eV)

Figure 4.22: XPS Sr 3d core level spectra (black circles) of LSVO solid solution
films grown on LSAT (001) with fit: Sr lattice contribution (orange line), Sr surface
contribution (green line) and the full simulation (blue line).
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Figure 4.23: Relative contribution of the XPS Sr 3d lattice signal as a function of
the La content.
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Figure 4.24: XPS V 2p3 core level spectra (black circles) with fit: V3 contribution
(green line), V4T contribution (yellow line), V5% contribution (green line), and the
full simulation (blue line).

surface contamination seems to decrease. The high contribution of the Sr lattice
signal in the = 0.16 sample seems to contradict this conclusion, but the fact that
these measurements were done after the water treatment, an influence of the La

content on the effect of the water treatment cannot be excluded.

We applied the same approach to the V 2p3 core levels so that we could gain a
more in-depth knowledge of the chemical complexity that exists within the LSVO
samples. vanadium, which is similar to strontium, was also found to coexist in a
variety of chemical environments or oxidation states in the LSVO samples (Figure
4.24). A similar evolution than for the Sr core level is observed: the x = 0.16 sample
is out of the overall evolution, but when regarding from x > 0.33, the V°* contri-
bution reduces, which should be present only in the chemically modified surface.

Therefore, La doping helps to avoid at least partly the surface overoxidization. The
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Figure 4.25: Relative contribution of the different V oxidation states to the XPS V
2p3 core level as a function of the La content of LSVO/LSAT.

V4 contribution increases, as expected in this case. The concomitant increase of
the V3* indicates an effective charge doping of the V ions. Again, the z = 0.16
sample is out of the overall evolution, by showing a large V4t contribution, while
the V> contribution is relatively small, which would be expected on a surface with
an efficient water cleaning. However, the V3" contribution is quite important, and

especially larger than for the x = 0.33 sample.

We were able to identify and quantify the various oxidation states of vanadium
that were present in the samples thanks to a thorough examination of the V 2p3
core levels. This provided insights into the electrical structure as well as the role
that vanadium plays in the overall material. The fact that each component of the
fit corresponds to a different chemical state or local bonding environment of the
vanadium atoms highlights the interplay that exists between the many oxidation
states and the impact that these states have on the properties of the material.
Overall, we notice that the V°* decreases with the lanthanum doping, while the

V4 and V3% increases, with the exception of the z = 0.16 composition.
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Figure 4.26: Resistivity as a function of temperature of the LSVO solid solution
thin films on LSAT.

4.3.2 Analysis of the functional TCO properties

The Figure 4.26 presents the evolution of resistivity in conducting samples of lan-
thanum strontium vanadium oxide (LSVO) as a function of the temperature. The
results provided two significant insights into the influence of strain on the electrical
characteristics of LSVO. The samples deposited on LSAT demonstrates a significant
decrease in resistivity in comparison to those deposited on STO, a clear evidence
supporting the positive impact of compressive strain on the enhancement of elec-
trical properties in the LSVO solid solution. Interestingly, the investigation also
reveals a notable disparity between the two systems. In contrast to the samples
deposited on STO, the solid solution deposited on LSAT does not exhibit any elec-
trical enhancement in doping. This observation supports the explanation of the
enhancement observed in the samples deposited on STO with the doping content,

due to the 2 regimes of the evolution of the out of plan lattice parameter.

Same as the procedure done in the LSVO grown on STO, Figure 4.27(a) presents
the variation of A and « with the lanthanum content, and Figure 4.27 (b) shows
the py variation as well, of the LSVO samples deposited on LSAT. The variation of
A is showing an increase with the lanthanum doping, which clearly points at the
fact that the correlation decreases. At the same time, « is showing a quite complex

variation, but a general decreasing tendency with the lanthanum doping can be
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Figure 4.27: (a) The fit parameters « (right axis) and A (left axis), and (b) the
residual resistivity py as a function of the La content.

observed. The scattering of the « values is probably related to the fact that the
resistivity measurements of the samples = 0.5 and x = 0.16 were not extended to
the same lower range of temperature. This taken into consideration, we can deduce
that the general tendency of « is decreasing with the lanthanum doping. On the
other hand, we notice clearly that the lanthanum doping is increasing the charge

scattering within the samples as shown by the increase of the p, values in Figure

4.27 (b).
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Figure 4.28: Optical transparency of the solid solution thin films as a function of
wavelength.
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The optical transparency measurements of LSVO solid solution samples de-
posited on an LSAT substrate are depicted in Figure 4.28. From an optical per-
spective, there is no significant difference in transparency observed among the solid
solution. However, a notable distinction becomes apparent when comparing them
to the LSVO samples that have been deposited on STO. This suggests that the
strain has decreased the bandgap, allowing the samples to absorb in higher energy
photons range,which leads to a transparency in lower wavelenghts. Also strain alters
the spacing between atoms, which in turn affects electronic energy levels and band
alignments. This fact highlights the significant impact of compressive strain on op-
tical measurements, resulting in the formation of a transparency region at shorter
wavelengths. The results indicate that strain engineering has the ability to exert
precise control over optical properties. This enables the fine-tuning and potential

optimization of transparency characteristics within specific wavelength ranges.
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4.4 Interaction of the (La,Sr)VOj; surface with dif-

ferent atmosphere

As mentioned in section 3.1.4, the SVO surface is known to be altered in ambient
atmosphere due to overoxidation, with a possibility to etch this chemically modified
surface with liquid water. We have carried out in-depth studies on the pure SVO
surface [19], using an operando cell available at the APE-HE beamline. In the
framework of this study, we have also carried out operando measurements on the
surface of the LSVO solid solution, in order to study the influence of the La doping.
As the surface instability of SVO is related to its unstable V** oxidation state,
the substitution with La leading to a gradual change to V3* may stabilize the film
surface. Therefore, we have carried out XAS studies on the solid solution thin films
under He as a slightly reducing atmosphere especially at elevated temperatures, and
under O, as an oxidizing atmosphere, accelerating the mechanisms also possible
under ambient atmosphere.

Using X-ray absorption spectroscopy (XAS), we give a thorough analysis of the
L2 and L3 vanadium absorption edges. The primary objective is to examine how

exposure to helium and oxygen gas affects the electrical structure and local atomic
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Figure 4.29: XAS vanadium L2 and L3 edges spectra with helium induced reduction
for (a) 0.16 (b) 0.33 (c) 0.5 (d) 0.66.
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Figure 4.30: XAS vanadium L2 and L3 edges spectra under different atmospheres
(oxygen green lines, He violet lines and HyO vapor blue line) for (a) 0.16 (b) 0.33
(¢) 0.5 (d) 0.66.

environment of vanadium. It is possible to learn essential information about the
helium-reduction and oxidation of vanadium in-situ and how it affects the mate-
rial and its surface. After the exploration phase, we have developed a protocol
consisting of the following steps: treatment of the sample with 1 min liquid water
prior to introduction into the chamber (dissolution of the naturally aged, modified
overoxidized surface), heating the sample to 200°C under a helium atmosphere (re-
ducing atmosphere), and then oxidizing under oxygen gas at varying pressures at

this temperature.

The XAS spectra of the vanadium L2 and L3 edges for compositions z = 0.16,
0.33, 0.5, and 0.66 are presented in Figure 4.29. The helium-induced reduction of
V5F to V4, caused by extended exposure to helium gas, is a notable observation
from these spectra. Even without a full quantitative analysis, the change of the pre-
edge region of the L3 edge is the signature of these changes. Furthermore, the degree
of this reduction reaction varies among the samples, suggesting that the amount of
lanthanum doping present in the thin films affects how sensitive the samples are
to helium-induced reduction (Figure 4.31). It becomes clear from a closer look at

the data that higher lanthanum doping concentrations result in thin films that are
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Figure 4.31: vanadium L2 and L3 edges spectra simulated for different x with V3T,
V4 and V57T references: Initial distribution (first column), after helium reduction
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LVO (x = 1) thin film with V3t V4 and V5% reference: Initial distribution (first

column), after helium reduction (second column), and after oxygen exposure (third
column)

more sensitive to helium-induced reduction. This finding implies that the reaction of
the material to exposure to helium is directly related to the inclusion of lanthanum
inside the LSVO lattice. Due to the presence of lanthanum, the local atomic and
electronic environment close to vanadium has changed, which has an impact on the

reaction kinetics and thermodynamics of the reduction process.

For the same set of LSVO solid solution thin films (z = 0.16, 0.33, 0.5, and 0.66)
as in Figure 4.29, Figure 4.30 shows the XAS spectra after exposure to oxygen gas.
The re-oxidation of V4* back to V* during the exposure to the oxygen environment
is a notable observation in this circumstance. However, in contrast to the helium-
induced reduction behavior seen in Figure 4.29, the susceptibility of the thin films to
this re-oxidation process appears to be more or less consistent across all doping levels

of lanthanum. The re-oxidation kinetics of V4 to V5% during oxygen gas exposure
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Figure 4.33: Summary of the V3*, V4* and V5 variation with lanthanum doping:
(a) Initial distribution, (b) after helium reduction, and (c) after oxygen exposure.

appears to be independent of the lanthanum doping concentration, according to a
thorough examination of the XAS spectra. This finding may be explained by the
fact that the re-oxidation process is dominated by the intrinsic chemical affinity of
vanadium for oxygen, which exceed any possible effects brought on by the presence of
lanthanum in the thin films. This emphasizes the relationship between the chemical
environment and the lanthanum concentration in vanadium-based materials, which

ultimately affects the materials’ sensitivity to various gaseous atmospheres.

We aimed to conduct a quantitative analysis of the oxidation states of vanadium
in different thin films doped with lanthanum, in accordance with the observations
presented in the Figures 4.29 and 4.30, indicating the sensitivity of vanadium oxida-
tion states to various gaseous environments and lanthanum doping levels. In order

to do this, we used a fitting methodology to deconvolute the vanadium L2 and L3
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edges in the XAS spectra by taking into account the unique contributions of the
V3+, V4 and V5% oxidation states, as presented in Figure 4.33 for the different
atmospheres. The data of the initial state is the same as shown in Figures 4.13, and
was discussed there.

Under He reduction (Figure 4.33 (b)), we see that the evolution of the V3 and
V57t is increasing with the lanthanum doping content, while V4t is decreasing. This
suggests that the lanthanum doping is favoring the 3+ and 5+ oxidation states over
the 4+ on the reduction under helium. It is important to acknowledge that the
fitting results should not be considered as absolute, and the observed tendencies
might not be precise. Nevertheless, the objective is to correlate an overall trend in
the relationship between the doping content and the behavior of the thin film samples
under various atmospheric conditions in the X-ray Absorption Spectroscopy.

As observed before, the development of the vanadium oxidation states appears to
be quite stable across the various lanthanum doping levels for the oxygen exposure
(Figure 4.33 (c)). The re-oxidation of V4* to V5T in the presence of oxygen gas is
therefore suggested to be less susceptible to the lanthanum doping. Any possible
impacts brought on by the lanthanum dopants inside the thin films may be over-
shadowed by the intrinsic chemical affinity of vanadium for oxygen, which is thought

to be playing a more substantial role in the re-oxidation process.
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CHAPTER D

(La, Sr)CrOj solid solution thin films

In this chapter, a full analysis of the complexities of lanthanum strontium chromium
oxide (LSCO) thin films is conducted, concentrating on the impact of doping on the
material’s characteristics and the ensuing consequences on the functional properties.
The investigation is focused on five different compositions of the solid solution with
different lanthanum doping. These compositions are indicated as La;_,Sr,CrOs,
with = ranging from 0 to 1 (z = 0, 0.16, 0.33, 0.5, 0.66, 0.83, and 1). Because
the doping levels were changed in a methodical manner, it was possible to evalu-
ate the effect of the lanthanum concentration on the properties of the material and
highlight any possible correlations. As a first step in our study, a comprehensive
structural evaluation of the LSCO thin films was carried out. During this process,
important factors such as thickness, lattice parameters and structural phases was
evaluated. These aspects should illuminate the relationship between LSCO thin film
doping levels and structural integrity. Next, the surface chemistry of the thin films
were characterized by using X-ray Photoelectron Spectroscopy (XPS). This gave us
the opportunity to evaluate the accuracy of our calibration technique and provided
insights on the oxidation states of the constituent elements. An analysis of the

spectra of the core level of the constituent elements can provide crucial insights into
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the chemical bonding and electronic structure of a material. These factors, in turn,
have a significant impact on the functional qualities of the material. In addition,
X-ray Absorption Spectroscopy (XAS) measurements was carried out on selected
compositions of the solid solution set. These measurements provided us with im-
portant insights into the local atomic structure. Measurements using both XPS and
XAS can be combined for a more comprehensive knowledge of the chemistry of the
material and how it is affected by the different concentrations of dopants. In addi-
tion, the electrical and optical characteristics of the LSCO thin films was evaluated,
looking into the effect that lanthanum doping had on the possible applications of
the materials as transparent conducting oxides (TCOs). In the end, the solid so-
lution set was developed on a variety of substrates, such as LaAlOz (001), LSAT
(001) and fluorine-doped SnOs on glass, so that we could assess how the strain en-
gineering affected the characteristics of the LSCO thin films and study the role that

substrate-induced strain plays in regulating the material’s performance.
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5.1 Growth of the solid solution thin films

The development of the LSCO solid solution has been investigated, gaining inspi-
ration from the established findings on the growth of LSVO. The use of a STO
(001) substrate was implemented to reduce the impact of strain-induced interfer-
ence and focus exclusively on the impact of doping concentration in the LSCO
material. In the same manner as the development of LSVO, the parent compounds
SrCrO3 (SCO) and LaCrOsz (LCO) were first grown on the STO substrate. Opti-
mizing growth parameters is crucial for understanding the behavior of the parent
compounds. Factors such as temperature, substrate-target distance, and pressure

were carefully considered to ensure a thorough understanding.

A temperature-dependent behavior in the SCO phase was observed during XRD
analysis of the parent compounds at varying growth temperatures. According to the
findings shown in Figure 5.1, it can be inferred that the stability of SCO is heavily
reliant on high temperatures. The absence of any Bragg peak related to the film
for samples grown below 700 °C suggests that maintaining a certain temperature
during the growth is essential for preserving the structural integrity of SCO. The
optimal growth temperature for the LSCO solid solution was determined through
a comprehensive assessment of the temperature-dependent structural properties of

the parent compounds. LCO shows a larger possible growth window, with intense
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Figure 5.1: 6 — 26 scan of the (002) reflection of the LaCrOj3 (a) and the SrCrOj (b)
thin films at various deposition temperatures.
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Figure 5.2: 6 — 26 scan of the (002) reflection of x = 0.33 solid solution grown at
different temperatures (a) and under different oxygen atmospheres (b).

thickness oscillations for all films. Therefore, it was found that a growth temperature
of 700 °C would provide the most favorable conditions. The decision to ensure the
formation of a well-defined phase within the solid solution was made with the aim
of maintaining the stability of SCO, especially for the Sr-rich solid solutions.

The same calibration procedure as described in chapter 3.1.3, was performed
on the laminates composed of LCO and SCO. The investigation involved the ex-
amination of different pulse combinations, particularly 1000/300, 300/1000, and
1000/1000 pulses, with the aim of identifying the deposition rate of each parent
compound. According to the results, the deposition rate of SCO was 0.004718 nm
per pulse, whereas the deposition rate of LCO was relatively low, measured to be

0.002762 nm per pulse.

5.1.1 Structural characterizations

In the present study, we have much less experience with the growth of Chromites
compared with Vanadates. Also, the SrCrO3 phase being instable, we have decided
to conduct this study on the solid solution film. In order to study the influence of
the deposition condition, the composition x = 0.33 was subjected to various oxygen
pressures and temperatures during deposition on STO (001) substrates. The main-
tenance of film stability, desired composition and crystalline structure may require

the presence of oxygen during deposition. Insufficient oxygen pressure may lead to
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Figure 5.3: (a) 6 — 26 scan of the (002) reflection of the LSCO solid solution grown
under optimal deposition parameters, (b) Out-of-plane lattice parameter evolution
with the La content.

a non-stoichiometry in the films, that results from the inclusion of an inaccurate
quantity of oxygen atoms, thereby impacting the atomic configuration and imped-
ing the intended crystalline formation. The quality of thin films is also significantly
influenced by temperature. The mobility of atoms within the film increases at higher
temperatures. The increased thermal energy promotes the ability of atoms to sur-
pass energy barriers and exhibit greater mobility, thereby fostering the development

of homogeneous and properly oriented thin films.

The precise control of thin film quality was achieved through the simultaneous
regulation of oxygen pressure and temperature during deposition. As these deposi-
tion conditions also influence the growth rate of the materials, in a possibly different
way, a full calibration procedure was performed prior to each set of conditions using
the laminate calibration method as described in the methods chapter. The X-ray
diffraction (XRD) 6 — 20 peaks of the samples under investigation are illustrated in
Figure 5.2. The optimal conditions for achieving both structural stability and high-
quality electrical conductivity were determined based on the structural results and
preliminary electrical characterization. The selected conditions include an oxygen
pressure of 0.01 mbar during deposition and a temperature of 600 °C. The sam-
ples deposited under those specific conditions demonstrated the best electrical and

structural outcomes.
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Figure 5.4: (a) X-ray reflectivity of LSCO solid solution samples for selected compo-
sitions, and (b) Reciprocal Space Map of the (103) reflection of the Lag 3351967 VO3
solid solution thin film

Figure 5.3 illustrates XRD 6—260 patterns for the solid solution set that was grown
under optimal growth conditions. The observed shift in peak position, ranging from
46.9 to 48.1 °, is correlated to the variation in lanthanum concentration among
the samples. Concerning the crystalline quality of the films, the Bragg peak of
SCO (z = 0) is absent, and the Bragg peak of the z = 0.16 sample is markedly
enlarged compared to the other compositions, with only barely visible Laue fringes.
Therefore, it seems that this Sr-rich solid solutions may suffer, as SCO, from a
chemical instability.

The graph depicted in Figure 5.3 (b) illustrates the variation of the lattice pa-
rameter ¢ as a function of lanthanum doping. Unlike the LSVO system discussed
in the previous chapter, ¢ shows a linear evolution with respect to the lanthanum
doping concentration. This confirms the relation with the change of strain state we
have made for the LSVO system. Here, the lattice parameter of the solid solution is
smaller than the substrate lattice parameter (3.905 A) for all compositions, except
the LCO (3.92 A). Therefore, the LSCO system on STO (001) is under tensile strain
for the full solid solution.

The XRR plot of the solid solution samples indicates the precise control on
the film thickness. The observed oscillations in Figure 5.4 show a single period,
indicative again on the high quality and the homogeneous density and composition

of the films. The analysis of these patterns, in conjunction with the computational
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Figure 5.5: XPS survey spectra of LSCO solid solution thin films for specific
La,Sr;_,CrO3 compositions (z = 0.33 bottom panel, 0.5 middle panel, and 0.66
top panel) .

modeling methods delineated in the methods chapter, reveal that all the samples
have a thickness of approximately 20 nm, with a low standard deviation of about 2
nm. This observation allows to estimate the uncertainty of the deposition growth
rate to be about 10 %, demonstrating the reliability of the deposition machine and

the calibration method.

In order to study the strain state of the LSCO solid solution films on the STO
(001) substrate, reciprocal space maps were measured on the (103) reflection of
the film and the substrate (an example is shown in Figure 5.4 (b)). Both peaks
are visible in the RSM, and align at the same in-plane reciprocal lattice point Q,,
indicating that the LSCO films have the same in-plane lattice parameter as STO,

and are therefore coherently strained.
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Figure 5.6: Core level variation with the lanthanum content: (a) O 1s (b) Sr 3d,
and (c) Cr 2p.

5.1.2 Chemical characterization

XPS was used to examine the chemical composition of La,Sr;_,CrOs thin films and
the Cr oxidation states with varying compositions (x = 0.33, 0.5, and 0.66). The
obtained La/Sr ratio complies with the nominal one, indicating that the calibration
was reliable and accurate in the deposition of the LSCO thin film samples

The study involved also acquiring high-resolution XPS spectra for the O 1s,
Cr 2p, and Sr 3d regions. The binding energies of these spectra were calibrated
by utilizing the C 1s peak at 284.6 eV as a reference point. The O 1s spectra
displayed a characteristic pattern of doublet peaks (Figure 5.6 (a)), suggesting the
presence of two distinct oxygen environments. On the other hand, the Cr 2p peaks
indicated the existence of Cr3t and Cr* states, and the Cr3* is found to increase
with the addition of La (Figure 5.6 (c)). The analysis of Sr 3d peaks (Figure 5.6
(b)) demonstrated the presence of contributions originating from both the Sr inside

the perovskite structure (called Sr lattice) and Sr at the chemically modified film
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Figure 5.7: Cr 1.2,3-edge XAS spectra of La,Sr;_,CrOs (z = 0.33, 0.50 and 0.66)
(LSCO) thin films grown on single crystal STO substrate.

surface. However, it was observed that the influence of surface Sr content decreased

as the La content increased in the LSCO films.

The thin films have demonstrated enhanced signals of Cr®" in the Sr-rich solid
solutions. This could be an indication of surface instabilities, possibly due to overox-
idation. On the other hand, the addition of La seems to withdraw the surface in-
stability, as shown by the appearance of the Cr3* signal alongside with a strong
Sr lattice signal. This suggests that La could play a pivotal role in enhancing the

chemical stability of the solid solution, as was also observed in the LSVO system.

Figure 5.7 presents the XAS measurements conducted on thin films composed of
LSCO with the same La compositions as for the XPS measurements (z = 0.33, 0.50,
and 0.66). The XAS spectra were acquired by observing the Cr L2,3-edge in a total
electron yield configuration at Elettra. The spectra exhibit peak separation in the
L3 and L2 regions as a consequence of the spin-orbit splitting energy associated with
the Cr 2p core hole. The L3 region exhibits peaks denoted as A, B, C, D, and E,
which correspond to the relative intensities of atomic and crystal field interactions

within the atomic multiplet. [123]
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When comparing the spectra of thin films of LSCO with varying La compositions,
it is observed that the films with La compositions of x = 0.33 and = = 0.66 display
similar line shapes, especially when comparing the relative intensities of the peaks
labeled C and D. Nevertheless, the film with x = 0.50 shows distinct differences
compared to the other two samples. It is worth mentioning that the film with z =
0.50 exhibits a decrease in the intensities of the B and B1 peaks, which are rather
typical for the low-energy part of the Cr3* XAS spectrum [123]. Furthermore, the
observed increase in D1 and decrease in C1, relative to their respective counterparts
(C, C2, and D, D2), suggest that the majority of Cr ions are in the tetravalent state,
whereas the trivalent Cr ions are present in minimal amounts. Finally, the XPS and
the XAS results of the x = 0.33 sample do not go together: while XPS shows a
deteriorated surface, XAS shows a rather normal Cr®" surface. When enhancing
La, x = 0.5 to « = 0.66, the two techniques show the same enhancement of the Cr3*
signal. It is not possible at this state to understand these differences observed in the
xr = 0.33 sample, except maybe a small difference of the sampling depth of the two
techniques. However, the results are concordant that La - doping helps to stabilize

the Cr3* at the surface of the thin films.
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5.2 TCO properties of LSCO solid solution thin

films

This section of the study examined the impact of the La doping concentration on the
electrical conductivity of the LSCO thin films. In this study, a Physical Property
Measurement System (PPMS) was utilized in a four-point configuration to assess
the temperature-dependent changes in the electrical resistivity of the thin films, as
described in the methods chapter 3.4.1.

The temperature-dependent electrical resistivity (p(7T)) of LSCO thin films with
compositions x = 0.16, 0.33, and 0.66 is depicted in Figure 5.8. It was not possible to
measure the arent compounds as LaCrQOs is too resistive for the PPMS setup, and the
SrCrOj3 fiilm showed a deteriorated resistivity, probably due to the instability of the
film. It is noteworthy that all three solid solution samples exhibit a semiconducting
behavior, which is characterized by a notable reduction in resistance with increasing
temperature. The impact of lanthanum doping on the resistivity of LSCO systems
can be observed both in the room temperature value of the resistivity, as also in
the different temperature evolutions. The composition with x = 0.16 shows the
lowest resistivity and a relatively shallow resistivity dependence on temperature. An
increase in resistivity occurs with higher levels of lanthanum doping. An increase in

resistivity occurs with higher levels of lanthanum doping, as expected based on the
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Figure 5.8: (a) Resistivity as a function of temperature of the LSCO solid solution
thin films, (b) Room temperature resistivity as a function of lanthanum doping.
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lution thin films taken from [18]. Note the different definition of z, being here the
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reported properties in literature [15,18]. When substituting Sr by La, the nominal
oxidation state of Cr changes partially from Cr*t with a 3d? electronic configuration
to Cr3* with 3d3. Therefore, the holes responsible for the conduction are partially
filled with electrons, which leads to a lower p-type charge carrier density and a

higher resistivity.

It is noteworthy that at room temperature, the resistivity goes from 0.0597 {2.cm
for the composition x = 0.66 to a remarkably low value of 0.0068 2.cm for the com-
position z = 0.16 (Figure 5.8 (b)). The findings demonstrate a strong consistency
with values documented in the existing body of literature on MBE grown films
(Figure 5.9). The uniformity of resistivity measurements observed in multiple in-
vestigations underscores the reproducibility of these results and establishes a sturdy

basis for comprehending the fundamental mechanisms that regulate the electrical
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characteristics.

The same group, in another publication concerning the TCO properties of LSVCO
[15], have reported the evolution of the conductivity of the low Sr concentration thin
films, showing an enhancement in the electrical properties with the Sr doping, as
shown in Figure 5.10. With our study, we were able to give a view more into the
high Sr doping (x = 0.33 La) which follows the tendency of the observed evolution.
This gives an overview of the full evolution of the electrical resistivity within LSCO

thin film solid solution.

The investigation of the electrical properties of thin film samples of LSCO
through Hall measurements was found to be a highly challenging task. This was
due to the fact that the samples exhibited a high resistance that exceeded the
measurement range of the PPMS used for characterization. In order to overcome
this problem, various strategies were employed such as depositing gold, silver, and
chromium surface contacts at the edges of the thin films, with the aim of controlling
the contact resistance. Another approach was to shorten the distance between the
contacts by depositing electrical contacts in the middle of the sample. Nevertheless,
we were not able to measure a reproducible Hall signal allowing for the extraction

of the charge density, and their mobility.
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Figure 5.11: Hall resistance slope of SVO and LSCO (z = 0.33)

Despite the non-reproducibility, samples may display a Hall measurement with a
constant slope that was opposite to that of SVO, a well-established n-type conductor
(Figure 5.11). Although this individual specimen does not offer a conclusive proof,
the p-type conduction of LSCO has been largely documented before [97, 101, 124].
Oxide p-type conductors are typically characterized by a high resistivity and semi-
conducting behaviour, which is also the case in the thin films of this study. There-
fore, having demonstrated the expected composition by XPS/XAS, and the similar

resistive properties, we infer that our films are p-type conductors.

The optical characteristics of the LSCO solid solution system were examined, re-
vealing a remarkable level of transparency throughout the sample set (Figure 5.12).
The transparency levels exceeded 50 % across the entire visible range. The degree of
transparency exhibited by these materials is of notable importance, as it underscores
their prospective utility in diverse optoelectronic devices. Nevertheless, upon com-
parison with the parent compounds, it can be observed that the solid solution LSCO
exhibits a smaller transparency than the parent compounds with a transparency ex-
ceeding 85 %. Several factors can be attributed to the discrepancy in transparency
between the LSCO solid solution and its parent compounds. The change of the

charge carrier effective mass with doping, but also defects could be resulting in
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Figure 5.12: Optical transmission of the LSCO solid solution thin films as a function
of wavelength (a), and the transmittance of the films with different composition at a
wavelength of 550 nm (b). Here, the x = 0.16 sample was left out for clarity, where
the low transmittance is probably due to experimental problems with the substrate.

supplementary light scattering or absorption. The substitution of lanthanum and
strontium in the Chromite lattice leads to an altered electronic structure, which
could potentially affect the material’s absorption characteristics by modifying the
bandgap or altering the band edge states.

Taking into consideration all the results, the composition Lag3351967;CrO3 has
shown the optimal choice due to its unique combination of surface stabilization,

exceptional electrical and optical properties.
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5.3 Strain engineering of LSCO

As discussed in the state of art section, strain engineering in thin film oxides entails
the application of strain to thin films of oxide materials with the aim of altering
their physical properties. This methodology takes advantage on the fact that the
lattice parameters of the substrate and the thin film can have a mismatch, thereby
inducing strain in the film during its growth on the substrate. The use of different
(001)-oriented substrates, namely LSAT (a = 3.87 A), LAO (a = 3.82 A), and STO
(a = 3.905 A), enables the investigation of the impact of strain on the physical
properties of thin films. The application of compressive strain on the LSCO film
is induced when the lattice constant of the substrate exceeds that of the film. On
the contrary, in cases where the substrate’s lattice constant is smaller than that of
LSCO, it results in the imposition of tensile strain on the film. Two compositions,
namely z = 0.33 and 0.66, were deposited on all three substrates. We have decided to
reduce this study to two interesting compositions and not to grow all solid solution
compositions, in order to reduce the number of samples necessary for this study.
Specifically, LSCO deposition on LAO should lead to a compressive strain for the
two considered compositions, whereas LSCO deposition on LSAT would result in a
slighter compression or tensile depending on the composition. Conversely, deposition

on STO should lead to a tensile strain in any case.

5.3.1 Structural Analysis

Judging on the XRD patterns of the respective films, the thin films grown on LSAT
and LAO exhibit good crystalline quality, as illustrated in Figure 5.13. The films
on the LSAT substrate exhibit higher quality, as inferred from the number and the
intensity of the Laue fringes, probably due to its low misfit with the film. Compared
to LSAT, the Laue fringes on the LAO substrate exhibit a reduced prominence.
Nevertheless, the quality of the film persists to be quiet good.

The strain state of the films were determined by Reciprocal Space Maps (RSM)
using the (103) reflections. As an example, the RSMs of the films on LAO (001) are

shown in 5.14. In this case, the coinciding in-plane lattice vector of the film and the
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Figure 5.13: 6 — 20 scan of the (002) reflection of x = 0.33 and 0.66 La,Sr;_,CrOs
solid solution thin films on LAO (a) and LSAT (b).

substrate for the x = 0.66 composition indicates a coherently strained state, while
the x = 0.33 composition shows a relaxed state, due to the high misfit of the system.
The strain state was quantified for all films using the relative deformation ratio ¢/a of
the out-of-plane lattice parameter ¢ and the in-plane-lattice parameter ¢ of the film.
The deformation is presented in Table 5.1. The aforementioned relative deformation
ratio serves as a reliable indicator of strain, while disregarding the plausible chemical

alterations that may occur with respect to oxygen atoms and other related factors.
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Figure 5.14: Reciprocal space maps of the (103) LSCO films and LaAlOj substrate,
for (a) x = 0.33 and (b) 2 = 0.66.
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’ substrate H x=0.33 \ x = 0.66 ‘
LAO (001) || 0.999 (relaxed) 1.03
LSAT (001) 1.006 1.005
STO (001) 0.96 0.981

Table 5.1: Table of the deformation ¢/a of two different La,Sr;_,CrOz compositions

5.3.2 Electrical properties

Figure 5.15 illustrates the resistivity as a function of temperature for the two dis-
tinct compositions on the three different substrates. The data on STO was added
here for sake of comparison. In Figure 5.16, the room temperature values are sum-
marized as a function of the lattice deformation ¢/a. Independently on the solid
solution composition, the observations are the same. The LSCO films that have
been deposited on the STO substrate demonstrate the highest resistivity, and the
films grown on LAO demonstrate the lowest resistivity values, even the z = 0.33
film in the relaxed state. This observation suggests that the electronic configuration
or carrier mobility within the LSCO system is positively affected by an elongation
of ¢ with respect to a, either by compressive strain or by chemical modifications of
the film. An elongation of a with respect to ¢, i.e. films in tensile strain, leads to
an increase of the resistivity. The same behaviour was already shown for x = 0.77
films on different substrates [101], confirmed here with different compositions. The

increase of the La doping level showed a general increase in the resistivity on all
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Figure 5.15: Resistivity as a function of temperature of the LSCO solid solution
deposited on various substrates: (a) z = 0.33, (b) x = 0.66.
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Figure 5.16: Room temperature resistivity of the composition x = 0.33 and 0.66
thin films as a function of the lattice deformation ¢/a

substrates. It is also worth noting that, the film crystalline quality plays a small
role in this particular case as the films deposited on LAO demonstrated the lowest

resistivity, although they show a lower structural quality.

The decrease in electrical resistivity in LSCO thin films with ¢/a > 1 on the
LAO substrate can be attributed to two main factors, namely, an increase of or-
bital overlap and potential chemical alterations resulting from variations in oxygen
content. The compressive strain induces a modification in the lattice parameters of
the LSCO film, thereby causing a smaller distance between the Cr ions, which fa-
cilitates an increased level of orbital overlap among adjacent atoms within the film.
Enhanced orbital overlap facilitates electronic interaction between atoms, thereby
enabling more effective charge transport. Furthermore, the LSCO film can undergo
chemical alterations regarding the oxygen content, which is probably the reason
of the deformation of the x = 0.33 film on LAO. The chemical interaction with
the substrate has the potential to modify the concentration of oxygen vacancies or
impact the kinetics of oxygen diffusion within the film. Variations in the oxygen

concentration can exert a substantial influence on the electronic properties.
The investigation on strain engineering of LSCO thin films did not include optical

measurements as an aspect of the study. The reason for this exclusion is due to the

involvement of the substrate in the optical assessments. The substrate can interfere
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Figure 5.17: Schematics of the band alignment in a solar cell, and an overview of
the work function of different materials including F-doped SnO, (FTO) and other
materials.

with the measured optical response, making it difficult to isolate the intrinsic optical
properties of the thin film. Given that the primary objective of this investigation
was to understand the impact of strain on the physical characteristics of LSCO films,
the optical assessments were deliberately skipped, especially because of the nature
of the LAO substrate. The focus of the study was primarily on characterizing other
properties, such as electrical resistivity or structural analysis, that could be more

accurately associated with the changes in the film’s properties induced by strain.

5.3.3 Integration with solar cell materials

In collaboration with Sylvain Vedraine and Ceren Yildirim from the XLIM labo-
ratory in Limoges, France, the possibility of the integration of LSCO thin films in
existing solar cells was studied. The principal aim of this collaboration was to ex-
plore the use of LSCO as an interface layer in solar cell devices for the adaptation
of the p-type side band structure for efficient extraction of the charges. Therefore,
a particular focus was put on the analysis of the work function. Such an interface
layer is considered ideal when exhibiting a number of crucial characteristics, namely
high transparency, high selective conduction of charge carriers, efficient blocking of
charge carriers, and a certain level of conductivity.

In order to test LSCO for the use as an interface layer, a range of LSCO composi-
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pound), and mono target with specific LSCO = = 0.33 composition.

tions were deposited on glass substrates covered by fluorine-doped tin oxide (FTO),
that were analyzed in a systematic manner to investigate the effects of composition
and thickness on the properties of the interface layer under consideration. The sam-
ples were divided into two separate groups: the initial group was intended to assess
the impact of altering the lanthanum content within the solid solution. In the com-
positional set, LSCO thin films with a thickness of around 20 nm were synthesized,
while the lanthanum content was methodically altered to assess its impact on the
interface layer’s efficacy. The second group was centered on investigating the impact
of film thickness on the material’s characteristics. In order to achieve high thickness
values, we have used a single target with £ = 0.33 composition. Using two targets
increases strongly the deposition time, due to the time needed to rotate the targets,
which may lead to laser instabilities if the deposition time exceeds 45 min. Using
a single target with one desired La/Sr composition allows to reach thickness values
of about 50 nm. The aim is to evaluate the influence of the film thickness on the
material characteristics.

It is worth nothing the importance of the use of a two-target approach in the
synthesis of LSCO thin films. Figure 5.18 shows XRD patterns obtained on two

films deposited under similar deposition conditions, but one with a double-target
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Figure 5.19: 6 — 20 scan of LSCO deposited on FTO under different conditions.

deposition, and the other with a single-target deposition. It is clearly observed that
the crystalline quality of the two target films is markedly enhanced in comparison to
those generated via the single-target method. The improved crystalline quality of the
thin films produced through the utilization of the two-target approach is attributed
to the longer deposition time, that enables the atoms to order and therefore results
in better quality. This enables the creation of a highly organized lattice structure
and reduces the possibility of defects or interstitial impurities. On the one hand,
the single-target methodology presents certain benefits in relation to deposition time

and ease of use. On the other hand, it may result in a less optimal crystalline quality

of the films.

When growing LSCO thin films on the FTO-covered glass substrates, one of the
primary challenges encountered in this case is achieving the delicate equilibrium
between optimizing the thin film growth conditions and maintaining the substrate’s
integrity. The LSCO solid solution thin films exhibit optimal growth at a temper-
ature of 600 °C. However, the use of such high temperature may lead to potential
damage or degradation of the FTO film or the melting of the glass substrate, thereby
compromising the overall performance of the device. In order to tackle this crucial

matter, a methodical exploration of the growth temperature was undertaken, with
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the objective of identify an appropriate temperature interval that would enable the
growth of LSCO films of the necessary quality, while avoiding any damage to the
FTO substrate.

In order to determine the crystalline structure of the LSCO solid solution thin
films on FTO-covered glass, we have carried out different methods of XRD charac-
terization, but we were not able to observe peaks related to the LSCO thin film. It
has to be pointed out here that the FTO layers are polycristalline, and do not pro-
pose a monocrystalline growth template to the LSCO layer. Therefore, the LSCO
film is supposed to be also polycristalline, reducing strongly the intensity of the pos-
sible peaks. It should be noted that the investigated samples possess an FTO layer
with an estimated thickness of 150 nm. Typical 6 — 26 scans are presented in Figure
5.19 showing a large amorphous peak just below 20 ° with some superposed peaks
related to the FTO layer. The selected data on sample with a LSCO film there are
no additional features visible, compared to the reference (black curve). Therefore,
it is impossible to determine the crystalline structure or the quality of the deposited

LSCO films from these measurements.

However, it is possible from electrical measurements to determine the successful
growth of the LSCO layer. Using a multimeter, the resistance values of a bare FTO
- covered glass substrate were collected before the deposition of a LSCO thin film.
For high deposition temperature > 600 °C, the surface of the films were domed,
indicating a partial melting of the glass, and the resistance was observed to be too
high to be measured. For smaller deposition temperatures, the resistance of the
deposited LSCO film was compared to the FTO film underneath. This was possible
using a mask covering a part of the substrate surface during LSCO deposition.
When the LSCO resistance was still possible to be measured, but higher than the
underlying FTO layer, the LSCO film was supposed to be constituted. The FTO
films showed a similar resistance before and after the LSCO deposition at these
temperatures, indicating a preserved FTO quality. Thus, with a lack of techniques
allowing to detect the LSCO layers, we suppose that LSCO thin films can be grown at
sub-550 °C temperatures without compromising their intended characteristics, while

mitigating the potential harm to the FTO substrate. With the earlier demonstrated
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Figure 5.20: Kelvin Probe Force Microscopy (KPFM) measurements for a © = 0.33
thin films deposited from two targets at 500 °C (a) surface topography, (b) work
function distribution.

reliability of the calibration procedure, the La/Sr composition of the films and the

thickness should correspond to the intended values.

Topographical analysis is a critical factor in evaluating the uniformity and quality
of the LSCO films. Kelvin Probe Force Microscopy (KPFM) measurements were
carried out at the XLIM, in order to examine the surface potential fluctuations
present in the LSCO thin films (Figure 5.20) as well as an estimation of the work
function of the material. The topography (Figure 5.20 (a)) shows an homogeneous
grain structure, with a height variation of about 30 nm. As the FTO layer also has
an inherent roughness related to its thickness of 150 nm, it cannot be concluded
on the homogeneity of the LSCO film based on this measurements. However, the
KPFM measurements demonstrate an average value of the work function of 4.63 eV
and a negligible variation of the surface potential below + 0.05 eV throughout the
examined samples. The present observation strongly indicates a considerable degree
of homogeneity of the thickness and of the composition of the LSCO thin film
layer, given the inherent measurement error of KPFM being approximately 0.1 eV.
The homogeneity observed in the properties of the film is a favorable characteristic
that can facilitate the maintenance of uniform and predictable functional features
throughout the material. Consequently, this can lead to an improvement in the
overall efficiency and dependability of the devices integrating LSCO thin films. The
obtained work function value is perfectly matching its intended use as a interface

layer (see Figure 5.17), as it is situated next to the work function of FTO and in
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Figure 5.21: Optical transmission of LSCO thin films deposited on FTO under
different growth parameters.

the area of what is possible with Organometal Halide Perovskites, being one of the

standards for high efficiency solar cells [125].

All samples demonstrated high optical transparency. The results of the optical
transmission measurements carried out on the LSCO films deposited on the FTO-
covered glass substrates (Figure 5.21) indicate a significant signal of the substrate,
as can be appreciated by the signal of the reference FTO sample (black line). In
such circumstances, it is preferable to correct the measured transmission by the
transmission of the glass/FTO reference, in order to determine the transmission
of the LSCO films. In cases where the thickness of the film is equal to or less
than the wavelength of light, this treatment may become complicated due to the
emergence of optical interference effects. It important to note that the interference
phenomena exhibited by the glass/FTO sample cannot be compared with those of
any glass/FTO/oxide sample. Therefore, they cannot be corrected without careful
consideration. Despite the aforementioned difficulties, our study has evidenced that
the selected thicknesses of oxide layers can attain elevated degrees of transmission
within the visible spectrum, rendering them highly suitable for deployment as an
interface layer in solar cells or LEDs. The high transmission within the visible

spectrum is a crucial characteristic for stated applications, as it guarantees effective
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absorption or emission of light, ultimately bolstering the efficacy and efficiency of
photovoltaic devices.

The determination of particular properties, such as the bandgap value, which
should be situated within the 2.5 eV to 4.2 eV range corresponding to wavelengths
from 300 nm to 500 nm, may require an increased film thickness. Therefore, only
the transmission in itself will be discussed while the analysis of these particular
properties is scheduled in a later time.

Fluorescence measurements were conducted as well. The objective was to an-
alyze the photoluminescence characteristics of the LSCO thin films and obtain a
better understanding of their electronic structure and the energy levels that par-
ticipate in the recombination processes. The aforementioned data can be of great
significance in understanding the role of the material in diverse optoelectronic im-
plementations, such as photovoltaic cells and light-emitting diodes. Regrettably, the
fluorescence measurements did not produce statistically significant outcomes in this
instance. The substrate’s strong reaction has resulted in signal saturation, posing
a significant challenge in extracting any substantial insights concerning the LSCO
thin film layer. The aforementioned result underscores the necessity for additional
refinement of the experimental parameters in order to attain dependable and com-
prehensible fluorescence data. A plausible strategy for improving the fluorescence
measurements is to deposit the LSCO thin film onto a quartz substrate, which man-
ifests a lower signal intensity in comparison to the present substrate, consequently
mitigating the probability of substrate-induced interference. Furthermore, enhanc-
ing the thickness of the LSCO layer could potentially enhance its fluorescence signal,
thereby increasing the likelihood of acquiring significant outcomes. Therefore, more
work is necessary to characterize the LSCO/FTO system in more details, as the
preliminary results show promising properties of the p-type LSCO in photovoltaic

applications.
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General conclusion and perspectives

In summary, this thesis was dedicated to the development of La/Sr solid solution thin
films of perovskite oxide transparent conductors. We have successfully accomplished
the growth of thin films of lanthanum strontium vanadium oxide (LSVO) with range
of diverse compositions. The LSVO thin film samples have been subjected to a thor-
ough structural characterization, which has provided insights into their high crys-
talline quality. By conducting exhaustive chemical characterizations, such as X-ray
Photoelectron Spectroscopy (XPS) and X-ray Absorption Spectroscopy (XAS), the
oxidation states of the vanadium have been determined, therefore offering valuable
insights into their evolution under various atmospheric conditions. Significantly, it
has been established that lanthanum plays an essential role in the stabilization of
the thin films from surface oxidation, which is frequently observed in thin films of
strontium Vanadate (SVO). The examination of strain engineering has shed light on
its influence on the physical characteristics of LSVO thin films. It is worth noting
that the application of compressive strain has been observed to increase the level
of electronic correlations within the material, consequently leading to an increase
in effective mass. Nevertheless, the introduction of oxygen vacancies has a nega-

tive impact on the electrical properties when the material is grown on a strontium
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Titanate (STO) substrate. This emphasizes the superior appropriateness of using
a lanthanum strontium Aluminium Titanate (LSAT) substrate in order to achieve
improved electrical characteristics. Moreover, the growth of LSVO solid solutions on
LSAT substrates has revealed intriguing optical characteristics, specifically a trans-
parent region at shorter wavelengths in comparison to samples deposited on STO
substrates. After considering the impact of lanthanum doping and strain engineering
on the properties of LSVO thin films, it has been determined that the composition
of Lag.335rg.67 VO3, when deposited on LSAT, exhibits the most favorable character-
istics as a Transparent Conductive Oxide (TCO). The introduction of lanthanum
serves as a stabilizing factor against surface oxidation, while simultaneously improv-

ing good optical and electrical characteristics.

The achievement of synthesizing thin films of lanthanum strontium chromium
oxide (LSCO) solid solution with diverse compositions has yielded significant find-
ings. By means of growth optimization, we were able to attain crystalline structures
of superior quality and enhanced conductivity. The presence of strontium appeared
to induce a Cr%* oxidation state, indicating a potential surface instability to overox-
idation, especially at higher Sr levels. lanthanum doping effectively mitigated this
instability, observed by the introduction of Cr3*. The resistivity at room temper-
ature exhibited a notable decrease from La-rich composition (LaggsSro34CrOs) to
Sr-rich compositions (Lag165r0.84CrO3z), which aligns with the results reported in
previous works. The transparent character of the material was clearly observable,
exhibiting a transparency level exceeding 50% throughout the visible spectrum. It is
worth mentioning that the composition Lag 33510.67CrO3 has emerged as the optimal
choice due to its unique combination of surface stabilization, exceptional electrical
and optical properties. Consequently, this composition holds great promise as a
p-type material for transparent conducting oxides. Furthermore, Lag 33510 67CrO3
thin films were deposited on F-doped SnO, covered glass substrates, and demon-
strated a work function particularly well adapted as an interface material for p-type
halide perovskites. This discovery bears considerable significance, especially within

the field of solar cells.

In summary, our extensive investigation, including various aspects as high quality
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Figure 6.1: Graphical representation of figure of merit (electrical resistance and
optical transmission) for the LSVO and LSCO thin films in comparison with other
typical TCO’s.

thin film growth, structural, chemical, electrical and optical characterisation, as well
as strain engineering, has provided insights into the suitability of lanthanum stron-
tium vanadium oxide (LSVO) and lanthanum strontium chromium oxide (LSCO)
for application as a transparent conducting oxide (T'CO) for optoelectronic devices.
The successful development of LSVO and LSCO thin films, under the guidance of
optimal conditions, highlights their potential for industrial applications.

To evaluate the performance of our samples in comparison with others, we employ
a methodology involving a standard criterion known as Figure of Merit (FoM).
Researchers have long sought a reliable FoM for assessing material performance. In
1976, Haacke [126]introduced a straightforward and practical FoM that correlates
the transmittance (T) and the sheet resistance (Ry), where Ry is the reciprocal of
the film thickness (R; = 1/0 d, with d denoting the film thickness). This FoM,
denoted as F, is expressed as:

F =Ti/R,=TY d

This FoM includes a parameter ¢, which dictates the transmittance level required
for a specific application. Typically, q = 10 is chosen, as a transmittance of 90% is
deemed sufficient for most purposes.

Figure 6.1 illustrates a comprehensive comparison of the Figure of Merit (FoM)
for the optimal compositions of LSVO (lanthanum strontium vanadium Oxide) and

LSCO (lanthanum strontium Cobaltite) in relation to various other materials. This
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visual representation effectively highlights the remarkable combination of excellent
optical and electrical performances exhibited by LSVO and LSCO. The FoM serves
as a valuable metric to assess the overall quality of these materials, taking into
account their transmittance and sheet resistance. In this context, both LSVO and
LSCO stand out as they not only demonstrate superior optical transparency but
also exhibit remarkable electrical conductivity. This unique synergy between optical
and electrical properties positions these materials as promising candidates for a wide

range of applications, where both aspects are of paramount importance.

However, it is important to note that this quantification tends to emphasize
optical transparency at times. A material could achieve a high FoM with a trans-
mittance >90%, even if the sheet resistance is exceptionally high, mainly due to the
influence of the q exponent. In theory, one could artificially inflate the FoM of a

material by making it exceedingly thin.

The ongoing investigation into (LSVO) and (LSCO) presents a potential for
furthering our comprehension of their complex characteristics, customizing them to
suit particular uses, and progressing the development of optoelectronic devices. This
work also addresses obstacles to the integration of those materials, sustainability,
and manufacturing methods, thereby positioning these materials to adequately meet

technological demands.

The useof (LSVO) as an n-type transparent conducting oxide (TCO) and (LSCO)
as a p-type counterpart can open prospects in advanced materials science. LSVO,
with its exceptional electron mobility and transparency, holds promise as a high-
performance TCO. The remarkable work function of LSCO is especially intriguing,
offering an interesting resource for developing efficient photovoltaic systems and en-
hancing the energy conversion efficiency of solar cells. Furthermore, the exploration
of these materials on other substrates, such as glass, extends the horizons of their
application. Glass substrates is dominant in various industries, and understanding
how LSVO and LSCO behave and grow on this substrate is important. Scaling up
to large-area PLD can make the growth of films on sizes relevant to the industry,
allowing for a more comprehensive investigation of their properties. Expanding on

this research, the development of similar materials using similar methodologies could
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be a very promising perspective. Moreover, creating P-N junctions by combining
LSCO and LSVO opens up an exciting path in the study of transparent junctions.
Investigating the properties and performance of these transparent junctions could
be valuable in the innovations in the field of transparent electronics and energy

conversion.
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