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Abstract

Transparent conducting oxides (TCOs) are key elements to many technological
devices. Their ability to combine high electrical conductivity and high optical
transparency to visible light, make them particularly useful in a myriad of devices
such as displays, solar cells, smart windows, etc.

Indium tin oxide (ITO) is so far the most widespread TCOs. By Sn-doping, this wide
band gap In,05; semiconductor can reach low resistivity (only about two orders
of magnitude above conventional metals) while preserving its transparency. A
major drawback of ITO is its high cost as indium, its main component, is a scarce
material. Moreover, due to its nature of doped-semiconductor, some physical
limits impose that its properties cannot be further improved.

On the other hand, some intrinsic metallic oxides composed of early transition
metals also turn out to be transparent. In these materials, the partially filled narrow
d band is responsible for high density of free carriers with increased effective mass,
thus bringing the reflection edge down to the near-IR region.

In this thesis, we were interested in exploring the properties of metallic oxide
thin films grown by pulsed laser deposition (PLD), namely SrVO,4 (SVO; 3d!) and
SrNbO; (SNO; 4d).

As high epitaxial quality is essential to obtain good functional properties, the
first step consisted in optimizing the growth parameters for single phase and flat
SVO/SNO films, displaying high crystallinity, conductivity and transparency. As
anticipated, films need to be grown in ultra-high vacuum (UHV) to stabilize the
4+ oxidation state of V/Nb and using a high substrate temperature (700-800°C)
to allow good mobility of the species on the substrate. However, the deposition
in UHV and its subsequent highly energetic PLD plasma plume lead to a high
concentration of point defects. We have solved this issue by using an inert back-
ground gas. Finally, we have studied the impact of epitaxial strain on the electrical
conductivity and optical transparency window. All in all, it turned out that optimal
films display larger conductivity than ITO, for a similar transparency.

Conventional wisdom would suggest that a low plasma frequency would be due
to the electron-electron correlations within the narrow nd! band. In a systematic
analysis of SVO transport data (temperature-dependent resistivity, etc.), we have
concluded that the Fermi liquid theory alone cannot account for the carrier mass



enhancement. Instead, we have suggested that the 2D-like Fermi surface and
the electron-phonon coupling play a major role. In addition, we have shown that
the classical rigid band picture, of one free electron evolving in a 3d- g band is
only a rough approximation, as attested by the observed hybridization of the V
3d and O 2p orbitals. Moreover, strain affects this hybridization by modifying
the orbital hierarchy and covalency which could be responsible for the observed
strain-dependent resistivity and effective mass.

By appropriate optical measurements, we have also discussed the nature of the
plasmonic excitations at plasma frequency in SNO and SVO films. Interestingly,
the possibility of exciting volume plasmons in these TCOs gives a glimpse on their
potential applications in the field of plasmonics.

Finally, we have tested the suitability of SVO as electrode in photoabsorbing all-
oxide heterostructures. In particular, we have successfully observed a photovoltaic
effect in LaFeO3-based capacitors and disclosed the important role of the electrode
work function on the device performances. As outlook, we have concluded that
SVO and SNO, by having distinct work functions, could allow to tune any device
properties.

This work demonstrates the suitability and high potential of this whole new cate-
gory of TCOs as electrode material in all-oxide devices. We are convinced that it
opens the way to a plethora of possible devices, photovoltaic-wise or other.



Contents

Acknowledgements v
Abstract ix
Contents xi
1 Introduction 1
1.1 The advent of modern electronics . . .. ................. 1
1.2 Complexoxides . . .. ... .. ... ... 2
1.2.1 Perovskites . . . .. ... ... .. .. ... 3
1.3 Transparent conductingoxides . . . . . .. .. ... ... .. ...... 4
1.3.1 Generaldefinition . ........ ... .. .. .. .. ..... 5
1.3.2 Doped wide band gap semiconductors . . ............ 6
1.3.3 Intrinsic metallic oxides with perovskite structure . . . . . . . . 8
1.4 Main objectives and thesisoutline . . . . ... ... ... ........ 10
2 Experimental methodology 15
2.1 Sample preparation: from single layers to heterostructures . . . . . . 15
2.1.1 Pulsed laser deposition of oxide thinfilms . ... ........ 15
2.1.2 Sputter depositionofmetals . .. ................. 18
2.2 X-raydiffraction techniques . . . . . ... ... ... ... ... .. ... 19
2.2.1 Texture quality and c-axis determination . . . ... ....... 22
2.2.2 Reciprocal space maps and a-axis determination . . . ... .. 24
2.2.3 Detection of secondaryphases . . ... .............. 24
2.2.4 Thickness determination . ... .................. 25
2.3 Electricalmeasurements. . . . . .. ... ... ... oo 26
2.3.1 Resistivity, Hall effect and magnetoresistance measurements
by Vander Pauwmethod . .. ... .. ... ... ... ..... 26
2.3.2 Seebeck coefficient measurements . . .............. 30
2.3.3 1-V characteristics and photoresponse in metal-insulator-
metal multilayers . . . .. ... .. o oo oL 32
2.4 Optical spectroscopy techniques . . . . . ... .. ............ 35
2.4.1 UV-Vis-NIR spectroscopy . . . . . . .. ... .. 35

2.4.2 Spectroscopicellipsometry . ... ... ... ... .. ...... 37



2.4.3 Polarization-dependent transmittance measurements . . . . . 42

2.4.4 Fourier-transform infrared spectroscopy . .. .......... 42

2.5 X-ray photoelectron spectroscopy . . .. .. ... ... ... ... ... 42

2.5.1 Principle ofthetechnique . . . . ... .. ... .......... 44

2.5.2 Stoichiometry quantization . . . . ... ... ... ........ 45

2.5.3 Measurements of the band alignment in heterojunctions . .. 47

2.6 Soft X-ray absorption spectroscopy techniques . .. .......... 49

2.6.1 X-ray absorption Spectroscopy . . . . . . . .ot i i e 49

2.6.2 X-raylineardichroism .. ... ... ................ 51

2.6.3 Measurements description . ... ................. 52

2.7 Other experimental techniques . . . . ... ... ............. 53

2.7.1 Atomic force microscopy . ... ... ... .. oL 53
2.7.2  Scanning electron microscopy and electron dispersive X-ray

SPECIIOSCOPY . .« « v v o v e e e e e e e 54

2.7.3 Transmission electron microscopy . . . . . . ... .. .. .... 54

2.7.4 Inductively coupled plasma mass spectrometry . . . . ... .. 55

2.7.5 Thermogravimetric analysis . ................... 55

2.8 First principles calculations . . . . .. ... ... ...... .. ..... 56

2.8.1 Description of the calculations performed in Chapter5 .. .. 56

2.8.2 Description of the calculations performed in Chapter6 . ... 56

Independent tuning of optical transparency window and electrical prop-

erties of epitaxial SrVO; thin films by substrate mismatch 59
3.1 Introduction . . . .. ... .. ... 59
3.2 Samplepreparation. . . . .. ... ... e 61
3.3 Determination of optimal (PO, T) growth window . . . ... ... .. 62
3.4 Role of the substrate-induced epitaxial strain on the structural, elec-
trical and optical properties . . . . . ... ... ... o .. 64
3.4.1 Surfacemorphology . ....... ... ... .. .. .. .. ... 65
3.4.2 Structural properties . . . ... ... 65
3.4.3 Electrical transport properties . . . ... ... .......... 69
344 MICIOSIIUCIULIE . . . o v v vttt et e e et e e e e 72
3.4.5 Optical properties . ... ... ... ... 74
3.4.6 X-ray absorption and orbital occupancy . ............ 78
35 Conclusions . . . ... . e 81

Improvement of the electrical and optical properties of PLD-grown SrVO4

thin films 83
4.1 Introduction . . . .. .. ... . e 83
4.2 Samplepreparation. . . . . .. .. .. e 85

4.3 Structural characterization . ... ... ... ... ... ... . ..., 86



xiii

4.3.1 Filmsstoichiometry . ... ... ... .. ... ... ...... 93
4.3.2 Aboutthevanadiumvalency .................... 95
4.4 Transport properties . . . . . . . . . . .o i v vttt it e 95
4.5 Optical properties . . . . . . . ... . . e 100
4.6 Conclusions . . . . .. .. ... 102

Orbital occupancy and hybridization in strained SrVO; epitaxial films 103

51 Introduction . . ... .. .. ... ... 103
5.2 Sampledescription . . . . ... ... .. . e 106
5.3 Strain-induced tetragonal distortions . . . . ... ... ... ...... 106
5.4 Thickness-dependent transport properties . . . . . ... ... ..... 108
5.5 Exploration of the orbital occupancy by XAS/XLD measurements . . 110
5.6 Summaryand conclusions . ... ... ... ... . . 0 L. 120

Electron-phonon coupling and electron-phonon scattering in SrVO; thin

films 121
6.1 Introduction . ... .. ... ... . ... . e 121
6.2 Transportproperties . . .. . . ... . ... ... 124
6.2.1 Sampledescription . . . ... ... ... . . oL 124
6.2.2 Temperature dependence of the electrical resistivity . .. ... 125
6.2.3 Temperature and magnetic field dependent magnetoresistance 131
6.2.4 Seebeckcoefficient . . . .. ... ... ... L. 133
6.3 DISCUSSION . . . . . . ... e e 135
6.3.1 The quadratic temperature dependence of the resistivity . .. 135
6.3.2 Electron-phonon scattering in cylindrical Fermi surfaces . .. 136
6.3.3 Polaronictransport . . . . . . ... ... e 137
6.4 Conclusions . ... ... ... ... 139

Optical plasmon excitation in transparent conducting SrVO; and SrNbO4

thin films 141
7.1 Introduction . . .. ... .. ... ... 141
7.2 Determination of optimal growth conditions of S’NbO; films . . . . . 143
7.2.1 Sample preparation . . .. ... ... ... 143
7.2.2 Structural characterization and surface morphology . . . . . . 144
7.2.3 Transport properties . . . . . . .. . ... ... 147
7.3 Optical transmittance . ... ... ... ... ..., 150
7.4 Plasma frequency and loss function . . ... ... ............ 151
7.5 Transmittance of (s, p) polarized light . . ... ... ........... 155

7.6 Conclusions . . . . .. . . . . e 158



Xiv

8

Photoresponse in all-oxide heterostructures 161
8.1 Growth optimization and electro-optical properties of photo-
absorbing materials . . ... ... ... ... L o oL 165
8.1.1 Lanthanum vanadate (LaVO,) singlelayers. . . . . .. ... .. 165
8.1.2 Lanthanum ferrite (LaFeOj3) singlelayers . . . . ... ... ... 171
8.2 Photoresponse in all-oxide and oxide/metal multilayers . . . . . . .. 177
8.2.1 LaFeOgj-based multilayers . . . .. ... ... ........... 177
8.2.2 LaVOs-based multilayers . ... .................. 196
8.3 Conclusionsandoutlook . ... ............ ... .. .... 201
Summary and outlook 205
9.1 Summaryoftheresults. . ... ... ... ... ... ... .. ...... 205
9.2 Outlook . . . . ... 210
Fabrication of PLD targets 213
A.1 Solid-statereactionroute . .. ..... ... ... ... ... ... 213
A.2 Experimental procedure for targets preparation . . . ... ....... 214
A.2.1 Dryingoftheprecursors . ... ... ................ 215
A.2.2 Weighting of precursors in stoichiometricamount . ... ... 216
A.3 Strontium vanadate Sr,V,0- target for St'VO3films . . . .. ... ... 217
A.4 Strontium niobate Sr,Nb,O; target for SINbO3 films . . . . ... ... 221
A.5 Lanthanum vanadate LaVO, target for LaVO3films . . . ... ... .. 223
A.6 Lanthanum ferrite LaFeO; target for LaFeOsfilms . . . . ... ... .. 226
Other attempts to reduce growth kinetics induced defects in SrVO; thin
films 229
B.1 Change oflaser supersaturation . .. ................... 229
B.2 Modification of the target-to-substrate distance . . . . . ... ... .. 234
B.3 Impactofthelaserfrequency . ... ... ... .. ... ... .. .... 237
B.4 Interruptedgrowth . . ... ... ... .. .. .. .. 239
B.4.1 Structural characterization . ... ................. 239
B.4.2 Transportproperties . . ... ... ... ... ... ... ... 243
B5 Conclusions . . .. ... ... ... . e 244
Electro-optical properties of Ba, g5Lag ¢5Sn05 thin films 245
C.1 Structural characterization and surface morphology . ... ... ... 247
C.2 Transportproperties . . . . ... .. ..., 250
C.3 Optical properties . . . . . . ... . i 252
Appendix to Chapter 5 255
D.1 Surface morphology . .. .. ... ... ... .. .. .. .. ... 255

D.2 X-ray diffraction measurements . . ... ... ... ... .. ...... 255



D.3 Temperature-dependent resistivityand RRR . . . . . ... ... . ... 259
D.4 XAS measurements at grazing vsnormal incidence . . . ... ... .. 260
D.5 Temperature-dependence of the XAS/XLD spectra . . ... ...... 261
D.6 Thickness-dependence of the XAS/XLD spectra . . . ... ....... 262
D.7 Angular-dependence of theXILDspectra . . ............... 262
D.8 Strain-dependent IDOSofdorbitals . . . .. ... ............ 265
E Appendix to Chapter 6 267
E.1 Transport data and Hall effect measurements . ... .......... 267
E.2 Fits of resistivity data to a quadratic temperature dependence and po-
laronicmodels. . . . .. . ... L 269
E.3 Softening of selected optical phonon modes with increasing tetrago-
nality . . . . .. e 273
E.4 Ellipsometricdata. . . ... ... ... ... ... ... 274
E.5 Extended universal scaling between the prefactor of the T2-
dependent resistivity and the Fermienergy . . . . . ... ... ... .. 275
F Appendix to Chapter 7 277
E1 Comparison of our experimental data with reported DFT simulations
of optical properties. . . . . . ... ... . .. e 277
E2 Ellipsometrictawdata. . . . . . . . ... ...t 278
E3 Polarization dependent transmittance measurements. . . . . . . . . . 278
E4 Reflectance, transmittance and Brewsterangle. . . .. ... ... ... 279
E5 Losses in SINbOj films of different thicknesses. . . . . ... ... ... 280
E6 Work function of StNbOs film measured by in-situ UPS. . . . ... .. 281
List of publications 283
List of contributors 285

Bibliography 287






Chapter 1

Introduction

1.1 The advent of modern electronics

The story of electronics began with the electron, isolated by Thompson and his
cathode ray experiment in 1897.! Few years later, the vacuum tube was one of the
first applications of the electron discovery, that was used in radio telecommunica-
tions to manipulate (amplify, transmit) small electrical signals, and constituted the
building block of the electronics of the 50s. Although leaving a great legacy behind,
such as the cathode-ray tube (CRT) television, the vacuum tube era eventually
came to an end initiated by the invention, in 1947, of the first transistor. This
solid-state version of the vacuum tube is also capable of amplifying and switching
on-and-off electric signals. However, the major milestone of the history of elec-
tronics is the invention of the metal-oxide—semiconductor field-effect transistor,
or in short MOSFET, by Atalla and Kahng in 1959. As early as the 60s, several
transistors were fabricated onto the first integrated circuits (ICs),? which led Moore
to make his surprisingly accurate prediction, known as Moore’s law (1975), when
affirming that the number of transistors per unit space will double every two years.
His prediction turned out to be true and we are still living in the Moore’s law era.
Although according to Moore’s law the ultimate transistor size could be the size
of an atom, some physical limits (e.g. quantum tunneling, which provokes high
leakage current in the source-to-drain channel) impede researchers to further
downscale transistor to its actual size (= 3-5nm).

The example of the transistor clearly illustrates the fast developments of technolo-
gies and the necessity for highly efficient materials. Nowadays, apart from Si-based
transistors and ICs, semiconductors in general (GaAs, Ge alloys, etc.) are widely

IThompson even determined the mass of this particle to be 1800 times smaller than the one of
the smallest particle known at the time, the hydrogen atom (later identified as the proton), and of
opposite (thus negative) charge. Later on the electron mass was refined to 1/1836 times the proton
mass.

2Nowaday, transistors are made using the complementary metal-oxide-semiconductor (CMOS)
structure, a type of MOSFET fabrication process, used to fabricate ICs.
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used in solid-state electronic devices: diodes, LEDs, lasers, solar cells... Another
typical example is in photovoltaics, where the efficiency of (crystalline Si-based)
single p-n junction solar cells is bounded by the Shockley—Queisser limit. The cur-
rent limitations of semiconductors and the increasing needs for more powerful
electronics have been the main driving forces to push research toward new type
of devices, including new materials. Complex oxides appear as a promising alter-
native class of materials. They can either be combined with the existing semicon-
ductors or be used to design all-oxide devices. Their complex electronic structure
and subsequent properties are strong assets for the technologies of the future.

1.2 Complex oxides

As mentioned above, silicon is the base component of most technological devices,
which in addition of showing some interesting properties as semiconductor, is
very abundant, However, most of silicon on Earth is not present as pure element
but in oxidized form, as silicates. As a matter of fact, almost all elements of the
periodic table exist in the form of oxides in the Earth crust [1], where they can
be found under a multitude of different crystalline structures such as rock-salt,
wurtzite, spinel, perovskite, fluorite, etc. [2].

Transition metal oxides (TMOs) are particularly interesting, due to their partially
filled narrow d shell. In TMOs, the complex interplay between charge, spin,
lattice and orbital degrees of freedom is at the origin of a myriad of properties:
multiferrocity, superconductivity, colossal magnetoresistance, metal-insulator
transition, high-x dielectrics, transparent conducting oxides, and so on. This
leads to a tremendous amount of possible applications: ferroelectric memories,
superconducting magnets, sensors, oxide FETs, photovoltaics and displays, etc.

In the laboratory, the various forms that can be given to oxides (bulk crystals, films,
nanoparticles, nanowires, quantum dots, heterostructures) offer an additional
way to further tune their physicochemical properties and design new devices. In
particular, the possibility to design heterostructures of thin films opens the way to
a multitude of applications [2-5]. This was made possible by the developments
of thin-film deposition techniques such as pulsed laser deposition (PLD), sputter
deposition, molecular beam epitaxy (MBE)...

Nonetheless, the interest for oxides remained pretty dormant until 1986,3 year of
the discovery of high-temperature superconductivity (HTS) in cuprate-perovskite

3Explaining that the current technologies do not involve much oxides (yet). In fact, over cen-
turies, oxides were usually reduced to pure elements (as silicon, iron, copper, etc.). Which can some-
times involve a complex process of purification (depending on the targeted application). A good
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ceramics [6].% Nowadays, not only the research on high- T, superconductors is still
avery active field, but there is a whole field of research focused on the applications
of oxides for nanotechnologies and the concept of oxide electronics emerged few
decades ago [5, 7].

1.2.1 Perovskites

The discovery of HTS brought a renewed attention to TMOs with the ABO;
perovskite structure (Figure 1.1), which can be seen as a simple cubic struc-
ture composed of a cation A in its center, which is usually an alkaline earth or
rare-earth element, and a transition metal B in its corners, surrounded by an
octahedral oxygen cage. The perovskite structure offers many degrees of freedom
for tuning its properties via chemical substitution of the A/B cations. However,
depending on the cationic radii of A/B, the structure can vary from perfectly
cubic to orthorhombic, hexagonal, etc. as a result of tilting or rotation of the
oxygen octahedra. The change of structure with ionic radii is well-described by the
well-known Goldschmidt tolerance factor.

O mw >»

FIGURE 1.1: Sketch of perovskite unit cell with ABO; chemical formula.

In addition of the change in ionic radii, the valency of A/B has an impact on the
electronic properties of the perovskite crystal. Oxygen, with its 4 valence shell
electrons (2p*), is highly electronegative and thus tends to "capture" 2 electrons
from its surrounding elements to fill the empty valence states. On the other hand,

example is monocrystalline silicon wafers used in semiconductor industry, which have a purity of
>99.9999999 %.

4Although the first mineral with perovskite structure, calcium titanate (CaTiO3), was discovered
in 1839 by the Russian mineralogist Lev Perovski.
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A and B are rather electropositive (they are situated on the left of the periodic table)
and tend to "give electrons away" to form stable cations in the lattice. As A is the
most electropositive and have usually one stable valence state, it gives away easily
its electrons and have nearly one prevalent oxidation state in the ABOj3 structure
(Sr**, Ca?*, La®*, etc.). On the other side, the B cation, usually a transition metal
with multiple valence states gives 4 electrons away to the surrounding oxygen
atoms. Depending on the choice of A/B cations, the material can be insulating,
semiconducting or metallic. For instance, Sr2+Ti4+03 " is insulating, as Ti** has
closed shell, and 3d° electronic configuration. On the other hand Sr**V**0¢" is
metallic, with 3d! electronic configuration, as V** has one electron in his d shell.

On another hand, the bond between the B cations and the oxygen anions has a cru-
cial influence on the electronic properties of the perovskite. The hybridization of
O p and B cation d orbitals is sensitive to the B-O-B bond angle. Primarily, the d
orbitals are split by the crystal-field of the oxygen ligands into f»¢ and eg orbitals,
but further breaking of the orbital degeneracy can occur through distortion of the
lattice. The hybridization between O p and B cation d orbitals is therefore sensitive
to the lattice and distortions of the latter provoke changes of the electronic proper-
ties, and phenomena such as metal-insulator transitions may be triggered. In the
case of thin films for instance, these distortions may be tuned by substrate-induced
strain.

1.3 Transparent conducting oxides

The name speaks for itself, transparent conducting oxides (TCOs) are materials
combining high electrical conductivity and high transparency to visible light.
TCOs serve a wide range applications as transparent electrodes in displays, touch-
screens, solar cells, LEDs/OLEDs, smart windows, defrosting windows, flexible
electronics and transparent electronics in general [8-14].

A typical TCO material has an electrical conductivity o > 103 Scm™! (to avoid sig-
nificant resistive power loss) and optical transmittance T>80% over the visible
range. Some other important criteria and/or requirements (functional or techno-
logical) to take into account when evaluating the suitability of a material as TCO
include [8, 9]:

» High carrier concentration and mobility

* Raw material availability and costs (including manufacturing cost)

* Green materials and processing

» Stability and ease of integration (growth conditions)

e Suitability of the material work function [15]
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So far, indium tin oxide (ITO) has been dominating the TCO market, as it is the best
compromise fulfilling the above-mentioned criteria. However, the major drawback
of ITO is its price due to the scarcity of indium.>

In the following, a brief description of the fundamental concepts, as well as the
different types of TCOs, are given.

1.3.1 General definition

A transparent conductor (TC) is a material that combine high electrical conductiv-
ity and high transparency. These two properties are intrinsically connected as, in
a metal, the free electron gas is at the origin of its high electrical conductivity but
also its reflectivity of light. While this feature is thus responsible of the high sheen
of conventional metals (such as Au, Ag, Al, etc.),® TCs have the particularity to
reflect a smaller portion of light (up to the NIR only), which allows light of higher
frequency to be either transmitted or absorbed (Figure 1.2).

The Drude free electron model gives a straightforward picture of the properties of
metals. According to the model, the electrical conductivity o of a metal is defined
as:
2 n
o=enu=erT

(1.1)

*

where e is the elementary charge, n the carrier density, u the carrier mobility, 7 the
scattering time, and m* the carrier effective mass.
The electrical resistivity is defined as the inverse of the conductivity:

p= o ! (1.2)

The plasma energy E,,, setting the position of the reflection edge, is defined as:

E he n (13)
P eoer Vom* '

5See refs. [8, 14, 16-19] for more details on ITO and the applications of TCOs.

61n conventional metals, the free electrons reflect light in the IR-Vis-UV range [17, 20-22]. As a
result, metals exhibit a high sheen, and polished metals are perfect mirrors. However, a very thin film
of any metal can be transparent if its thickness is below the skin depth of the metal. In that case, the
evanescent light waves will cross the material without interaction [23]. Nonetheless, a metal typically
needs to be few nanometers thick (= 5 nm) to reach a transparency of = 50 % (the film is thus referred
as semi-transparent) and such a harsh scaling down as strong repercussions on the film conductivity,
as its thickness is close to the electron mean free path. Moreover, the deposition of homogeneous
metallic ultrathin films may be challenging.
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FIGURE 1.2: Sketch illustrating the transparency window of a transpar-

ent conductor. The free carrier reflection edge is in the NIR region, be-

low 1.8 eV, which allows visible light to be transmitted. In the UV range,

light is absorbed due to interband electronic transitions. Figure taken
from [18].

where €p, €, are the vacuum and material relative permittivity, respectively. A
transparent material is expected to have a screened plasma energy E;jp < 1.8eV.

In Equations 1.1 and 1.3, one can observe that the ratio n/m* governs both the
screened plasma energy E,f)p and the conductivity o. Indeed, the highest n/m*, the
highest the conductivity o but also the screened plasma energy E:,p, so that n/m*
has to be low enough for E:,p to be in the NIR range, and thus the material to be
transparent. Hence, the necessity to preserve n/m* ratio below some threshold
value (no matter the values of n and m* apart).

1.3.2 Doped wide band gap semiconductors

There are several ways of obtaining a transparent and conducting material, which
all consist in tuning the n/m* ratio. The most common approach is by doping a
wide gap semiconductor (SC). In an undoped SC, the Fermi energy Er lies in the
middle of the bandgap. When sufficiently (degenerately) doped with electrons, the
material’s Fermi level is shifted up inside the conduction band (CB). As a conse-
quence, the introduction of free electrons by doping (increase of n) provokes an
increase of the material conductivity, plasma energy, and also optical band gap (i.e.
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increases the minimum energy that photons need to be absorbed’). The example
of ITO is shown in Figure 1.3.
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FIGURE 1.3: a) Schematic band structure of undoped (left), and n-type

doped (right) semiconductors. b) Transmission spectra of two ITO films

with different doping (also indicated by the conductivity). Figure taken
from [15].

This approach was successfully applied and, as a matter of fact, nearly all of the
TCOs on the market are degenerately doped semiconductors. The most famous
are ITO, F-doped SnO, (FTO), doped ZnO (by In, Al or Gd), etc. More recently, La-
doped BaSnOj; (BLSO) also showed some promising properties [8, 24, 25].

"The optical band gap of a doped SC is the distance between the top of the valence band (VB)
and the Fermi level (Eg). It is different than its intrinsic band gap, which is the distance between the
VB and the CB.
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However, these materials present some limitations. For instance, the maxi-
mum carrier concentration, limited by effects such as dopant solubility and self-
compensation [17, 18, 26], prevent for further improvement of their conductivity.

1.3.3 Intrinsic metallic oxides with perovskite structure

Many perovskite oxides are intrinsically metallic due to their partially filled con-
duction band. They are mostly used as electrode in all-oxide heterostructures such
as ferroelectric capacitors, etc. as they show good compatibility with other func-
tional oxides such as ferroelectric (Ba,Sr)TiO3 (BST), Pb(Zr,Ti)O5(PZT), to mention
afew?®

Among them, LaNiO (LNO; 3d”) or StRuO; (SRO; 4d*) are commonly used.? [28]
More recently, attention was driven to StMoO3 (SMO; 4d?), which is the most
conducting perovskite oxide ever reported (with RT-resistivity of p = 5pQcm
observed in the bulk material [29], and p = 20uQ cm in thin films) [30]. However,
none of these materials is highly transparent, unless if reducing their thickness,
which in turn may hamper their electrical conductivity. Figure 1.4 summarizes the
room-temperature resistivity of the most popular metallic oxides used as electrode
in all-oxide heterostructures, together with their bulk cell parameter to emphasize
compatibility with other funcional oxides (some are indicated by the dashed lines).

Recently, Zhang et al. reported on CaVO5; (CVO) and SrVO4 (SVO) thin films with the
best figure-of-merit (FOM) as transparent conductors [18],'° and these materials
attracted a lot of attention as serious rivals to ITO.'' CVO and SVO are intrinsic
metallic oxides were the electrical conduction stem from the 3d' band filling. It is
commonly argued that the electron-electron (e-e) correlations within the narrow
3d band are responsible for the large effective mass m* of carriers. This latter is
higher than in conventional metals and doped-SCs, and high enough to bring the
plasma energy down to the NIR region in spite of the high carrier concentration n.
In fact, SVO owe the lowest resistivity (p = 28 uQ2 cm) with plasma energy below the
visible (as illustrated in Figure 1.5).

Finally, another promising metallic oxide is StNbO; (SNO). The lowest RT-
resistivity was reported a resistivity of (p = 28.5uQ2 cm) by Oka et al. but films has

8Bottom electrodes made of conventional metals, such as Pt, can be detrimental for the device
properties [27]. On the other hand, the possibility of growing oxide electrodes with flat interfaces and
high crystalline quality opens the way to better functional properties in all-oxide devices.
9Another common perovskite bottom electrode is based on the degenerately doped
La;_,Sr,MnO3 p-type semiconductor, where 0.2 < x <0.5.
10The figure-of-merit (FOM) is criteria used for quantitatively comparing the performance of TCs.
It is based on the material’s optical transmittance T and the sheet resistance Rg, and was first intro-
duced by Haacke in 1976 [37].
Uhttps://www.futurity.org/correlated-metals-screens-1071452-2/
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FIGURE 1.4: Compilation of popular metallic oxides used as electrode

in all-oxide heterostructures. Data taken from [18, 28, 30-35]. The

(pseudo)cubic bulk cell parameters of some typical perovskite oxides
(substrates or films) are also indicated. Figure adapted from [36].

poor transparency, revealed broad absorption in both the visible and NIR regions
of the absorption coefficient spectrum [31]. More recently Park et al. reported
more transparent SNO films. With a RT-resistivity p = 38 uQ cm and a screened
plasma energy E;)p =~ 2 eV (although slightly in the visible), the resulting SNO films

had similar FOM to vanadates [38].12

In conclusion, early transition metal oxides (3d, 4d), such as CVO, SVO, SNO and
SMO, are amongst the most conducting oxides that have been discovered so far.
While SMO is the most conducting one, it is not as transparent as the others. On
the contrary SVO and SNO show the best compromise between high conductivity
and transparency, better than ITO and any other wide band gap doped-SC.

Other applications

Taking advantage of their high conductivity (alone), TCOs can also be used as
highly conducting electrode to improve the performance of many devices, such
as: high-frequency devices [39-42], solid oxide fuel cell (SOFC) [43-45], as photo-
catalyst for water-splitting [46], or even in plasmonics [47] and spintronics.

leoreover, the FOM of SNO in the UV range (260-320 nm) was much greater to SVO, due to the
higher optical band gap of SNO compared to that of SVO.
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FIGURE 1.5: Compilation of conductivity (o) vs plasma energy (anno-

tated wp) for various transparent conducting oxides and conventional

metals. Among transparent materials, CaVO5 and SrVOj3 have the high-
est conductivity. Figure taken from [18].

1.4 Main objectives and thesis outline

Motivated by the need for TCOs with higher performances and cheaper than ITO,
this work is focused on exploring the electrical and optical properties of some
complex oxides based on early transition metals, as well as their suitability as
transparent electrode for photovoltaics. More precisely, we aim at investigating the
properties of two strongly correlated oxides, StVO3 (SVO) and StNbO; (SNO), and



1.4. Main objectives and thesis outline 11

test their suitably in all-oxide heterostructures using centrosymmetric photoab-
sorbing oxides: LaVO; (IVO) and LaFeOs (LFO).!3

In order to achieve the main objective of this thesis, studying the photoresponse in
all-oxide heterostructures, growth optimization of different functional layers, act-
ing as photoabsorber or transparent electrode, is first needed. Therefore, this work
has been decomposed in the following steps:

¢ Optimising the epitaxial growth of various functional oxides as single layers.
It includes the growth optimization of SVO and SNO as TCO thin films, and
the one of LVO and LFO as potential photoabsorbers.

* Studying the electrical and optical properties of these materials as single lay-
ers. In particular, we want to ensure that the chosen TCOs have high con-
ductivity and transparency. In the case of photoabsorbing layers, we are in-
terested in measuring their absorption in the visible light.

* Incorporating the above-mentioned materials in a solar-cell-like all-oxide
heterostructure and studying their photoresponse.

Most of the chapters (2 to 7) report on results on transparent conducting oxides,
from growth-related aspects to a deeper focus on their functional properties and,
in the last chapter (8), the fabrication and study of all-oxide heterostructures are
addressed. The thesis outline is organized as follows:

e Chapter 2 describes the experimental methodology used throughout this
work, from sample production to measurement techniques.

* Chapter 3 is the first chapter dedicated to the growth optimization of epitax-
ial SrVOj thin films. As it will be explained in details, highly crystalline thin
films of this oxide are difficult to stabilize, especially by PLD. This is mainly
due to the multivalent character of vanadium. After determining an optimal
(PO, , Temp.) growth window, it will be shown that the plasma frequency of
our films is at the near-IF and its value can be tuned by carrier concentration,
while conductivity can be finely tuned by epitaxial strain.

* Chapter 4 addresses an issue often encountered in the growth of SrVOj; thin
films by PLD: the presence of growth kinetics induced defects. In chapter 3,
the determination of a growth window for single-phase SrVO; thin films dis-
closed the deposition in UHV to avoid formation of spurious phases, that
tend to form if O, is used as a background gas (as for many oxide deposi-
tions). Here, we will show an approach considerably helping at reducing the

13Lav0O4 (Mott insulator) and LaFeOy (charge-transfer insulator) are both low band gap materi-
als which show pronounced photoresponse. More details on their properties will be introduced in
Chapter 8.
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defects engendered by such growth process and with which we are able to
grow by PLD SVO films having a record conductivity.

Chapter 5 digs deeper into the electronic properties of SrVO; films. In par-
ticular, we will see how strong is the hybridization of O 2p and V 3d orbitals,
usually neglected. SrVOj, is indeed often described as a 3d' metallic oxide.
However, O 2p and V 3d bands slightly overlap and the amplitude of the over-
lapping can have direct consequences on the functional properties of the
films. It will also be seen how the strain induced by the substrate can modify
the crystal-field splitting of the perovskite structure, thus affecting the metal-
oxygen hybridization, the orbital ordering and its electronic occupation.

Chapter 6 focuses on the electrical transport in SrVOj; films in order to ac-
count for properties such as the high effective mass of the charge carriers,
responsible of the much-coveted material transparency to the visible light.
The common belief is that the mass enhancement of the carriers is due to
high electronic correlations, which is the so-called Fermi liquid theory. How-
ever, some experimental observations cannot be explained by this theory. In
this chapter, we will argue that different aspects, usually omitted, of the elec-
tronic properties of SrVO;, such as the shape of its Fermi surface and the
electron-phonon interactions, play a relevant role on the effective mass en-
hancement and the temperature dependence of the resistivity.

Chapter 7 explores the properties of another TCO: strontium niobate
(StNbO3). With a 4d?! electronic configuration, StTNbQj is also metallic and
transparent. Although the broader character of the 4d band in comparison
to the 3d of SrVO5; presumes of a smaller effective carrier mass. Here, we
will show that thin SrNbOjs films reach properties competing with the ones of
SrVO;. Moreover, we will explore in detail the nature of the plasma frequency
and we will argue that it corresponds to excitations of bulk longitudinal plas-
mons by light. A comparison between SrVO5; and SrNbO; will be made.

Chapter 8 undertakes the fabrication and the photoresponse measurements
of all-oxide heterostructures. With a first task of growing single-layers of
LaVO;3; and LaFeOs; films (which are both believed to be good photoabor-
bers considering their small bandgap), the materials will then be integrated
in capacitor-like structures using different transparent top electrodes. It will
be shown that the electrical properties (I — V curved in dark and under il-
lumination) of the different heterostructures, as well as the observation of a
photovoltaic effect, strongly depend on the built-in potential, itself dictated
by the work function of the electrodes. After concluding on the suitability of
the TCOs investigated in the thesis, we will propose alternative devices that
could lead to higher photoresponse in these all-oxide heterostructures.
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* Chapter 9 will give general conclusions over the work achieved in this thesis
and some outlook on the topic.
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Chapter 2

Experimental methodology

In this chapter, a description of all experimental techniques used in this thesis
is given. The sample growth and preparation techniques are introduced in the
Section 2.1; while their characterization techniques are explained in the Sections
2.2 —-2.7. It will be seen that diverse characterization techniques have been used,
going from X-ray diffraction techniques for the structural characterization to elec-
trical and optical measurements for the functional properties, to surface sensitive
techniques, and so on. In Section 2.8, a brief description of first-principles calcula-
tions is given.

2.1 Sample preparation: from single layers to heterostruc-
tures

2.1.1 Pulsed laser deposition of oxide thin films

In the field of thin film research, various physical and chemical deposition tech-
niques exist. For instance, sputtering, molecular beam epitaxy (MBE), pulsed
laser deposition (PLD), chemical solution deposition (CSD) or even atomic layer
deposition (ALD) are amongst the most common techniques [48].

PLD is a physical vapor technique in which a pulsed laser beam ablates a ceramic
target of similar cationic composition than the thin film to be deposited. This latter
forms onto a substrate material (placed few centimeters in front of the target, see
sketch in Figure 2.1). One usually wishes to grow monocrystalline films, in order
to reach optimal functional properties for instance. This may be achieved by epi-
taxial growth, where a single-crystal substrate with similar structure than the one
expected for the film imposes its crystalline order to the incoming atoms during
deposition. However, the way the film grows is largely affected by other parameters
such as the growth conditions related to the PLD chamber, the laser, the substrate
temperature, etc. as described hereafter.
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When the laser energy is sufficiently high, the ablation causes congruent emission
of atoms. It usually operates at a wavelength of 1 =248 nm (which corresponds to
a photon energy of E,,, =5eV) and is focused on a small spot (= 1-2mm?), so that
the energy density (or fluence) is typically around 1 —3Jcm™2. The high energies
involved provoke the formation of a plasma between target and substrate, and the
whole process is thus far from equilibrium. The deposition takes place in a vac-
uum chamber to prevent any other species to soil the in-formation thin film. Only
an eventual additional gas (composed of pure O,, N,, H,, Ar, or even a mixture of
several of them) is sometimes injected into the chamber in order to be incorpo-
rated in the film lattice and/or to reduce the kinetic energy of the ablated species
coming from the target.

Temperature controller
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FIGURE 2.1: Sketch illustrating the PLD setup at ICMAB, operating an
excimer KrF laser (248 nm). Courtesy of Dr. Mengdi Qian.

When the atoms reach the substrate surface they can undergo adsorption, des-
orption, diffusion, nucleation... (as depicted in Figure 2.2a). These mechanismes,
and subsequently the growth mode, are crucially influenced by the substrate tem-
perature, which is typically brought to several hundreds of degrees to facilitate the
atoms mobility, and some other parameters such as the laser frequency (typically
1-10Hz) and so on.
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In short, a thin film can grow in several manners (see sketch Figure 2.2b):
- Layer-by-layer growth. In this 2D growth mode, adatoms first form small is-
lands, until the surface has a critical density of islands and they start coalesc-
ing and cover the whole surface.

— Island growth, which is 3D growth mode where the attraction between
adatoms is stronger that their attraction to the substrate atoms. As a con-
sequence, they tend to form islands and this growth mode usually leads to
higher film roughness and more defects.

— A mixture of the two previous ones (2D-3D), where the growth starts 2D but
later on forms islands.

— Step-flow growth. Another 2D growth mode, this one is related to the miscut
of the substrate. Because the single-crystal substrates are not perfectly cut
along a crystallographic plan, their surface possesses atomically flat terraces
separated by atomic steps. When the 2D growth is step-flow-like the adatoms
diffuse on a terraces until they reach an edge (a step to the next terrace).

The deposition parameters of the PLD setup have a major role on the thin film
deposition as they affect the growth conditions such as: kinetic energy of the in-
coming atoms, film growth rate and growth mode, etc. It is therefore necessary to
adjust them until finding the growth window allowing optimal film quality. These
parameters are:

- Substrate temperature

Distance between target and substrate

Choice of gas (O,, Ar...) and pressure
— Laser parameters: laser fluence, pulse repetition rate (frequency), etc.
— Temperature ramping rates, post-annealing...

The PLD technique offers other advantages such as the possibility to grow in-situ
heterostructures, by means of a carousel carrying up to six targets. Patterned films
can also be grown by using a shadow mask (as shown in 2.3.3).

All in all, PLD is a versatile technique which allow the deposition of nanometric
films of high crystallinity due to the many parameters allowing to tune the growth
fashion.

In this work, two PLD setups have been used. One is located at the Thin Films
Laboratory of ICMAB operated by Raul Solanas and supervised by Dr. Florencio
Sanchez. The second one at the Institute of Materials Science of the Technische
Universitdt Darmstadt, in collaboration with the group of Prof. Lambert Alff.
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FIGURE 2.2: a) Sketch of the different mechanisms undergone by atoms
reaching the substrate surface. b) Different possible growth modes.

2.1.2 Sputter deposition of metals

Sputter deposition (or sputtering) is another well-known PVD technique. Its princi-
ple is similar to PLD in the sense that a target material is ablated and the products
of the ablation are deposited onto a substrate material. The difference resides in
how the target’s material is extracted. While in PLD, the ablation is done by a laser,
for sputtering an inert gas (typically argon) is first introduced in the chamber and
then ionised by high electromagnetic fields, thus forming a plasma. The plasma is
then confined near the target material (the cathode) and its particles bombard the
latter, thus provoking its "erosion". The target material eroded during this process
is deposited onto the substrate (the anode), which is placed in front of the target.

The setup used at ICMARB is a radio frequency (RF) magnetron sputtering system
(with a RF voltage of 13.56 MHz). The magnetron generates magnetic fields to
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confine the plasma closer to the target. The particularity of RF sputtering being
that the electrical field between target and substrate is AC. Such AC voltage allows
to avoid accumulation of charges at the target material if the latter is insulating.
Therefore, the advantage of this technique is to be able to sputter both conducting
and insulating targets.

In this thesis, Pt sputtering was performed at room temperature. An argon pressure
of 5 x 1073 mbar was introduced in the sputtering vacuum chamber where a base
pressure of =~ 107 Torr was reached beforehand. The target to substrate distance is
=~ 5 cm and the sputtering power was of 10 W. Under these conditions the Pt growth
rate was ~ 0.36 A/s (i.e. about 1 nm in 28 s).

As further explained in Chapter 8, Pt electrodes were deposited ex-situ on top of
some oxides (namely LaVO3; and LaFeO3) to study their electrical properties (pho-
toresponse, etc.) in a multilayer fashion. A 300 mesh TEM grid was used as shadow
mask allowing to deposit about 400 electrodes (60 um x 60 um, 15um apart). On
the other hand, when the deposition of a continuous Pt layer was necessary, the
sample was transferred in situ from the PLD chamber to the sputtering chamber,
without breaking the vacuum.

2.2 X-ray diffraction techniques

Throughout this thesis, X-ray diffraction (XRD) techniques have been used to
characterize the crystalline quality of thin films. Typical informations that XRD
techniques allow to have an insight on include: film thickness, film texture,
preferred orientation, epitaxial quality, presence of defects, presence and iden-
tification of secondary phases, etc. In addition, XRD measurements were used
for phase identification in polycrystalline powder samples measured during the
fabrication process of PLD targets (detailed in Appendix A). Hereafter, a brief
introduction to the fundamentals of XRD and the scanning geometries are given.
For more details, the reader can refer to [49-52].

The XRD phenomenom is based on the elastic scattering of X-ray waves by the
atoms in a lattice. When the incident X-rays hit a particular family of parallel crys-
tallographic plans of atoms, constructive interferences between scattered X-rays
may occur if the Bragg condition holds. This latter is defined by the Bragg’s law:

nA = 2dpq sin@ 2.1
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where nA is the optical path difference between incident and diffracted X-rays (n
being positive integer and A the wavelenghth of the incident X-rays), 8 the angle be-
tween the sample surface and the incident beam (see Figure 2.3). dyy is the inter-
planar distance between crystallographic planes of atoms with Miller indices (hk!)
which, in orthorhombic systems (such as the perovskite structure), is defined as:
! i + K + e (2.2)
2 T2 T2 ’
d-, a b ¢
where (a, b, ¢) are the unit cell parameters and (4, k, [) the Miller indices corre-
sponding to the [hk!] the crystallographic direction.

Typically, the diffraction conditions are expressed in term of reciprocal space,
which is a Fourier transformation of the real space (the lattice of atoms).! One
can define the reciprocal space vector Qpy, perpendicular to the planes with Miller
indices hkl, as a function of dp:?

(2.3)

Primary Secondary

/ optics optics \

X-ray
source

X-ray
detector

FIGURE 2.3: Sketch of typical XRD measurement setup, illustrating the
main components and different angles that can be adjusted.

1Eor more details, one can refer to [50] for instance.
2Nothe that, depending on the convention used, the factor 27 may disappear [50].
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A typical XRD measurement setups usually contains the following components:
a X-ray source and detector, eventually equipped with some optics to ensure the
beam is monochromatic and parallel, and a sample stage, usually a goniometer
that allows sample rotation; all elements being within the same plane as depicted
in Figure 2.3. The angle w is defined as the angle between the incident beam and
the sample surface, while 26 is the angle between the incident and reflected beams;
the sample can be rotated via the angles ¢ and y. In this work, several diffractome-
ters (summarized in Table 2.1), using different optics and detectors, were used to
probe the film quality.

Setups Measurement Measured
(location) configurations materials

SVO (chap. 4-6),

Bruker D8 Di
ruker D8 Discover 0—-26, w-scans, XRR |  SNO (series B),

(EMAD) BLSO, LFO
PANanalytical X’Pert MRD
(ICN2) 620, w-scans, RSM |  SVO (chap. 3-5)
Rigaku Smartlab

(T. U. Darmstadt) 0-26, w-scans, XRR SNO (series D)

Siemens D5000 0-26, w-scans, XRR. LVO.
(ICMAB) 6-20 Powders (appx. A)
Bruker AXS D8 Advance .
with GADDS 2D detector 20—y, RSM SVI?L’ SS ON (ilgi)erﬁom’
(ICMAB) ’ ’

TABLE 2.1: Description of the different diffractometers used in this

work, together with measurement configurations and measured mate-

rials. All setups operate with a copper source that has three character-

istic emission lines: Cu-Ky, (A=1.54064), Cu-Ky, (1=1.54184) and

Cu-Kp (1=1.3922A). The three first diffractometers have the highest

resolution, as the Ky, and K radiations are filtered out by the primary
optics.3
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2.2.1 Texture quality and c-axis determination

In a diffraction experiment, the scattering vector S, is defined as:

-

S=K-k (2.4)

where k and k' are the wave vectors of the incident and diffracted beam, respec-
tively. The direction and norm of S can be tuned by varying w and 26, and its coor-
dinates can be calculated in reciprocal lattice units as [50]:

-~ 27
Sy = - [cos(20 — w) — cos(w)] (2.5)

- 2w . .
S, = o [sin(20 — w) + sin(w)] (2.6)

Using the reciprocal space notations, one can then rewrite Bragg’s law as:
S=Cnu 2.7)

which indicates that the Bragg condition is fulfilled when the probing vector S
coincides with a vector @hkl of the reciprocal space (as defined in Equation 2.3).

The out-of-plane crystallinity of the sample can be probed by doing a 6-20
scan, which consists in keeping w = 0 and thus Sx=0and S, is along goo1 (see
Fig. 2.4a). In other words, to perform such scan the source and the detector are
moved in a symmetric way. The probing direction of the reciprocal space being
out-of-plane, the interplanar distances dyy (between crystallographic planes
parallel to the sample surface) can be obtained from the corresponding (007)
diffraction peaks; which in turn allow to retrieve the out-of-plane lattice constant,
or c-axis, of the sample (typically a [001]-oriented film) by using Equations 2.1-2.2.%

It should also be added that a broadening of (00/) diffraction peaks in a 6—26 scan
may be observed if there is a variation of c-axis (due to strain relaxation, etc.).

3In Chapter 4, the presence of other spurious emission lines is envisaged (when measurements
were performed with the Bruker D8 Discover).

4In the thesis, most of the c-axis values was extracted from the position of the (002) diffraction
peak. In Chapter 6, they were calculated by using the Nelson-Riley method to minimize some sys-
tematic errors due to the instruments, sample curvature and misalignment, etc. [53]. In this latter, all
(001) (1=1,2,3,4) peaks are used to extrapolate the c-axis (see for instance [54] for more details on the
procedure.
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Goor a) 6-20 b) w—scan c) RSM

Substrate Substrate Substrate

FIGURE 2.4: Sketches illustrating the different scanning geometries
used for XRD measurements.

Assessment of crystallite tilting by w-scan

Once a §—-20 scan has been performed and the (00/) film reflections have been ob-
served, one can performed an asymmetric w-scan (also called rocking curve). This
latter consists in keeping the angle 26 fixed at a position where a diffraction peak
was observed in the —26 scan,’ and varying ("rocking") w around the value of 6.
A sketch of the measurement is shown in Figure 2.4b.

By doing so, one can measure an eventual elongation of the reciprocal space point
(as indicated by the dashed line in Fig. 2.4b) that would result from diffracting
planes slightly tilted compared to the substrate surface (tilted crystallites). Such
planes with tilted c-axis would create tilted diffraction points, that would result in
a continuous broadening of the main (kk!) spots.

PLD target crystallinity

The measurements on powder samples measured during the PLD target prepa-
ration (Appendix A) were also done in 6—260 scanning geometry. A typical pow-
der sample is polycrystalline, with crystallites oriented in all directions. Therefore,
while performing a —26 scan, all families of crystallographic planes [hk!] produce
diffraction peaks. As each compound has a specific set of Bragg diffraction peaks
(varying in position and intensity), by analysing a powder diffraction spectrum one
can thus identify which phases are present in the powder sample.®

5In perovskite samples, the diffraction peak corresponding to the (002) reflection of the recipro-
cal space is often chosen, as it usually displays the highest intensity.

5Here, the analysis of powder diffraction spectra was done with Sleve+ software from the Inter-
national Centre for Diffraction Data (www.icdd.com/pdf-4-support-software/).
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2.2.2 Reciprocal space maps and a-axis determination

A more visual picture of a portion of the reciprocal space around a particular point
can also be obtained by combining the two previous measurements. If a series of
0—-260 scans with different w angle is performed around a point of the reciprocal
space (typically (103) in perovskite, as depicted in Fig. 2.4c), one can reconstruct
an image, a map, of the diffracting intensity versus goo1 (0or gx) and gigo (or g)
directions.” Equivalently, the mapping can consist of several w-scans changing the
260 angle.

The acquisition of a reciprocal space map (or RSM) is often performed in order to
determine the in-plane strain state and thus calculate the in-plane lattice parame-
ter (or a-axis) of the film. Nonetheless, if the system is not cubic or if one suspects
any in-plane anisotropy, one can measure other spots of the reciprocal space. For
instance, in addition of the (103) spot, one could measure the (103) or even the one
(013) and (013) after rotating the sample of 90° in-plane (¢ angle).8

In the case of the (103) diffraction spot, using Equations 2.2-2.3,° one gets:

I
Quosl™ =5+ (2.8)
which is equivalent to:
P
1Q1001” +1Qo03!" = — + = (2.9)
as ¢

and can be decomposed and reformulated to access the (a, c) lattice constants, as:

1 3
a=— and c=—
[ Q100! |Qoos|

(2.10)

2.2.3 Detection of secondary phases

The detection of secondary was done using a diffractometer equipped with a 2D
detector (a Bruker D8 Advance equipped with a General Area Detector Diffraction
Systems, shortened GADDS, detector, see Table 2.1). This latter can detect pho-
tons with a wide angular range (up to 30° in 260 and 60° in y), which is particularly
useful to quickly access the texture quality of films, detect and identify secondary
phases, etc. The typical measurement (called 20—y frame in the thesis) is similar
to a 0—-20 scan. The advantage of these measurements is the possibility to access
crystallites that are tilted regarding the y angle (see Figure 2.3). These crystallinites

By converting the w and 8 angles to gy and g, respectively, using Equations 2.5-2.6.

80ther types of measurements such as ¢-scan and pole figures, although not used in this work,
can be done to confirm for instance that a film was grown epitaxially onto a substrate.

9Note that the factor 27 was removed for the sake of simplicity.
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can be made of the main phase (in that case the sample is single-phase but poly-
cristalline) or of secondary phases. For instance, in the case of SrVOj; films, the
presence of the spurious Sr3V,04 phase (which formation depend on the growth
conditions) resulted in the observation of diffraction spots out of the diffraction
plane perpendicular to the sample surface (that was probed in the classical §—-26
geometry, where y = 0). This is further discussed in Chapters 3-4.

2.2.4 Thickness determination

In this thesis, the film thickness was determined either by fitting of Laue oscilla-
tions or by X-Ray reflectometry (XRR).

Laue fringes are a typical feature resulting from the constructive interference of
the diffracted X-rays, usually visible when the film as high crystalline quality and
displays flat surface and interface with the substrate. Subsequently, oscillations
may accompany the diffraction peaks in a 6—26 scan, and can be fitted to extract
the film thickness using the formula:

. 2013
. sin“(5QNc
I(Q) = % (2.11)
sin® (5Qc)
where N is the number of unit cells along the [00/] direction, c is the out-of-plane
lattice constant, and (j is the reciprocal lattice vector, defined as (j = 47xsin(w)/A,

where A is the incident X-ray wavelength. Subsequently, one can extract the
thickness ¢ = Nc.1°

On the other hand, XRR was also used to determine the film thickness. XRR is based
on the specular reflection of incident light (here X-rays) between two media with
different refractive indices. In addition to the film thickness this technique can
give us information on the film density, and the roughness of the substrate/film
and film/air (surface) interfaces. The measurement consists in a 8—26 but at graz-
ing incidence (with very low incident angle, typically 0° <20 < 6°). Below a critical
angle . (usually around 0.2-0.5°), the X-rays are fully reflected by the surface, but
when 6 > 0., they start being being refracted and the specularly reflected intensity
decreases proportionally with 8*: this is the so-called Fresnel reflectivity. Super-
imposed to this decreasing enveloppe, an interference pattern (sometimes called
Kiessig fringes) may be visible, emerging from the scattering at the different above-
mentioned interfaces.

10As shown in Chapter 4, another more complex fit including the substrate contribution can also
be attempted, using the script developped by Pesquera et al. [55].
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The condition for constructive interference is given by the following relation [50]:

m2A?
(th)z = (912 —0?) = (sinf; —sin®6,) (2.12)

where ¢ is the film thickness, A is the incident X-ray wavelength, and 6; is the angle
of an oscillation maximum i of order m;. Therefore, by plotting sin?6; vs ml2 for all
the successive maxima visible, one should expect a linear scatter plot with slope
equal to A2/(21)?, from which the film thickness ¢ can be extracted. In this thesis,
the film thickness was either extracted by this method or by a fitting of the XRR
spectrum using GenX software [56].

2.3 Electrical measurements

Transport measurements have been an important part in the characterization of
metallic single layers. Indeed, as we mentioned before, a considerable part of the
growth optimization of TCO thin films consists in maxing out their electrical con-
ductivity. However, in order to have a deeper insight into their properties, one also
needs to investigate the nature of the carriers, their mobility, their effective mass,
etc. The measurements techniques allowing us to access these properties are de-
scribed in the following sections 2.3.1 to 2.3.2. Finally, in the section 2.3.3, details
of the electrical measurements performed to study the photoresponse in all-oxide
or oxides/metal multilayers are given.

2.3.1 Resistivity, Hall effect and magnetoresistance measurements by
Van der Pauw method

The Van der Pauw method is a technique used to measure the resistivity and Hall
coefficient of samples with an arbitrary 2D shape (e.g. a thin film with square, rect-
angular, spherical, or some more random shape). However, the sample has to be
homogeneous in thickness and composition, and present no holes [57, 58]. Such
technique uses four contacts which is necessary to measure samples with low resis-
tivity. Two contacts inject a current while two others measure a voltage. In this way,
one can avoid the parasitic contact and lead resistance. In the Van der Pauw ge-
ometry, the contacts have to be placed at the circumferences of the sample. In our
case, we use 5x5 mmz2 square samples and contacts were placed in each corner (see
Figure 2.5). Ohmic contacts were made by applying conductive silver paint, mak-
ing sure that they had a relative small size (= 500x500 um?2) compare to the sample
size, or by sputtering Au contacts with a shadow mask (for SNO films grown and
characterized at TU Darmstadt).
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All temperature-dependent measurements were performed in a Physical Proper-
ties Measurement System (PPMS) from Quantum Design. The accessible range
of temperature is 2-400K, and the magnet delivers a magnetic field up to +9T.
A Lakeshore EMPX-HF probe station connected to a Keithley 2611B System
SourceMeter was also used to perform RT-resistivity measurements. Both PPMS
and Lakeshore setup gave same RT-resistivity values for a given sample.

] e
N\
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Resistivity Hall effect

FIGURE 2.5: Sketches of a sample with electrical contacts and wired for
Van der Pauw measurements of resistivity (left) or Hall effect (right).

Electrical resistivity

Van der Pauw demonstrated that the resistivity p of a sample of thickness ¢ is given
by the following expression:

/1

TRAB'CD =1 (213)

-t
exp +exp TRBC,DA
where Rag cp = Vep/Iag and Rec,pa = Vpa/ Isc (as sketched in Figure 2.5). In order
to facilitate the calculation of the resistivity p, Van der Pauw reformulated Equa-
tion 2.13 as follows:
7t (Rag,cp + Rec,pA)

= — R R 2.14
p 2 5 f(Ras,cp, Rec,pA) (2.14)

where f(Rap,cp, Rsc,pa) is a function of the ratio Rapcp/Rpc,pa (assuming that
RaB,cp = Rpc,pa) defined as:

Rag,cp — RBCpA

= farccosh

exp(In 2/ f) ] 2.15)
- .

Rag,cD + RBc,pA
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Equation 2.15 has been plotted in Figure 2.6. One can notice that f = 1 in the par-
ticular case that Rap,cp/Rpc,pa = 1, which is the case for a perfectly square sample.

0.0
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RAB,CD / RBC,DA

FIGURE 2.6: Function f computed for different values of Rag,cp/RBc,pA
from Equation 2.15.

Note that the resistances Rag cp and Rpc,pa should remain identical upon chang-
ing the current polarity which is systematically verified when performing measure-
ments (also in the Hall effect configuration explained below).

Hall effect

The Hall effect occurs when a current I of charge carriers (of charge q) flowing
through a sample, along a direction represented by their velocity vector 7, is de-
flected by an external magnetic field B as a result of the Lorentz force F} :

Fi=q(E+7xB) (2.16)

The charges are indeed deflected according to the right hand rule, i.e. in a direction
perpendicular to their initial direction of propagation (i.e. perpendicular to 7), and
also perpendicular to the magnetic field B. This anisotropy of charge creates an
electric field E parallel to the direction of charge migration which will at some point
prevent further migration and lead to an equilibrium state in which the Lorentz
force is cancelled out (Fi, = 0). Assuming one type of carriers (e.g. electrons, g =
—|el). By solving Equation 2.16 at this equilibrium condition, and assuming one
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type of carriers (e.g. electrons, g = —|el), it can be rewritten as:
RyIB
ry = Ht 2.17)

where Vi is called Hall voltage, I is the injected current, B is the intensity of the ap-
plied magnetic field, ¢ is the sample thickness and Ry is the Hall resistance, defined
as:

-1
Ry =

= (2.18)
nylel

ny the Hall charge carrier density and e the elementary charge.

In practice, one measures the resistance R= Vu/I (where I is an alternating cur-
rent) as a function of applied magnetic field B. Similarly to the resistivity mea-
surements explained above, the Hall measurements are performed in two contact
configurations: Rppac = Vac/Isp and Racsp = Vep/Iac (as depicted in Fig. 2.5),
that are then averaged out, so that: R= (RBpAC + RacBp)/2.

The slope Ry/t of the R = (Ru/t)B is extracted from a linear fit, according to
Eq. 2.17. Then ny can be calculated by using Eq. 2.18 and the film thickness ¢ mea-
sured beforehand (see Section 2.2.4).

Magnetoresistance

The magnetoresistance (MR) is the change of resistivity (longitudinal resistance) of
a material observed under application of an external magnetic field, perpendicular
to the current flow direction.

While the MR of a free gas of electrons is expected to be zero, it is common to ob-
serve a small positive MR in metallic samples [59]. This is due to the contribution
of different types of carriers to the charge transport.

It this work, the MR was measured in the same configuration than the resistivity,
as described above, but under an external magnetic field applied out-of-plane (see
Figure 2.7) and varied between + 9 T.
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FIGURE 2.7: Sketch of a sample with electrical contacts and wired for
magnetoresistance measurements using Van der Pauw method.

2.3.2 Seebeck coefficient measurements

In this work, the measurements of Seebeck coefficient were performed by Dr.
Francisco Rivadulla, from Universidad de Santiago de Compostela (Spain).

The Seebeck effect is a thermoelectric effect in which an electrical potential differ-
ence AV appears across two regions of a material as a response to the application
of a temperature gradient AT between these two points. The resulting Seebeck co-

efficient is defined as:
AV

AT
This phenomenon is the basis of operation of devices such as thermocouples
(temperature sensors). As the Seebeck coefficient is directly related to the carriers
transport in metallic thin films, it can also be used to access the effective mass of
carriers in metallic thin films such as the TCOs studied in this thesis.

S= (2.19)

For the measurements of the Seebeck coefficient, two Cr/Pt (5/50 nm) lines with
four contacts (1 mm x 50 mm, 2 mm apart) were deposited by optical lithography
on top of the film (see illustrative sample Figure 2.8). After deposition, a current
of 1mA was driven through the Pt lines at room temperature during 5min to
favor the recrystallization of Pt. The temperature dependence of the resistivity
of each Pt line was measured in several cooling/heating ramps, until obtaining a
reproducible result. The Pt resistivity was finally recorded on a heating ramp at
0.5 K/min and the recorded values were used as local thermometers. Two voltage
contacts were also deposited at the vicinity of the thermometers (see Figure 2.8).

Finally, a heater of the same composition was simultaneously deposited apart
from the thermometers and voltage contacts, and isolated by cutting the thin film
with a diamond tip glass cutter, to make sure that the current flowing through
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the heater does not leak to the temperature/voltage probes. To generate heat, the
resistance R of the heater is first measured. Then a constant current I is driven
through it, dissipating a power W = I? x R, and a thermal gradient is generated
between the temperature/voltage probes. This gradient is expected to vary linearly
with W. By checking this linearity, one can therefore make sure of measuring a
purely thermoelectric effect, with no current leakage through the film.

Tﬁgrmometer 1
(1)

Thermometer 2
(T2)

FIGURE 2.8: Micrography of a SrVO5 sample prepared for Seebeck mea-
surements. The patterns on top of the film were deposited by lithogra-
phy as described in the text.

Before each Seebeck measurement, the sample was stabilized at the base temper-
ature for at least 15 min to ensure the absence of spurious thermal gradients that
could influence the determination of the intrinsic Seebeck voltage. Different cur-
rents were injected through the heater until a constant temperature difference be-
tween the Pt thermometers was achieved. The voltage between the Pt lines is mea-
sured at the same position with a switch. Fitting the voltage vs temperature differ-
ence provides an accurate measurement of the Seebeck coefficient (see Figure 2.9).
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FIGURE 2.9: a) Steps of temperature difference between the Pt resis-
tances and the corresponding longitudinal thermoelectric voltages, at
a base temperature of 250K, for one illustrative SVO sample. b) Lin-
ear fit of the longitudinal voltage vs temperature difference. The ac-
curacy of the method allows a good measurement of the Seebeck co-
efficient without increasing much the temperature difference (always
lower than 1.5K), ensuring the reversibility of the process. In this ex-
ample a Seebeck coefficient of S=-5.52uVK™! at T = 250K was ex-
tracted. c) Temperature dependence of the Seebeck coefficient S mea-
sured on illustrative SVO films (¢ = 70 nm thick), deposited on LSAT and
STO substrates, having different carrier density 7=2.13x10%2 cm™3 and
n=2.56x10%? cm~3, respectively.

2.3.3 I-V characteristics and photoresponse in metal-insulator-metal
multilayers

One of the main goals of this thesis has been to build and characterize all-oxide
metal-insulator-metal (MIM) heterostructures, in which the insulator is photoab-
sorbing and therefore a photoresponse is expected (a sketch of the device structure
is shown in Figure 2.10). Such MIM device behaves as a capacitor and thus I -V
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characteristics are expected to be more complex that the linear I — V behavior of
a simple (ohmic) resistor for instance. In fact, the shape of the dark I — V curves
can give crucial information on the electronic structure of the whole structure
(rectifying behavior and presence of built-in potential Vg, etc.). Moreover, in order
to investigate the potential of oxide-based heterostructures as photovoltaic cells,
one is usually interested in measuring typical values - which are key indicators
of the solar cell yield - such as the open-circuit voltage Vpc, the short-circuit
photo-current Jgc, fill-factor FF, etc. extracted from measurements of [ — V
characteristics under illumination.

Blue laser
A =405 nm

FIGURE 2.10: Sketch of typical device to measure photoresponse in
MIM heterostructures. The bottom electrode and photoabsorbing layer
are complete layers covering the whole substrate while the top elec-
trodes are obtained by patterning via shadow mask. For electrical mea-
surements, the bottom electrode is usually connected to the ground,
and the top contacts are connected to the setup electronics. During
photoresponse measurements the top contact is shinned by a laser
beam (with cross-section area greater than the contact area).

The MIM heterostructures were prepared as follow: bottom electrode and pho-
toabsorber layers were first deposited in a single step. Then the samples were re-
moved from the PLD chamber, where a shadow mask (either for Pt or oxide elec-
trodes) was mounted ex situ. Then the sample was either loaded to the sputtering
chamber for Pt deposition (see Section 2.1.2 for details on sputtering parameters),
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or back to the PLD chamber for deposition of a TCO material as top electrode (Fig-
ure 2.11).

Laser spotsize diameter = 230 um

Pt contacts TCO contacts

FIGURE 2.11: Electrical contacts deposited on top on the bottom elec-

trode/photoabsorber stack, using a shadow mask. Left: micrography

of sputtered semi-transparent Pt electrodes for electrical characteriza-

tion. Right: micrography of PLD-deposited TCO contacts. "Useful"
contacts are circled in white.

Here, the two-point-measured I — V characteristics, with or without illumination,
were performed in top-bottom configuration (Fig. 2.10), using gold-plated tung-
sten probe tips with a tip radius of 10um. A Keithley 6517B Electrometer/High
Resistance Meter was used to apply a bias voltage V (usually performing a loop
between —1V and +1V) and measure the resulting current I flowing through the
MIM structure. The illumination was done using a monochromatic blue laser
(A = 405nm, E = 3.06eV) operating with a power of = 20 mW (as priorly measured
with a photoresistor). Considering the approximate diameter of the laser spot
(=230 um), the corresponding power density was estimated to be = 0.55 Wem™2,

The Pt contact size is 60x60 um?. For TCO, the measured electrodes were either
100x 100 um?, 200x200 um? squares or round shapes with diameter of 100/200 pum.
Bigger electrodes were not considered as the laser beam had an approximate diam-
eter of = 230 um (as visible on the left picture of Fig. 2.11). When measuring TCO
contacts, a similar current density was measured for no matter the contact area, in-
dicating the absence of microcracks or pinholes in the contact. Typical I — V char-
acteristics in a LaFeO3-based multilayer before and after illumination are shown
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in Figure 2.12. The raw current [ is indicated on the right y-axis and the current
density J (equal to the I divided by the contact area) is shown on the left y-axis.
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FIGURE 2.12: Example of I - V characteristics measured in a MIM mul-

tilayer before and after illumination. Here the top contact (BLSO) di-

ameter was 200 pm. Under illumination, the curve does not cross the

origin anymore and the intercept with x- and y-axis are indicated as the

open-circuit voltage Vpc and short-circuit photocurrent density Jsc, re-
spectively.

2.4 Optical spectroscopy techniques

In this work, optical spectroscopy techniques were mostly used to quantify the
transparency of single layers of transparent conducting oxides (SrVO3, SINbO3 and
Bag g5sLag g5Sn03). The transparency of these materials is manifested by the onset
of high transmittance to the visible light starting above the plasma frequency wp
and below the band gap energy Eg. Therefore, the following techniques were used
either to quantify the percentage of light transmitted in the visible range, or to de-
termine the values of the plasma energy E,, and Eg. On the other hand, in pho-
toabsorbing layers (LaVO;, LaFeOj3), they were used to extract their absorbance a
and also to determine their bandgap Eg.

2.4.1 UV-Vis-NIR spectroscopy

In this work, ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy was
used to quantify the optical transparency of TCO samples by measuring their
transmittance spectrum.
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When light interacts with matter, it can be reflected, scattered, absorbed and/or
transmitted (as schematized in Figure 2.13). The intensity of light must be con-
served through the process, so that the sum of the light intensities of the enumer-
ated processes equals the incident light intensity:

Io=Ig+Ig+ Ip+ I (2.20)

As the experimental setup does not allow to obtain the scattering (diffused) term,
we shall neglect this term in the following such that Equation 2.20 becomes:

Io=Ig+ Ip+ IT (2.21)
and by dividing on each side by Iy, one obtains the common expression:
1=R+A+T (2.22)

where R, A and T stand for reflectance, absorbance and transmittance, respec-
tively.
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FIGURE 2.13: Light-matter interactions in a system composed of a thin

film onto a transparent substrate. Light incidence is normal to the sam-

ple surface as in a UV-Vis-NIR experiment. Note that for the sake of

clarity the reflection at film-substrate and substrate-air interfaces was
omitted in the sketch.

Here, transmittance spectra were measured with either a Jasco V-780 (in the 190-
1600 nm range) or with a Agilent Cary 5 (in the 200-800 nm range) spectrometers.
Films were deposited on double-side polished substrates (5 mm x 5mm x 0.5 mm
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in size) to maximize substrate transmittance. Prior to film measurement, a refer-
ence spectrum, of either an empty sample holder or a pristine substrate, was ac-
quired as background. Then the sample [film + substrate] was measured and the
background subtracted, resulting in the transmittance spectrum of either the [film
+ substrate] system or the "free-standing" film, respectively. The nature of "free
standing film" or "[film + substrate]" spectra will be indicated for each measure-
ment.

2.4.2 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is a powerful non-invasive technique to study the
optical properties of a material, namely its dielectric function €. In thin films, it is
a particularly useful technique for determining the optical constants and/or film
thickness.

In Chapters 3-4-6, spectroscopic ellipsometry was primarily used to determine the
plasma energy E,,, = iiwp of TCO thin films (supposedly in the NIR). In metals, the
plasma energy indicates the threshold between reflection of light by the metal (by
the cloud of free electrons) and the onset of light penetration into the material,
which might then be absorbed or simply transmitted. From the knowledge of the
plasma energy and the optical bandgap values, one can therefore determine if the
material is transparent to the visible light. Moreover, by combining plasma energy
and dc electrical conductivity one can extrapolate the effective mass of the carriers,
which can be useful to explain the electrical properties of the material.

As further discussed in Chapter 7, in metallic oxides the origin of the plasmon res-
onance is sometimes not well understood; and one might want to study the prop-
agation of light of specific polarization (p or s) to answer these questions. In that
case, the measured optical constants can also be used to calculate the p- and s-
polarized transmittance/reflectance of a film [20].

More generally, SE allows the measure the absorption coefficient @ of a material
(proportional to the absorption constant ). In the case of photoabsorbing mate-
rials, as those studied in Chapter 8 for instance, « allows to quantify the photoab-
sorption and to extract the bandgap value via Tauc plots.

Propagation of light through a medium

When an electromagnetic wave carrying electric field E and magnetic field B inter-
acts with a material, it causes a redistribution of charge and currents in the latter,
and its electric and magnetic states are modified as follows:

D=¢cegE=¢¢E+P (2.23)

B=puuoH=poH+M (2.24)
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where P and M are the spontaneous electric and magnetic polarizations of the ma-
terial, and D and H are the electric displacement and magnetic induction. Here,
two physical quantities have been introduced: the relative permittivity € and the
permeability i of the material [20]. If we consider a non-magnetic material p = 1,!!
the relevant information about the propagation of light through the medium is
contained in the dielectric constant £,'? which is a complex number such that:

E=¢€, +ig; =N?= (n+i1<)2 (2.25)

where N is the complex refractive index of the medium; » is the refractive index
defined as n = ¢/ v with c the speed of light in vacuum and v the phase velocity of
light in the medium; and « is the absorption constant.

Principle of ellipsometry

Light can be described by plane waves and any ray of light can be expressed a sum
of orthogonally polarized plane waves. When light interacts with a medium sepa-
rated from the air by a planar surface, a common and convenient coordinate frame
consists in decomposing the electric field of light E in a component parallel E}, and
a component perpendicular Ej to the plane of incidence.'3

In general, the E, and Es components of light propagate differently through a
medium and one can define the Fresnel’s coefficients as the portion of reflected
and transmitted light as:

(Er) (2.26)
Tsp=|— .

s,p Ei op

tsp = (Et) (2.27)
s,p — Ei op .

where the different E components are depicted in Figure 2.14. (rp, 15, tp, f5) can be
expressed as a function of the real refraction indexes (n) of the two media and the
angles of incident, transmitted and reflected beams (see e.g. ref. [20] for the whole
expressions).

1n ellipsometry for example, the magnetic state of the sample is not affected by light as its mag-
netic moments are too slow to react to the rapid optical oscillations. Therefore the important quantity
is the electric field E [60].

12The electromagnetic wave equations, derived from Maxwell’s equations, describe the propaga-
tion of electromagnetic waves through a medium. Their solution is the dispersion relation, which
itself depends on the dielectric constant €

13This convention is very convenient as a p-polarized (resp. s-polarized) component will be re-
flected/transmitted in a p-polarized (resp. s-polarized). For this reason those vectors are sometimes
called eigenpolarizations [61].
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Spectroscopic ellipsometry is based on the change of light polarization upon re-
flection by a medium with optical constants different than air (n=1). The linearly
polarized incident light has both p and s components (in phase). Upon reflection
both components endure a different change of amplitude and a different phase
shift. It results that the reflected light has elliptical polarization (as depicted in Fig-
ure 2.14), hence the name ellipsometry.
Ellipsometry measures both changes in the form of the complex reflectance ratio
[60]:

p= o = tan(¥)e'® (2.28)

T's

where tan(¥) is the difference of intensity, and A is the phase shift (see Figure 2.14).
rp and rs are the reflection coefficients of p- and s-polarized components respec-
tively, as described above, and depend on the optical constants of the material
measured.

The asset of ellipsometry is therefore to measure these two values instead of just
measuring the change of light intensity upon reflection, as in reflectometry for in-
stance.'*

FIGURE 2.14: Sketch of the ellipsometry measurements configuration,
adapted from [20]. The p-polarized (in blue) component of both inci-
dent and reflected light is in the plane of incidence (perpendicular to
the sample surface), while their s-component is perpendicular to that

plane.

g explained in details by Oates et al. [20], to determine the dielectric function ¢ of a material
one can either use a combination of reflection and transmission measurement techniques, or ellip-
sometry. While the first approach requires two different measurements to determine precisely the
dielectric function, ellipsometry can give the same information by exploiting the changes in p and s
polarized light upon reflection.
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In the case of a single interface between air and a bulk isotropic material, the di-
electric constant € can be easily extracted from the measurement of p:

(1 - p)?(sin?B) (tan? H)
1+ p)?

€=¢ysin’6 + (2.29)
where ¢ is the ambient dielectric function (g9 = 1 for air) and 8 is the angle of
incidence (see Figure 2.14).

Here, this method was used to determine the pseudodielectric'® function of our
bulk single-crystal substrates.

In the case of a multilayer system, the problem is more difficult as reflection occurs
at each interface, thus creating interferences. Here some transfer matrix methods
are usually necessary to solve it and extract the optical constants of each layer [20].
However, in the simple case of a single isotropic layer deposited onto a bulk sub-
strate, and where only the surface and the film/substrate interface reflect light, the
problem is easier. If the film thickness is known and the substrate optical constants
are known (as in our typical film/substrate systems'®), only the optical constants of
the film are unknown. This can be solved by some mathematical inversion as de-
tailed in Ref. [62]. On the other hand, some more extensive data analysis consisting
in modeling the dielectric function of the thin film by assuming that its dielectric
response follows some specific laws (Drude response, Cauchy law, Tauc-Lorentz
model...) can be done.

Measurement procedure and comparison between ellipsometers in the case of
SrvOg

Three ellipsometers have been used in this thesis (listed in Table 2.2), either for
the sake of reproducibility of the results, to explore a different energy range, or
both. Most of measurements were done at the Nanoquim facility at ICMAB, using
a Sopralab GES5E Variable-Angle Spectroscopic Ellipsometer (VASE). The data
treatment was done by WinElli IT software.

All measurements were performed in reflection mode at ambient conditions. The
microspot option was used to rule out any eventual backside reflection from the
substrate. The measurement procedure was as follow: the ellipsometric angles

151 that case we rather refer to the pseudodielectric function of the bulk material because any
surface layer or roughness has been omitted.

16Where we neglect the roughness of the film surface and film/substrate interface, usually in the
order of few angstroms (rms roughness). Also the substrate backside reflection is considered negligi-
ble.
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(A, ) of "film//substrate" samples and "pristine substrate"!” were first measured

at different incident angles 6; in the 60-75° range. Optimized conditions were
found to be 6;=65° for LAO, LSAT, and NGO and 6;=68° for STO. The pseudodi-
electric/optical constants of the substrate were first extracted by direct inversion.
Then, using the structure air/film/bulk-substrate, dielectric and optical coeffi-
cients (e=¢€)+ie» and N=n+ix) of the films were obtained (assuming isotropic
€) by mathematical inversion (as mentioned above). The extraction was done
using WinElli II software. Films thickness was previously determined by XRR and

inserted in the structure.

Set Sopralab GES5E Nanofilm EP4 Woollam VASE +
etups (ICMAB) (Accurion GmbH) | IR spectrometer
Energy range 1.22-5.44 1.55-3.1 0.01-6.2
(eV) (IR-UV) (IR-UV) (FIR—-MIR-UV)
Sample type SVO//LSAT SVO//LSAT SVO//LSAT
Sample Continuous Patterned Continuous
geometry (5x5 mm?) (Hall bars) (5x5 mm?2)
Growth P(Ar)=0—-0.1mbar | P(Ar)=0mbar | P(Ar)=0.1mbar
conditions
E:)p (eV) 1.23-1.28 1.20 1.21
Other SVO (chap. 3,5,7) SVO SVO
materials SNO, BLSO, (chap. 4) (chap. 6)
VO, LFO p- P-

TABLE 2.2: Description of the different ellipsometers used in this work.

To emphasize the measurements (including data treatment) repro-

ducibility between the different setups, the screened plasma energy E,,

of some illustrative SVO films are shown. On the last row, all materials

investigated by SE in this work are indicated (most of measurements
were performed at ICMAB).

As shown in Chapter 4, some patterned SVO films were measured in a Nanofilm
EP4 from Accurion GmbH by Sebastian Funke. Measurements shown in Chapter 6
were done by Dr. Premsyl Marsik (Department of physics, University of Fribourg).

17Both pristine substrates and some annealed ones (following the PLD-deposition temperature
ramp and in vacuum) were measured, but the data were identical.
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They were performed in the far-infrared (FIR) and mid-infrared (MIR) using an IR
spectroscopic ellipsometer, based on Bruker Vertex 70v FTIR spectrometer, similar
to one described in Ref. [63], while the near-infrared to UV part of the spectrum
was determined with Woollam VASE.

2.4.3 Polarization-dependent transmittance measurements

Polarization-dependent measurements of the transmittance were carried out by il-
luminating the samples with p- or s-polarized light from a halogen lamp via a small
pinhole which ensured that only the sample was under illumination. The sample
was placed to an angle of 30° with respect the incoming light beam and the trans-
mitted light was collected and analyzed with a spectrometer. The spectrum of the
transmitted light was normalized to the lamp spectrum, yielding the transmission
spectrum of the multilayer system consisting on the oxide film and its substrate.
Measurements were performed by Dr. Mikko Kataja at the Institute of Photonics of
the University of Eastern Finland.

2.4.4 Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used to measured the optical
reflectivity of SVO thin films in order to determine their plasma frequency, signalled
by a drop in reflectivity (discussed in Chapter 3).

The FTIR measurements were performed using a Vertex 80 spectrometer coupled
with a Hyperion 2000 microscope (Bruker). Measurements were carried out by Dr.
Javier Saiz at the Institut Catala de Nanociéncia i Nanotecnologia (ICN2).

2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique which
consists in extracting core level electrons out of a material by exciting them
with a high-energy X-ray beam; this is the so-called photoelectric effect. As the
incident X-ray radiation is monochromatic, measuring the kinetic energy Ey, of
the escaping electrons allows to retrieve their former binding energy Ep inside the
solid. This binding energy gives precise information about the material’s surface
such as: which elements are present, their chemical states, their chemical envi-
ronment, etc. Moreover, it may give some insight about the material homogeneity,
contamination... Hereafter, a brief introduction to the measurement technique is
given. For further reading, one can refer to ref. [64, 65].
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A sketch of a typical XPS setup is shown in Figure 2.15. It uses a hemispherical
electron analyzer (one type of electron energy spectrometer) to measure the elec-
tron kinetic energy. Typical XPS setup are equipped with various photon sources
that can be used to probe different energy ranges. An Al K X-ray radiation of
energy hv = 1486.74eV (XPS measurement configuration) and a HeI UV radiation
of energy hv = 21.2eV (in that case we refer to it as UPS measurements) are the
most common. Whereas UPS excites electrons from the valence band, XPS excites
electrons from the valence band and the core levels.!® In the following, we shall
focus on the XPS measurement configuration.
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FIGURE 2.15: Sketch of a typical XPS setup.'?

In this work, all XPS measurements were performed with a Phoibos 150 elec-
tron analyzer (SPECS GmbH) in ultra-high vacuum conditions (base pressure of
4 x 10719 mbar). XPS measurements were performed with a monochromatic Al Ky
X-ray source (1486.74 eV), irradiating a sample surface of about 0.5 x 3.5 mmz2. The
XPS resolution of = 0.62 eV was determined from the Gaussian FWHM of the Ag

18However, UPS allows measurements of the valence band with a higher resolution, and is more
surface sensitive (the photon penetration depth depending on the photon energy).

9Figure adapted from: https://jacobs.physik.uni-saarland.de/home/index.
php?page=forschung/home_cms_ausstattungdetl4-1&navi=forschung. Accessed Date:
19/03/2021. Figure’s credits: Dr. Frank Miiller.
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3ds/» peak of a clean polycrystalline silver foil. All measurements were done at
a take-off angle 68 = 0° (angle between the sample normal and the detector, see
Fig. 2.15). After deposition, the sample was exposed to air for transferring from the
deposition chamber to the XPS one. Inside the XPS chamber, it was attached to the
sample holder by metallic screws, also ensuring an electrical contact between the
sample surface and the ground, thus avoiding sample charging. Data analysis was
performed by the CasaXPS processing software. For quantification, XPS peaks were
integrated after subtraction of a Shirley background.

Measurements were carried out by Dr. Guillaume Sauthier at the Institut Catala de
Nanociencia i Nanotecnologia (ICN2).

2.5.1 Principle of the technique

The photoemission process consists in photoionizing the material from an initial
states (with N electrons) to a final state (with N-1 electrons and 1 hole).

The process of electron photoemission is often described by the three-step model
(66, 67]:

i. Photoexcitation of a core level or valence band electron to an empty state
above the Fermi level. This step is limited by the cross section (probability of
photoionization) of the system.

ii. Transportation towards the surface. This process is affected by scattering and
only the electrons not undergoing inelastic collisions can give information of
their former binding energy. Here, the inelastic mean free path A defines the
distance that a (primary) electron can travel before collision, and is thus a
limiting factor to the probing depth (= 5-10 nm).

iii. Emission. In this step, electrons have to overcome the material’s work func-
tion ¢ to be able to exit it (their kinetic energy must be higher than ¢y).

The relation between the kinetic energy Eii, of an electron leaving the material and
its former binding energy Ep in the solid is:

Eg = hv — Ekin - (,b (2.30)

where hv is the energy of the incident radiation, and ¢ contains both contributions
of the sample’s work function ¢ (barrier to cross to exit the sample surface) and the
analyzer’s work function ¢, (barrier to overcome to reach the analyzer). In practice,
the Fermi levels of the sample and the analyzer are equalled by establishing an
electrical contact between them. It follows that:

Ep = hv — Eyin — ¢s + (Pps — pa) = hv — Eyin — Pa (2.31)
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The remaining ¢, is determined via a calibration and compensated in a way that
the software gives the following simplified relation:

Ep = hv — Ekin (2.32)
By doing so, one can directly access Eg by the knowledge of Ey;, and hv.

In a typical XPS spectrum, the primary electrons (those that escaped the material
without inelastic scattering) will create pronounced peaks which position depends
on the type of atom and core level they originate from. Therefore, they are particu-
larly useful to identify the species present in the sample, as well as their oxidation
state. Moreover, as the binding energy of an electron around its nucleus is affected
by the neighbouring atoms, several peaks can appear for the same core level if an
atom is present with different oxidation states in the solid. As this difference of
oxidation states affects the electron Ep by only few eV at most, information on
the atom oxidation states usually requires to measure the region of the spectrum
with longer acquisition time to improve the measurement resolution. An exam-
ple of survey spectrum and zoom on core levels and valence band are shown on
Figure 2.16.

The secondary electrons (those that did escape the material but underwent inelas-
tic scattering on their way), on the contrary, will rather contribute to the back-
ground of the spectrum, not creating any peak.

Finally, the XPS spectrum also contains a variety of secondary peaks such as Auger,
plasmons, and multiplet peaks, which emerge from the interaction of the excited
electrons with the ionized system (in its final state). See for example ref. [68] for
more details on the interpretation of the XPS spectra.

2.5.2 Stoichiometry quantization

In addition of identifying elements and their oxidation states, XPS measurements
can be used to access the stoichiometry of the film surface. In that case the con-
centration of an atom i per volume unit is calculated as:

fi (2.33)

ni=— .
1 Sl

where I is the area under the peak of the element i after background subtraction,
and S; is a the atomic sensitivity factor (that takes into account some aspects such
as the element cross section o). The concentration of the same element i relative
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to a selection of elements j present in the sample is defined as:

Ci=_" (2.34)
i Zj ; .

The surface composition of SrVO; films by XPS is discussed in Chapter 4 Sec-
tion 4.3.1. There, it is strength that this method is focused on the surface com-
position and might not reflect the composition of the whole film if this latter is not
homogeneous (for instance because of the presence of spurious phases at the film
surface, cation segregation, or other effects).
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FIGURE 2.16: Illustrative XPS measurements of a LaFeO; film (34 nm
thick). a) Survey spectrum. The main peaks are identified. b) Zoom of
some core levels and valence band.
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2.5.3 Measurements of the band alignment in heterojunctions

In heterostructures such as thin-film solar cells, the band alignment (alignment
of the valence and conduction bands) of the different layers is a crucial element
to take into account for the good operation of the solar cell. The most famous
example is the pn-junction, where the photoexcited electron-hole pairs are
transported to their respective electrodes as a result of the presence of a built-in
electric field in the heterojunction. This built-in electric field is a consequence of
the band alignment between the p-type and n-type layers (which have different
work functions). In Chapter 8, we study similar devices as solar cells, comprising
a photoabsorbing layer "sandwiched" between two metallic electrodes having
different functions, thus creating a built-in potential through the heterostructure.
Those are referred as metal-insulator-metal (or MIM) heterostructures (where I is
the insulating photoabsorbing layer); and the knowledge of the band alignment
at both interfaces (MI for the bottom interface and IM for the top one) can give
information on the total built-in potential in the whole MIM structure.

In this work, the band alignment at the metal-insulator (or insulator-metal) inter-
faces were determined by XPS and spectroscopic ellipsometry (measurements of
the bandgap). The XPS measurements allow to determine the valence band offset
(VBO) between two semiconductors (SC-SC interface) or between a semiconduc-
tor and a metal (SC-M). interface?® The position of the conduction band is extrap-
olated from the knowledge of each material’s bandgap measured by ellipsometry.
As previously explained, XPS allows to access the information on the position of
core levels and valence band. When measuring a bilayer, XPS can access the po-
sition of CLs on both layers (at the condition that the top layer does not exceed 5-
10 nm in thickness, depending on the inelastic mean free path (IMFP) of the probed
CLs). However, the valence band of both materials are likely to overlap in the mea-
sured spectrum and one can therefore not retrieve the valence band maximum
(VBM) of each layer and their position relative to each other (see Figure 2.17b).
This is starting point of the method first introduced in the 80s by Kraut, Waldrop
et al. [69-71] and then largely used to determine the VBO at oxide-oxide interfaces
(Chambers et al. [72-75], Klein et al. [41, 76, 77]) or the Schottky barrier height for
hole injection (¢bp) at oxide-metal interfaces?® (Klein et al. [27, 78, 79]).

This technique aims at exploiting the invariance of the distance between CLs and
VBM within a given material, either as single layer or in a heterostructure (Fig-
ure 2.17). In a heterojunction, although the VB of both materials overlap (as
sketched in Fig. 2.17b), there might an apparent shift of the CLs of the topmost

2011 that second case, what is measured is the distance between the valence band maximum of
the SC and the Fermi level of the metal, also called Schottky barrier for holes (¢p).
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layer B compared to those of the buried layer A. Therefore, one can use this infor-
mation to retrieve the shift of the VB of layer B with respect to the one of layer A.

First of all, the distance between a given CL and the maximum of the valence
band (VBM) in a thick layer (acting as a reference) is measured, for each material:
(Ecr-a — Evem)a in material A, and (Ecr.p — Evem) in material B (as shown for the
illustrative measurement in Fig. 2.16 and also depicted in Fig. 2.17a). Then, the dis-
tance (Ecr-p — Ecr-a)uj between CL-a and CL-b is measured in the heterojunction
(see Fig. 2.17b). Finally, the VBO AEygy at the heterojunction is calculated as:?!

AEygm = (Ecr-b — Evem)B — (EcL-a — BEvem)a — (EcL-b — EcL-a)H) (2.35)

The same procedure can be repeated for several CLs of A or B in order to verify that
the shift of CLs of B regarding those of A is parallel.??

This method allows to determine the VBO with an uncertainty of = 0.1eV, even
tough the typical XPS resolution if = 0.6eV [69-71].
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FIGURE 2.17: Sketch illustrating the measurements of VBO. a) In the

thick A and B single layers, the distances between CLs and valence band

maximum (VBM) are measured. b) In the heterojunction (thin layer of

B deposited onto on a thick layer of A) only the distance between CLs is

measured. The equation below the figure summarizes how the VBO is
calculated from one pair of CLs.

21 Also shown at the bottom of Fig. 2.17 with a color code indicating the origin of each term.
22 A nonparallel shift of CLs of the topmost layer compared to those of the buried layer can occur
in case of some interface reaction, sample charging, etc.
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2.6 SoftX-ray absorption spectroscopy techniques

In transition metal oxides with cubic perovskite structure, the crystal field breaks
the degeneracy of the d orbitals into 2 energy levels: the fy; orbitals (dyy, dx,, dy,)
at lower energy, and the e, orbitals (d,, dxz_yz) at higher energy. This separation,
equal to the crystal field splitting energy A=10Dq, arises from the different
electrostatic field exerted by the ligands (the octahedral cage of oxygen anions)
on the central metal cation orbitals (dxy, dxz, dy,, and, d, dxz_yz), as these have
different shape and thus spatial distribution. Therefore, the ground state of
cubic SrVO; (3d'), for instance, corresponds to one free electron occupying a
triply-degenerated f,¢ orbital. However, if the lattice is distorted one may observe
a further symmetry-breaking and a re-ordering of the g and eg orbitals. In
perovskite thin films of late transition metal oxides, for instance, it has been shown
that this symmetry breaking can be triggered by tetragonal distortions induced
by strain originating from the mismatch between substrate and bulk film lattice
constants [80-82]. In Chapters 3—-5, we are studying the effects of strain on the
orbital occupancy in SrVOs thin films, and its impact on the electrical and optical
properties, by means of soft X-ray absorption spectroscopy (XAS) techniques.

In the following, a brief description of the principle of X-ray absorption spec-
troscopy (XAS) and X-ray linear dichroism (XLD) measurements will be given. For
more details on these techniques as well as a description of the other measure-
ments configurations (such as X-ray circular dichroism, etc.) one can refer to ref.
[83-87].

All the X-ray absorption experiments shown in this thesis have been performed
at the BOREAS beamline [88] of ALBA-CELLS synchrotron radiation source
(Barcelona, Spain), by Dr. Hari Babu Vasili, Dr. Pierluigi Gargiani and Dr. Manuel
Valvidares, who also contributed to the scientific discussions of the results.

2.6.1 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a spectroscopy technique allowing to
access the electronic structure and local environment of atoms in matter. It usually
operates a synchrotron radiation source of high intensity X-rays consisting in
a tunable monochromatic X-ray beam with energy varying from 0.1 —100keV
(<5keVin the soft X-ray regime, as it is the case here). This technique shows many
assets such as: its high resolution due to precise control of the photon energy, the
possibility to tune the light polarization, a high intensity beam (fast acquisition
time) and the possibility of using a micrometric spot size.
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When the beam shines the sample, electrons from core level states are excited to
empty states of the valence shell. Consequently, the measured XAS spectrum is
marked by a strong absorption peak (resonant effect) at the photon energy cor-
responding to this transition; and the absorption intensity is proportional to the
amount of available empty valence states. Moreover, in addition of the discrete
transitions of electrons from core levels to the valence shell, some core electrons
are excited to the continuum which manifest by a jump in absorption at the same
energy, constituting the background of the XAS spectrum.

The intensity of the absorption peaks is proportional to the transition probability
for one electron to be the excited from an initial state |i) (a core level) to a final state
| f) (an empty state of the valence shell), which is given by the Fermi’s golden rule:

Ti_t o | (f] AgEe i*T=D iy |2 p(Ep) (2.36)

where Ay, £, k, w are the wave amplitude, polarization, wave vector and frequency
of the incident electromagnetic field, and p(Ef) is the density of states at the
energy Er of the final states. Dipole allowed transitions shall naturally give higher
intensities. For instance here, in the case of a transition metal oxide such as SrVOs3,
the common transitions measured are the 2p — 3d at the vanadium site, which
are manifested by a double peak (related to spin-orbit coupling) also known as V
Ly3-edge.”® The electronic transitions at the oxygen ligands can also be useful.
These are typically the 1s — 2p transitions, forming the O K-edge.**

The electrons that have been excited to empty states of the valence shell de-excite
emitting photons, Auger and secondary electrons, from which different modes of
detection emerge. The most common modes of detection are fluorescent yield
(FY) that detects the emitted photons, or total-electron yield (TEY) that measures
the secondary electrons. Whereas the first one has the advantage of having a high
probing depth, it can be affected by saturation and self-absorption effects. Thus, it
can be preferable to use the TEY mode, as done in this work, although the probing
depth is limited to 2-5 nm due to low electron escape depth [83, 89].

So far we have considered unpolarized incident light. However, the XAS signal can
be sensitive to polarization of light due to peculiar orbital ordering of TMOs or their
magnetization. If the sample is magnetic, circularly polarized light will have differ-
ent absorption depending on the magnetic state of the system and it can result a

23The spin-orbit coupling splits the p orbitals in p;;2 and ps;2, which give rise to two distinct
absorption peaks: the Ly- and L3-edges, respectively.

24The existence of an O K-edge is necessarily due to the presence of holes in the p orbitals, which
appears in TMOs due to hybridization between oxygen p-orbitals and metal d-orbitals. This point is
further discussed in Chapter 5.
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x-ray magnetic circular dichroism (XMCD). On the other hand, the charge distri-
bution at the core and valence shells can also affect the absorption of light with
linearly polarized light. This latter phenomenon give rise to a x-ray linear dichro-
ism (XLD). In the following, we shall focus on XLD, as in SrVO3 (Pauli paramagnet)
no XMCD signal is expected.

2.6.2 X-ray linear dichroism

In TMOs, the valence shell is composed of partially-filled d orbitals which are
nonspherical. It results an anisotropic charge distribution around the atoms.
Therefore, the X-ray absorption should also depend on the polarization of the
electric field of the incident X-ray waves, giving rise to the XLD signal. For instance,
in the case of 2p — 3d transitions, the light with vertical polarization (along the
sample normal, i.e. the z-direction) will promote electron excitations from core
level to the empty orbital having a z-component (xz, yz or z%). On the other
hand, the light with horizontal polarization (along the sample plane, i.e. within
the (x, y) plane) will promote the electron excitations to orbitals having x- and/or
y-expansion (xy or x% — y?).

The case of La, 45Sr; ,5Cu0O, (3d° perovskite oxide) is a simple example because
the empty orbital is purely x> — y> and has no z component. As shown in
Figure 2.18, light with in-plane polarization has a high absorption, while the one
with out-of-plane polarization is nearly null as the z? orbitals are already occupied.
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FIGURE 2.18: Example of XLD manifestation in La; 45Sr, ;5Cu0, (3d°).

The X-ray absorption at CuLy3-edge with linear in-plane polariza-

tion (red) and out-of-plane (green) are shown. Figure taken from [83]
(adapted from [90]).

As explained above, in SrVO; (3d') the XAS intensity at V L-edge occurs because
of transitions between occupied 2p core levels to empty valence 3d states (which
contain only 1 electron among 10 possible states). Therefore the XLD signal at
V L-edge observed in SVO is due to the breaking of degeneracy of the empty
orbitals. This is further explored in Chapter 5.

2.6.3 Measurements description

In this work, we measured the XAS spectra of SrVOj; thin films at the VL, 3 and
O K-edges at 300K and 2K, using horizontally (H) or vertically (V) linearly polar-
ized light and probing the XLD as the difference between the two light polariza-
tions (see sketch of the measurement configuration in Figure 2.19a). The X-ray ab-
sorption was collected with V (E || ab, E,,) and H (E || be, E() polarizations, where
ab and bc indicate the planes defined by the (a, b, ¢) crystallographic axes of the
sample. For the 3d orbitals, the H-polarized XAS spectrum can be different for a
grazing incidence (E | ¢) and the normal incidence (E || b) while the V-polarized
spectrum (E | a) remains unchanged except the probing depth. Due to geometri-
cal constraints and following common practice, most of the spectra were collected
in the so-called grazing incidence with the X-ray incidence direction k at an angle
0 = 30° with respect to the sample surface. Henceforth, we mention the electric
field vectors of E || c and E || ab for the H- and V-polarized lights, respectively. The
photocurrent was measured in the total electron yield (TEY) mode. XAS data in
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TEY mode can be robustly collected from 300K to 2 K, confirming the metallic na-
ture of the SVO films in this temperature range. Average XAS spectra Iy were ob-
tained by averaging the XAS intensities collected for both linear polarizations, i.e.
Iy =[I(E.) + I(Eqap)]/2. The XLD signal is defined as: XLD = I(E.) — I(Eqp).

a) b)
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XLD (a.u.)
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FIGURE 2.19: a) XAS/XLD measurement configuration. b) Example of
XAS/XLD measurements around the V L, 3 edge for a SrVOj5 thin film.

2.7 Other experimental techniques

2.7.1 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM)
technique in which a tip scans the sample surface to reveal its topography. The tip
placed at the end of a cantilever is held above the sample surface, and while scan-
ning it, any deflection of the cantilever provoked by variation of height is recorded.
To do so, a laser is pointed at the cantilever head which reflects it, and thus the
monitored reflected beam is sensitive to the cantilever deflection. The tip radius
of curvature is of the order of the nanometer, and can record height variations of
few angstroms [91, 92]. AFM therefore is powerful tool for thin film characteriza-
tion, where the film morphology and roughness can give us information on the
growth mode (2D or 3D). It can also helps at detecting the presence and nature of
secondary phases.

Topographic images of thin films are usually performed in dynamic tapping mode,
where the tip is maintained slightly (10-100A) above the sample surface, in order
to avoid some deterioration of the sample surface or of the tip itself by friction or
adhesion between them, or even due to surface contamination, that usually oc-
curs in contact mode. The cantilever is then oscillated by means of a piezoelectric
element. When the tip is approached near the surface, any dip or bum creates a
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fluctuation of its oscillation amplitude and frequency, which is recorded to recon-
struct the topographic image of the surface. Moreover, a phase shift between the
initial sine wave and the cantilever response is also observed. A variation of this
phase shift can be observed if the tip crosses an area of different composition (with
different mechanical properties). Therefore the generated phase image can give
useful information on the film surface composition.

In this work, AFM topographic images were recorded in dynamic mode in Keysight
5100 AFM or Keysight 5500 LS AFM setups. Measurements were performed at the
Scanning Probe Microscopy Laboratory of ICMAB, by Maite Simén and Andrés
Gomez. Images were analyzed using the software WSxM 5.0, from Nanotec Elec-
tronica S.L. [93].

2.7.2 Scanning electron microscopy and electron dispersive X-ray spec-
troscopy

Scanning electron microscopy (SEM) is a surface-sensitive technique using a high-
energy electron beam to scan the sample surface. It can reach a nanometric reso-
lution.

When electrons interact with a solid, they endure a variety of different processes.
They can be elastically scattered, as in the case of back-scattered electrons (BSE),
or inelastically scattered thus producing emission of secondary electrons (SE) and
X-rays. In SEM measurements, BSE and SE are usually detected and provide infor-
mation about the surface morphology. On the other hand, the SEM setup is usually
coupled with a X-ray detector allowing to access the material chemical composi-
tion. In that case, the technique is called: electron dispersive X-ray spectroscopy
(or EDX). Here, SEM measurements were performed on a Quanta 200 FEG-ESEM
from FEI, equipped with an Energy Dispersive X-ray (EDX) system for chemical
analysis.

2.7.3 Transmission electron microscopy

In Chapter 3, SVO thin films deposited on different substrates were measured by
transmission electron microscopy (TEM), in order to get an insight on the effects
of substrate-induced strain on the film microstructure.

TEM is a microscopy technique in which an electron beam crosses the sample and
the interactions between beam and sample allow to reconstruct an image of the
sample microstructure. The sample needs to be thin enough (= 100nm) so that
electrons can go through it and exit without being absorbed or scattered inside the
solid. This technique can reach atomic resolution (high-resolution TEM), thou-
sands of times better than any light microscope, due to the smaller De Broglie
wavelength of electrons compared to visible light photons.
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Here, SVO specimens for TEM observation were prepared in cross section geometry
by focused ion beam (FIB) using the lift-out technique. TEM images were acquired
using JEOL J2100 as well as JEOL J2010F microscopes, both operated at an acceler-
ating voltage of 200 kV.

TEM measurements were carried out by Dr. LLuis Lopez-Conesa, Dr. Sonia Estradé
and Prof. Francesca Peir6, from the University of Barcelona (UB).

2.7.4 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is a mass spectroscopy
technique used to determine the composition and quantify the elements present
in a sample. In the case of materials (thin films or PLD targets) with ABO3;, ABO,
or A,B,0, chemical composition, ICP-MS is particularly useful to determine the
A/ B cationic ratio (thus expected to be equal to 1). In the case of PLD deposited
thin films, it can be used to explore the stoichiometry transfer from target to film
for instance. When measuring thin films though, one needs to make sure that the
substrate does not contain any of the same A/B elements than in the film. This
technique is destructive as it requires to dissolve the sample. This latter indeed
needs to be in the liquid form, then it can be sprayed and ionized by an inductively
coupled plasma. Once the plasma is formed, the ions are extracted and transported
to a mass spectrometer. More details about the technique and setup can be found
in ref. [94].

In this work, samples measured by ICP-MS were dissolved in aqua regia (for sam-
ples containing Sr and V) or in a mixture of aqua regia and hydrofluoric acid (for
samples containing Sr and Nb). After dissolution, the samples were measured
in a Agilent 7500ce ICP-MS, by the Servei d’Analisi Quimica of the Universitat
Autonoma de Barcelona (SAQ-UAB), in collaboration with Dr. Ignasi Villarroya.

2.7.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) aims at measuring the mass variations of a sam-
ple as its temperature is varied. It provides information on the eventual chem-
ical reactions, phase transitions, contaminants evaporation, oxidation/reduction
reactions, etc. that can occur upon heating the sample (e.g. a powder). The mea-
surements can be performed in oxygen, nitrogen, hydrogen, argon, or air. Other
techniques, such as the differential scanning calorimetry (DSC), can be used si-
multaneously with TGA. DSC monitors the difference of amount of heat needed
to increase the sample temperature as a function of temperature. It gives comple-
mentary sample information (thermal decomposition, phase transition, etc.).

In this thesis, some powder materials were measured by TGA-DSC (see Ap-
pendix A.2.1). The purpose was to define a sufficiently high drying temperature
(but not too high to avoid thermal decomposition) to insure that the powders were
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free of water contamination before their use for PLD target fabrication. Water con-
tamination could indeed result in a weighting error and thus an error of cation sto-
ichiometry in the final target.

The measurements were carried out at the Thermal Analysis Service of ICMAB, by
Roberta Ceravola. The sample was maintained in a N,/O, atmosphere and the
temperature was varied from RT to 1400°C (except for V,05 where the maximum
temperature was set to 600°C, i.e. below the melting point).

2.8 First principles calculations

First principles calculations presented here were done in collaboration with the
group of Prof. Roser Valenti of the Institut fiir Theoretische Physik, Goethe-
Universitdt Frankfurt am Main. Calculations were performed by Dr. Vladislav
Borisov and Adrian Valadkhani. All results presented in Chapters 5,6 were thor-
oughly discussed with them.

2.8.1 Description of the calculations performed in Chapter 5

The electronic properties of STVO5; were calculated using density functional the-
ory (DFT) within the generalized-gradient approximation, as available in the all-
electron full-potential localized orbitals (FPLO) basis set code [95, 96], and the
generalized gradient approximation as exchange-correlation functional [97]. The
integration in the Brillouin zone was performed using the trapezoidal method and
a (20x20x20) k-mesh, in the -10eV to 0eV (corresponding to Ef) interval. The
contributions of different orbitals to the density of states were determined based
on the Wannier analysis which includes the vandadium 3d and oxygen 2p states
around the Fermi level. The lattice parameters were taken from our measurements
of SrVO; films grown on different substrates (£ =10 nm, P(Ar) =0.03 mbar).

2.8.2 Description of the calculations performed in Chapter 6

The electronic structure of bulk SrVO; was calculated using density functional the-
ory [98, 99], as available in the all-electron full-potential localized orbitals (FPLO)
basis set code [95]. The generalized-gradient approximation [100] was chosen for
the exchange-correlation energy and the summation in the Brillouin zone was per-
formed on the (20x20x20) k-mesh. The Fermi surface was determined based on the
band energies calculated on the (50x50x50) k-mesh. The structural parameters of
bulk SrVO; were taken from reported data for the bulk material (lattice parameter
of 3.842 A) and the measured (a,c) parameters of the films were used when appro-
priate.

In order to calculate the phonon properties, the density functional perturbation
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theory was used, as available in the Quantum Espresso package [101]. In the first
step, the electronic structure was determined self-consistently using the density
functional theory [98] within the PBE parametrization of the generalized-gradient
approximation. The electronic wavefunctions were represented by plane waves
with an energy cutoff of 80 Ry. For the electronic density, larger cutoff of 320 Ry
was used. The smearing for the electronic occupations was set to 0.02 Ry and the
integration in the Brillouin zone was done on the Gamma-centered (10x10x10) k-
mesh. The calculation of the electron-phonon interaction was based on a denser
(20x20x20) k-mesh and the phonon modes at the Gamma point were determined
with the threshold 10716,
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Chapter 3

Independent tuning of optical
transparency window and
electrical properties of epitaxial
SrVQO; thin films by substrate
mismatch

In this chapter, we present the growth optimization of SrVO; thin films. In particu-
lar, after establishing the optimal (PO,, T) parameters leading to single-phase and
metallic SrVO; films, we will show how the strain induced by the substrate can af-
fect both electrical and optical properties. The work presented in this chapter was
published with DOI: 10.1002/adfm.201904238 (see also the list of publications).

3.1 Introduction

Transition metal oxides are among the most studied materials due to the
tremendous variety of properties they may display, such as superconductiv-
ity, metal-insulator transition, or multiferroicity [102]. High electrical conductivity
and carrier mobility are critical requirements for the implementation of these
materials in some advanced electronic components [103]. However, the room-
temperature carrier mobility (u) of the much explored SrTiO5 n-type semiconduc-
tor, for instance, in which the conduction band derives from rather localized 3d
orbitals, is only = 10 cm? V™! s7!, Similarly, the much larger carrier mobility discov-
ered in LaAlO3/SrTiO5 and related interfaces, is limited to low temperatures [104].
In a different approach, focus was directed toward semiconductors made out of
late transition metals, such as BaSnO3 (BSO). In BSO, the relatively broad conduc-
tion band derived from Sn-5s orbitals anticipates a larger carrier mobility. Indeed,
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this has been experimentally observed by the breakthrough report of u = 320
cm?V~1s7! in La-doped BaSnO; (La-BSO) single crystals [105]. Unfortunately,
in La-BSO thin films the carrier mobility was found to be substantially reduced
[106, 107], although molecular beam epitaxy (MBE) growth technique and proper
substrate selection [108] have allowed to partially recover (= 150 cm?V~!'s™!)
the single-crystal mobility value. Anyhow, in these semiconducting materials,
metallicity is obtained via doping and, in consequence, optimal conductivity can
only be achieved via the subtle balance between the doping concentration and
mobility, that typically vary in the opposite direction upon doping [109]. In an
essentially different approach, the attention has recently shifted toward intrinsi-
cally conducting oxides made of early transition metal elements such as: V, Nb,
Mo, etc. In the case of SrVO5 (SVO), for example, the partial occupation of the V-3d
band (3d! electronic configuration) is responsible of the metallic conductivity. In
this material the valence band is made out of O-2p orbitals lies well below the 3d
band and a large optical band gap exists (= 3 eV) which guarantees no photon
absorption in the visible range [18]. Moreover, the intrinsically narrow V-3d band
should lead to relatively strong electron—electron correlations and consequently
to an enhanced effective mass. The large carrier concentration (= 1 electron per
unit cell) and large effective mass combine to produce a plasma frequency (wp*)
near infrared and thus SVO is found to be metallic and transparent in the visible
optical range [18]. In recent years, SVO thin films have been grown by a number of
techniques, including hybrid-MBE [18, 42, 110, 111] and pulsed laser deposition
(PLD) [112-121], and room-temperature resistivity (respectively mobility) values
have been found to be ranging from 200 uQ cm (resp. 0.8 cm?V~!'s71) to 28 uQ cm
(resp. 10 cm? V~!s71) in best films.

The combination of large electrical conductivity and optical transparency in the
visible range is a bonus of strong interest in photovoltaics, plasmonics [46, 47], or
information technologies and not surprisingly, correlated transparent oxides are
attracting much attention. A question then arises: which are the factors limiting
the carrier mobility and the transparency window of SVO thin films?

In epitaxial films, several factors may come into play. First, epitaxial strain may
break the degeneracy of the cubic environment of the metallic vanadium cation
in SVO by splitting the V-3d-tyg triplet (Figure 3.1a). As a consequence, the con-
duction band width (W) and the electron orbital occupancy of the tz¢ orbitals can
be modified, affecting electron—electron correlations [122] and carrier mobility.
Interestingly, it was reported that chemical pressure in Ca;_Sr,VO; induces a
gradual deformation of the unit cell that tunes W and, subsequently, the electronic
[123] and optical [124] properties. It is understood that shorter V-O—-V bonds
in CaVO3 compared to those of SrVOj; are established via bending of the V-0-V
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bond angle 8 away from the 6 = 180° observed in SVO. This bending reduces W
and increases the electron—electron correlations with a subsequent increase of the
carrier effective mass (m*) and reduction of the plasma frequency. However, a
recent report on SVO films epitaxially grown on substrates having different struc-
tural mismatch suggests that the electrical and optical properties of the SVO films
vary depending on the substrate used although the variation does not correlate
with epitaxial strain [125]. Intriguingly, the reported plasma frequency wp* (hwy*
=~ 2.3eV) [125] is substantially larger than that early measured in bulk and epitaxial
films (= 1.3eV) [18, 123]. Second, during growth, point defects, associated to
nonstoichiometry or others, may arise compromising p (Figure 3.1b) [42]. Third,
structural mismatch between film and substrate produces a mechanical stress
that can induce plastic deformations by strain relaxation in the film structure,
which should also affect p (Figure 3.1c). These latter effects have been found to
be of relevance in La-BSO films and related materials [126]. Finally, in ultrathin
SVO films, only few unit cells thick, quantum confinement may also give rise to
selective orbital occupancy within the tog manifold [127], but this range of film
thicknesses is beyond the present scope.

In this chapter, we aim at addressing these issues, with the general purpose of find-
ing optimal conditions for highly conducting and transparent SVO films.
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FIGURE 3.1: a) Sketch of the impact of (tensile) strain on the VOg poly-

hedron deformation and breaking of degeneracy of V3d-tyg (xy, Xz, y2)

orbitals. Electron occupancy is indicated by a vertical arrow. b) Carrier

scattering (curved arrows) caused by point defects. c) Carrier scattering

caused by extended defects, such as dislocations and cracks. Charge-
screened defects are indicated by circles.

3.2 Sample preparation

SVO films were grown on cubic single crystalline perovskite substrates hav-
ing different cell parameters: SrTiO; (STO, 3.9054), (LaAlO3)g 3-(Sr,AlTaOg)o 7
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(LSAT, 3.868 A), NdGaO5 (NGO, (pseudocubic) 3.863 A), and LaAlO4 (LAO, 3.791 A).
Bulk SVO is cubic with agyp = 3.842A. [111, 128] Therefore, the structural mis-
match between SVO and the substrate, defined as f = [as — asvol/as, where ag
is the cell parameter of the substrate was f(STO)=+1.59%, f(LSAT)=+0.65%,
f(NGO)=+0.52%, and f(LAO)=-1.37%. Here, positive (resp. negative) f value
signals that substrate imposes a tensile (resp. compressive) stress on the SVO film.
As-received (001)-oriented single crystals (cubic and pseudocubic settings) were
used as substrates. Films were grown by pulsed laser deposition (PLD) at a fre-
quency of 5Hz, a fluence of ~2]cm™, and the number of laser pulses was 2000.
A Sr,V,0, target was prepared by solid state reaction of stoichiometric amounts
of SrCO5 and V,0O5 (see Appendix A for details on the target preparation). The
oxygen partial pressure (PO) inside the PLD chamber was varied from PO, =
1x10~* mbar down to the base pressure at the growth temperature, correspond-
ing roughly to PO, = 4x10~/ mbar. The temperature of deposition was varied be-
tween 700 and 800°C. After growth, films were cooled down to room temperature
by switching off the heater of the sample holder, while keeping the same pressure
as used for the growth.

3.3 Determination of optimal (PO,, T) growth window

We first determined the growth window of SVO thin films in the PO, (4x 1077
to 1x10"*mbar) and T (700°C to 800°C) ranges on (001) STO and (001) LSAT.
The room-temperature resistivity (p) and crystalline phases (pure SrVO; films or
coexistence of SrVO3 and Sr3V,0g phases were obtained) are summarized in the
(o, T, POy) diagram shown in Figure 3.2, where we include the room-temperature
resistivity of the films on LSAT and STO versus the (T, PO;) growth parameters.
It can be appreciated that the main trends are common to both LSAT and STO
substrates.

Data in Figure 3.2 show that single-phase and highly conducting SVO films are
obtained at the lowest oxygen partial pressure (PO, =~ 4x10~' mbar which corre-
sponds to the base pressure of the growth chamber) whereas when increasing PO,
films are multiphase (SrVOj;, Sr3V,0g) and less conducting. Films grown at PO, =
4x10~" mbar show only the (00]) reflections of the SVO perovskite indicating that
the films are (001) textured, without traces (within the experimental sensitivity)
of spurious phases. It can be appreciated in Figure 3.2 that films grown around
750—800 °C present the lowest resistivities. The roughness of the films increases
with PO,. AFM images are shown in Figure 3.3. Illustrative values of resistivity and
roughness (rms) of films grown at 750°C, are: p = 82puQcm and rms = 0.41 nm
for the film deposited on LSAT and p = 200 uQ2 cm and rms = 0.52 nm for the film
deposited on STO. The resistivity values compare well with those early reported for
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thin films grown either by PLD (30—200pQ cm) [113, 114, 117] or hybrid-MBE (=
30—-40uQ cm) [18, 42] as we shall analyze in detail below.
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FIGURE 3.2: Growth window describing the crystalline phases and elec-

trical properties of SVO films grown on (001) LSAT and (001) STO sub-

strates, as a function of PO, and T during growth. The indicated num-

bers are the room-temperature resistivity data (in pQ cm) for SVO on

LSAT. Within parenthesis are the corresponding data for SVO films on

STO. The color scale (from cyan to red) illustrates the increasing resis-
tivity and roughness of the films.
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PO, =4x107 mbar PO, =2x10° mbar PO, = 1x10“* mbar

rms = 0.46 nm rms =5.3 nm rms =9.92 nm

FIGURE 3.3: AFM topographic images, 5 umx5 pm in size (top images),

of SVO films grown on STO substrates at 750 °C and various PO; (as

indicated). Bottom images are 1pmx1um zooms emphasizing the

outgrowths formed at film surface when deposition is performed at

PO, >4x10"" mbar. The root-mean square (rms) roughness is indi-
cated below each image.

3.4 Role of the substrate-induced epitaxial strain on the
structural, electrical and optical properties

Interestingly, in Figure 3.2 it can be appreciated that in all cases, the resistivity val-
ues of SVO//LSAT films are significantly smaller than those of the SVO//STO films.
As the structural mismatch of SVO on STO, f(STO)=+1.59 %, is larger than that of
SVO on LSAT, f(LSAT)=+0.65%, it may be hypothesized that f, and the associ-
ated elastic or plastic responses of the SVO lattice, may play an important role on
carrier transport in SVO films. In the following, we shall use the optimal growth
conditions determined above (PO, = 4x10~ mbar, T = 750 °C) to explore in a sys-
tematic manner the role of structural mismatch between SVO and the substrates
(STO, LSAT, NGO, and LAO), on the electrical, optical, spectroscopic properties and
the microstructure of the films.
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3.4.1 Surface morphology

Surface morphology analysis (topographic images are in Figure 3.4) shows that, ir-
respectively of the substrate, films grown under these conditions are remarkably
flat, with r ms = 0.52 nm (STO), 0.41 nm (LSAT), 0.46 nm (NGO), and 0.48 nm (LAO).
In agreement with earlier findings [114], when increasing PO,, SVO films display
the gradual formation of outgrowths at their surface, related to the formation of
spurious Sr3V,0g4 phase as evidenced by X-ray diffraction (XRD) data shown below.

rms =0.51 nm rms = 0.46 nm rms =0.44 nm rms = 0.50 nm

FIGURE 3.4: AFM topographic images, 1 umx 1 um in size (top images),

of SVO films grown at PO, =4x 10" mbar and T =750°C, on various

substrates. Bottom images are 250 nmx 250 nm zooms emphasizing the

granularity of the films. The root-mean square (rms) roughness is in-
dicated below each image.

3.4.2 Structural properties

The XRD 6-26 scans of films deposited under the optimal conditions (750 °C,
4x10~" mbar) on all substrates, zoomed around the (002) reflection of the corre-
sponding substrates, are shown in Figure 3.5a.
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FIGURE 3.5: a) XRD 6-20 scans of films grown at POy =4x 10~ mbar
and T =750°C on different substrates. The (002) reflection of the sub-
strate is indicated by a star. The spectra are vertically shifted for clarity.
b) Out-of-plane cell parameters (c-axis) of the films as a function of the
lattice mismatch with the substrate (circles). Diamonds represent the
expected c-axis values for fully strained films, evaluated using Poisson’s
equation and assuming unit cell volume conservation. c) 26—y frames
of SVO films on STO at T =750 °C and PO, =4x10~7 mbar (upper frame)
and PO, =2x107° mbar (lower frame).

We first focus on the SVO film on STO which has the largest tensile structural
mismatch (f(STO)=+1.59%). The (002) reflection of the SVO film (Figure 3.5a
(green curve)), is located at the right of the (002) STO reflection, and attentive
inspection reveals Laue fringes (see Figure 3.6). Interestingly, the (002) SVO
reflection occurs at lower angle than that expected for bulk SVO (indicated by a
vertical dashed line in Figure 3.5a), implying an expanded c-axis (c(SVO//STO)
~ 3.873A). Therefore, the observed expansion of c-axis is not due to the stress
(tensile) imposed by the substrate but is likely related to growth-induced defects,
including nonstoichiometry, as commonly found in SVO films [42, 111, 115,
116]. The reciprocal space maps (Figure 3.7) show that the (002) SVO and (002)
STO reflections are well aligned along [100] indicating that the in-plane cell pa-
rameter of SVO and STO are closely coincident and thus SVO is in-plane strained
(a ~3.905A). Therefore, the VO4 coordination polyhedron in SVO/STO has c¢/a < 1.

In the opposite limit, for SVO//LAO films where a large compressive mismatch
exists (f(LAO)=-1.37%), two broad (002) SVO reflections can be observed in
the XRD pattern (top violet curve). One occurring at (20); = 46.94°, indicates
an out-of-plane cell parameter ¢;(SVO/LAO) ~ 3.868A and the other, located at
(20); =~ 46.3°, indicates a larger c-axis: ¢,(SVO/LAO) = 3.919A. These reflections
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FIGURE 3.6: High resolution XRD 6—-26 scan of SVO//STO film grown at
PO, =4x10""mbar and T =750°C. Laue fringes can be observed. The

extracted thickness of 67 nm is in agreement with the one determined
from X-ray reflectivity measurements (70 nm).

occur at smaller 20 angles than bulk (002) SVO (vertical dashed line); hence both
peaks correspond to larger c-axis than bulk SVO. Although this behavior could be
expected if the negative mismatch of the LAO substrate on the film would induce a
compressive epitaxial strain on the basal plane of SVO, the reciprocal space maps
(Figure 3.7) indicate that the cell parameters of SVO are not clamped to those of the
substrate but relaxed. Therefore, for SVO//LAO, the VOg4 coordination polyhedron
has an enhanced tetragonality c/a > 1.

The X-ray reflections of SVO films on LSAT and NGO are hardly discernible from
those of the substrate due to the close structural matching and a noticeable SVO
line-broadening that, in accordance with topographic images (Figure 3.4), can
be attributed to the limited size (grain size <50 nm) of the coherently-diffracting
volume, shrank by the presence of strain-induced defects (see Section 3.4.4).
From the 8-20 and reciprocal space maps (Figure 3.7) we determine that the
corresponding c-axis parameters are c(SVO//LSAT) ~ 3.87A and ¢(SVO/NGO) =~
3.86 A, while the in-plane parameters coincide with those of the corresponding
substrates. Consistently with the results of the SVO//STO above, SVO films on
NGO and LSAT films are epitaxially strained. Therefore, within the experimental
resolution, for SVO//NGO and SVO//LSAT c/a = 1.
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FIGURE 3.7: XRD reciprocal space maps around (-103) reflections of
a) SVO//STO, b) SVO//LSAT, c) SVO//NGO, and d) SVO/LAO. Notice in
a), b) and c) that the in-plane cell parameter of the film coincides with
that of the substrate (vertical red dashed line). This is not the case in
d) where the center (vertical white dashed line) of the relatively broad
SVO reflection is clearly shifted with respect to that of the substrate.

In Figure 3.5b, we plot the c-axis parameters of all films. We also include the
predicted cell parameter of epitaxial strained SVO films on the different substrates,
calculated using the Poisson equation and assuming volume conservation [42]. Tt
is clear that the c-axis values of the films, including ¢, (SVO//LAO), are larger than
that expected if a pure elastic compressive or tensile strain were acting on the SVO
film. As mentioned above, a unit cell expansion is commonly observed in SVO
films and attributed nonstoichiometric defects related to the extremely low PO,
used during growth [42, 111, 115, 116]. Recently, it has been reported that using a
nonreactive gas in the PLD growth process, this effect can be mitigated, probably
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as a result of changing the Sr/V ratio or the oxidation state of species in the plume
[112] (this is further explored in Chapter 4).

The symmetric X-ray diffraction 626 scans do not reveal the presence of spurious
phases in none of films grown at low pressure (PO, = 4x10~" mbar). However, as
the corresponding reflections may not be visible in symmetric scans, we collected
2D maps of the reciprocal space along 26 and y angles. In Figure 3.5c (top panel)
we show the 20—y frame for SVO//STO samples. The intense (001) and (002) sub-
strate reflections are well visible. The superimposed (001) and (002) SVO reflections
are not distinguishable from those of the substrate, which is in agreement with the
0-26 scans (Figure 3.5a) and the lower resolution of the 2D detector. Importantly,
no other reflections that could suggest the presence of spurious phases are visible
in these films. We then conclude that films grown at the lowest pressure (PO, =
4x1077 mbar) are single phase, as summarized in Figure 3.2. However, this is not
the case for films grown at higher PO,. In Figure 3.5c¢ (bottom panel) we show a
26—y frame of the SVO//STO sample grown at PO, = 2x107° mbar. In this map,
additional spots that correspond to the (205) Sr3V,04 reflections are visible. Con-
sistently, the AFM images of this SVO//STO sample (Figure 3.3) show outgrowths
which are associated to the Sr3V,0g4 phase identified in the 2D maps [114]. Similar
results are observed in films grown at high PO, on LSAT substrates.

3.4.3 Electrical transport properties

We turn now to the electrical transport properties of the films with the focus
on its dependence on structural mismatch and the PO, used during growth. In
Figure 3.8a we show the room-temperature resistivity p(300K) of the SVO films
grown on different substrates at PO, = 4x10~' mbar (square symbols) and PO, =
2x107° mbar (circle symbols). The resistivity is minimal for the films grown on
best-matched substrates (LSAT and NGO) and, for a given mismatch, the resistiv-
ity decreases when reducing PO,. Accordingly, p(300 K) reaches its smallest value
(at PO, = 4x10~" mbar) for SVO//NGO films, where f(SVO/NGO) = +0.52%. The
resistivity value p(300 K, NGO) = 85uQ cm is comparable to the state-of-the-art
resistivity values of films of similar thickness grown, under similar conditions, by
PLD (= 35-90pQcm [112, 114, 116]) and only 3 times larger than that of films
grown by hybrid-MBE (= 30-40uQcm [18, 42]). The same trend of p(300K)
with the lattice mismatch is also observed in the series of films grown at PO, =
2x1075 mbar (circles). Therefore, data in Figure 3.8a indicates an important role of
the film-substrate mismatch on the resistivity of SVO films.

The carrier concentration (n#) and mobility (u) values, extracted from resistivity
and Hall effect measurements, of films grown at the lowest PO, (4 x 10~" mbar) on
different substrates, are shown in Fig. 3.8b (diamonds and squares, respectively).
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FIGURE 3.8: a) Room-temperature resistivity p(300K) of films de-
posited on different substrates at PO, =4x10"" mbar (squares) and
PO, =2x10"°mbar (circles). b) Carrier density (diamonds) and car-
rier mobility (squares) of the films grown at the lowest pressure
(PO, =4x10"" mbar). c) Temperature dependence of the normalized
resistivity p(T)/p(300 K) of the same films grown at the lowest pressure
(PO, =4x107" mbar); the corresponding structural mismatch is indi-
cated. d) Residual resistivity ratio (RRR=p(300K)/p(5K).)

We first note that 7 is almost constant (n = 2.1 x 102 cm™3) for films on LSAT,
NGO, and LAO. This value is close to, but slightly larger than the value expected
for stoichiometric SVO with V4* (3d') (n = 1.76 x 10?2 cm™3). A perceptible 16%
larger carrier concentration is observed for films grown on STO. We note that if the
STO substrate would have opened a conducting parallel channel in the SVO//STO
sample grown at the lowest pressure, then the measured carrier density would
have been smaller but not larger. Therefore, a plausible reason is that the tensile
strain imposed by the STO substrate favors a higher concentration of oxygen
vacancies, that can provide additional carriers while reducing mobility [129].
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The carrier mobility reaches its largest value (= 3.3 cm? V! s71) for SVO grown on
the best matching NGO substrate, being marginally smaller in films on LSAT and
LAO. A more pronounced reduction (= 1.2 cm?V~!s™1) is observed in SVO//STO,
consistent with an increased strain-related nonstoichiometry, as indicated above.

The temperature dependence of the resistivity p(T) and the residual resistivity ra-
tio (RRR = p(300K)/p(5K)) of SVO films are also significantly different depending
on the substrate used, as shown in Figure 3.8c,d, respectively. It can be appreciated
that the SVO//NGO film displays the largest RRR (RRR = 2.1) (Figure 3.8d) and
RRR gradually decreases in films on substrates having larger lattice mismatch.
For instance, RRR = 1.4 for SVO//STO. Accordingly, the maximal RRR (minimal
residual resistivity) is also obtained in films grown on well-matched substrates
(Figure 3.8d). We note in passing that the largest RRR values reported for SVO
films grown by PLD under standard PO, atmosphere were of only =~ 1.7 [114, 116].

Overall, all data in Figure 3.8 strongly suggest that resistivity, carrier density, and
mobility of SVO films grown under optimized conditions are primarily determined
by the structural mismatch with substrates, maybe exacerbated by mismatch-
controlled nonstoichiometry.

It is known that defects in solids, affecting carrier mobility, can be screened by car-
riers and therefore, the mobility is affected by the carrier density in an unconven-
tional manner [17]. To explore this effect, we focus on SVO//LSAT and SVO//STO
films as illustrative examples of well and poor matched substrates, respectively,
and analyze the relationship between carrier density and mobility of SVO films. In
Figure 3.9 we plot p versus n for SVO//LSAT (squares) and SVO//STO (circles) films
grown at the same temperature (750 °C) and varying PO,. Data in Figure 3.9 reveal
important trends. First, at any PO, the carrier mobility is larger for films grown
on LSAT than on STO. Next, it is observed that for films on both substrates, an en-
hancement of mobility goes in parallel with an increase of carrier concentration
(4 x n?, b > 0). The relevance of this observation is better appreciated by notic-
ing that in conventional doped semiconductors, the opposite behavior is typically
observed. Indeed, it is commonly found that u decreases with increasing doping
due to the enhanced scattering of carriers with dopant atoms. The reverse trend
observed here bears some resemblance with properties of some strained semicon-
ductors, such as BaSnOs, where a similar y oc n? (with b > 0) trend has been re-
ported [107, 126]. It has been argued that this unusual increase of mobility when
increasing the carrier density is due to the enhanced screening of extended defects,
such as dislocations, by the carriers (Figure 3.1c) [17]. The confined and directional
character of the relevant 3d orbitals forming the conduction band of SVO advances
a strong sensitivity of carrier mobility to extended structural defects. Therefore, it



72 Chapter 3. Tuning the optical/electrical prop. of SVO by substrate mismatch

may not be a surprise that the carrier-induced screening can efficiently increase
mobility.
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FIGURE 3.9: Carrier mobility versus carrier density for SVO/LSAT
(squares) and SVO//STO (circles) films deposited at various PO,.

3.4.4 Microstructure

The observations above suggest that extended defects associated to structural
mismatch play a major role on charge scattering and trapping. To get insight on
this, the microstructure of the films grown at PO, = 4x 10" mbar and T = 750°C
were studied by transmission electron microscopy (TEM). Specimens from the
SVO films grown on LAO, NGO, and STO were prepared in cross section geometry
by focused ion beam (FIB) lift-out technique.

Figure 3.10a—c (main panels) shows bright field images of SVO//LAO, SVO/NGO,
and SVO//STO, respectively. It can be appreciated that all films present a sharp
interface (see horizontal solid lines) with the substrate, homogeneous thickness of
~ 70nm and a free surface with a roughness at the nanometer level. From these
bright field images acquired in zone axis conditions, it can be seen that the films
present an incoherent contrast, with obvious dissimilarities among them. In order
to assess the density and nature of the crystal defects that may be responsible
for the observed contrast, the crystals were oriented in two-beam conditions by
tilting the specimen in the TEM. In opposition to zone axis condition, in which the
crystal is oriented so that the Ewald sphere is tangent to a plane of nodes of the
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reciprocal lattice of the crystal, in two-beam conditions the crystal is oriented in
such a way that only a family of reflections is in Bragg condition (the second beam
being the direct beam). By acquiring bright field images in this condition, defects
in the direction given by the intersection of the Ewald sphere with the reciprocal
lattice of the crystal are strongly highlighted.

FIGURE 3.10: Cross-section of bright field TEM images of the SVO films

grown on a) LAO, b) NGO, and c) STO substrates. Insets: bright field

TEM images obtained by tilting the crystals to obtain two-beam condi-
tions, highlighting the presence of defects in particular directions.
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The bright field images acquired in two beam conditions described above, are
shown in the insets of Figure 3.10a-c. Different two beam conditions were set for
all the SVO films: one corresponding to the family of planes stacked in the growth
direction and the other in the perpendicular direction. In Figure 3.10a (inset) we
show an image collected for the SVO film grown on the LAO substrate, which we
remind here is subjected to a compressive stress. The image reveals a microstruc-
ture of defects consisting on planar defects oriented parallel to the substrate (com-
pressive stress, LAO) (Figure 3.10a (inset)). In contrast, planar defects oriented per-
pendicular to the substrate can be observed in SVO grown on substrates imposing
a tensile stress (STO) (Figure 3.10c (inset)). The presence of oriented planar de-
fects in thin films grown on mismatched substrates, has been reported in other
perovskite thin films, such as La, 55r) 5C005_, [130-132] or LaNiO5_, [133] to name
a few, and it is believed to be a signature of defects ordering (oxygen vacancies) to
release epitaxial stress. More precisely, high resolution electron microscopy images
of Lag 551y 5C0o05_, films grown on LAO and STO substrates, imposing -as in the
present case- compressive and tensile stress respectively, clearly revealed a similar
arrangement of planar defects [132]. In the present case, it cannot be excluded that
planar defects could be related to the presence of Sr;3V,04, as identified in some
XRD data. However, the observation that in SVO film grown on NGO substrate
(Figure 3.10b (inset)), with a very small lattice mismatch, a much smaller density
of defects was observed in both crystal orientations seems to favor the former sce-
nario. The presence of these extended planar defects should impact the electronic
transport. Indeed, for SVO//STO where the array of defects is perpendicular to the
interface, the carrier mobility should be much obstructed than in SVO/LAO where
these defects lay parallel to the interface. This is indeed, the trend observed in Fig-
ure 3.8b.

3.4.5 Optical properties

Spectroscopic  ellipsometry (SE) measurements were performed on
SVO//(STO, LSAT, NGO, and LAO) films grown at PO, = 4x 10"’ mbar and at
PO, = 2x10°mbar. The real and imaginary parts of the dielectric constants
(e = €1 + i¢e2) and optical coefficients (7i = n + i k) were extracted from the SE data
(see experimental section). Figure 3.11a,b shows the spectral dependence of ¢;
and ¢, of some illustrative films.
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FIGURE 3.11: a,b) Complex permittivity e =¢€; + i £, of SVO//LSAT and
SVO//STO films grown at PO, =4x10~" mbar and PO, =2x107° mbar,
as indicated. c) Dependence of the measured screened plasma energy
(Ewp* =hwyp*) on the substrate mismatch f. The lines through the data
are guides for the eye. d) Dependence of E,p* versus carrier concen-
tration n as derived from Hall measurements (Figure 3.8). The lines
through the data allow visualizing the modulation of (E,p *)2 vs n with
growth conditions and the distinctive behavior of SVO//STO. Encircled
samples were grown under the same PO,.

The shape of both components of the complex permittivity € are in good agreement
with earlier reports [18]. From ¢ (w) the screened plasma frequency wp* can be de-
termined by using the condition ¢ (wp*) = 0. Two salient features emerge from data
in Figure 3.11a. First, w,* increases when reducing PO, during growth and second,
for a given growth PO, wp* is reduced in SVO//STO compared to SVO//LSAT. These
trends can be better visualized in Figure 3.11c where we plot E,,* versus f values
of these films. As seen, all iwp* values are around 1.2—1.3 eV, which is agreement
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with earlier reports for SVO//LSAT [18]. To get a further insight on the implications
of these observations, we recall that [123]:
h2e? 1

—Xxn 3.1)
£0Eco M*

(Epp)® =

where e, is the high frequency relative permittivity of the medium, n is the free
carrier density, m* is the free carrier effective mass, and 7, e, and ¢ stand for
the reduced Planck constant, the electron charge and the free space permittivity,
respectively. In Figure 3.11d we plot (Eyp *)2 persus n (where n is the carrier density
determined from Hall effect, see Figure 3.8). This plot allows to conclude that the
plasma energy increases when reducing PO, because the carrier density increases.
Moreover, the smaller slope of the E,p* 2 (n) plot observed in SVO//STO anticipates
a larger effective mass of carriers in comparison to SVO//LSAT. Using €., = 4, as
determined in bulk SVO [123], the effective mass m* can be computed from data
in Figure 3.11d. For SVO//LSAT, we obtain m*(LSAT) = 4 irrespectively on the PO5.
For SVO//STO we obtain a significant larger mass m*(STO) = 5, which represents a
25 % enhancement. It is worth to recall that in Ca;_,Sr,VO5 bulk materials, m* was
found to increase from 3.3 to about 4 when increasing x due to internal chemical
pressure [123].

The complex refractive index of the film and substrate extracted from the ellip-
sometry measurements were used to calculate the sample reflectivity Rgqc(w),
assuming a simple model consisting of a substrate and a SVO film, and to com-
pare it with experimental data. Fourier transform infrared reflectometry (FTIR)
measurements have been used to determine Reyp(w) at normal incidence. The
experimental Rexp(w) and Reyc(w) data for some illustrative films are shown in
Figure 3.12).

Data reveal that both R(w) display a minimum at around 600 nm (= 2 eV). This
observation is in agreement with results from Boileau et al. [125] although we
emphasize that the minimum of R(w) cannot be taken as a measure of wp*, due
to the substrate contribution to the reflectivity measurements. It is of the highest
interest to notice that all samples, irrespectively of their DC conductivity, display
a remarkably small €2 (w) in the visible range (Figure 3.11b), which is a signature
of small absorption. It thus follows that, within the explored growth conditions
range, although electrical conductivity and plasma frequency can be modulated,
the optical absorption remains almost unperturbed.
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FIGURE 3.12: Calculated reflectivity and measured FTIR spectra

at normal incidence, of SVO//LSAT and SVO//STO films grown at
PO, =4x10"" mbar and T =750 °C. Reflectivity was calculated using a
model consisting of a substrate (0.5 mm thick) and the corresponding
SVO layer thickness. The optical parameters (n, k) of film and substrate
where obtained from the ellipsometry measurements as indicated.

The optical transmittance of SVO films (25 and 50 nm thick) deposited on LSAT has
been measured and is shown in Figure 3.13. The measurement were performed
using a pristine LSAT substrate (polished on both sides) for the baseline, so that
the spectra showed here reflect the transmission coefficient of the SVO film only.
The maximal transmittance in the visible range (after subtraction of the substrate
contribution) of state-of-the-art reported SVO films (grown by h-MBE [18]) with
similar thicknesses is indicated by the dashed lines. We can observe that our films
display high transparency in the visible range, similar to the ones from ref. [18].
For a given thickness and at a given energy, our transmission coefficient is only
few percent smaller than their value, which we attribute to the presence of point
defects induced by the PLD growth.
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FIGURE 3.13: Optical transmittance of SVO films (25 and 50 nm thick,

"free-standing" as explained in the main text), grown on double side

polished LSAT substrates at PO, =4x10~" mbar and T =750 °C. For ref-

erence, the maximal transmittance in the visible range (at = 560 nm)

of state-of-the-art SVO films of similar thicknesses grown on LSAT by

hybrid-MBE [18] is included (dashed lines). The substrate contribution
was also removed.

3.4.6 X-ray absorption and orbital occupancy

In section 3.4.5 we have shown that the effective mass of carriers in SVO films
on STO is larger than that of SVO films on LAO, LSAT, and NGO substrates. As
films on different substrates appear to be under different strain state, a natural
question arises: Which is the role of strain on orbital occupancy and ultimately on
bandwidth broadening? Indeed, it is well known that substrate-induced stress on
epitaxial films of oxides breaks the orbital degeneracy and promotes a selective
electron occupancy in well-defined orbitals, that affects transport properties [80].
The X-ray absorption (XAS) at metal L, 3 edges in epitaxial metal oxide films, is
sensitive to the relative orientation of the polarization direction of the incoming
X-ray beam with respect to the film surface. This gives rise to an X-ray linear
dichroism (XLD), defined as XLD = I(Ey,) — I(E,), different from zero if final states
with different symmetry are not equally available [86]; I(Ey,) and I(E.) are the
intensities of the absorption of light with the electric field (polarization) parallel to
the film plane (E,p) or perpendicular to it (E.). For an epitaxial (001) SVO film, as
in the present case, Eyy, is probing electronic states with (xy) symmetry and (E.) is
probing electronic states with (xz, yz) symmetry. In the particular case of V-3d!, if
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the electron occupancy at the (xy) and (xz, yz) orbitals is not identical, a nonzero
XLD should be apparent. XLD will be different depending if the lower lying state
is (xy) or (xz, yz), that is depending on the sign of the energy difference Afg =
Ey,y, — Exy where Eyy and Ey,y, are the corresponding energies. Notice that Aty
> 0 has to be found in presence of an in-plane expansion of the equatorial bonds
in VOg and Atg < 0 corresponds to an out-of-plane expansion of V-0O-V bonds in
VOg.
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FIGURE 3.14: a) X-ray absorption (X AS) spectra at V-L 3 and O-K edges
for SVO films (70—-80nm thick) grown on STO, NGO, and LAO sub-
strates, as indicated. b) A zoom of the X AS spectra around the V-Ly 3
edges. c) Corresponding X-ray linear dichroism (XLD) (% of white line
intensity) spectra of the same samples. d) Sketch of the V-3d-tz; band
splitting resulting from in-plane tensile strain of the VOg octahedron.

In Figure 3.14a we show the combined V-L, 3 and O-K X AS spectra of the SVO
films grown on STO, NGO and LAO substrates, selected because they display the
maximal (STO tensile, LAO compressive) and minimal (NGO) mismatch. The
V-L3 and L, edges (at 519 and 524 eV) are signatures of the dipole transitions from
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2p3/2 to 3d and from 2p;,, to 3d orbitals. The double peak (appearing at 530 eV)
of the O-K prepeak is a fingerprint for the V** valence state. The relative intensity
of the L3 as well as the splitting of the O-K prepeak are characteristic of V** in
an octahedral coordination [134, 135]. A detailed inspection of the low energy
side of the L3 peak (see Figure 3.14b) reveals a fine structure where three peaks
can be identified. As shown by cluster calculations [135] the appearance of these
peaks is prominent in tetragonally distorted VOgz octahedra. In Figure 3.14b it
can be appreciated that these features are more prominent in SVO//STO than in
SVO//NGO and SVO//LAO, and according to the previous statement, we conclude
that in SVO//STO, the VOg octahedra have a larger tetragonal distortion than in
SVO//NGO and SVO//LAO.

A more direct evidence is provided by the XLD data shown in the following. In
Figure 3.14c we present the XLD = I(E,,) — I(E;) data of SVO//(STO, NGO, LAO)
films. To appreciate the implications of the data in Figure 3.14c, we remind here
that theoretical cluster calculations [135] of X LD for Afzg > 0 and Atzg < 0 predicts
XLD spectra that are virtually opposite one another, and thus comparison with
experimental data should allow to discern between Atz > 0 and Afg < 0. The
XLD data in Figure 3.14c show that for SVO films, the overall trend is similar to
the above predicted Atpg > 0 case [135]. Interestingly, as clearly shown by data in
Figure 3.14c, the height of the most intense X LD peak, which is the most sensitive
to the magnitude of Afyg is somewhat larger in SVO/STO than in SVO// (NGO,
LAO). It has also been predicted that the features appearing at the low-energy side
of L3 are more sensitive to tetragonal distortion for Afyg > 0 than for Afog < 0. In
Figure 3.14b it can be appreciated that these features are more visible in SVO//STO
than in SVO/NGO and SVO//LAO, and according to the previous statement, we
conclude that in SVO//STO, At is positive (> 0) and larger than in SVO/NGO and
SVO//LAO. Therefore, the VOg octahedra in SVO// STO are under a larger tensile
in-plane stress than in SVO/NGO and SVO//LAO. Although in principle A g could
be deduced by comparing multiplet calculations with experimental spectra, we
content ourselves here by using XLD to discern between tensile or compressive
strain.

Overall, from both XAS and XLD data we conclude that: i) a tetragonal crystal
field breaks the symmetry of the tog manifold into (xy) and (xz, yz) states; ii) as
Atrg > 0, the tag(xy) states lay lower in energy than tog(xz, yz) and thus they have
a higher electron occupancy (see Figure 3.14d for the unstrained and strained VOgq
octahedra and the tyg-manifolds).
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3.5 Conclusions

We have shown that SrVO; films grown under different oxygen pressure and on
substrates having different structural mismatch, thus imposing different (tensile
or compressive) epitaxial stress, clearly show distinct transport properties. The
carrier mobility is found to be the largest in SVO films grown on matching sub-
strates and lowering when films are grown on substrates imposing a large tensile
or compressive strain. Although the film conductivity, carrier density and mobility
are found to depend on the growth conditions (mainly the oxygen pressure) as
expected in presence of growth-induced point defects (Figures 3.1b and 3.8) the
dependence on these parameters on substrate mismatch is fully preserved, thus
suggesting that the substrate plays a major role. Interestingly, the reduction of mo-
bility is asymmetric, being more pronounced in case of tensile stress (SVO//STO)
but only marginally larger in case of compressive stress (SVO//LAO).

Using first principle calculations Sclauzero et al. [136] have predicted that epitaxial
strain on SVO has basically two effects. First, a crystal field of tetragonal symmetry
breaks the degeneracy of the tyg electronic triplet and, irrespectively of the sign
of strain, the electronic correlations will be reinforced and approaching SVO
to an insulator Mott regime. Second, stretching the M—O bonds should have a
similar effect, whereas bond shortening should have the opposite effect, that is
enhancing the hopping amplitude and thus promoting a more metallic character.
Therefore, for tensile strain a more insulating character of SVO is expected whereas
for a compressive strain, band narrowing and hopping-amplitude enhancement
cancel out their contributions and only minor changes of carrier mobility are
expected. Our XAS and XLD data provide clear evidence of the strain-induced
breaking of symmetry and stabilization of the xy orbitals in STO compared to
other substrates (Figures 3.1a and 3.14). This is consistent with the c/a < 1 dis-
tortion of the unit cell of SVO//STO, inferred from X-ray diffraction data. Charge
redistribution enhances xy orbital occupancy, narrows the electronic bandwidth,
and enhances the effective mass of carriers in films on STO compared to other
substrates. This is precisely the result obtained from ellipsometry measurements,
where m*(SVO//STO) = 1.25 x m*(SVO//LSAT) (Figure 3.11). However, this 25%
enhancement of the effective mass of carriers in SVO/STO cannot account for the
observed = 200 % larger resistance in SVO//STO compared to SVO//LSAT (or other
substrates) (Figure 3.8a). Therefore, other effects should play a bigger role on DC
transport properties.

The TEM images have provided evidence of the existence of arrays of planar defects
in SVO films grown on mismatched substrates and their orientation is compatible
with the observed modification of mobility, more (less) pronounced in SVO films
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on STO (LAO). This is the trend observed for the resistivity and carrier mobility of
SVO films grown on different substrates (Figure 3.8a,b). Remarkably, it is found
(Figure 3.9) that carrier mobility increases when increasing carrier concentration.
This observation favors the view that electrical conductivity and mobility in these
strained films, although affected by the heavier electron mass in tensile strained
films, are primarily governed by microstructural effects, namely stress-induced
planar defects (Figure 3.1c). Therefore, one could anticipate that avoiding strain
relaxation, maybe by using thinner SVO films (as further explored in Chapter 5),
the genuine effects of band reconstruction due to epitaxial strain will become more
apparent on the DC electric transport properties. Otherwise, only optical conduc-
tivity (thus plasma frequency) is sensitive to these effects. From a practical point of
view, it is remarkable that the optical transparency window remains in the visible
range for all studied films irrespectively on the growth conditions and substrates,
thus suggesting that the harsh conditions required to grow optimal SVO films may
not be a limitation for future applications.
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Chapter 4

Improvement of the electrical and
optical properties of PLD-grown
SrVQO; thin films

In the experimental chapter, section 2.1, we have seen that PLD offers a very broad
range of possibilities when tuning the deposition parameters. One can decide
to change the nature and amount of background gas in the chamber, vary the
substrate temperature or even play with the laser settings (fluence, frequency,
etc.). As a matter a fact, any variation of one of these parameters can have a
crucial impact on the film growth, and subsequently on its crystalline quality
and thus functional properties. In this chapter, we describe an approach used to
reduce defects engendered by the growth of SrVO; thin films in UHV. We show the
structural and functional improvements resulting from growing SrVOs in an inert
argon atmosphere. In Appendix B, we also describe other strategies (although less
efficient) attempted to reduce growth-induced defects, by tuning other parameters
of the PLD setup.

The work presented in this chapter was published with DOI
10.1002/adfm.201808432 (see also the list of publications).

4.1 Introduction

As seen in Chapter 3, the epitaxial growth of SVO is intricate as stabilization of V**
is challenging (V3* and V°* are competing valence states, leading to the formation
of spurious insulating phases). For that reason, extremely low oxygen pressures
(PO, ~ 10~ mbar) are required [114]. It is instructive to notice that, whereas the
room-temperature resistivity values of optimal films are reported to be in the
30—-120 pQ cm range independently of the growth technique used, the residual
resistivity ratio (RRR) (RRR = p(300K)/p(5K)) is typically of about 2 for films
grown by PLD and PED [114-117, 137-140] but it is dramatically larger (RRR =
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120-222) for hybrid-MBE grown films [18, 42, 111]. This observation implies that
the growth process has a large effect on the carrier mobility (and hence the elec-
trical conductivity), probably related to the presence of growth-induced defects
in the film. Indeed, in PLD technique, the use of ultralow pressure (= 10”7 mbar)
during growth has important consequences on the spatial expansion and kinetic
energy of the ablated species [141, 142] as well as on the self-sputtering and
backscattering processes [143]. Probably the most obvious is that energetic species
can impinge upon the substrate and the growing film, with subsequent creation of
various defects including nonstoichiometry. Therefore, at first sight, the possible
use of PLD (or any other hyperthermal technique) for deposition of materials
requiring extremely low oxygen pressures may appear to be challenging.

In this chapter, aiming at understanding and controlling growth-induced defects
in SVO films and monitoring their impact on their electronic properties, namely
electrical resistivity, carrier density and mobility, and optical transmittance, we
report on the properties of SVO films grown by PLD under nonreactive Ar atmo-
sphere. The reason behind is that a nonreactive gas could contribute to plasma
thermalization and consequently, reduce the kinetic energy of the species in the
plume and their flux at the film surface, as demonstrated in the growth of high-
temperature superconductor films [141]. It will be shown that using this strategy,
the extension of the plume of laser-ablated species can be controlled (Figure 4.1a)
and films grown under optimal Ar pressure display a remarkable reduction of their
room-temperature resistivity down to = 30 pQ2 cm, thus competing with the record
values of hybrid-MBE films, and the residual resistivity ratio rises by about a factor
five compared to reported SVO films grown by conventional PLD and PED, as
summarized in Figure 4.1b. Importantly, the transparency of the films in the visible
range is enhanced by the new growth process developed here and rivals that of
the hybrid-MBE grown films [18]. These findings indicate that TCO films such as
SVO, and probably other materials requiring ultralow oxygen pressure deposition
conditions, can be grown with optimal properties by PLD or other more scalable
techniques, as required for large scale applications. From a different perspective
and beyond the scope of TCOs, SVO films have been explored in search of quantum
confinement effects; indeed, orbital selective quantization and anomalous mass
enhancement effects have been reported [127, 144] in PLD-grown films, and SVO
is considered to be the drosophila model for strongly correlated physics [145].
Moreover, as emphasized by Backes et al. [145], the role of defects is pivotal for a
microscopic description of the spectroscopic features. The improved properties of
SVO films reported here may stimulate revisiting some scenarios.
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FIGURE 4.1: a) Pictures of the SVO plasma during PLD deposition in
vacuum or under argon pressure of 0.1 mbar. To provide a suitable
scale, the target-to-substrate distance (47 mm) is indicated. Sketches
below each picture highlight the occurring phenomena. Green arrows
length illustrates the kinetics of species reaching the substrate. In the
case of the deposition in vacuum, red arrows represent resputtering
process. b) State-of-the-art electrical resistivity values of SVO films at
room-temperature (red solid circles) and at low temperature (5K) (blue
circles) grown by different techniques, as indicated. The number above
each bar indicates the corresponding RRR value. Reference data were
taken for PED [140], PLD (a [138], b [114]) and h-MBE (c [42], d [18], e
[111]) grown films. Data for SVO single crystals [128] are also included.

Data reported in this work are shown by stars.

4.2 Sample preparation

Here, SVO films were grown on single crystalline perovskite substrates: (001) LSAT
and (001) NGO. Here NGO is indexed with a pseudocubic unit cell. The lattice mis-
match, defined as f = [as — asvol/ as, where asyo = 3.842 A is the cell parameter of
bulk SVO [18, 128] and as is the cell parameter of the substrate (3.868 A for LSAT,
and 3.863 A for NGO) is f(LSAT) = +0.65 % and f (NGO) = +0.52 %. Thus, an epitaxial
growth would impose a tensile strain on the film in both cases. Films were grown
by PLD using a laser frequency of 5 Hz and a fluence of ~ 2] cm™. A fixed number
of 2000 pulses was used. Films were deposited at 750°C. The base pressure at the
growth temperature is of about 2 x 1078 mbar (corresponding to a residual oxygen
partial pressure of roughly PO, =~ 4 x 10”7 mbar). A series of films was grown under
argon pressure P(Ar) ranging from P(Ar) = 0 — 0.3 mbar. After growth, films were
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cooled to room temperature by switching off the substrate heater, while keeping
the same pressure as used for the growth.

4.3 Structural characterization

In Figure 4.2a,b we show a zoom of the 820 X-ray diffraction (XRD) scans around
the (002) reflection of SVO//LSAT and SVO//NGO films grown at different Ar pres-
sure P(Ar). We first note the presence of the (002) SVO reflections, whose position
gradually shift with P(Ar). Only (001) reflections are visible in broader angular
scans (Figure 4.3), indicating a (001) textured growth. We note that the (002) SVO
reflections of films grown on LSAT and NGO at P(Ar) = 0 mbar, that is at the base
pressure of the chamber, can hardly be discernible from those of the substrate due
to the close structural matching and a notorious SVO line-broadening associated
to a limited size of the coherently-diffracting volume of SVO, as confirmed by
atomic force microscopy (AFM) images (Figure 4.4). The asymmetric broadening
around the substrate reflection, visible in Figure 4.2a,b, reflects the overlapping
of a broad (002) SVO peak with the one of the substrate. The small intensity
peak occurring at the left of the main substrate peak is a spurious signal from the
substrates (Figure 4.5). Accordingly, the corresponding c-axis parameters would
be ¢(SVO//LSAT) = 3.92 A and ¢(SVO/NGO) = 3.90A). It is clear that these c-axis
values are larger than that of bulk SVO (dotted line in Figure 4.2c) and also larger
than those expected if a genuine substrate-induced epitaxial tensile stress f (=
+0.6 %) due to the structural mismatch (f(LSAT) = +0.65 %; f(NGO) = +0.52 %) was
acting on the film. The expected strain-induced c-axis values calculated from the
Poisson equation, that is assuming volume conservation [42, 48], are shown in
Figure 4.2c (dashed lines). Therefore, the observed expansion of c-axis is not due
to the epitaxial (tensile) stress imposed by the substrate but it is likely related to
growth-induced nonstoichiometry, as commonly found in SVO films [42, 111, 115,
116, 146].

Reciprocal space maps (not shown here) of SVO/NGO films grown at various
P(Ar) indicate that all films are fully strained to the substrate (asyo = dsups.), Which
was expectable considering to small lattice mismatch f between bulk SVO and
NGO/LSAT substrates (as shown in Chapter 3 Section 3.4.2).
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FIGURE 4.2: X-ray diffraction 6—-20 scans, zoomed around the (002)
SVO reflections of: a) SVO//LSAT, and b) SVO//NGO films grown at var-
ious P(Ar). The number next to each scan indicates the corresponding
P(Ar) in mbar. The dashed line indicates the position of the substrate
reflection. c¢) Out-of-plane cell parameters of SVO on LSAT (squares)
and NGO (circles) films as a function of P(Ar). The horizontal dot-
ted line indicates the c-axis of SVO single crystal; the predicted c-axis
lengths associated to the tensile epitaxial strain imposed by LSAT and
NGO substrates, calculated assuming unit cell conservation, are shown
by dashed lines: LSAT (blue, bottom) and NGO (red, top). d) SVO film
thickness (left axis) and growth rate (right axis) dependence on P(Ar)
of films deposited on LSAT (squares) and NGO (circles). Filled sym-
bols correspond to thickness values extracted from Laue fringes while
empty symbols stand for XRR determined thickness. Error bars are in-
dicated when they are larger than the symbol size.
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FIGURE 4.3: X-ray diffraction 6-260 scans of: a) SVO/LSAT and, b)
SVO//NGO films grown at various P(Ar). The number on top of each
scan indicates the corresponding P(Ar), in mbar.
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FIGURE 4.4: AFM topographic images (1 umx1um) of SVO films on

LSAT (left images) and on NGO (right images), grown at the lowest

pressure corresponding to P(Ar) =0mbar. Insets are 250 nmx250 nm

zooms. It can be appreciated that films have a granular structure, with
typical lateral sizes below = 50 nm.
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FIGURE 4.5: X-ray diffraction 6—26 scans around the (002) reflection

of pristine (a) Cubic (001) LSAT, and (b) Pseudocubic (001) NGO sub-

strates. The main (002) reflection peak associated to the Cu Ka; radi-

ation is well defined, but accompanied by a satellite peak associated

to the Cu Kag 4 radiation [147, 148], which can interfere in an accurate
c-axis determination for some SVO films.




90 Chapter 4. Improvement of the electrical and optical properties of SVO films

Of the highest interest is the observation in Figure 4.2a,b that when increasing the
Ar pressure, the Laue fringes of the SVO films become clearly apparent indicating
that their crystalline quality has largely improved. On the other hand, it can be ap-
preciated that the (002) SVO reflection shifts toward larger angles, that is: smaller
c-axis, when increasing P(Ar). This can be better appreciated in Figure 4.2c where
the out-of-plane lattice parameters, determined from the 6—-26 XRD scans, for
SVO//LSAT (squares) and SVO//NGO (circles), are plotted against the Ar pressure.
It is clear that the c-axis shrinks, from the larger value obtained when P(Ar) =
Ombar, toward a value smaller that the bulk one and closely approaching the
c-axis value calculated on the basis of Poisson law and assuming a fully strained
film. This suggests that SVO is stoichiometric when grown under a substantial
Ar pressure and its crystal lattice is fully tensely strained. Therefore, by using an
inert Ar buffering atmosphere during growth, the stoichiometry and the crystalline
quality of the films are both improved. This observation dramatically illustrates
the role of the energy of the impinging species on the film’s quality.

It is worth noticing that the atomic force microscopy images of samples grown
using the P(Ar) = 0.03 mbar are remarkably flatter (rms = 0.22nm), with well
visible terraces and steps (on LSAT), than surfaces of films grown at the base
pressure (P(Ar) = 0) where rms = 0.45-0.50 nm (Figure 4.6). At higher P(Ar), the
surface becomes rougher and some crystallites are apparent. In agreement with
earlier reports [114] and our X-ray 2D reciprocal space maps (Figure 4.7), these
crystallites correspond to the spurious Sr3V,0g phase.
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FIGURE 4.6: AFM topographic images, 5 um x5 pm in size, of SVO films

grown at various P(Ar) on LSAT (top images) and NGO (bottom im-

ages). Insets in some images are 1 umx1pm images emphasizing the

outgrowths formed at film surface when growth is performed at higher
P(Ar).

Naturally, when increasing the Ar pressure in the chamber, the plasma becomes
broader and the growth rate decreases. As shown in Figure 4.2d, the growth rate
lowers down from = 0.37 to = 0.15A per pulse and thus the film thickness, at the
used number of pulses, is reduced from about = 75 to = 30 nm when increasing
P(Ar). In passing, we note that if resputtering would have been suppressed by the
high P(Ar) pressure, the growth rate in Figure 4.2d would show the opposite trend.
Therefore, the nonobservation of this feature implies that, in the explored pressure
range, resputtering does not affect significantly the growth rate. In Figure 4.2d, the
thickness values depicted are deduced either from the X-ray reflectivity data (XRR)
(empty circles) or Laue fringes (filled circles) with good agreement (more details
are given in Figure 4.8).
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FIGURE 4.7: XRD 26—y frames of SVO on LSAT films grown at: a)
P(Ar)=0mbar and, b) P(Ar)=0.2 mbar. Whereas only the LSAT reflec-
tions are visible in the left image (due to the limited resolution of the 2D
detector), spots corresponding to (205) reflections of Sr3V,0g are visible
in the right image.
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FIGURE 4.8: a) Examples of XRR data of SVO//LSAT grown under vari-

ous P(Ar). b) lllustrative examples of fitting of Laue fringes observed in

the XRD 6—26 scans. We determined a thickness of t=46.9nm (resp.

r=30.6nm) and a c-axis of c=3.824A (resp. ¢=3.823A) for the film

grown under P(Ar)=0.1 mbar (resp. P(Ar)=0.3mbar). A description
of the fitting method can be found in Pesquera et al. [55].



4.3. Structural characterization 93

4.3.1 Films stoichiometry

It is worth to stress that whereas it is known that the Sr3V,0g phase is formed
under relatively rich oxygen atmosphere [114], here its presence becomes more
prominent at nominally the same oxygen pressure (residual vacuum) but under
higher P(Ar). A possible explanation could be that when increasing Ar pressure,
scattering of plasma species increases, being more prominent for the lighter
elements [142], and thus a deficient flux of vanadium adatoms should be expected
at the film surface, eventually leading to the formation of a substoichiometric
([V/Sr] < 1) oxide, such as Sr3V,0g. The [Sr/V] concentration ratio in the SVO film
and its dependence on P(Ar) has been explored by using energy dispersive X-ray
spectroscopy (EDX) and X-ray photoemission spectroscopy (XPS) (Figure 4.9).
The [Sr/V] composition of the target (see Appendix A.3 and of a single-phase film
(SVO//NGO, deposited at P(Ar)=0mbar) have been measured by ICP-MS and
both gave [Sr/V] =0.95 (as indicated in Figure 4.9a).

Energy Dispersive X-ray spectroscopy (EDX) measurements have been done on
SVO//NGO samples to extract an estimate of the film composition. Experiments
have been performed with an electron energy of 15keV and the Sr-L and V-K
lines. We note that there is some overlapping of the V-K line with the Nd-L one
(coming from the substrate) that may induce a systematic error in the calculated
concentrations, and so we restrict to consider the [Sr/V] ratio trend rather than
their absolute values. In Figure 4.9a above we include data taken on 5 different
regions for each film. It can be appreciated that there is a dispersion of [Sr/V] of
about 8%, which is rather common in EDX analysis. One could also tentatively
infer a slight tendency to enrich the Sr contents of the samples by about 7-9 %
when P(Ar) increases. However, as a phase segregation of Sr3V,0g occurs, at least
at the film surface, the observed increase of [Sr/V] could be simply a result of
the increasingly presence of Sr3V,0g phase, when P(Ar) increases, rather than a
change of the film composition itself.

We had also performed XPS measurements. Samples cannot be measured in-
situ but transferred to the XPS chamber via ambient atmosphere exposure. On
the other hand, it is obvious that samples grown at different conditions cannot
be grown simultaneously. Therefore, when samples are XPS-measured they have
been in contact with atmosphere during an avoidably different amount of time.
Although Ar+ sputtering can be done to clean the surface, it is known that this pro-
cess may result on alterations of the material’s structure, so we prefer here to focus
on fresh non-sputtered samples. In Figure 4.9b we show the relative change of the
[Sr/V] ratio of samples grown at three different P(Ar). Data have been evaluated
from the integration of the XPS data taken in the appropriate spectral regions, after
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removing the baseline by using standard protocol and CasaXPS software. Data have
been collected at normal incidence. Two different sets of lines have been used for
quantization. We first used Sr-3d and V-2p lines to evaluate [Sr/V] using the atomic
sensitivity factors provided the CasaXPS. Results are included in Figure 4.9b (down
green triangles). At first sight the data would suggest a reduction of the Sr/V ratio
of about 6 % when increasing the P(Ar). However, the extremely surface sensitive
character of XPS precludes to strongly support the conclusion above. Indeed, if
instead of the V-2p line one uses the V-3s line, which although having a smaller in-
tensity and thus a relatively larger error bar, has a binding energy smaller and thus
a kinetic escape energy of electrons larger and correspondingly is less sensitive to
surface effects, the [Sr/V] ratio displays the opposite trend as shown in Figure 4.9b
(up red triangles). The [Sr/V] ratio evaluated using the Sr-3d and V-3s lines, in spite
of the larger error bar associated to the weak V-3s signal, suggest that it increases
with P(Ar). This conclusion is in qualitative agreement with that derived from the
EDX data (Figure 4.9a).
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FIGURE 4.9: Dependence of the relative concentration of [Sr/V] as a

function of the P(Ar) used during film growth, deduced from: a) EDX,

and b) XPS analysis. In a) the target composition measured by ICP-MS
, as well as the one of a single-phase film, are also indicated.

In summary, the EDX and XPS data could be interpreted as providing some hint
towards some slight enrichment of [Sr/V] with P(Ar) in the SVO films. However,
as X-ray diffraction and AFM clearly indicate the progressive formation of Sr3V,04
precipitates at the surface, the observed Sr enrichment does not necessarily reflect
an actual Sr enrichment in the SrVO; structure, which could be fully stoichiomet-
ric. It thus follows that the impact of P(Ar) on the actual composition of the film
cannot be derived neither from EDX nor from XPS data.
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4.3.2 About the vanadium valency

In SrVOj4 the valence state of V is expected to be 4+, implying a 3d! occupation and
a metallic character, as observed. The XPS data around the O-1s and V-2p peaks of
films grown at different P(Ar) are shown in Figure 4.10, where we also include for
convenience the XPS data of the optimally oxidized SVO film reported by Lin et al.
[149]. From their multiple peak analysis, they conclude that the V-2p3,, line can be
decomposed into three components (as indicated in Figure 4.10c) having binding
energies of 517.9, 516.2 and 514.5eV which correspond to nominal d® (v5), d!
(V*), and d? (V3*) components, respectively. Their relative intensities vary with
the oxidation state of the sample and the relative weight of final state effects. The
XPS data of our P(Ar) = 0 mbar sample (Figure 4.10a) is very similar to that of the
optimally oxidized sample from Lin et al. although the V-2p3,, line in our case
occurs at 517 eV, probably due to calibration differences. We strength that the films
of Lin et al. were grown and measured in-situ. Therefore, the presence a similar
d° component in our spectrum, accompanying the d! one, shall not be taken as
a signature of over-oxidation but rather as a result of surface reconstruction and
final state effects.

The XPS data of the film grown at P(Ar) = 0.3 mbar (Figure 4.10b) shows an en-
hanced d° contribution that reflects a higher oxidation state at the surface. This is
fully compatible with the experimental observation (X-ray diffraction and AFM) of
the formation of Sr3V,0g4 crystallites at the film surface.

4.4 Transport properties

The room-temperature resistivity p(300 K) of all SVO films as a function of P(Ar)
is depicted in Figure 4.11. It is obvious that by increasing P(Ar) a substantial re-
duction of p(300K), of about 60 %, can be achieved in SVO films on both sub-
strates. Further increase of P(Ar) above 0.1 mbar, produces a subsequent increase
of p(300K). The lowest p(300K) values: 31 uQcm (SVO/NGO) and 38 pQcm
(SVO//LSAT), are similar than those obtained in hybrid-MBE grown SVO films (28
pQ cm [18]) and are smaller than most of PLD grown SVO films of similar thickness
(38 [114],47 [116], and 120 uQ cm [115]).

The temperature-dependence of the resistivity down to 5K was measured and
used to determine the RRR (RRR = p(300K)/p(5K)). In Figure 4.12a we show
p(T)/p(300K) of SVO//LSAT and SVO//NGO films grown at P(Ar) = 0.2 mbar. For
reference, we also include the corresponding data for films grown at the base
pressure P(Ar) = Ombar. It is clear in Figure 4.12a that using a suitable P(Ar),
the p(T)/p(300K) data show a larger slope and correspondingly, not only the
room-temperature resistivity is reduced by using P(Ar) but the residual resistivity
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FIGURE 4.10: XPS V-2p spectra of SVO films grown at: a)
P(Ar)=0mbar, and b) 0.3 mbar. In the panel c) we include the corre-
sponding spectrum of an optimally oxidized film from Lin et al. [149]
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FIGURE 4.11: Room-temperature resistivity p(300K) of SVO films
grown on LSAT and NGO substrates under various P(Ar).

decreases as well. This can be better appreciated in Figure 4.12b where we plot
the RRR for all films. The RRR rises when increasing P(Ar), from about 2 in films
grown at P(Ar) = Ombar, up to RRR = 11.5 in films grown on LSAT at P(Ar) =
0.2 mbar. Further increase of P(Ar) reduces again the RRR. According to data in
Figure 4.12d, films grown at different pressures have thicknesses varying between
=~ 70—30nm. As in this thickness range the film resistivity does not depend signif-
icantly on the thickness (Figure 4.13), their comparison should not be affected by
size effects.

The obtained largest RRR values (= 11.5 and = 7.5, for SVO//LSAT and SVO//NGO,
respectively) are definitely much larger, by roughly a factor five, than earlier
reports of SVO films grown by PLD (RRR = 1.7-2.4 [114-116]) or by pulsed e-beam
deposition (RRR = 1.6 [139, 140]), as summarized in Figure 4.1b.

The carrier density (up triangles) and mobility (down triangles) of SVO//LSAT (up-
per panel) and SVO//NGO films (lower panel) are plotted in Figure 4.14a. One first
notices that SVO films grown on LSAT and NGO at P(Ar) = 0 have a carrier den-
sity n = 2.14 x 10?2 cm ™3 and 2.2 x 10?2 cm™3, respectively. These values are very
close to, although slightly larger, the value expected for stoichiometric SVO with
V4 (3dY) (= 1.76 x 10%2 cm™3). We note that the XPS data of our SVO films grown
at P(Ar) = Ombar are coincident with those reported for MBE in-situ grown op-
timally oxidized SVO films [149] supporting a 3d!-V** valence state (Figure 4.10).
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However formal assignment of the valence state of V to 3d! configuration or oth-
ers (i.e., 3d°, 3d?) is challenged by final state effects [149]. The carrier mobility is
p=2.9cm?V-!s~! for SVO/LSAT and for 3.3 cm? V~!s~! for SVO/NGO. Data in
Figure 4.14a shows that there is a very remarkable increase of carrier mobility and
density when increasing P(Ar) up to = 0.1-0.2mbar and a subsequent decrease
with further increase of P(Ar). Indeed, the carrier mobility is increased by roughly
a factor two, achieving p = 8.3 cm?V~!s7! for n = 2.4 x 10?2 cm~3 (SVO/NGO)
when introducing the nonreactive Ar gas during growth. We notice that mobility
in early PLD-grown films was of ~ 0.8 cm?V~'s™! [116] and = 8—9 cm?V~'s! in
hybrid-MBE films [18, 42].
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FIGURE 4.14: a) Carrier density (up triangles) and carrier mobility
(down triangles) of SVO on LSAT (upper panel) and on NGO (lower
panel) as a function of the deposition argon pressure P(Ar). b) Re-
lationship between carrier mobility and carrier density for SVO films
grown on LSAT and on NGO, grown under different P(Ar) (in mbar,
indicated by the numbers next to the data points). Error bars, mainly
affecting carrier density due to uncertainty in film thickness, are indi-
cated.

Data in Figure 4.14a,b clearly reveal than an increase of carrier concentration goes
in parallel with an enhanced mobility (1 n?, b > 0). The relevance of this obser-
vation is better appreciated by noticing that in doped semiconductors the opposite
behavior is typically observed. Commonly, ¢t decreases with increasing doping due
to the enhanced scattering with dopant atoms. The reverse trend observed here
bears some resemblance with properties of some strained semiconductors, such as
(Ba,Sr)Sn0O; or even n-GaN [150] where a p n? relation with b ~ 1/2 has been re-
ported [106, 107, 151]. It has been argued that this unconventional increase of mo-
bility when increasing carrier density is due to the enhanced screening of defects,
such as dislocations or impurities, by the carriers (n). In a similar scenario, scat-
tering by ionized impurities in degenerate semiconductors leads to p nb/ZizNi
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where (Z;, Nj) are the charge and concentration of ionized impurities [17]. There-
fore, as mentioned above, by using P(Ar) the plume-induced nonstoichiometry is
reduced and consequently, a concomitant enhancement of mobility is expected, as
observed.

4.5 Optical properties

In Figure 4.15a we show the optical transmittance of the bare LSAT substrate
together with that of SVO films, about 50 nm thick, grown using either the base
pressure (P(Ar) = 0) (red line) or an argon pressure P(Ar) = 0.1 mbar (blue line).
It is interesting to note that the films grown under Ar have a slightly larger trans-
parency than those grown at the base pressure. This observation is consistent,
as argued above, with a reduction of light-absorbing point defects in the films
grown under Ar. Moreover, it can be appreciated that the transparency of Ar-grown
films is similar to that reported for films of similar thickness (63 %) (indicated in
Figure 4.15a by a dashed line) grown by hybrid-MBE [18]. The improved optical
transmittance of the films is well visible in the picture shown in Figure 4.15b.
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FIGURE 4.15: a) Optical transmittance of SVO films on LSAT,
about 50nm thick, deposited either at P(Ar)=0mbar (red) or at
P(Ar)=0.1mbar (blue). Transmission spectrum of the pristine LSAT
substrate is also included (black). For reference, the maximal transmit-
tance in the visible range of state-of-the-art SVO films grown on LSAT
by hybrid-MBE [18] is included (dashed line). b) Picture of the three
samples displayed on a background and ordered as in the legend of fig.
a).
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Finally, the plasma energy of the SVO//LSAT film grown at P(Ar) = 0 mbar, can be
roughly estimated from the zero-crossing of the real part of the permittivity, oc-
curring at = 1.2 eV (Figure 4.16). This value is very close to the screened plasma
frequency (= 1.33 eV) reported for hybrid-MBE grown thin films [18] (Figure 4.16).
To obtain the unscreened plasma frequency, necessary to compute the correlation-
enhanced effective mass, a complete analysis of the optical conductivity is re-
quired, which is beyond the scope of this chapter. For hybrid-MBE SVO thin films
[18], having a similar screened plasma frequency and similar conductivity values,
the unscreened plasma energy fiw, was evaluated to be = 2.1 eV; a similar value
should be expected here. Using n =~ 2 x 10?2 cm ™3 this would indicate a correlation-
renormalized effective mass of about m* = 3, consistent with the 3d nature of the
orbitals forming the conduction band of SVO.
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FIGURE 4.16: Real part €; of the optical permittivity obtained by us-

ing spectroscopic ellipsometry measurements on a SVO film deposited

on LSAT at P(Ar)=0mbar. The zero-crossing of €; (obtained by b-

spline interpolation of the experimental data) signals a screened energy

plasma (defined as: E,p*=hc/Ale; = 0)) of about 1.2 eV. These mea-

surements were performed using an Imaging Ellipsometer Nanofilm
EP4 from Accurion GmbH.
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4.6 Conclusions

Overall, the data shown above indicate that the resistivity of SVO films on lattice
matched substrates (LSAT and NGO) is critically determined by the harsh growth
conditions, namely the extremely low pressure required in the growth chamber,
and the concomitant presence of energetic species impinging the film and the sub-
sequent creation of point defects in the latter. We have shown that, to some extent,
increasing the pressure of a nonreactive gas during growth, allows to obtain SVO
films with optimized properties (higher room-temperature electrical conductivity
and carrier mobility). We claim that, as deduced from the structural data informa-
tion, the improvement of the electrical quality factors of the films goes in parallel
with a reduced density of plume-induced nonstoichiometry related defects in the
films and a concomitant reduction of the unit cell volume. We argue that point de-
fects, most likely nonstoichiometric defects, are the bottleneck to obtain optimally
conducting films when growth requirements impose using low-oxygen process in
the growth chamber. The use of a partial pressure of nonreactive gas appears as
a simple way to optimize films properties. This unconventional approach to grow
oxide thin films may pave the way toward the development and integration of tran-
sition metal TCOs in the latest technologies. Although here we have chosen to use
anonreactive gas to modulate the laser plume, other alternative strategies, such as
tuning the laser fluence could be investigated for the search of similar effects.
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Chapter 5

Orbital occupancy and
hybridization in strained SrVQO;
epitaxial films

In this chapter, we study the electronic structure of SrVO3; under different epitaxial
strain by means of XAS/XLD measurements. !

5.1 Introduction

The interplay between orbital, charge and spin degrees of freedom in transition
metal oxides (TMO) is at the heart of the myriad of different properties they display
and it is responsible for their extreme responsivity to external stimuli. Electron
density (n) and conduction bandwidth (W) are the knobs that allow fine tuning
of the relative strength of these degrees of freedom. Early transition metal oxides,
containing 3d" cations, have been much explored due to the possibility of tuning
and monitoring the strength of electron-electron (e-e) correlations by increasing
n or reducing W. For instance, in the 3d? compound V,0;, e-e correlations open
a gap in the 3d-derived conduction band upon cooling or under pressure, and the
material displays a metal-insulator transition (MIT) from a paramagnetic metal
into an antiferromagnetic insulator. Electrical properties of V,05 are thus under-
stood by the presence of a Mott-Hubbard MIT, where correlations are controlled
by electronic bandwidth [152, 153]. However, it has also been observed that at the
MIT, involving a change of symmetry, the hierarchy of electronic orbitals, their
electronic occupation [154] and their bandwidth [155] change. This implies also
changes in hybridization between V 3d and O 2p orbitals and thus the charge
transfer may change significantly, implying that the electron counting at 3d™ is not
preserved and a simple d-orbital Mott-Hubbard description may be insufficient
[156]. Vanadium dioxide VO,, having a single electron at 3d 1 orbital (from the V**

1See measurement description in Section 2.6 of the methodology chapter.
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oxidation state), may, at first sign, appear as a simple example to study e-e correla-
tion effects. In VO,, metallic ions occupy the center of an oxygen octahedral cage of
edge-sharing octahedral chains along the rutile cg-axis. The crystal field partially
breaks the 3d fivefold degeneracy into a low energy f, triplet and an eg doublet at
higher energy. Common electron counting would predict a metallic behavior due
to the partial occupation of the #,g states. In fact, due to the existing orthorhombic
distortion in VO,, the degeneracy of the iy triplet is further broken into an alg
singlet, with orbitals along the axial cg-axis, and a double degenerated e, state
with orbitals in the equatorial plane, giving rise to non-bonding n(alg)nb and
antibonding 7 (eg)* orbitals respectively, which are broad enough to overlap and
give rise to the observed high temperature metallic conduction. However, upon
lowering the temperature, VO, displays a structural change at about Tyt = 340K
that produces a dimerization along the rutile cg-axis. The centric V4" ions of
edge-sharing oxygen octahedral cages move apart and importantly, reinforce the
d — p hybridization, thus pushing upwards the antibonding 7(eg)* orbital. As a
result, the overlap between ﬂ(alg)nb and 7(eg)" is suppressed; the n(alg)nb orbital
becomes fully occupied, giving rise to a MIT. VO, exemplifies the dramatic role
of hybridization on the properties of expectedly simplest 3d"! systems. It is worth
noticing that in the rutile structure, the existence of edge-sharing VO4 octahedra
implies the presence of relatively short V-O distances that may exacerbate frg-lfog
interactions, making the system particularly sensitive to second order Jahn-Teller
distortion, and subsequent charge rearrangement [155, 157]. Not surprisingly, the
orbital filling and the MIT of VO, have been found to be sensitive to epitaxial strain
[158].

The question that emerges is to elucidate the relevance of the octahedra pack-
aging, that is: edge-sharing versus corner-connected octahedral network, on the
sensitivity of metal-oxygen hybridization and orbital filling to strain. In contrast to
the VO, case mentioned above, in the SrVO5; (SVO) and CaVO3; (CVO) perovskites,
the VOg octahedra are corner-connected. The e-e correlations in these 3d' metallic
oxides are presumed to be weaker and the metallic character to be preserved to
the lowest temperatures [128]. Whereas the large Sr2* ion gives rise to a cubic
SVO structure, the Ca?* is too small to fit in its oxygen cage, forcing the tilting and
rotation of the VOg octahedra to reduce the oxygen cage size. As a result, bulk SVO
is cubic while bulk CVO is orthorhombic. Both materials remain metallic to the
lowest temperatures, although the conduction bandwidth and effective masses
slightly increases from SVO to CVO [124, 159]. It is worth to recall that a MIT
has been observed in ultrathin (2-3u.c.) SVO films, and it has been proposed to
be due to confinement-induced reduced bandwidth [118, 160] and the resulting
orbital-selective quantization effects [144]. MIT or charge localization and reduced
dimensionality effects have also been reported to occur in thicker (= 7nm) SVO
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films [116, 140]. The observation of a MIT occurring at higher thickness in CVO
[161, 162] than in SVO could be consistent with the narrower bandwidth of CVO;
although, as discussed by Nekrasov et al. [159], thermodynamic data [124, 163]
signal only a marginal effective electron mass enhancement in Sr;_,Ca,VO5; with
increasing x [162]. Finally, we remark that the existence of strong hybridization
and crystal-field effects that imply charge redistributions are relevant in early
transition metals [164-166], and may change with film thickness, thus challenging
the simplest Mott-Hubbard model description in such cases.

SVO, owing to its simple electronic configuration, its cubic structure and a rel-
atively broad bandwidth responsible for its high electrical conductivity (with
room-temperature resistivity p =30-50uQ cm, see e.g. ref. [18] or Chapter 4), has
been the drosophila for research in correlated systems [145]. Here, we aim to settle
if epitaxial strain acting on SVO films could induce a symmetry breaking of the
frg (Xy, Xz, yz) orbitals of corner-connected VO4z octahedra, modify the 2p-3d
hybridization and promote a charge redistribution within the #>; manifold.

Orbital occupancy can be explored by x-ray absorption spectroscopy (XAS), and
particularly by the x-ray linear dichroism (XLD) at the V L, 3 and O K absorption
edges. As the XAS intensity is proportional to the available empty states (Fermi’s
golden rule), it would allow us to probe the V 3d orbital occupancy as well as
the V-O hybridization. Photons with an energy larger than about 515eV can be
absorbed at V 2p3;2 and V 2py/» core levels and the intensity of the corresponding
absorption lines (L3 and L, respectively) is proportional to the available lowest
energy V 3d final states (i2g and eg). Similarly, XAS absorption at O K-edge occurs
when light is absorbed at O 1s core levels and electrons are excited to the lowest
energy empty O 2p states. Observation of O K-edge absorption is a fingerprint of
the existence of empty states at O 2p and thus of the covalence of the V-O bonds.
The oxygen O K-edge occurs at about 530 eV which is only = 15eV above the V
L,-edge and thus the measured absorption intensity at >530 eV contains a tail of
the V L, absorption [89].

To get access to the subtle differences in the orbital occupancy of g (xy, yz/xz)
or eg (x* — y?, z%) states, one can collect the x-ray absorption spectra (XAS) for
E || ab and for E | c (later shortened as Eq}, and E¢, respectively), where ab and ¢
indicate in-plane and out-of-plane x-ray electric-field E directions, respectively).
The resulting dichroism (XLD = I(E.) — I(E,p)) is therefore a measure of different
empty states at orbitals with different in-plane (xy of fpg; x% - y? of eg) or out-of-
plane (yz/xz of fg; z? of eg) symmetries. This technique has been successfully
used in recent years to determine orbital occupancy within the different subsets of
eg and Ipg orbitals, in several transition metal oxides (Ti [167], V, Mn [80, 168], Fe,
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Co [169], Ni [81, 170, 171], Cu [172, 173], etc.).

Moreover, the O K-edge may also display a remarkable slave dichroism if the
covalently-mixed (py, py, p,) — fa2g (Xy, yz/ xz) orbitals and (px, py, pz) — eg (x%—y?,
z?) orbitals are differently occupied. Indeed, XLD at O K-edge has been used to
unravel electronic reconfigurations in manganite superlattices [174] or the nature
of MIT in VO, [175].

Here, aiming at exploring and disentangling the effects of strain and covalency on
the electronic redistributions in the corner-connected polyhedral network of SVO,
films of different thicknesses have been grown on single crystalline perovskite sub-
strates having different structural mismatch with SVO, to impose different stresses
on the SVO film. The structural and electrical properties of the films have been in-
spected and their conduction band properties explored by XAS and XLD atV Ly 3
and O K-edges. It turns out that epitaxial strain promotes selective occupancy of V
fhg orbitals that, in spite of the relatively weaker strength of the 7* (f24) bonds, also
modulates the electron occupancy of hybridized oxygen 2p orbitals, where hole
occupancy is also affected. Implications of these findings on the understanding of
some relevant properties of metallic oxides are discussed.

5.2 Sample description

SVO films of thickness t of 10, 20, and 70 nm were grown on LAO (compressive
strain; fiao = —1.37%), NGO (tensile strain; fngo = +0.52%), and STO (tensile
strain; fsto = +1.59%). The growth pressure was either P(Ar) =0 mbar (base pres-
sure) or P(Ar) =0.03 mbar.? All film roughness was <4 A (see Appendix D.1).

5.3 Strain-induced tetragonal distortions

Mustrative XRD data for SVO (10nm) films on different substrates are shown in
Figure 5.1a (data for all films are shown in Appendix D.2). Laue fringes in the 626
patterns are well visible, thus assessing the film quality, allowing to confirm the film
thickness and to extract the out-of-plane lattice parameters (c-axis) by simulating
the XRD pattern. From the fitting of 6—20 scans and the analysis of the reciprocal
space maps we deduced the cell parameters (a, ¢) and the tetragonality ratio c/a
(Fig. 5.1b). It is observed that all films, except the 70 nm on LAO, have the in-plane
cell parameters (a-axis) coinciding with those of substrates and thus these films
are coherently strained on the corresponding substrates (Fig. 5.1a and Appendix

2More details on growth in UHV or argon are given in Chapters 3 and 4, respectively.
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FIGURE 5.1: a) Top panel: 6-26 scans of SVO films (10nm,
P(Ar)=0.03mbar) grown on LAO, NGO and STO substrates. The con-
tinuous red lines are the results of the optimal simulation used to ex-
tract the c-axis and film thickness. Bottom panel: corresponding re-
ciprocal space maps measured around the (-103) reflection. The SVO
reflection is circled. b) Experimental c/a ratio for SVO films of various
thicknesses (10, 20 and 70 nm), grown on LAO, NGO and STO, at BP
(the P(Ar)=0.03 mbar series is not shown here for sake of clarity). The
dashed line indicates the expected c/a values for fully strained films
(a=agyp) where c is calculated using Poisson equation (with Poisson
ratio v=0.28). ¢) Measured unit cell volume V, as a function of struc-
tural mismatch f. The dashed line indicates the expected unit cell vol-
ume calculated using the indicated Poisson ratio. Dotted lines in b) and
¢) indicate the expected c/a ratio and V;,¢ of bulk SVO, respectively.
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Fig. D.4). In contrast, the reciprocal space map of the (70 nm thick) SVO//LAO film
reveals the coexistence of fully strained and partially relaxed regions (Fig. D.4).
Figure 5.1b depicts the tetragonality ratio c/a for all films evaluated from the ex-
tracted (a, c) cell parameters. It can be appreciated that the tetragonality increases
from STO to NGO and to LAO. For SVO//STO films, 0.98 < c/a < 0.99 (depending
on thickness) would indicate a tensile stress compared to cubic SVO, whereas the
SVO//LAO films, having 1.025 < c¢/a < 1.035, would be consistent with a compres-
sive stress. SVO//NGO films are marginally tensile stressed (1.004 < c¢/a < 1.006).
Overall, this is the expected structural response of a SVO film to the tensile-to-
compressive film/substrate mismatch variation. We also include in Figure 5.1b
(solid squares, dashed line) the predicted tetragonality ratio of SVO/STO and
SVO//NGO and SVO//LAO films calculated using the reported Poisson ratio for SVO
(v=0.28) [42] to account for the elastic response of the SVO lattice to in-plane epi-
taxial strain (¢). For coherently grown films € = f. It can be appreciated that for all
strained films, the measured c/a values display the expected dependence on epi-
taxial strain. However, the values of ¢/ a are larger than the ones predicted using the
Poisson ratio, which suggests an expansion of the c-axis that cannot be explained
exclusively by an elastic deformation of the lattice. Observation of an anomalous
expansion of out-of-plane c-axis in epitaxial oxide thin films, more noticeable in
films on STO and NGO imposing a tensile strain, is a common finding and typically
attributed to oxygen defects in the lattice, which are predicted to be more abundant
in films under tensile strain [176]. SVO follows this rule. Consistent with the ob-
served partial relaxation of the compressively stressed SVO//LAO, the experimental
c/avalues of the relaxed fraction of the film falls below the extrapolated fully-strain
c/a values. As shown in Figure 5.1c, the measured unit cell volume (V) of SVO
films under tensile strain is larger than that of bulk SVO. There is a clear expansion
of the unit cell with increasing tensile strain (i.e. reducing ¢/ a), which indicates that
point defects incorporation depends on strain, being more pronounced for tensile
strain than for compressive one [176].

5.4 Thickness-dependent transport properties

All SVO films reported here, including the thinnest ones (f=10nm), are
metallic (Figure 5.2a and Appendix D.3) with residual resistivity ratios RRR
(=p(300K)/p(5K)) ranging from 1.4-1.7 for the thinnest films (10 nm) and increas-
ing to 1.6-2.1 for the thicker films (70nm). Therefore, the largest RRR is obtained
in films on the best matching substrate (NGO) (as already shown in Chapter 3). As
shown in Figure 5.2b, the resistivity of the films slightly decreases upon increasing
thickness. In Figure 5.2c we show the carrier density (n) per unit volume (1/ cm?)
(left axis) as extracted from room-temperature Hall measurements. Carrier density
values are in the (1.8-2.6)x10%2 cm™3 range which is within the range of reported
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values for similar SVO films: 2.26x10* cm™ [18] and (2.0-2.3)x10%? cm ™3 [125]. It
is worth noticing that SVO films of similar thickness grown under the same nomi-
nal conditions, on LSAT and NGO, having both substrates similar mismatch, have
also similar carrier concentration (2.14x1
preciated in Figure 5.2c that n increases when increasing the tensile strain. This
observation is in agreement with the observed expansion of the unit cell and the

022

cm™3) (Chapters 3,4). It can be ap-

possible role of non-stoichiometric effects on this remarkable trend.
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FIGURE 5.2: a) Temperature dependence of the resistivity of SVO

(10 nm) films grown on various substrates. b) Dependence of the room-
temperature resistivity of films of 10, 20 and 70 nm grown on substrates
having different lattice mismatch (f) as indicated. c) Carrier concentra-
tion (n) per unit volume of film (cm™3) (left axis) and per unit cell (right
axis). Error bars (shown only for the 10 nm series for the sake of clarity)
are calculated assuming a maximum error of 5% in thickness determi-
nation, and neglecting any possible contribution from the substrate.
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5.5 Exploration of the orbital occupancy by X-ray absorp-
tion spectroscopy (XAS) and X-ray linear dichroism
(XLD) measurements

In Figure 5.3a,b, we show the average XAS of SVO (10 nm and 70 nm) films recorded
at grazing incidence, on LAO, NGO and STO substrates, in the energy range of
510-555eV, where the V L, 3 absorption edge is present and followed by the O
K-edge. The V L3 (=519eV) and V L, (=525.5eV) edges are well visible but the
O K-edge pre-peak has a slight overlap with the V L,-edge and extends to a wide
energy region (530-550eV). The V Lj3-edge is expected to differ for different
valence states of V" ions (e.g. V3*, V4T, Vo), lowering in energy upon reducing
of the valence sate, and its shape is further enriched by the presence of multiplet
fine structure whose contribution largely depends on the local symmetry and
the electron density [177, 178]. The chemical shifts in the XAS L, 3 spectra of
Figure 5.3a,b, are consistent with the V 3d! electronic configuration. Moreover, the
absence of a characteristic splitting occurring at the L, in V 3d? systems [178], the
absence of a distinctive peak at 515eV [179] characteristic of V°* and the overall
agreement of the shape of the XAS spectra with that predicted for SrvO; [135],
confirm that, within the depth probing sensitivity (= 5nm) of XAS in TEY mode,
V4 (3d') is the dominant formal state of the transition metal in our SVO films,
regardless of the thickness or substrate. Moreover, the shape of the XAS spectra is
extremely similar to that reported for isoelectronic CaVOj5 [180].

We now focus our attention to the XAS at O K-edge, associated to transitions
between O 1s and O 2p orbitals, and particularly to the pre-peak doublet maxima
appearing at M (=529.5eV) and M, (=531.5eV) (indicated by arrows in 5.3a,b),
which are known to be sensitive to oxygen contents [182]. The mere observation
of the M; and M, peaks indicates that these transitions indeed occur and thus
empty final states are available at O 2p orbitals. This doublet is a fingerprint for the
hybridization between O 2p and metal 3d-»; and between O 2p and 3d-eg states,
respectively, which is reported to be strong in early transition metals. Correspond-
ingly, the energy difference AM = M, — M) =2eV, is a measure of the so-called
ligand field energy splitting AE = E (eg) — E(lag) (164, 181]. The relative intensity
I(M (t2g))/ 1(M>(eg)) is sensitive to the electronic occupancy at V 3d levels, which
should vary according to the valence state of V** ions and hybridization. We note
that an accurate determination of this ratio is challenged by the presence of the
tail of the vanadium L,-edge; therefore, we will restrict ourselves to a qualitative
analysis. For the f=10nm SVO films of Figure 5.3a, the I(M;)/I(M>) ratio is in
excellent agreement with reference data for VO, oxide (as reproduced in the inset
of Figure 5.3a) [181, 183]. Therefore, the I(M;)/I(M) ratio closely matches that
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FIGURE 5.3: XAS of V L, 3 and O K absorption edges of SVO films grown
on STO, NGO and LAO, and for thicknesses of: a) 10 nm, and b) 70 nm.
The energy ranges of V L, 3 and O K-edges are indicated along the x-
axis. Arrows of M) and M, at O K-edge pre-peak doublet represents the
main absorption lines between O 1s and O 2p states, hybridized with
3d-1p¢ and 3d-eg states. Inset in a): illustrative O K XAS data for differ-
ent VO, oxides (experimental data adapted from Hébert et al. [181]).

reported for an average V d' configuration, without perceptible changes when
changing the substrates. Liberati et al., reporting XAS of CaVO; films grown on
different substrates, obtained similar spectra to those of Figure 5.3a and concluded
that V** (d') oxidation state was prevalent in all films [180]. It is worth noticing
that comparison of the XAS O K spectra recorded at normal and grazing incidence
(Appendix D.4) does not reveal any discernible chemical shift — within the exper-
imental resolution (<10 meV) — suggesting that, within the sensitive penetration
depth, the SVO films are electronically homogeneous.

The O K-edge of the =70nm films on various substrates (Figure 5.3b) shows a
reduction of the I(M;)/I(M>) ratio, indicating that the density of 2p final states
has changed either due to strain-related modification of hybridization and/or a
change of the amount of electrons [180]. Indeed, if the formal charge of V4™ would
reduce to V3*, implying a higher density of electrons mostly at frg levels, then the
available holes at 2p (hybridized with #,¢) would decrease and, correspondingly,
the M; intensity would be reduced. Consistently, the Hall effect data (Figure 5.2c)
signal an increase of carrier density of about 22-25%. A consistent increase of c/a
with thickness is observed for films on LAO and STO, while thickness does not
modify appreciably c¢/a in NGO (Figure 5.1c). As films on all substrates display
a similar modification of the I(M;)/I(M>) ratio, we conclude that carrier density
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seems to contribute to the observed differences in O K XAS with film thickness,
with little impact on the V L, 3 features.

We next aim at addressing if the electron distribution within the 3d(#g, eg)
manifold is affected by substrate mismatch and film thickness. The XAS data in
Figure 5.3a and 5.3b give a first but limited hint. Indeed, the fine structure of the
V L3-edge is related to final states available at fog and eg orbitals. XAS features at
the lower energy side of the L3-edge were assigned to xy and xz/yz orbitals [184].
Recently, Wu et al. [135] used a configuration interaction approach to calculate
XAS for V** in octahedral coordination and noticed that these multiplet-related
features are very sensitive to tetragonal deformations of the coordination VOyg
polyhedra. The shape of L3 in our spectra (Figure 5.3a,b) closely resembles those
calculated for strained SVO films [135]; however, raw V Lz XAS data do not allow to
obtain a deeper insight into electron occupancy and its dependence on substrate.

Therefore, we turn now to exploit the sensitivity of XAS to the polarization direction
of the incoming photons to deduce XLD, and identify the symmetry of occupied
states. As already mentioned in the experimental section, the data were collected
for the light incidence direction k at an angle 8 with the sample surface, with the
electric field vector pointing along two perpendicular directions: V (E | ab) and
H (E || bc), where ab and bc indicate the planes defined by the (a, b, ¢) crystal-
lographic axes of the sample (see Figure 5.4a). In these polarization-dependent
experiments, the spectra were collected at various 6 angles (8°, 30°, 60°, and 85°)
with respect to the film surface (b-axis) from nearly in-plane (8°) to almost normal
incidence (85°). At 8 =0°, the electric field E of H polarized light is perpendicular to
the sample surface, along the c-axis (and E = E.); whereas, at 8 =90°, E is parallel
to it, along the b-axis (E = Ep).

Aetukuri et al. [158] showed that an insight into orbital occupation in V** can be
safely achieved by restricting the XLD analysis to the lowest energy excitonic part of
the V L3 spectra (512-516 eV) range. On the other hand, extraction of V-3d related
XLD values requires appropriate normalization of the raw XAS spectra collected
for H and V polarizations. A partial overlapping between the V L, post-edge
and O K-edge pre-peak is known to be an issue for V L-edge spectroscopy, and
background subtraction is prone to introduce errors in quantitative analyses [178].
We have restricted ourselves to the excitonic region and we have normalized the
spectra to =528 ¢V, just at the L, post-edge to minimize the impact of O K-edge
to the absorption. The spectra were further normalized to the average intensity of
the V L3 peak in order to assess the quantitative data analysis at V Lz XLD peak.
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FIGURE 5.4: a) Experimental arrangement for XAS and XLD measure-
ments. b-c) Illustrative H- and V-polarized XAS spectra (collected at
RT and grazing indence 8 =30°) of 10 and 70 nm SVO//STO film, re-
spectively. Bottom spectra of the panels represent the XLD spectra (i.e.
I(E.) — I(E,,)) for each substrate (STO, NGO and LAO). Some refer-
ence energies, XLD-1 and XLD-2, for maxima of positive and negative
dichroism, respectively, are indicated by vertical dashed lines. d) Sum-
mary of the XLD maxima values of SVO films for various thicknesses
(10, 20, and 70 nm) grown on STO, NGO and LAO substrates.
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In Figure 5.4b we show XAS at the V Ly 3-edges of 10nm thick SVO films grown
on various substrates (STO, NGO, and LAO) recorded at room temperature and
0 =30°, implying that the E of V-polarized spectra is parallel to the sample surface
(Ea, commonly written as E,p,) and the E of H-polarized spectra is almost perpen-
dicular to it (E.) (Figure 5.4a). Notable differences can be observed in the raw V
L3 XAS intensities, but they are better appreciated in the corresponding dichroic
XLD signals shown in the bottom part of Figure 5.4b. Two different energies at V L3
XLD signals are selected for the discussion, indicated by dashed vertical lines and
labeled as XLD-1 and XLD-2, where XLD displays well defined maxima for positive
and negative dichroism. It is apparent that the amplitude of the corresponding
XLD-1 and XLD-2 intensities are largest for the SVO films on STO, but reduces
for the films on NGO and LAO. Data recorded at 2K display a very similar trend
(Appendix D.5). The XLD measurements have been done on the SVO films of 20 nm
and 70 nm thicknesses in a similar manner. For instance, in Figure 5.4c, we show
the data for 70 nm SVO films (data for the 20 nm films data in the Appendix D.6).
It can be appreciated that XLD displays similar features as in the 10nm films
(Figure 5.4b) except the amplitudes at XLD-1 and XLD-2 are reduced with the in-
creasing thickness. Figure 5.4d summarizes the XLD maxima values by displaying
the amplitudes of XLD-1 and XLD-2 for each substrate (STO, NGO, and LAO) with
different thicknesses (10, 20, and 70 nm), both parametrized by the corresponding
c/a tetragonality ratio. Data show two main trends. First, the magnitude of
XLD-1 and XLD-2 decreases from STO to LAO substrates, most noticeable in the
thinnest films. Second, data also evidence than upon increasing film thickness
and reducing the octahedral distortion |1 — ¢/al, XLD progressively lowers, being
the effect more remarkable in the most strained films (§STO//SVO) and weaker in
the partially relaxed films (SVO//LAO). Therefore, data in Figure 5.4d provides an
insight on the impact of substrate and thickness on orbital occupancy in SVO films.

We next focus on the sign of the dichroic signal. To minimize multiplet-
configuration mixing effects [135, 184, 185], we restrict ourselves to the dichroic
signal observed at the lowest energy range. In Figure 5.4d it is apparent that
the dichroic signal at XLD-1 is positive implying that the XAS intensity recorded
with E,p is smaller than the E.. In the simplest electron-hole picture, this would
indicate that xy orbitals are more occupied than xz/yz. Data show that this
orbital polarization is gradually reduced from STO to NGO to LAQ, although XLD
(XLD-1) remains positive for all films (f=10nm). Accordingly, the xy orbitals
are most favorably occupied in all films, irrespectively of c/a>1 or c/a<1. XLD
measurements were recorded at different angles (8°, 30°, 60°, and 85°) for the
thinnest films (10 nm), confirming the systematic variation of the XLD signal with
substrate (Appendix D.7). Figure 5.4d also contains XLD data of the 20nm and
70nm SVO films on different substrates. The same trend as in the thinnest films
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can be observed, with the amplitude of the XLD signal at XLD-1 reducing when
increasing thickness. However, we noticed above that in thicker films the XAS data
at O K-edge and Hall data suggest some V4" reduction to V37, that could signal a
decrease in the oxygen contents in the film, thus changing not only the electronic
distribution within the 3d orbitals but also its density. Therefore, we concentrate
in the following on the data of the thinnest SVO (10 nm) films, where no traces of
charge modification could be identified in XAS at V L, 3 and O K-edges, as the most
robust evidence of changing electron occupancy with substrate-induced stress.
The XLD at XLD-2 feature has its sign reversed (XLD <0), with respect to XLD-1,
and displays a mirror dependence on tetragonality ratio ¢/a and on film thickness.
The presence of XLD features (XLD-1 and XLD-2) of opposite sign differing by
about 2.2 eV is fully consistent with calculations by Wu et al. [135].

As mentioned, electronic occupancy at metal #¢ orbitals should have its finger-
print on the O K-edge XAS and the XLD at O K-edge. Accordingly, XLD data at O
K-edge has been determined as for V L, 3. In Figure 5.5 we show the XAS spectra in
the O K region of 10nm SVO films grown on the different substrates, collected at
the grazing incidence (6 = 30°) with the E; and E,, polarizations as indicated.
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FIGURE 5.5: O K-edge XAS pre-peak of 10 nm SVO films grown on: a)

STO, b) NGO, and c) LAO. A significantly larger dichroism at #¢; peak

for STO than for NGO/LAO and the reverse at eg peak reflect changes of
hybridization with strain.

In order to analyze the XAS data in Figure 5.5 we recall that the M; and M,
peaks correspond to available states at O 2p orbitals hybridized with ligand field
split V 3d states, resulting in 7*(f2g) and o*(eg) orbitals. The intensity of the
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Jt*(tgg) absorption peak is considerably larger than the one of the 0*(eg) peak:
I(7m* (12¢))/ 1(0* (eg)) = 1.25 (Figure 5.6, right axis). This difference originates from
the larger multiplicity of the #»¢ orbitals compared to eg ones (3/2 = 1.5) modulated
by the distinct hybridization of 7* (f2g) and o* (eg) orbitals. It can be also appreci-
ated in Figure 5.5 that the energy difference between AEcg = E(0* (eg)) — E(* (f2g))
is of about 2.0 eV as commonly found for early transition metal oxides [164, 186],
and virtually insensitive to the substrate. Next we focus on the O K XLD signal
defined as the XAS intensity at the corresponding I(r* (f2g)) and I (o* (eg)) maxima
recorded using I(E,p) and I(E;) (XLD = I(E.) — I(Ep)). In Figure 5.6 (left axis) we
show the XLD values for films on various substrates.
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FIGURE 5.6: Left axis: XLD at O K-edge for SVO films (10 nm thick) on

substrates imposing different tetragonality ratios (c/a). Square sym-

bols indicate the XLD at " (fzg) and 0™ (eg) absorption peaks, as indi-
cated. Right axis: I(m* (f2¢))/I(0* (eg)) intensity ratios.

It is clear in Figure 5.6 (and data in Figure 5.5a) that for the tensile strained
SVO//STO film (smallest ¢/ a ratio), the XAS intensity I (7 * (f2g)) is larger for Eyp, than
for E, and accordingly XLD(* (f24)) <0. The observation that XLD (7" (f2g)) <0
indicates a higher concentration of holes at (px + py) orbitals of the (px+ py)-dxy
hybrid. In other words, strain modifies the 7*(f2g) p-d hybridization, driving
charge (for ¢/a<1) from the px + py orbitals towards the metal. An analogous rea-
soning accounts for the observed reduction of XLD (7 * (f2¢)) when increasing c/a.
Similarly, the dependence of XLD(c*(eg)) on c/a also reflects the corresponding
changes of 6* (eg) hybridization.
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These observations can be rationalized on the basis of strain modification of
2p-3d hybridization and subsequent changes in the electron occupancy at 2p-3d
hybridized orbitals. We notice that in an octahedral VOg4 environment, symmetry
arguments dictate that, focusing on the VO, plane of SVO structure, dyy hybridizes
with (px+ py); dx, hybridizes with (px+p,) and dy, hybridizes with (py+ p.),
whereas d,:_,» hybridizes with (px+py) and d, with p,, as illustrated in the
Figure 5.7 (central panel) and Figure 5.7a-b.

a) Tensile Bulk b) Compressive

o' (x*-y (ptpy)y )

o (x-y% (PtPy)y

7' (xz: (p+p,); yZ: (Pyp,)
T (xy: (pytpy))

T (xy: (ptpy))

' (xz: (p,*p,); yz: (P +p,))

FIGURE 5.7: Central panel: Energy-band diagram for SrvVO; thin films.

The hybridized (o, 0*) and (7, 7*) orbitals, and their parentage, are in-

dicated. The symmetry broken hybridized orbitals under the effect of:
a) tensile strain, and b) compressive strain.

Under tensile strain (SVO/STO), dyy orbitals are pushed down as observed by
XLD(V Lp3). Consequently, the hybridized orbital is shifted down (Figure 5.7a)
and the (py, py) orbitals which are hybridized with dyy, are electron-depleted by
charge transfer to the metal. Accordingly, XAS at O K-edge should be larger for
E,, (more holes available) than for E., and thus XLD(r*(#2¢)) should be negative
(<0), as we observed. Similarly, when SVO films are under compressive stress
(SVO//LAO), dy;,y, orbitals are shifted down in energy as observed by XLD(V Ly 3).
Therefore, the hybridization of these orbitals with the corresponding p, orbitals
(Figure 5.7b) implies that the p, orbitals are electron-depleted (hole-rich) and
the correspondingly XLD(c* (eg)) is positive (>0), as we experimentally observed
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(Figure 5.6).

In order to analyze the role of tetragonal distortion on the electronic structure
of SVO, we performed first principles DFT calculations. Of interest here is the
integrated partial density of states (IDOS) associated to oxygen (px, py, p;) and
vanadium 3d (fg, €g) orbitals and to disclose how their relative weight evolve with
cla.

In Figure 5.8a, we show the sum of the integrated density of states IDOS of in-plane
(x% - y2, xy) and out-of-plane (22, xz, yz) orbitals of 3d-eg and 3d- r,g manifolds, as
a function of the tetragonal distortion c/a determined in SVO films on STO, NGO
and LAO (c/a=0.978,1.003, 1.024, respectively). We also include in Figure 5.8a the
data for a cubic SVO of cell parameter a=c=3.86 A, corresponding to the unit cell
parameter of an unstrained cubic SVO film of volume 57.5A3 (Figure 5.1c). IDOS
plots for every individual orbital are included in Appendix D.8. Data in Figure 5.8a
clearly show that in-plane orbitals are stabilized under tensile strain (c/a<1);
the opposite trend is observed for out-of-plane orbitals. This is agreement with
data in Figure 5.4d. The same trend can be appreciated in Figure 5.8b where we
show IDOS of in-plane and out-of-plane 2p orbitals. Therefore, p-d hybridized
in-plane orbitals move in unison under tetragonal cell distortion, and similarly
the out-of-plane hybridized orbitals. However, the relative p/d relative weight in
hybrid orbitals is not preserved when changing c/a, as clearly indicated by data
in Figure 5.8c, where the IDOS ratios (IDOS(p)/IDOS(d)) for in-plane (left) and
out-of-plane (right) orbitals are depicted. This implies a charge redistribution
among V-O bonds under strain. Indeed, the 2p orbitals become progressively
more occupied when increasing c¢/a. Oppositely, for c/a <1, the ratio [IDOS(p, in-
plane)/IDOS(d, in-plane)] lowers compared to its value for c/a=1. This implies
that the in-plane orbitals of 3d character are pushed down compared to the
corresponding hybridized 2p orbitals, which thus have a relatively lower IDOS, as
argued above. Correspondingly, the available states at 2p in-plane orbitals become
larger. This accounts for the observed XLD(r*(f2g)) <0 observed for c/a<1 as
shown in Figure 5.6. A similar reasoning accounts for the observed XLD variation
forc/a>1.
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5.6 Summary and conclusions

In summary, bulk SrVOj; is cubic, but when SVO films are grown on substrates hav-
ing different structural mismatch with SVO, epitaxial growth imposes compressive
or tensile strain on the film structure and its tetragonality ratio can be varied from
c/a>1to c/a<1 depending on the substrate used and the film thickness. XAS at V
L, 3 and O K-edges of the thinnest films (10 nm) display almost identical features
fully consistent with the expected 3d' V** electronic configuration of this oxide.
XLD is well visible at L 3-edges, indicating that the 3d- ¢ orbitals are not degener-
ate but signaling a clear hierarchy of (xy, xz, yz) orbitals that gradually varies with
the epitaxial strain. In films having an in-plane tensile strain (SVO//STO), the in-
plane xy orbitals are preferentially occupied by electrons, gradually levelling out
in films under compressive strain. XAS at O K-edge provides a clear evidence of a
relevant 2p-3d hybridization. XLD at O K-edge indicates that hybrid 7n* orbitals in
epitaxially tensile strained films, having an in-plane symmetry, have a hole-density
that decreases in compressive strained films. The consistent variation of occu-
pancy in 2p and 3d orbitals with strain shows that substrate-induced symmetry
breaking modulates orbital occupancy at the metal site but also the metal-oxygen
hybridization. It follows that charge density at the metal site is not preserved under
strain but redistributes within the hybridized bonds. However, whereas in the case
of edge-shared coordination polyhedral (VO, case) changes of hybridization with
temperature or strain are strong enough to promote a metal-insulator transition,
in the corner-connected octahedral networks, strain slightly modifies the electrical
conductivity but SVO films (at least = 10 nm) remain metallic. Still, the rigid band
image of an electron redistribution restricted within the 3d- ;¢ manifold and dic-
tated by strain does not hold in the simplest 3d! perovskite, with corner-sharing
octahedral network, but hybridization plays a relevant role.
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Chapter 6

Electron-phonon coupling and
electron-phonon scattering in
SrVQO; thin films

In this chapter, we present a thorough analysis of the transport properties of
SrVOj thin films. In particular, we propose a different explanation than the Fermi
liquid theory to account for phenomena such as the effective mass enhancement
(responsible of the material’s transparency).

The work presented in this chapter was published with DOI:
10.1002/advs.202004207 (see also the list of publications).

6.1 Introduction

Strong coulomb interactions characteristic of partially occupied narrow 3d bands
renormalize the properties of charge carriers in Fermi liquids (FL), resulting,
among other effects, in a large increase of their effective mass mg,, with respect
to the effective band mass my, .. Increasing further the carrier density (n) or re-
ducing the conduction band width (W), may eventually give rise to an emerging
insulating state (Mott transition) [187-190].

This framework has been used to rationalize the properties of correlated electronic
systems. The case of transition metal oxide (TMO) perovskites ABOj; (B is a transi-
tion metal) is particularly illustrative. The robustness of the perovskite scaffolding
(a 3D network of octahedrally coordinated BOg polyhedra) allows multiple cation
substitutions at A/B sites that modify the electron filling and B-O bond distances
and angles, achieving in some cases a band-filling and bandwidth-driven Mott
transition [191].


https://doi.org/10.1002/advs.202004207

122 Chapter 6. E-ph coupling and e-ph scattering in SrVOj thin films

The complexity of the problem is schematized in the diagram below (Figure 6.1),
where we take as example a TMO containing one single electron in a 3d' band, e.g.
SrVOs;. In a cubic BOg cage, the single electron of the transition metal M occupies
the (dyy, dy,, dy,) orbitals of 3d-t; parentage. The resulting band (of width
W), being partially occupied (1/6), will host a metallic conductivity (Figure 6.1,
center). Within the FL picture, the carrier effective mass would be renormalized
to mge, which will be larger than m;_ .. Modification of the bond topology and
charge distribution within the #;¢ band, may promote the opening of a Mott gap.
Vanadium 3d! oxides such as (Sr,Ca)VO; or VO, fit in this picture, as recently
overviewed by Brahlek et al. [192]. According to that, the-shifted plasma frequency
(), < (n/ m=)1/2) of (Sr,Ca)VO; can be attributed to a large effective mass m*
arising from e — e correlations (i.e. m* = m;,) (Figure 6.1, bottom). In the same
vein, an abrupt metal insulator transition occurs in VO, upon cooling due to
the opening of a Mott gap (Figure 6.1, top). The properties of these materials
are thus described within a purely electronic model including correlation effects
(Figure 6.1, bottom-top).

Although the success of this approach has been tremendous, some properties
of metallic oxides cannot be described within this framework. For instance it
has been repeatedly reported that the resistivity (p) and the inverse carrier mo-
bility (u‘l) of SrVO3 (SVO) follow a nearly T? temperature dependence [18, 116,
124, 140]. In fact, u(T) = T2 is commonly observed in doped Mott insulators,
such as LaTiO3 or SmTiOj3, but also in doped band insulators (e.g. SrTiO5;_, and
(Gd,La,Nb):SrTiO3, as recently reviewed by Stemmer et al. [193]), some high-T¢
superconductors (HTS), or oxyselenides [194]. It has been emphasized that al-
though u =~ T~2 may be consistent with the picture of e — e scattering in a FL, the
dependence of the amplitude of this scattering term on carrier density sharply
contradicts expectations based on the FL description of interacting electron
systems [193, 195]. Therefore, the whole scenario should be revisited.

In this regard, we suggest that the topology of the Fermi surface (FS) could be an
important ingredient to this picture, previously overlooked. Along the I'-X direc-
tion, only (dxy, dx.) orbitals overlap and therefore the FS consists of a 2D cylin-
der. A similar situation occurs along the orthogonal directions, and thus the FS is
formed by three interpenetrated cylinders (Figure 6.1, right). The relevance of a
quasi-2D FS on the carrier mobility is not minor: in anisotropic metals with quasi-
cylindrical FS branches, e— ph scattering promotes a distinctive ~ T~2 temperature
dependence of the carrier mobility, early described in great detail for Bi [196].

The second feature is that carriers in a 3d' TMO move within an ionic lattice
background. This implies that, even in the presence of screening, the lattice can
be polarized around the moving charge. Carriers, in this scenario (Figure 6.1, left),
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FIGURE 6.1: (Center) Partially occupied fg (dxy, dxs, dy,) orbitals,
(1/6) in the sketch, are responsible for metallic behaviour. Electron-
electron correlations may increase carrier effective mass (mg,) and,
among other consequences, reduce the plasma frequency (bottom il-
lustration) or, eventually, open a Mott gap (top illustration). In cubic
metal-oxide surrounding, the symmetry of the (dyy, dy,, dy,) orbitals
produces a quasi 2D cylindrical Fermi surface (right). Charge carriers
in an ionic lattice are dressed with a lattice polarization cloud (left illus-
tration), enhancing also the effective mass (m_ ph)'
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are dressed with a lattice distortion, that translates into an effective mass (m:_ph)
related to the coupling of electrons to the lattice (e — ph coupling). In view of the
two above-mentioned aspects, SVO is at the crossroad of e — e correlations, e— ph
strong coupling and low dimensional FS (Figure 6.1), whose interplay requires
renewed attention. An important general question is whether the quadratic
temperature dependence of the resistivity is indeed an undisputable fingerprint of
e — e correlations, or if other scenarios should be envisaged.

In this chapter, we aim at revising some of these issues by reporting on electric
transport data (resistivity, magnetoresistance, Hall and Seebeck coefficients) of a
large set of SrVO; (SVO) epitaxial films deposited on suitable substrates and with
different growth conditions, selected on purpose to modify the lattice distortions
and, expectedly, the lattice dynamics.

It will be first shown that all films have u(7T) = T72 and p(T) = AT?, where A is
a proportionality coefficient. These temperature dependences are consistent with
earlier findings [18, 116, 124, 140]. In these references, A was identified as the co-
efficient corresponding to the temperature-dependent e — e scattering rate (Age) in
aFL, ie. A= Aee [197-199]. However, from the analysis of the magnitude of A and
its carrier density dependence, we conclude that the temperature dependence of
w(T), in contrast to earlier views, may not originate from e — e scattering in a FL.
Instead, we show that p(T) can be well described by a polaronic model (Figure 6.1,
left panel), where the relevant phonon energies can be tuned ad-hoc by epitaxial
strain and subsequent lattice distortion. We also show that e — ph scattering in a
cylindrical 2D FS (Figure 6.1, right panel) accounts for the observed u(T) =~ T2, the
temperature-dependent Seebeck coefficient S(7) and the observed magnetoresis-
tance and its Kohler’s scaling. We thus conclude that e — e interactions and e — ph
coupling in 3d! TMOs probably should be taken on an equal footing to account for
the experimental mass renormalization, as found in other oxides [200, 201], and
that the 2D character of the FS should be explicitly considered to build a com-
prehensive view of the carrier transport in these seemingly most simple metallic
oxides.

6.2 Transport properties

6.2.1 Sample description

The SVO films presented in this chapter were already introduced in Chapters 3,5,4.
In short (more specifications will be given when appropriate), those are SVO films
of thickness 10-70 nm, grown on single crystalline STO, LSAT, NGO and LAO sub-
strates, at P(Ar) =0-0.3 mbar or PO, =4x1077-2x107° mbar. All films were grown
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at substrate temperature T =750°C. Depending on the growth conditions and sub-
strates, the tetragonal distortion c¢/a is modulated.

6.2.2 Temperature dependence of the electrical resistivity

Figure 6.2 displays illustrative p(T) data of SVO films. In Figure 6.2a we include
data of films on different substrates, all having a thickness ¢ = 70nm and grown
at P(Ar)=0mbar. The metallic character of all films is clear, and the p(300K) =
85-100 pQ cm for films grown on LSAT, NGO and LAO is similar to state-of-the-art
literature data [18, 112, 114, 116, 140, 202]. The resistivity p(T) of the SVO film on
STO is vertically shifted due to the presence of planar defects associated to the
large tensile mismatch of SVO with the STO substrate (as shown in Chapter 3),
although its slope remains similar to the other films. In Figure 6.2b we show data of
films grown on one of the substrates (NGO), all having same thickness (¢ = 70 nm),
but grown at different Ar pressures. As mentioned, it can be appreciated that
growth pressure has a major effect on p(7) and optimal films are obtained for
P(Ar)=0.2-0.3mbar. In Figure 6.2c, where we show p(T) data of SVO films of
different thicknesses on NGO, it can be appreciated that the resistivity of the films
gradually increases as thickness reduces, as commonly found in SVO [18, 116,
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FIGURE 6.2: Temperature dependence of p(T) of selected series of SVO

samples, plotted vs T (a-c) and vs T2 (d-f). The impact of substrate,

growth conditions and thickness are illustrated in (a,d), (b,e) and (c,d)
respectively.
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140]. The RRR ratio has been determined for all films (reported in Chapters 3-5-4
and recalled in Appendix E.1). It turns out that RRR is as high as = 12 in optimally
grown films, and decreases down to RRR =2 in films grown on poorly matched
substrates and/or too-high or too-low P(Ar). It is worth noticing that RRR =12
are among the highest values ever reported for PLD-grown SVO films (see growth
optimization in Chapter 4).!

All p(T) data in Figure 6.2a-c display a characteristic non-linearity, ubiquitously
found in all reported SVO films [18, 112, 116, 140, 202]. A first insight on the
microscopic origin of the p(T) dependence can be obtained by plotting p(T) vs
T2, as shown in Figure 6.2d-f. It can be observed that p(T) has an almost linear
dependence on T? as commonly found in SVO films. The data can be roughly
described as p(T) = po + AT? and can be fitted to extract (pg, A), as shown in
Figure 6.5 and Appendix Section E.2. This p(T) = T? dependence is commonly
interpreted as the fingerprint of e — e scattering in strongly correlated systems.

In Figure 6.3a, we show the extracted A values for all samples as a func-
tion of the carrier concentration (n) determined from room-temperature
Hall effect measurements. It can be appreciated that A varies within the
~ 3x10719 - 4x1079QcmK2 range when the carrier density varies within
the =~ (3 x 10%1 — 2 x 10%3) cm 3 range (see data in Appendices E.1-E.2). In Fig-
ure 6.3a we also include the A values reported in the literature for Ca;_,Sr,VO5
polycrystalline samples (4.2 x 10719 - 9.1 x 10719 Q cm K2) [124] as well as for SVO
thin films (2.5 x 10719 = 5x 1071°QcmK™2) [18, 116, 140]. The close similarity of
all available data is remarkable. To set in an appropriate context the large variation
in magnitude of A, in Figure 6.3b we show the A values for SVO and related
oxide materials. For that we have selected oxides where the conduction band is
mainly formed by partially occupied 3d-t,¢ orbitals, either intrinsic (SVO case)
or obtained by electron doping of Mott insulators (e.g. Sr:GdTiO3) [203] or band
insulators (La:SrTiO3, Nb:SrTiO5 or SrTiO5_,) [195, 204, 205], as first summarized
by Mikheev et al. [206] and Stemmer et al. [193]. It is remarkable that A can be
varied by about five orders of magnitude when the carrier concentration changes
by about five orders of magnitude; we conclude that A = (1/n) over a very wide
range of carrier concentration, as indicated by the dashed line in Figure 6.3a,b.

The temperature-dependent carrier mobility p(T) (u = 1/(pne)) was determined
from n(T) extracted from Hall effect measurements, and p(7). Illustrative
n(T) and u(T) data are depicted in Figure 6.4a. It can be appreciated that
n(300K) = 2.5 x 10?2 cm™3, reducing slightly (= 12 %) at 5K. The mobility rapidly

ILet’s recall that RRR is used in the following as a label for film quality [18, 42, 111, 202].
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decays with increasing temperature. As shown in Figure 6.4b, u~!(T) = T? which
is similar to p(T), implying that u(T) governs p(T). Therefore, in the following we
indistinctly refer to the quadratic temperature dependence of p(T) or = (T).

a
) T T T T 100

23

-1 80

% o22f
5 {60
g 21| SVOIINGO
AV t~70 nm 140
E’ P(Ar) = 0.2 mbar

20 - 1920

1.9 PR I T SR T S R P Y P Y 0

0 100 200 300
T (K)

U (cm?V's™)

b)

p (nQcm)

40

30

20

10

0.15

SVO//INGO
t~70 nm

P(Ar) = 0.2 mbar |

4 6
T2 (x 10* K?)

FIGURE 6.4: a) Temperature-dependent carrier concentration (left axis)

and mobility (right axis) of an illustrative SVO film (70nm thick, de-

posited on NGO at P(Ar)=0.2mbar). b) Resistivity (left axis) and in-
verse mobility (right axis) vs T2 of the same film.



128 Chapter 6. E-ph coupling and e-ph scattering in SrVOj thin films

A detailed inspection of the data in Figure 6.2d-f reveals, however, that the T?
dependence may only be a first approximation to the actual temperature depen-
dence of p(T). Finer details of p(T) fits can be appreciated in Figure 6.5 where we
show illustrative fits of p(T) to p(T) = pg + AT? on samples having large RRR = 9.6
(Fig. 6.5a) and RRR = 2.1 (Fig. 6.5b). It is obvious in Figure 6.5a,b that p(T) data
show a clear departure from the functional 72 dependence, most noticeable at
T < 180K (dashed vertical line). A similar trend is observed in all measured films,
namely films with larger RRR (> 3) display departure from T2 behavior at T < 180K
(more fits are shown in Appendix E.2). Importantly, the deviation from T2 becomes
lest perceptible in films with lower RRR (Figure 6.5b-e). Including a phonon-like
T° term did not improve fits and did not affect the extracted A parameter. Fits to
other samples, residual fit differences and fits including additional T® terms are
shown in Appendix E.2.

To explore the origin of the departure of p(T) from =~ T2 observed in optimal films
with the largest RRR, we consider that the dynamics of the d' electron, moving
in the narrow 3d-f;g band within an ionic matrix (0?7 /V4/5%) bear some simil-
itude to polaronic motion. Indeed, it has been claimed that polaronic carrier
motion could be of relevance in itinerant-electron systems approaching the lo-
calized edge, including CaVO3; [207], weakly-doped Ln:STO (where Ln is a lan-
thanide), orthorhombic manganites La;_,Ca,MnOj5 [208, 209], La, 7Sty 3MnO3 [210]
and La,;3(Ca;_Sry)q,3Mn0O;z [191], or in doped LaTiO3 and NdTiO3 [211, 212].
Within this framework, the carrier mobility is determined by their coupling to some
low energy phonons. The polaronic resistivity is given by the following expression
[209, 213]:
T)= —h2 ! 6.1

Pl )_p0+ne2a2tpx? ©-1
where £, is the hopping amplitude for polarons, a the cell parameter, n the carrier
density and py is the residual resistivity. 77! is the polaron relaxation rate, which is
dictated by the e— ph coupling to some phonon modes. In the simplest assumption
of polaron coherent motion, in which a single optical phonon mode (fiwy) domi-
nates the polaron relaxation rate, 7~ is given by the expression [209]:

1 Ae_ph @
1 _ _fleph"®0 (6.2)

T_ i 12 [ _wg
sinh (ZkBT)

where A pn encapsulates the e — ph coupling strength and the effective mass of
the dressed electron (m:_ph) and kg is the Boltzmann constant.
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FIGURE 6.5: a,b) Illustrative p(T) data of SVO films on NGO substrates
(70 nm, grown at different P(Ar)) largely differing in RRR, as indicated.
c,d,e) p(T) data of SVO films (10nm, P(Ar)=0mbar) grown on sub-
strates imposing tensile (STO, NGO) or compressive strain (LAO) on
SVO. The dashed red line is the fit to the T2 dependence. Dashed ver-
tical black lines indicate the temperature where noticeable departure
from the quadratic T-dependence is observed. The dashed green line is
the fit to the polaronic model. Insets are zooms of the low temperature

region.

Assuming that Ae_ph in Equation 6.2 is temperature independent, by combining all
parameters, Equation 6.1 can be rewritten as:

*
where Ae_p

h

is given by:

A*_ )
p(T) = po+— phh
sinh? (21:3)%)
A = 7 A
e-ph e-ph

2 27
ne?a‘t,

(6.3)

(6.4)
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In Figure 6.5a,b (dashed green lines), we include the fits of the p(T) data using
Equation 6.3, that allow to extract the phonon frequency wy. We observe that data
are well reproduced in all temperature range (5-300 K), particularly in the low tem-
perature region (< 180K), where the quadratic fit failed. Similar excellent fits have
been obtained for all samples with large RRR (>3-4) (see Appendix E.2). Residual
fit differences are reduced by about 90% compared to T2 fits and similar excellent
fits have been obtained for all samples, and fitted parameters are robustly obtained
irrespectively of fitting procedures (Appendix E.2).

Aiming at exploring changes of the phonon frequency (w) with lattice distortion,
we first concentrate on fully strained films grown on substrates where epitaxial
strain dictates different c/a ratios. One expects that phonons in SVO films are sen-
sitive to tetragonal distortions of the VOg4z octahedra which can be quantified by
the c/a ratio extracted from XRD. In Figure 6.5c-e we show the p(T) data of SVO
(= 10nm, P(Ar)=0mbar) films on STO, NGO and LAO. As observed, the polaronic
model leads to excellent fits. The extracted Aw, values are around 20.6 meV (STO),
12.7meV (NGO) and 10.7 meV (LAO), which indicates a clear softening under com-
pressive distortion of the SVO lattice (from c/a < 1 to ¢/a > 1). Figure 6.6a (dec-
orated sphere symbols) shows the observed 7iwg and its variation with c¢/a. We
also include in Figure 6.6a the phonon energy fiwy extracted from the fits of SVO
films on optimally matched substrates (LSAT, NGO) grown at different pressures
(0-0.3 mbar) and thicknesses (10-70 nm). For completeness, we have also included
(light blue spheres) the fiw data extracted from fits to digitized p(T) data of films
grown by hybrid-MBE (h-MBE) [18, 42], which nicely fall on top of our data (fits are
shown in Appendix E.2c).

In Figure 6.6b (left axis, full spheres), we explore a possible correlation between
the e — ph coupling related A:—ph parameter and the phonon energy fiwy. The data
show that the e— ph coupling strength increases with 7iwg. and we also include data
from literature [18, 42] (light blue spheres) that follow the same Az_ph(hwg) trend.
To get an insight into the possible implications of data in Figure 6.6b, it is conve-
nient to evaluate Ae._p, from A:-ph using Equation 6.4. Arough estimate of Ae_p, can

be obtained using n = 2 x 1022 cm™3, a ~4 A, and tp =0.6 eVZanda typical value of
AZ—ph from Figure 6.6b (=~ 1 x 1072° Qms). It turns out that Ae.ph = 7. In Figure 6.6b
(right axis) we show the A._pn values (empty circles) calculated using the actual n,
the mean cell parameter a = /Vi¢ (Vi is the measured unit cell volume) and the
experimental A:_ph values of all samples. These data provide a transparent view
of the variations of the strength of the e — ph coupling and its dependence on the
phonon frequency. Within the polaronic framework, Ae_pp, is proportional to the ef-
fective mass of phonon-dressed electrons and the data in Figure 6.6b indicate that
it becomes larger when phonons harden.

2We use here the DFT calculated hopping integral for electrons (not polarons) in SVO [214]
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FIGURE 6.6: a) Dependence of the phonon energy (fiwy) extracted from
p(T) using the polaronic model (Equation 6.3) of SVO films as a func-
tion of their tetragonal cell distortion (c/a). Films were grown on NGO
(red spheres), LSAT (blue), STO (green) and LAO (violet), at different
P(Ar) (as indicated by the labels; units are mbar). All films are 70 nm,
except some few as indicated by the additional label in parenthesis. b)
Left axis (full spheres): Dependence of A:_ph on the phonon energy
(Awp). Right axis (empty circles): Electron-phonon coupling param-
eter Aepn calculated from the experimental A:_ph as described in the
text (Equation 6.4). In (a,b) we also include (light blue spheres) the cor-
responding data points extracted from reported resistivity data of SVO
films deposited on LSAT by h-MBE, by Zhang et al. (20 and 45 nm thick)
[18] and by Moyer et al. (50 nm thick) [42]. Errors bars for fit-extracted
wo and AZ-ph in (a,b) are smaller than the symbol size (see Appendix
Tables E.1-E.2).

6.2.3 Temperature and magnetic field dependent magnetoresistance

Ae-ph

In Figure 6.7a, we display the transverse magnetoresistance MR(H) =
[R(H) — R(H = 0)]/R(H = 0) of a representative SVO film (70nm; NGO sub-
strate; P(Ar) =0.2 mbar), recorded at various temperatures. The resistance R(H, T)
is recorded with the magnetic field H perpendicular to the film plane and thus
the current is transverse to H. It can be observed that MR is positive, parabolic

on H and rather small (<2 % at 5K) and decreases with increasing temperature.

MR in a conventional metal is given by MR = (w.7)?> = (uuoH)?, where w. and
T are the cyclotron frequency and scattering time respectively, and p and g are
the mobility and the vacuum permeability, respectively. Therefore, a fit of the
parabolic MR(H) dependence observed in Figure 6.7a allows to determine the
carrier mobility. The mobility extracted from the fits is about u = 30 cm?V~1s™!
at 300K and clearly increasing up to =~ 160 cm?V~'s~! at 5K (inset in Figure 6.7a).
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This increase of mobility values upon cooling is consistent with that observed by
Hall measurements (included also in inset in Figure 6.7a), although p values are
somewhat smaller in the latter, as often observed [215].

On the other hand, as stated by the Kohler’s rule [216], MR(H) data recorded at
different temperatures should be a unique function F(x), with x = [ugH/R(H = 0)].
This scaling is shown in Figure 6.7b were it can be appreciated that data recorded at
all temperatures collapse onto F(x). The Kohler’s rule is expected to hold irrespec-
tively on the carrier nature (e.g. correlated electrons or polarons) and scattering
mechanism [217].

Here it is relevant to emphasize that, in a non-magnetic system, MR is non-zero
only if different carriers participate in the transport, and this has to happen if the
FS is constituted by interpenetrated cylinders as in the present case.
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FIGURE 6.7: a) Magnetoresistance MR = [R(H) — R(H = 0)]/R(H) of
SVO film (70 nm thick; deposited on NGO substrate; P(Ar) =0.2 mbar)
recorded with magnetic field perpendicular to the film surface, at var-
ious temperatures (5, 50, 100, 200 and 300K). Data display a clear
parabolic dependence MR ~ H?. Inset: Carrier mobility extracted
from Hall effect and magnetoresistance measurements as indicated. b)
Kohler plot of MR(H) measured at 5, 50, 100, 200 and 300K, illustrating
the expected collapsing.

Indeed, first principles calculations (DFT) of the electronic structure of bulk SVO
clearly indicate that the Fermi surface has a multiband character and is domi-
nated by the dyy, dy, and dy, orbitals, although a non-vanishing contribution =~
20 % (in terms of the density of states) of the oxygen 2p states is apparent. Each
of these three orbitals forms originally a cylinder along a perpendicular direction
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(Figure 6.8), e.g. dxy orbitals correspond to the cylinder along the k. direction. Cal-
culations were performed for bulk SVO, using the cell parameters of tensely and
compressively strained (10 nm) SVO films. They indicate that the fine details of the
covalent mixing are somehow modified, but the main features are fully preserved.
Combination of three orbitals and the hybridization between the three FS sheets
results in the obtained picture, where the outer sheet has a quasi-2D character and
different carriers contribute to them, which can account for the observed magne-
toresistance.

1% band 2" band 3" pand

P e
FIGURE 6.8: Fermi surface of cubic SVO determined from first princi-

ples. Three sheets of the Fermi surface are shown. The aspect ratio of
the quasi-cylindrical 1% band is 1:2.1.

6.2.4 Seebeck coefficient

In Figure 6.9, we display the temperature dependence of the Seebeck coefficient
S(T) of an illustrative SVO film (70 nm; LSAT; P(Ar) =0.03 mbar; similar data ob-
tained for other samples are shown in methodology chapter Section 2.3.2).

S(T) is negative and increases linearly (in modulus) when increasing temperature,
as expected for band transport of electron carriers in which S(T) is given by [197]:
-k

gE) o0
+ 6Eln[T(E)] (6.5)

E=Eg

S(T) = T
where g(E) is the density of states, n the carrier density and Er the Fermi energy.
7(E) is an energy dependent scattering time, which in general can be written as 7 =
E* where «a is related to the scattering mechanism. Within the simplest parabolic
band approximation, for 7 = E 1 (@ = -1), as deduced from optical measurements
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FIGURE 6.9: Temperature dependence of the Seebeck coefficient S

measured on a SVO film (70 nm thick; deposited on LSAT). Open blue

symbols (data set 1) are data measured when ramping the temperature.

Solid red symbols (data set 2) are data determined in a different tem-

perature run, by setting the temperature before measuring the Seebeck
voltage.

by Makino et al. [123], S(T) reduces to:

212
—nkBT

S(T) = —
(1) 6e EF

(6.6)

The slope dS(T)/dT allows to extract Er and, using the carrier density n deduced
from Hall measurements (n = 2.13 x 10?2 cm™3), the transport effective mass m*
can be determined. From Figure 6.9, dS(T)/dT = -0.0211 pVK_2 and using Equa-
tion 6.6 we obtain Er = 0.58eV and m™* =~ 4.8m, (me is the free electron mass).
ARPES measurements indicate a Fermi energy at about 0.5 eV [218] which is in ex-
cellent agreement with our Seebeck data. Therefore, we conclude that transport
in SVO is ruled by carriers having a large effective mass. Within the scope of the
Brinkman-Rice model [219], m* = 4.8m, would indicate that the system is close to
the metal-insulator transition. More elaborate ab-initio calculations for bulk SVO
including only electronic correlation effects within dynamical mean field theory
also find a significant mass enhancement [220-222]. This scenario has been pro-
posed to account for the observation of a metal-insulator transition in ultrathin
SVO films [116, 118, 140] and in irradiated SVO films [223]. However, as we argue in
the following, the mass enhancement can also be contributed by e — ph coupling,
as the polaronic fits suggest.
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6.3 Discussion

We have first shown that the temperature-dependent p(7T) data of SVO films can
be roughly described either by a quadratic 72 dependence, that we recall is com-
monly taken as a signature of e — e scattering in correlated electronic systems, or by
a polaronic model involving phonon-dressed electrons. However, we have demon-
strated that the quality of fits, performed in a wide temperature range (5-300K),
is significantly improved using a polaronic model. In the following, we carefully
revise these findings.

6.3.1 The quadratic temperature dependence of the resistivity

The quadratic temperature dependence of p(T) in metals is a common observa-
tion [224]. The e — e scattering rate is given by 1/7 = Bee(kp T)?/(hEg), where Bee
is a dimensionless constant of order unity [197]. The electrical resistivity is given
by p = (m/ ne®)(1/t) and, if only the scattering time is temperature dependent, it
follows that p(T) = 1/7 = T?. Accordingly, p(T) = T? can be viewed as a signature
of FL.

For a spherical Fermi surface Er = (h?/2m)(37°n)?’® and therefore, p(T) =
(2m2k§)/(e2h3(3n2)2/3 n®3)T? = n=>3T2? [225]. Mobility data in Figure 6.4a,b as
well as p(T) in Figure 6.2d-f are roughly consistent with this 72 dependence. How-
ever, the A(n) data shown in Figure 6.3a is well described by A = n~! over a large
range of carrier concentration, rather than A =~ n=%/3 (dashed lines in Figure 6.3b).
In the simplest view, A = n~! would imply that 1/7 (and therefore 1/u) would not
depend on carrier density, which is at odds with expectations for a FL. model. As
recently emphasized [193, 206], this discrepancy holds for a large number of oxides
at the verge of a metal-insulator transition. However, it is worth noticing here, that
the expected A = n=%/® dependence for a FL had been observed in other systems,
such as in the semimetallic TiS, [226]. It follows that the observation of p(T) = T?
cannot be assigned univocally to e — e scattering in a FL description, because data
in Figure 6.3a would imply that scattering is independent on carrier density.

The magnitude of the A coefficient in p(T) = AT? signals another discrepancy.
As shown in Figure 6.3a, for our SVO films we obtained A = 1 x 10710 - 1 x
1079 Q cm K2 values, which are similar to those reported by Inoue et al. (4.2 x
107190 cmK™2) [124]. Within the e — e scattering model, as introduced above,
A = Age is given by:

2m? klz3

Aee = 213 (372)2/3 1513 6.7)
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Using as typical parameters (n = 2.13 x 102cm™ and m, =~ 4) one gets:
A=1x 107" QcmK™2, which is almost two orders of magnitude smaller than the
measured values. A two orders of magnitude discrepancy would have also emerged
if Inoue et al. [124] had compared their experimental values to predictions given
by Equation 6.7.

Summarizing, the observation that A = n~!, suggesting that u does not depend on
n, and the severe discrepancy of measured and expected A values questions the
e — e scattering in a FL scenario as the origin of the roughly quadratic temperature
dependence of resistivity. Next, we investigate the role of the e — ph scattering.

6.3.2 Electron-phonon scattering in cylindrical Fermi surfaces

We first notice that the temperature dependence of 1/7 is primarily due to scat-
tering events with phonons. At high temperature, all phonon branches are equally
populated and the phonon number increases linearly with T, therefore 1/t = T
and p(T) = T, as frequently observed.

However, at lower temperature the different phonon occupation of different
phonon branches leads to a more complex situation, which becomes particularly
remarkable for anisotropic Fermi surfaces. Indeed, it was long ago recognized that
e — ph scattering in metals with cylindrical Fermi surfaces (e.g. Bi [196]) leads to
1/T = p(T) = T? in some temperature range. As recently emphasized by Snyder
et al., the topological 2D feature of the FS in some metallic oxides can be at the
originof 1/7 = p(T) = T? [227, 228]. Indeed, a cylindrical Fermi surface of SVO has
been observed by ARPES [127, 218, 229, 230]. The recent observation of a similar
T?-dependent resistivity in Bi,0,Se oxyselenides, where the Fermi surface is an
elongated ellipsoid [231], may point to a common origin.

According to Kukkonen [196], the electrical resistivity of metals with cylindrical
Fermi surface display a genuine T2 temperature dependence in a temperature
region bounded by T;, < T < Ti. The temperature limits T}, and Ty are determined
by the dimensions of the Fermi surface through the relation T}, = 2hivspr/ kg and
Tx = 2hvskp/ kg where pr (respectively kr) is the diameter (respectively the height)
of the cylindrical Fermi surface and vg the sound velocity [196, 232]. In the SVO
case, by approximating the FS to a cylinder, using pr = 0.5(x/a) and kr = (n/a)
as deduced from ARPES experiments [218], which is in excellent agreement with
our calculations (Figure 6.8), and the experimental transverse sound velocity vg =
4000 ms™! [233], we get T, ~ 239K and Ty ~ 478 K. We notice that the estimated
low-temperature limit (= 239K) for p = T2, is somewhat higher than the low
temperature experimental bound for the quadratic 72 term (= 180-200K), below
which a clear departure from T? is observed (Figure 6.5a,c). To what extent
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this discrepancy is related to limitations of the anisotropic scattering model of
Kukkonen [196] (such as the assumption of a single band carriers and absence
of phonon drag), or is linked to the present approximation of a (interpenetrated)
cylindrical Fermi surface for SVO, remains to be solved.

Therefore, one could tentatively conclude that the p(T) =~ T? dependence may re-
sult from the e — ph scattering in the quasi-2D cylindrical Fermi surface charac-
teristic of 3d- g metal oxides. Seebeck and magnetoresistance data would be also
compatible with this picture.

6.3.3 Polaronic transport

Landau first suggested the possibility for lattice distortions to trap electrons by
means of an intrinsic modification of the lattice phonon-field induced by the
electron itself. The resulting e — ph quasiparticle (the polaron) is a coupled e — ph
system in which the polarization generated by the lattice distortions acts back on
the electron, renormalizing its properties, for instance the effective mass.

At low temperature, (small) polarons may display a coherent band-like trans-
port, where the phonon-mediated scattering rules their mobility [234, 235]. As
the phonon number decreases with temperature, the resistivity decreases upon
lowering temperature and small polarons behave as heavy particles with effective
mass m;‘_ph. In this regime, p(T) is given by Equation 6.1-6.4. As shown, data
can be well reproduced by these expressions. As emphasized by Van der Marel
et al. [204], this p(T) dependence is expected to hold for small polarons; but
on the other hand, Devreese et al. [236] also signaled that, even in one of the
most studied polaronic materials (Nb:SrTiOj3), the distinction between small and
large polarons is not that sharp. We will not attempt to dig here into this distinction.

Instead, we note that in recent years, the small polaron scenario has been used
to describe p(T) of heavily doped manganites [209, 237] or doped Mott insulators
LaTiOg [211, 212] and NdTiO3 [212]. We focus now our attention on the relevant
phonon energies (iwy = 5 —25meV = 60 — 290K) extracted from the fits of p(T)
of our films (Figure 6.5) and the observed variation with the tetragonal distortion
c/a (Figure 6.6). Preliminary calculations in SVO (summarized in Appendix E.3)
allow to identify phonons in this energy range that soften when increasing c/a
as observed experimentally (Fig. 6.6a). Phonons within the same energy range
were extracted from p(T) data in manganites [191, 209, 238], LaTiO3 [211], and
Ba;_,K,BiO; [239, 240]. Therefore, we propose that similar phonons may govern
the dynamics of dressed electrons in SVO films.
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The e — ph coupling implies an enhanced effective mass (m;‘_ ph). Therefore,
following Zhao et al. [209], we identify in Equation 6.2, Aepn, = A where
A= [(m:_ph/m;and) —1] [241, 242], and we use A as a measure of e — ph cou-
pling. It follows from data in Figure 6.6b, that 5 < A1 < 10, and accordingly,
6 < m;‘_ph/ my .4 < 11, depending on the tetragonality ratio ¢/a of the SVO films.
Therefore, there is a dramatic enhancement of the electron effective mass via
e — ph dressing. The large m;_ph/ my 4 effective mass derived from the polaronic
fit is consistent with the large effective mass derived above from Seebeck data.
Moreover, we notice that similar values have been reported in nickelate thin films
(m*/m¥,  ~6-7)[243].

Search for direct evidences of e — ph coupling in cuprates was of paramount
relevance in the quest for a microscopic mechanism for e — e pairing. Lanzara
et al. [241] used angle-resolved photoemission spectroscopy (ARPES) to show
that, in some cuprated, electrons experience an abrupt change of its velocity and
scattering rate at some well-defined energy (50-80 meV) that was interpreted as a
fingerprint of e — ph coupling. Interestingly, recent ARPES data in SVO [218, 229],
showed similar features at ~ 60 meV, that were also attributed to the coupling of
electrons with these phonons. In principle, this conclusion would be in agreement
with the polaronic model discussed here, although the significant difference on
the energy of most relevant phonons for dc conductivity and ARPES remains to be

elucidated.

Finally, we mention that we have reported ellipsometric measurements to deduce
the effective mass of carriers in SVO films (Chapter 3), which is in agreement with
earlier reports [123], and obtained m*/m, = 3 —5 (depending on the substrates
and growth conditions). Ellipsometric measurements have also been performed
in some of the films of this chapter, to determine the plasma frequency and
consistent m*/me = 4.1 values have been obtained (shown in Appendix E.4). It
is also enlightening to notice that m*/m,__, values extracted from specific heat
coefficient (y) and magnetic susceptibility (y) data of ceramic SVO samples differ
by about a factor Ry = 1.6 (Wilson ratio), which also suggests that e — ph coupling
to be relevant [124].

To gain some perspective, it may be useful to point out that it has been recently
shown that bosonic modes largely contribute to effective mass renormalization in
SrRuO; oxide. SrRuOj is a metallic and ferromagnetic (< 150K) 4d system (Ru**:
d*: (t3g1, tzlé)) that had been commonly assumed to be a strongly correlated metal-
lic system [244, 245]. However, detailed calculations [246] have lately suggested
correlations to be weaker than expected and ARPES data have provided strong
evidence of e— ph coupling [200]. The fact that in both SrVO3; and SrRuO3, the itin-

erant electrons (3d- tzlg and 4d-(t§’gT, tzlgl), respectively) reside in a quasi-degenerate
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fog band may be instrumental on the enhanced relevance of e — ph coupling.

We end by noticing that it has been recently reported that, beyond the original
Kadowaki-Woods plot, there is a kind of universal link between the Fermi energy
and the prefactor A of the T? resistivity, which persists across various Fermi liquids
[194], that remain to be explained. Our data also nicely fall within this scaling (see
Appendix E.5).

6.4 Conclusions

In summary, we have analysed transport properties of epitaxial SrVOj; thin films,
where V4* ions have a single 3d! electron in a hg orbital triplet. First, we have
shown that p(T) displays roughly a T? dependence (o(T) = po + AT?) which is
in agreement with earlier findings. However, the fit quality is unsatisfactory; the
observed dependence of A(n) is not that expected in a Fermi liquid and the mag-
nitude of the A coefficient differs by two orders of magnitude from expectations
for e — e scattering. This disconformity appears not only in SVO (intrinsic metal)
but, as earlier pointed out, is shared by other conducting oxides (mainly doped
semiconductors). We emphasize that this discrepancy is common to oxides having
alow occupation of narrow 3d- fog bands.

Two different scenarios are considered to account for the available experimental
data. We first note that the Fermi surface of these 3d* (x < 1) oxides is mostly
formed by three interpenetrated cylinders oriented along the three principal axis
and thus the Fermi surface has a 2D character. As argued, the extreme anisotropy
of the Fermi surface has a profound impact on the temperature dependence of the
electron-phonon scattering and a p(T) = T? dependence was predicted in some
temperature range, which is roughly in agreement with observations in SVO. For
a 3d' TMO, the FS includes up to three sheets, implying multiband conduction,
which is consistent with the observed magnetoresistance.

Secondly, a polaronic (or vibronic) scenario has been explored. It has been shown
that, assuming a single phonon mode (fiwg) to be relevant for the e — ph coupling,
p(T) can be excellently fitted in all temperature range (5-300K). It is observed that
the frequency of the relevant phonon can be tuned by the tetragonal distortion
in SVO imposed by epitaxial strain and growth conditions. Moreover, it is found
that iwg and the e — ph coupling strength (1) both systematically increase under a
tensile deformation of the lattice (c¢/a < 1) and subsequently, the polaron effective
mass, also increases.

In summary, the results indicate that e — e scattering in a FL alone does not ac-
count the observed temperature dependence of resistivity, mobility and magne-
toresistance in these transition metal oxides. Instead, other ingredients need to
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be invoked. The cylindrical 2D-like nature of the Fermi surface of SVO and the
e — ph coupling giving rise to a polaronic transport, appear to be necessary ingre-
dients to account for available transport, calorimetric and spectroscopic data. SVO
and presumably other 3d* (x < 1) oxides may share a similar e — ph coupling that
has remained largely unexplored. These findings may have some practical conse-
quences. To mention one, in the search for transparent conducting oxides, where
focus was on correlated systems, the present findings suggest that enhanced e—ph
coupling could be an efficient tool to bring the plasma frequency to the infrared
region.
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Chapter 7

Optical plasmon excitation in
transparent conducting SrVO; and
SrNbQ; thin films

In this chapter, we first address the growth of StNbOj;. In a second time, we explore
the optical properties of STNbO; and SrVOs films. In particular, we study the nature
of the plasmon excitation at the plasma frequency.

7.1 Introduction

Oxide-based photocatalysts for water splitting have been extensively investigated
towards efficient exploitation of sunlight for H, production. Sunlight photoab-
sorption in a semiconductor creates electron-hole (e-h) pairs that can migrate
to the surface of the material, decomposing H,O into H, and O,. Whereas a key
advantage of oxides is their inherent chemical robustness, a major drawback is
that the bandgap of most oxides, most notably the so-called band-insulators (such
as TiO, or BaTiO3), is too large to absorb light. Bandgap engineering by chemical
doping either at cationic or anionic sites of the structure allows increasing the
absorption of visible photons, but typically at the cost of enhancing the e-h recom-
bination rate and thus challenging efficiency. Alternatively, a possible way around
this difficulty is to use light absorption in some metals, such as Au or Ag, which
can excite plasmons that can be used to inject electrons in the conduction band of
an embedded semiconductor and, therefore, can be used for hydrogen evolution
reaction. Whereas the tandem system (metal-semiconductor) photocatalyst has
shown promises of large efficiency, the required noble metal nanostructures
challenges its cost-efficiency.

Recently, it has been reported that strontium-deficient powders of Sr;_ NbOj are
metallic and display a wonderful red color, which was taken as a fingerprint of
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an optical absorption process. It has also been shown that these materials are
able to sustain photo-oxidation without degradation and promote the oxidation of
methylene blue and the oxidation and reduction of water [247, 248]. These results
were intriguing in a number of aspects. For instance, what is the nature of the
relatively narrow photo-absorption process, developing at about 1.9 eV, allegedly
related to the well-defined color? Additionally, on basic grounds, it could be
expected that the free carriers of a metallic system would screen any electric field
thus precluding e-h separation, which is not in agreement with experimental ob-
servations. Addressing the first question, first-principles calculations showed that
about 1.8 eV above the conduction band (CB) of Sr;_,NbOj; there is a large density
of empty states of Nb-4d parentage (labelled band B;). It was then proposed that
the relevant absorption in the visible occurs between the CB and B; [247, 249, 250].

In this respect, Tauc plots of optical absorption in epitaxial SNO thin films [31]
indicated an indirect band gap as well as the existence of a minimum at around
2eV which both suggest an overlapping of absorption bands of different origin
in the visible region. Along these lines, Wan et al. [46] reported a thorough in-
vestigation of the transport and optical properties of StNbOg, 5 films grown on
(001) LaAlO5 (arao =3.791 A; mismatch fiao =-5.77 %) single crystalline substrates,
under different oxygen pressures. On the basis of the observed metallic character
and the large carrier density and mobility of films grown at low enough oxygen
pressures, Wan et al. [46] argued that any electric field inside the SNO film should
vanish, thus leaving open the ultimate reason for the persistence of e-h pairs,
and questioned the assignment of the optical absorption band at 1.8eV to an
interband CB-B; transition. Instead, from optical characterization (UV-visible-NIR
transmission coefficients and spectroscopic ellipsometry data) Wan et al. inferred
the existence of an indirect gap of about 4.1 eV, while from reflectance spectra
they extracted a plasma frequency of iwp = 1.65eV (750 nm). The permittivity
e(w) = &1 (w) +iez(w), the complex refractive index (n,x) and the loss function
LF(w) = -Im[e ()] = [e2 (w)/(s% (w) + E% (w)] were calculated from ellipsometric
data. It was found that the extinction coefficient k(1) increases above 4.1eV
(indicating the bandgap), remains relatively flat in the 2-4.1 eV range and increases
again below 2 eV where the Drude peak develops. Of the highest relevance for the
forthcoming discussion is that the losses displayed a well-defined peak at about
1.8eV (688nm), and that was taken as a fingerprint of a plasmonic resonance
in the SNO film. Wan et al. further elaborated that these intraband plasmon
excitations are responsible for the catalytic activity [251] rather than the interband
CB-B; transition picture. Nonetheless, the nature of these plasmons remains to
be elucidated. Indeed, Wan et al. argued that they should be surface rather than
bulk plasmons [46]. However, as also noted by these authors [252] conventional
surface plasmons in metallic films typically require phase-matching mechanism



7.2. Determination of optimal growth conditions of StTNbOj films 143

to be excited (such as structuring arrays or Otto and Kretschmann configurations).

From a broader perspective, it is important to explore the role of plasmon excita-
tions in other transition metal oxides. Along these lines, a case of interest is that of
SrVO; (SVO), which is also metallic and has a similar cubic perovskite structure. At
variance with SNO, SVO has a narrower conduction band (due to the 3d parentage
of electrons in the conduction band), which increases the effective mass trough
electronic correlations [253] bringing the plasma resonance to lower energy than
in SNO. In fact, it has been shown that in SVO films the plasma frequency deduced
from optical transmission and ellipsometric measurements is below the visible
and thus SVO is fully transparent to visible light (see Chapters 3-4 and [18, 125] for
instance).

In this chapter, we aim at elucidating the nature of the optical excitations observed
inisoelectronic SNO and SVO films. As recognized by Asmara et al. [252] the optical
response of SNO films, including the nature of the plasmon-like excitations, can be
largely affected by growth-associated defects. Consequently, we first address the
growth optimization of SNO films and subsequently we discuss and compare the
plasmon-like resonances of SNO and SVO films. It will be shown that suitably po-
larized light indeed can excite bulk plasmons in unpatterned thin films, without
auxiliary k-matching mechanism. Opportunities for engineering plasmonic reso-
nance in thin films will be highlighted.

7.2 Determination of optimal growth conditions of SrNbQO,
films

7.2.1 Sample preparation

Epitaxial StNbO; (SNO) films have been grown on single crystalline (pseudo)cubic
(001)-oriented LSAT and GdScO; (GSO) substrates; with cell parameters
arsatr=3.868A, and agso=3.967A, respectively. It results a lattice mismatch
f = (asup — asno)/ asqp With bulk cubic SNO (asno =4.023A) of fisar=—4.01%
and fgso=-1.41%, respectively. We have used pulsed laser deposition (PLD)
as deposition technique, varying the growth argon pressure P(Ar) within the 0-
0.3 mbar range, where zero indicates the ultimate base pressure of the chamber
(= 10~%mbar). SNO films properties are extremely sensitive to growth conditions.
For comparison purposes, two series of films have been grown with two different
PLD systems. Series B was grown at ICMAB-CSIC and series D at the Institute of
Materials Science of the Technische Universitdt Darmstadt. Series B (resp. D) was
grown using a laser fluence of about 2Jcm™! (resp. 0.9Jcm™!) and frequency of
5Hz (resp. 4 Hz). Substrate temperature (i.e. 700°C) and target-substrate distance



144 Chapter 7. Optical plasmon excitation in SrVO3 and SrNbOj; thin films

(of 45 mm) were identical in both cases. Right after deposition and still at deposi-
tion temperature, the argon mass flow was turned off and the vacuum pump valve
kept closed, while the valve was kept open in the series D. Finally, in series B, at each
P(Ar), pairs of films on LSAT and GSO were grown simultaneously to minimize
spurious growth differences. At each P(Ar), ad-hoc calibration was performed by
X-ray reflectometry to determine the growth rate. This resulted in films thickness
of around 70 nm. Once the optimal P(Ar) (i.e. 0.08 mbar) was determined, the film
thickness was varied from 18 nm to 140 nm by varying the number of laser pulses
(series B films). Epitaxial SrVO; (SVO) films were grown by PLD at ICMAB. Details
on growth conditions and characterization have been described in Chapter 4 and
their properties will be evoked when appropriate.

7.2.2 Structural characterization and surface morphology

The X-ray diffraction symmetric 6 — 26 scans (Figure 7.1a,c,d) were used to confirm
the (001) texture of all samples, the absence of spurious phases, and to evaluate
the out-of-plane cell parameters (c) (Figure 7.2). It turns out that the c-axis
parameters depend on the P(Ar) used, expanding when reducing the pressure,
and are slightly different due to substrate-induced epitaxial strain. For instance,
at P(Ar)=0.08 mbar, ¢(SNO/GSO)=4.076A and c(SNO//LSAT)=4.058A. The
observed c-axis of SNO//GSO, at this pressure, is close to the value expected due
to epitaxial strain and assuming a Poisson ratio v=0.31 [249]. In contrast the
c(SNO//LSAT) value is smaller than expected, indicating that the film is partially
relaxed due to their larger structural mismatch. Films grown at lower pressure
display expanded c-parameters (= 4.12A), as commonly observed in oxygen
deficient films [254] or with cation off-stoichiometry [30]. Consistently, the rocking
curves width increases from a minimum value of Aw =0.05° at 0.08 mbar to 0.42° at
the lowest pressure (Figure 7.1b).

Reciprocal space maps around asymmetric (103)pc reflections (Figure 7.3) were
used to determine the in-plane cell parameters of the films and to assess the
coherent growth of SNO/GSO and the relaxation of SNO//LSAT. Indeed, the
sharpest diffraction spots are observed for films grown at P(Ar) =0.08 mbar, which
have in-plane cell parameters either coinciding with the substrate (SNO//GSO)
or shifted towards bulk values (SNO//LSAT). All in all, structural data suggest that
SNO films can be optimally grown at around P(Ar)=0.08 mbar, both in series B
and series D.
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FIGURE 7.1: a) 6 — 20 scans of SNO//GSO of series D. b) Corresponding

w-scans (“rocking curves”) of the same series of samples. c) 6 —26 scans

of SNO//GSO of series B. d) 8 — 26 scans of SNO//LSAT of series B. All in

all, one can observe Laue fringes for the optimal argon pressure (i.e.

P(Ar)=0.08 mbar), and also narrowest rocking curves, for any series of
films or substrate.
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Atomic force microscopy images in Figure 7.4 show that the rmsroughness is below
one unit cell (u.c.) for the thinnest films (= 18 nm) increasing up to about 1.5 u.c.
for the thickest ones (= 140 nm).

Lopm
t=18 nm t=140 nm
rms=3.8A rms=5.5A

FIGURE 7.4: Atomic force microscopy images of the surface of two
SNO//LSAT films (18 nm and 140nm thick) deposited at optimal
P(Ar)=0.08 mbar.

7.2.3 Transport properties

In Figure 7.5a we show the temperature dependence of the electrical resistivity of
SNO films (= 65 nm thick) grown at P(Ar) =0.08 mbar on LSAT and GSO substrates
(series B). Both films display a metallic character with a room temperature resistiv-
ity p(300K) of 80 uQ2 cm and 70 uQ2 cm, respectively. The smaller mismatch of SNO
on GSO accounts for the higher conductivity of SNO films on GSO than on LSAT.



148 Chapter 7. Optical plasmon excitation in SrVO3 and SrNbOj; thin films

a) A L Trrrrrrroe Trrrrrroroes T b) L LA R B T T T
80 b Series B E & GSO (series D)
P(Ar) = 0.08 mbar 1 __1000} @ GSO (series B) 1
t~65nm = [ A LSAT (series B) o ]
— O L ]
€ 70L E % 500 r ® L
a SNO/LSAT = e
3 RRR = 1.36 X 200 o
< 60F o ©
Q SNO//GSO S 100k |
RRR=140 % b ]
50 | 3 50 F o® ]
Pl R A AR | AR | A 1 |: -u | S S S I S S SR S SO ST S T | ]
0 100 20 300 0.0 0.1 0.2 0.3
T (K) P(Ar) (mbar)
C) S B | U d) 1.5 L L A L B AL
5F @ GSO (series B) @ 0.08 - b @ GSO (series B)
[ A LSAT (series B) A [ A L SAT (seriesB) ]
: 0.08 14 [ ° ]
- 4 1 L e
() r L ® ]
L 3L ] x 13F .
& °F o [ A ]
e [ @ [ 1
S 2r 0 ] 12 A ]
3 f @40 T g
1F 03 @ 02 @ n [ 1
0 L 1+ v v v ooy P IR TS RS R
1.0 1.5 2.0 0.0 0.1 0.2 0.3
n (x 102 cm) P(Ar) (mbar)
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function of P(Ar).

The dependence of p(300K) on the growth pressure, shown in Figure 7.5b, reflects
the dramatic role of P(Ar) on the conductivity of the films, that holds both for LSAT
and GSO substrates. We include in Figure 7.5b data collected in films of series B and
D to emphasize that an identical dependence of p(300K) on P(Ar) is observed in
films of both series. It is observed that for any substrate, the minimal p(300K) is
obtained at P(Ar) =0.08 mbar, and is slightly smaller in films of series D (50 uQ2 cm)
than in films of series B (70 uQ2 cm), probably due to differences in fluence of the
lasers. Observation of optimal properties for films grown at P(Ar)=0.08 mbar is
fully consistent with the structural data, namely the observation of sharp Laue
fringes and narrowest rocking curves (Figure 7.1), obtained at this pressure. The
residual resistivity ratio (RRR = p(300K)/p(5K)) of the films (Figure 7.5d), which is
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primarily a fingerprint of defects density, and the corresponding carrier scattering,
closely mimics the dependence p(300K) on P(Ar) (Figure 7.5b), and confirms the
optimal pressure for SNO film growth. We notice that p(300K) of our optimal films
is smaller by more than an order of magnitude and have a larger RRR than films in
Wan et al. [46] illustrating the higher quality of our films. Hall measurements indi-
cate that optimal films also have the highest carrier density (n = 1.7 x 10?2 cm™3),
which approaches the nominal one (1 e~ /uc, n = 1.54 x 10?2 cm™~3) and the highest
mobility 4 =~ 5cm?V~1s™! (Figure 7.5¢). It is worth recognizing in Figure 7.5c that
the growth pressure rules carrier density in all films, grown simultaneously on dif-
ferent substrates, whereas p and RRR are typically smaller on films grown on the
substrate with the relatively larger mismatch (LSAT). It is found that when reducing
the film thickness below 40-50 nm, the resistivity of all films increases significantly
(see Figure 7.6).
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FIGURE 7.6: a) p(300K) for various thicknesses of SNO films (series B),

deposited on GSO and LSAT. b) Room-temperature carrier mobility u

vs carrier density n plot of the corresponding samples. c) Residual re-
sistivity ratio (RRR = p(300K)/p(5K)) of the corresponding samples.
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7.3 Optical transmittance

In Figure 7.7a, we show the optical transmittance (unpolarized light) T(A)
of SNO//LSAT films of different thickness, grown at the optimal pressure
(P(Ar)=0.08 mbar). It can be appreciated that T(1) has a broad maximum at
around 400-500 nm and a fast decay at A > 550nm which are in agreement with
early reports [46]. As expected, the overall T (1) decreases when increasing thick-
ness and the decay of T'(A1 > 550nm) becomes more apparent when increasing film
thickness. This is consistent with previous results, which show an important ab-
sorption at A = 700nm, leaving a minimum in reflectance at A =~ 600nm [46].
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FIGURE 7.7: UV-vis-NIR transmittance data of: a) SNO films with thick-
nesses ranging from 18 nm to 140 nm, and b) SVO film of 50 nm. Bot-
tom graphs represent Tauc plots of: ¢) 45nm SNO film and, d) 50nm
SVO film, plotted for direct (left axis) and indirect (right axis) optical
transitions. Dashed lines indicate a linear extrapolation of data at ap-

propriate energy range.
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The Tauc plot ((ahv)Y'?2 vs hv) of the of 45nm SNO film is shown In Figure 7.7c.
Assuming an indirect absorption (right axis), a bandgap of about 4.5eV can be
estimated (dashed line), which is in agreement with earlier estimates [31, 46].
We note that the presence of a dip at about 2.9eV (427 nm), coinciding with the
maximum of transmittance in Figure 7.7a, reflects the probable coexistence of
different absorbing bands in the UV-visible region, as already noticed by Oka et al.
[31]. It is also worth mentioning that DFT calculations by Paul et al. [255] predicted
similar absorbance and indirect bandgap (= 4.5 eV) (Appendix E1).

At this point it is enlightening to show the corresponding data for a metallic SVO
film (p(300K) = 40puQcm) of similar thickness (= 50nm) grown under optimal
(T, P(Ar)) conditions (as determined in Chapter 4). As shown in Figure 7.7b,
the SVO film shows a flat large transmittance in the visible and thus it is a col-
orless transparent conductor. Instead, there is a dramatic drop of transmittance
developing at = 450nm (2.7 eV), that DFT calculations associate to (allowed)
transitions between the O 2p valence band and the empty V 3d-1,; states [18].
The corresponding Tauc plot (Figure 7.7d) provides an additional estimate of this
energy gap. Of more relevance here is that the transmissivity is essentially constant
up to about 900 nm (= 1.38 eV) suggesting a full reflectivity at low energy and thus
a plasma frequency at about 1.38 €V, i.e. in the NIR.

7.4 Plasma frequency and loss function

A deeper insight into the optical properties of these films can be obtained by
ellipsometry, allowing to extract the complex permittivity e(w) = €;(w) + i€z (w)
and the optical losses LF(w) = —Imle N (w)] = [e2(w)/ (8% (w) + E% (w)]. In Figure 7.8a
below, we show the (& (w), €2(w)) data of a SNO//LSAT film (70 nm) grown at opti-
mal argon pressure. Data for SNO//GSO films of the same thickness are virtually
identical (Appendix E2). It can be appreciated that € (w) = 0 at about 1.9 eV, thus
signaling a plasma energy hw,(SNO) = 1.9 eV, which is consistent with the T'(1)
data in Figure 7.7a.

In Figure 7.8b, where we plot (&;(w), £2(w)) for SVO//LSAT, it can be readily ap-
preciated that the plasma frequency of SVO occurs at significantly smaller energy
hwp(SVO) = 1.3 eV, and thus SVO is fully transparent in the visible range. In the
simplest Drude model, the plasma frequency is given by fiw, = hiey/n/(m*€oe,)),
where e is the elementary charge, (¢, ;) are the vacuum and relative permittivity
of the material, respectively, and m™ its electronic effective mass. Therefore, as the
carrier density in both systems are very similar (1.7 x 10?2 cm™3 for SNO, as shown
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in Figure 7.5¢, and 2.1 x 1022 cm™3 for SVO, see Chapter 4), it follows that the effec-
tive mass for free carriers is smaller in SNO than in SVO (m*(SNO) < m* (SVO)).
This observation is consistent with the larger size of the 4d orbitals compared to
the 3d ones, that weakens electron-electron correlations and electron-phonon
coupling (as explored in Chapter 6) and thus reduces m* of SNO with respect
to SVO. Oka et al. [31] inferred a similar conclusion from their analysis of the
temperature dependence of the conductivity.

Having established that SNO and SVO both display a well-defined &; (wp) = 0 cross-
ing, which signals the plasma frequency, we turn now to the corresponding optical
losses. In Figure 7.8c-d, we depict the corresponding LF (w) = —Im[e ! (w)] calcu-
lated from (&7 (w), €2(w)) data. It can be observed that LF(w), for both SNO and
SVO, displays a pronounced peak (LFpyax) occurring at energies (E(LFmayx)) close
to the corresponding plasma frequency, suggesting that losses are attributable to
plasmon excitations. A more detailed inspection of data in Figure 7.8 reveals that
the plasma energy determined from &; = 0 crossing (1.93 eV) is slightly shifted
from the maximum of the loss function (1.96 eV). Similarly, for SVO, the corre-
sponding values are 1.30 and 1.32 eV, respectively. This red shift (= 0.02-0.03 eV) is
a signature of the damping (scattering time 7) of free carriers in the metal, and thus

it can be used to estimate 7. It turns out that: A/7 = \/ (E(LFmax))? — (hwp (g1 = 0))?

[23, 252]. Therefore, we estimate T ~ 1.93 x 10715 for SNO. The damping of
plasmons, so-called dephasing time T», is manifested in the full width at half
maximum (I') of the resonant LFy.x peak. More specifically, T, = 2h/t with
T, = 21’ [256], leading to 7’ = hi/T. A fit of a Lorentzian function to the LF(hwp)
data of Figure 7.8c gives I = 0.38 eV, corresponding to 7 =~ 1.73 x 10755 for SNO.
This dephasing time value is in good agreement with the previous evaluation
(r =~ 1), suggesting electron scattering as the primary cause of plasmon damping.
Available data does not allow to gain further insight into the microscopic nature of
plasmon damping mechanisms. However, it turns out that the electron scattering
time of SNO, deduced from the measured conductivity and the carrier density is
within a similar 7 range (= 1.4 x 1071° — 4.6 x 1071%s), depending on the actual
effective mass used for calculations (either m* = 1.5myg, as deduced from the
corresponding plasma frequency, or m* = 0.46m, from Seebeck coefficient or DFT
[257, 258]). A similar agreement has been reported in Au [259].

For SVO films, the redshift of LF (= 0.02 eV) and the width of LF (hwp) (I' = 0.36 eV),
leading to 2.86 x 107'°s and 1.83 x 1071, respectively, which are obviously very
close to each other and similar to SNO. The scattering rate deduced from trans-
port measurements, and using the effective mass either from our ellipsometric
measurements (m* =~ 4.28my) or other literature-reported values (m* ~ 3myg [123,
124, 163]) is equal to Tee = 6.70 x 1071° —9.56 x 1071°s, roughly coincident with
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previously extracted values as well as the SNO values.

At this point, a comment on the validity of the Drude model connecting the plasma
frequency to electron effective mass is required. The commonly used expressions
are valid for simple parabolic electronic bands and allow comparison between
data reported by different authors on related materials [18, 46, 123, 125, 163, 252,
257, 258, 260]. However, in I’ldl-l'zg (n=1,2) metals such as SVO and SNO, the
conduction bands (mainly xy, xz and yz) have different dispersion and thus
reducing the effective mass to a single value should only be taken as a working
approximation.

The observation of a strong peak in the bulk energy LF (BELF) function is related
to the excitation of a bulk plasmon in the films, associated with the zero-crossing
of the real part of the permittivity at the bulk plasma frequency. In general, longi-
tudinal bulk plasmons cannot be excited by light because the latter are transversal
waves. However, as earlier stressed by Abeles [261], at optical frequencies it is
possible to excite plasmons by p-polarized light of proper frequency at oblique
incidence. This observation is crucial to assign the peak observed in the loss
function, which we discuss next.

hwp(er =0) LFpax T T 7/ m* Tee

(eV) ev) (ev) ((s) (fs) (xmyg kg) (fs)
SrNbO, 1.93 1.96 038 193 1.73 0.46-1.56 1.35—4.63
SrVO;, 1.31 1.33 0.36 2.86 1.83 3-4.28 6.70 —9.56

TABLE 7.1: Summary of calculations of the scattering rate in SNO and

SVO films. The effective mass m* was either taken from SNO [257,

258] and SVO [123, 124, 163] references, or from the our ellipsometry

data (together with dc transport data). The relative permittivity value

(er = 4) used to calculate the m* from ellipsometric data was taken

from Makino et al. [123] and is estimated to be nearly identical for SVO
and SNO.!

1 Following Markino et al. [123] , the permittivity of the conduction electrons, ¢, is evaluated from
the real part of the dielectric function €] (w) at the energy were interband transitions first appear.
From out Tauc plots of SNO, we deduced a band gap of about 4.5 eV and the corresponding €] (w) = 4
that we take as a proxy for ;.
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7.5 Transmittance of (s, p) polarized light

To disentangle the origin of the observed plasmonic-like response we recall that
when p-polarized light (Ep) is impinging the film surface at a certain angle 6 mea-
sured with respect to the normal direction (that we take as the z-axis), its electric
field has components both parallel (Ey) and perpendicular (E) to the film surface
(Figure 7.9). The E, component can promote collective excitations of the electron
gas in the film, which will oscillate along the z-axis with a characteristic plasmonic
frequency wp. The coupling between light and bulk plasmons is mediated by dis-
continuities between two media, which give rise to surface charge densities [262].
These can be described by a gradient of the electron density n, which leads to a
force (= dn/dz) that pushes the metal electrons along the z-direction, producing
longitudinal density oscillations. The excitation of such volume plasmon should
cause a minimum at the transmittance of p-polarized light (T},), which should re-
main unobserved in the transmittance of s-polarized light (7). Therefore, the ob-
servation of a dip in the T, spectrum and the absence of any such feature in the T
spectrum would be the fingerprint of the excitation of the volume plasmon indi-
cated by the BELF function [262]. In fact, this simple model had been used to de-
scribe plasmonic resonances in metallic thin films [263-266], as reviewed in Stein-
mann [267] and Oates et al. [20]. A distinctive fingerprint is that plasmonic oscilla-
tions can be excited by p-polarized light but not by s-polarized light; consequently,
a dip in transmittance T, should occur at resonance (w = wp) but not in T, as for
s-polarization the normal component E is absent.

Thickness (t)

CRORCRCRCRORORORCRORORS)

FIGURE 7.9: Sketch of the optical configuration for bulk plasmon exci-

tation in thin films. A p-polarized light (Ep) impinging the film at an

incidence angle 6, and its components perpendicular to the film (E;)
and parallel to the film surface (Ey) are indicated.
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In the search for such difference, two different approaches were undertaken. First,
ellipsometric data of SNO//GSO, SNO//LSAT and SVO//LSAT were used to evalu-
ate (n,«), from which the transmission coefficients (T, and Ts) were calculated,
and second polarization-dependent transmission experiments were performed at
oblique angle of incidence. In the first strand, data extraction involves measur-
ing the ellipsometric angles of the film/substrate sample and those of the sub-
strate (Appendices E2-E5). With these inputs, WinElli software has been used to
model the film/substrate bilayer system, and determine (T}, T) of the films. In
Figure 7.10a we show the (T}, Ts) data of a SNO film (65nm thick; SNO//LSAT).
It is obvious that T}, displays a well pronounced dip at about 2 eV, which closely
matches with the plasma energy of Figure 7.8. Importantly, whereas T}, displays
a minimum at some energy, no feature can be observed in T. It is worth noticing
that similar data analysis performed on ellipsometric data of SNO//LAO films, as re-
ported by Wan et al. [46] display an identical response (Figure 7.10c). Therefore, we
conclude that (Ty, Ts) data in SNO films provide a robust demonstration of its bulk
plasmon origin. Evaluation of (T}, Ts) from available ellipsometric data and possi-
ble observation of a similar T, minimum in SVO films is challenging as its plasma
frequency is (= 1.3 eV) close to the lower-energy limit of the used ellipsometer. In
Figure 7.10c, we show that the (T, Ts) data evaluated from the extracted (n, x) of
a SVO//LSAT film display a subtle minimum in T},, which is also consistent with
its plasmonic nature. In Figure 7.10d we include (T}, Ts) of a SVO//LSAT film cal-
culated from the scanned (¢, €2) data reported by Zhang et al. [18] over a bigger
energy range. It is rewarding to observe a similar emerging dip in Ty, also in this
SVO film. Disclosing a dip in T, but not in Ty in both SVO and SNO films using data
taken from different samples and ellipsometric measurements assesses the robust-
ness of the present conclusions. Polarization dependent transmittance data were
collected for p- and s-light (Appendix E3). Its difference T, — T is shown in Fig-
ure 7.10e,f. In both bilayers, the presence of a dip in T, — Ts can be well appreciated.
Moreover, the dips occur at energies that closely match the corresponding minima
calculated from the ellipsometric data (Figure 7.10a-d). These experimental obser-
vations provide a strong experimental confirmation of the reduced transmissivity
for p-light at the plasma frequency. In summary, oblique p-light incidence pro-
motes bulk plasmonic excitations at epsilon-near-zero (ENZ) condition, in both
SNO and SVO metallic films. Fingerprints of plasmonic excitations should also oc-
cur in reflectivity measurements, leading to distinct reflectivity for p- and s-light
(Rp, Rs). However, it is known [268, 269] that their observation is challenged by the
proximity of the Brewster angle, that largely dominates Ry, (Appendix E4).
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FIGURE 7.10: Simulated (T, T) data (at angle of incidence of 65°) from
the measured optical constants of different SNO and SVO films: a)
SNO//LSAT film (65 nm thick) from this work. b) SVO//LSAT film (65 nm
thick) from this work. ¢) SNO//LAO film (130 nm thick) from Wan et
al. [46]. d) SVO//LSAT (45 nm thick) from Zhang et al. [18]. Measured
(Tp — Ts) spectra (at angle of incidence of 30°) of: ) SNO/LSAT film

(45 nm thick), and f) SVO//LSAT film (50 nm thick).
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7.6 Conclusions

Aiming at elucidating the nature of the optical response at visible wavelengths and
particularly the nature of the epsilon-near-zero (ENZ) resonance in transparent
metallic oxide thin films, we have reported here on the optimization of PLD-grown
epitaxial STINbO; thin films. It turns out that structural lattice mismatch with
substrates plays a major role. Films deposited on optimally lattice-matching
substrates (in this case, GdScO3) always display higher conductivity and residual
resistivity ratio than films grown simultaneously on other substrates (in this
case, LSAT). In any event, there is a narrow (argon) pressure window required for
optimal room-temperature conductivity. The earlier report on the observation of a
related growth window in SrVO; suggests that the atmosphere during growth may
be pivotal to reducing defects and improving stoichiometry.

SNO films are found to be transparent at the UV-visible with a noticeable absorp-
tion edge at A = 550 nm that reduces the film IR-transparency when the thickness
increases and probably account for the red color observed in bulk SNO materials.
Spectroscopic ellipsometric measurements have shown that optical losses LF(w)
display a pronounced maximum LFy,x at frequencies close to where the ENZ
(€1 = 0) condition is fulfilled (w = wy), thus suggesting that volume plasmons are
excited by optical light at wp, (about 2 eV). More precisely, it is observed that LFnax
is red shifted with respect to w,(e1 = 0) as expected from the presence of damping
in carrier motion. It is found that the estimates of damping time obtained from
the mentioned red shift of optical losses, the width of the plasmonic resonance
and the transport measurements, are relatively close. A similar set of consistent
data has been obtained for SVO, where a smaller w,, (= 1.3 eV) is observed. Being
SNO and SVO isoelectronic and having a similar carrier density, the difference in
wy is attributed to the narrower character of the 3d bands in SVO compared to the
4d bands in SNO. However, the most decisive new information is provided by the
observation of a dip in the transmission coefficient of the SNO and SVO films, at
w = wp. The fact that these dips are only observed for p-light but not for s-light
is the strongest evidence of the plasmonic nature of the absorption losses at wy,.
At variance with earlier suggestions, bulk plasmons in SNO and SVO are found to
be excited by optical light at oblique incidence, in continuous (unpatterned) thin
films and without using any phase-matching optical tool. Transparent and metal-
lic transition metal oxides films based on 4d cations, such as SrtMoQOj3, which have
recently be grown with excellent conductivity (about 20 uQ2 cm) and optical trans-
parency [39, 270], and received attention for plasmonic applications [47, 260], may
display similar bulk plasmon excitations. From a broader perspective, the results
presented here suggest that charge discontinuities at boundaries, and subsequent
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charge gradients, are the underlying mechanism that allows to couple light to vol-
ume plasmons. This observation offers the interesting perspective of using inten-
tionally interface engineering to display novel plasmon functionalities in complex
heterostructures. This may include for instance, deliberately designed charge gra-
dients - e.g., by grading the doping profile on an atomic scale at the interface, as
done by Yamada et al. [271] - to engineer the coupling of light to volume plasmons.
Otherwise fine tuning of plasmon resonance should rely on the dynamics of the
electron system. The systematic shift of plasma resonance when expanding the
bandwidth from SVO to SNO appears to open a promising route.
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Chapter 8

Photoresponse in all-oxide
heterostructures

----------
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FIGURE 8.1: Illustration of an all-oxide heterostructure such as those
designed in this work. The incorporation of each layer in such het-
erostructure is eased by their common perovskite crystalline structure.

In this chapter, we aim at studying the photoresponse of all-oxide all-perovskite
heterostructures (as schematized in Figure 8.1). Perovskite materials possess many
advantages for photovoltaics: low band gap, high power conversion efficiency
(PCE), low cost of production, etc. In about one decade only, perovskite solar cells
(PSCs) have exhibited the fastest growth in term of efficiency. To date, lead halide
PSC have reached a record of efficiency of up to 25.5 %, which is comparable to the
state-of-the-art for single-junction architectures, including crystalline Si-based
solar cells (the ones dominating the market).! Oxide-based perovskite thin films

Ihttps://www.nrel.gov/pv/cell-efficiency.html (Last accessed on April 15th 2021)
https://en.wikipedia.org/wiki/Solar_cell_efficiency (Last accessed on April 15t 2021)
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with ABOj structure, with A a rare-earth element and B a transition metal, have
reached more modest efficiencies, but yet competing with the state-of-the-art
materials [272]. For instance, a PCE of 3.3% was reported in single layers of
multiferroic Bi,FeCrOg and bandgap graded oxide multilayers (using a trilayer of
Bi,FeCrOg with different bandgaps) have shown the most promising results with
efficiency of 8.1 % [273].

While band insulator perovskite crystals (e.g. SrTiO5, BaTiOs, etc.) usually show
low photovoltaic potential due to their wide optical band gap (Fig. 8.2a), some
other transition metal oxides show more interesting properties thanks to the
peculiar nature of their band gap. For instance, Mott insulators or charge-transfer
(CT) insulators usually have lower band gap. This is due to the nature of their
valence and conduction bands. Mott and CT insulators are two types of materials
predicted to be conductors by the conventional band theory, which only considers
a partially filled degenerate d band, originating from the transition metal at the
B-site. However, in perovskite oxide, the anisotropic crystal field splitting induced
by octahedral cage oxygen cage, together with some eventual additional symmetry
lowering effects (such as octahedral rotations, Jahn-Teller distortions, etc.) break
the symmetry of the d orbitals and may lead to an insulating state of the material.
By taking these effects into account, as well as the electronic correlations, the
Hubbard model offers a more complete picture than the conventional band
theory. In Figure 8.2a, we show the band structure of both Mott insulators and C-T
insulators. According to the Hubbard model, one can define the electron-electron
interaction U, which is responsible for the opening of a Mott-Hubbard band gap
inside the d band, and the electron transfer energy A between the O 2p and the
metal d bands. In a Mott insulator U < A, while in a CT insulator U > A [187].

In this work, we have selected two insulating nonpolar (centrosymmetric) oxides
as photoabsorbing layer:

* LaVOj, (IVO) is a Mott insulator with a 3d? electronic configuration, and a
band gap Eg = 1.1 eV [274].
LVO is a promising material for photovoltaics due to its optimal band gap for
visible light absorption. In fact, it has shown to have similar absorption than
c-Si, CdTe, etc. [275, 276], and multilayer devices synthesized by hybrid-MBE
or PLD have shown some promising photoresponse [275, 277].

e LaFeO, (LFO) is a CT insulator with high-spin 3d° (tggT, e?) electronic con-
figuration, and a band gap Eg = 2.2 eV [274, 278, 279].
LFO has a higher band gap than IVO but that still allows absorption of visible
light. It has actually shown some interesting photoresponse in multilayers
[77,280, 281].
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In Figure 8.2b, the band gap values of the materials studied in this work, together
with some other promising oxides for photovolatics, are given (figure adapted from
[282]).

In Section 8.1, we have first determined the PLD growth window of LaVO; and
LaFeOj; thin films as single layers. For this purpose, we have used XRD tools to
characterize their cristallinity and AFM to ensure that the films were flat enough
for their integration in a multilayer device. In the case of LVO, the electrical resistiv-
ity was also used to judge on the film quality. Once the optimal growth conditions
were found, the optical properties (namely optical band gap, optical absorption...)
were studied.

In Section 8.2, we have designed and characterized multilayer devices based on the
previously optimized photoabsorbing materials (LVO and LFO). We have chosen
the simple metal-insulator-metal (MIM) device architecture, where the photoab-
sorbing layer is "sandwiched" between two electrodes. The top electrode (TE) was
either one of the TCO materials studied in this thesis or (semi-transparent) Pt, for
sake of comparison. The bottom electrode (BE) was either a metallic oxide or also
aTCO. The choice of materials combination for a given heterostructure was mainly
based on their compatibility of PLD growth conditions (substrate temperature, na-
ture of the gas in the chamber). For instance, IVO and SVO show excellent com-
patibility in term of grow conditions, as they both need to be grown in a highly re-
ducing atmosphere, incompatible with many other oxides. On the other hand, LFO
is grown in a O, background atmosphere so it was decided to use La,;3Sr;;3MnO3
(LSMO) as bottom electrode and Bag g5Lag 55103 (BLSO), another promising TCO,
as top electrode. The properties of BLSO single layers are reported in Appendix C.
There, it is shown that BLSO, by its nature of doped wide band gap semiconductor,
offers high optical transparency at the visible and high electrical conductivity (one
order of magnitude smaller than in intrinsic TCO such as SVO or SNO though). In-
terestingly, metallic and transparent SVO was also successfully incorporated as top
electrode on LFO (despite its the different growth conditions).

In summary, the heterostructures (bottom electrode/photoabsorber/top elec-
trode) studied in this chapter were designed as follow:

¢ For LVO-based heterostructures:
- SVO/LVO/SVO
— SVO/LVO/Pt

¢ For LFO-based heterostructures:
- LSMO/LFO/BLSO
- LSMO/LFO/SVO
— LSMO/LFO/Pt
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8.1 Growth optimization and electro-optical properties of
photo-absorbing materials

8.1.1 Lanthanum vanadate (LaVO;) single layers
Growth window

Lanthanum vanadate LaVO3; (LVO) has an orthorombic perovskite structure with
a=5.549A, b=5.555A and ¢ ="7.843 A.? This can be approximated to a pseudocubic
unit cell with cell parameter apyo =~ 3.924A. IVO films were therefore grown on
(001) STO (as=3.905A) and (001) LSAT (ag=3.868 A) substrates. Both substrates
have smaller lattice parameter than the bulk IVO, resulting in a compressive
stress. The lattice mismatches, f =[as — arvol/as, between substrate and film are:
fsto=—0.49% and fisar =—1.45%.

Similarly to the growth of SrVO4 (V") films, it has been reported that to stabilise the
LaVO, phase (where the vanadium cation has valency V3*), films have to be grown
in reducing atmosphere to avoid the formation of more stable phases with closed-
shell V°* cation (e.g. LavVO,). Consequently, LVO films are usually grown in very low
oxygen partial pressure [283-286]. Here, films were grown in UHV (no gas added
in the chamber, which corresponds to a residual oxygen partial pressure PO, =
4x10~7 mbar). Three substrate temperatures (T) were explored: 500°C, 600°C and
700°C. The other main parameters were kept fixed: laser fluence of ~2Jcm™ and
frequency of 2Hz (following ref. [284, 285]). Films were deposited through 2000
laser pulses, and the resulting films thickness was =40 nm (as determined below
by XRR or Laue fringes fittings); so that the growth rate is ~ 0.2 A/pulse. The main
properties of the films are summarised in Table 8.1.

Sample T t)lii:i '[I;1a::11(: rms c a Ve (300 K)
code  (°C) SN R A B A Qem)

(nm)  (nm)
STO-1 500 40.0 39.7 1.6 4.015 3.905 61.22 0.13

STO-2 600 - 38.3 1.7 3992 3.905 60.87 0.22
STO-3 700 - 38.9 2.1 3974 3.905 60.60 0.10
LSAT-1 500 40.2 38.4 1.6 4.046 3.868 60.53 1.88
LSAT-2 600 - 39.0 2.2 4.018 3.860 59.87 1.60

LSAT-3 700 39.3 39.4 28 3981 3868 59.56 1.62

TABLE 8.1: Summary of main characteristics of LVO films
deposited on (001) STO and (001) LSAT substrates.

21CDD Powder Diffraction File 04-016-5421 (www . icdd . com)
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The XRD 6-26 scans of two illustrative samples grown on STO and LSAT (at
T =600°C) are shown in Figure 8.3a. One can observe that only the (00/) (with
[=1,2,3,4) reflection peaks of both substrate and IVO film are visible. Therefore,
the IVO seems to have the expected (001) orientation both on LSAT and STO. In
Figure 8.3b, an example of 20—y scan shows the (001) and (002) reflections of LVO
as well-defined round spots at vicinity of the substrate ones, which confirms that
films are highly textured. Moreover, no spurious features (additional peaks, rings...)
are visible, so the films seem to be single-phase (within this resolution).

. b)

T=600°C

(002) LSAT (001) LSAT

l

X

(002) LVO (001) LVO

K

20 30 40 50 60 70 80 90 100 110

O
~

[oX
~

5
© . W N .
g LVO (h-MBE)
g’ [ LVO (h-MBE) b
bulk LVO
20 21 22 23 24 2520 21 22 23 24 25 500 600 700
26 (°) 26 (°) T (°C)

FIGURE 8.3: XRD measurements performed on LVO films deposited on

LSAT and STO. a) [llustrative 8 —26 scans of films deposited at T'= 600°C.

b) Nllustrative 20 — y scan of LVO//LSAT deposited at T =600°C. ¢) Zoom

of the 620 scans around the (001) LSAT and STO reflections. d) Sum-

mary of c-axis values for all films. The dashed lines refer to c-axis taken
from [277, 287, 288].

When taking a closer look at the (001) LVO reflection in the 6-26 scans (Fig-
ure 8.3¢c), one can see the Laue fringes of the IVO peak for each growth temper-
ature and substrate used, which attests of the highly coherent crystalline order of
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the films. The extracted c-axis are plotted in Figure 8.3d. We can observe that,
for a given temperature, the c-axis is longer on LSAT than on STO. This is a hint
than films are coherently strained to the substrate lattice. Indeed, as LSAT applies
a more compressive strain on the LVO film, the resulting c-axis is expected to be
longer, according to the principle of volume conservation. This was confirmed by
measurements of the a-axis (the RSM around the (103) reflections for two illustra-
tive samples are shown in Figure 8.4), where one can see that the LVO film grows
fully strained both on LSAT and STO. It can be also observed that the (103) film re-
flection is a very narrow spot, which hints at the high film crystalline quality. In
Figure 8.3d, the c-axis tends to decrease (for both LVO//LSAT and LVO//STO) while
increasing the growth temperature, and approaches the optimal c-axis values re-
ported for stoichiometric films grown by h-MBE [277, 287, 288]. Therefore, a possi-
ble explanation is the reduction of defects and/or a better cation stoichiometry in
the films grown at the highest temperature.

LVO//STO

LVO//LSAT

0.8 [T =600°C T =600°C
—~ 0.78 0.78 LSAT(103)
< :
—0.76 vy & §  0.76 8
3 : - LVO(103) : 1
G 0.74§ g 0.743
0.72§ 0.728
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022 024 026 028 022 024 026 028 logl
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FIGURE 8.4: RSM around the (103) LVO reflection of sample deposited
at T=600°C, on a) STO, and b) LSAT substrates.

As seen in Figure 8.5, the film thickness was determined by fitting of XRR spectra
and/or fitting of the Laue fringes. There is an excellent agreement between both
values, as summarised in Table 8.1, which confirms the high crystalline order (out
of plane) of the films.
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FIGURE 8.5: a) XRR scan of sample STO-1. b) Fitting of the Laue fringes
of the (001) reflection of the same sample).

The film surface morphology was explored by AFM (see Figure 8.6). All films show
great flatness with a rms roughness below 3 A. Moreover, terraces and steps were
observed in LVO//LSAT samples (especially those deposited at T < 600°C), indi-
cating a layer-by-layer growth mode. On LVO//STO, terraces and steps are slighty
visible for the sample deposited at T =600°C only. The observation of clear terraces
and steps were reported in LVO films grown by h-MBE on TiO,-terminated STO
substrate, while the same films deposited on non-terminated STO did not show
any [287]. The authors concluded that the surface morphology of stoichiometric
LVO films was considerably dictated by the substrate preparation and termination.
Therefore, the absence of pronounced terraces and steps in our LVO//STO films
could be due to the presence of multiple (SrO, TiO,) terminations in our STO sub-
strates.

Electrical properties

LVO has a 3d? electronic configuration and is expected to be semiconducting
due to its small Mott gap. However, it can occur that a slight doping increases its
conductivity. This doping can be due to defects in the films (for instance due to
cation non-stoichiometry), creating states in the band gap. It was indeed reported
by Zhang et al. that, in films grown by hybrid-MBE, the stoichiometric films have
the highest resistivity. On the other hand, upon doping due to non-stoichiometric
defects the resistivity decreases by orders of magnitude [277].

The room-temperature resistivity p(300 K) of our films was thus measured (by Van
der Pauw technique) as a probe for film quality, and values are given in Table 8.1.
In the case of LVO//LSAT films, p(300K) = 1.60 — 1.88Q cm, which is very close to
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FIGURE 8.6: AFM topographic images, 5pumx5um in size (1 pumx1pm

for the insets), of LVO films grown on STO (top images) and LSAT (bot-

tom images) substrates at various temperatures. The root-mean square
(rms) roughness is indicated below each image.

the value of p(300K) =5Q cm reported for stoichiometric films grown by hybrid-
MBE [277], or to the one of p(300K) = 0.8 Q cm reported for PLD-grown IVO//LSAT
by Sano et al. [289]. Zhang et al. [277] observed a reduced resistivity (by orders
of magnitude) in V-rich films. In our case, we have used a PLD target of LaVO,
with cationic ratio [La/V] = 1.01 £ 0.09, therefore slightly V-rich (see Appendix A.5
for details on the target fabrication and characterization). Assuming an exact stoi-
chiometry transfer, this could explain the smaller resistivity that we have measured
(only by a factor = 3 though) compared to optimal h-MBE-grown films.

In the case of IVO//STO films, the resistivity was about one order of magnitude
smaller. Hotta et al. [290] report similar resistivity in LVO grown on TiO,-terminated
STO substrate. The authors attributed this low resistivity to the formation of a 2 di-
mensional gas at the interface (2DEG) forming at the LVO//TiO,-STO interface due
to a polar discontinuity between La®*V3*(0%"); and Sr**Ti**(0%");. However, in our
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case, the STO substrates have not been treated and have supposedly no particular
dominant termination. The low film resistivity could be either due to some interdif-
fusion and intermixing between Ti and V cations at the interface, or, as mentionned
by He et al. [291] and Rotella et al. [285], to the migration of oxygen vacancies from
the STO substrate to the film. They indeed also report similar values of resistivity
than in our films.

Optical properties

The optical properties of LVO films were investigated by spectroscopic ellipsome-
try. In Figure 8.7a, we show illustrative extracted (n, k) of an illustrative IVO //LSAT
sample (LSAT-2). From the extinction coefficient k, we have plotted in Figure 8.7b
the absorption coefficient a (defined as a = 4wk/A) of two IVO films (LSAT-2 and
LSAT-3). One can observe several absorption peaks in the visible range, with the
first one centered at = 1.5 eV. Similar peaks were observed in h-MBE films [277] and
single-crystals [292] and were attributed to optical interband transitions from O 2p
and the V 1,4 (constituting the lower Hubbard band, LHB) to the V #¢ (upper Hub-
bard band, UHB) and V eg bands, as sketched in Figure 8.7c. Moreover, we can
observe in Fig. 8.7b a strong resemblance between our absorption coefficient («)
spectra and the one of a V-rich ILVO film deposited by h-MBE [277]. Finally, we
shall mention that similar absorption coefficient than in our films was reported in
PLD-grown LVO films [275, 285].

a) b) c)
T T T T | 4F T T T 2
i 7107 ——LSAT-2 Ve,
25} ] ——LSAT-3
[ ] __a [~~~ LSAT substrate V UHB
r 10.6 - 3 Single crystal — tzg
24r 1 € [ —— h-MBE stoich. fim 20 E-
= Josx o [ — h-MBE V-rich film " > Vi Il
231 ] A ) 29 LHB
L 4 S C
[ 704 1L Yo i
22F 1
i LSAT-2 0.3 — -7
2L 1 1 1 1 0l= i AN T
1 2 3 4 5 1 2 3 4
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FIGURE 8.7: Optical properties of LVO films. a) (n, k) optical constants
of an illustrative LVO//LSAT sample. b) Plot of the absorption coeffi-
cient a of two LVO//LSAT samples. For comparison, we show reported
spectra for h-MBE films [277] and single crystal (adapted from [292]).
Some absorption peaks are identified by the numbers I, II and III, and
the corresponding transitions are illustrated in sketch (c), adapted from

[277].
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Tauc plots (not shown here) based on the ellipsometric data did not allow to
determine the bandgap value of LVO since the measured range (1.2-5.4€V) is
above the expected value of = 1.1 eV [277]. However, due to the strong resemblence
of our optical data with the ones reported in literature, one can safely assume that
our LVO films have a similar bandgap and hereafter we shall use this value.

In conclusion of this section, highly-crystalline epitaxial LVO thin films were suc-
cessfully deposited. By judging on their electrical and optical properties, films
show similar quality to that of optimally-grown thin films by h-MBE [277]. More-
over, the bandgap is expected to be = 1.1 eV which is optimal for use as photoab-
sorbing layer in solar cells.

8.1.2 Lanthanum ferrite (LaFeQ;) single layers
Growth window

Lanthanum ferrite LaFeO5; (LFO) has an orthorombic perovskite structure with
a=5.551A, b=5.559A and c=7.850A.3 This can be approximated to a pseudocu-
bic unit cell with a;ro =3.927 A. Therefore, due to close proximity of cell parame-
ters, it was decided to grow LFO films on 0.5wt% Nb-doped STO (001) substrates
(Nb:STO). The Nb:STO substrate, with as=3.905A, applies a compressive stress
on the LFO film. The resulting lattice mismatch is: f =[as-arrol/as=-0.64%. As
there are many reports [77, 280, 281, 293-296] of PLD-deposited LFO films with
outstanding crystalline quality (flat surface, observation of Laue fringes, etc.), we
have explored here only three sets of (PO, T) growth parameters, as summarized
in Figure 8.8. The other main parameters were kept fixed: laser fluence of = 2] cm™
and frequency of 5 Hz. All films were deposited through 2500 laser pulses and their
thickness was = 35 nm (determined by fitting of the XRR scan or of the Laue fringes;
data not shown here); so that the growth rate is = 0.14A/pulse. A summary of
growth conditions and main structural properties of our samples, together with
some literature results, are given in Table 8.2.

31CDD Powder Diffraction File 04-011-7994 (www . icdd . com)


www.icdd.com

172 Chapter 8. Photoresponse in all-oxide heterostructures

900 - ‘ \
Nakamura M.

g 800 - 9 Nakamura K. v i
) A
5 * 9
‘.é Kleitzuker Manzoor ® M
%{ 700 - * o Iwata
£ ©c e
2 ¢

600 - @ LFO - this work v S;'\SA(()) Mz |

@ LFO-in literature H SVO /a0
I . I . I . I
1E-06 1E-04 1E-02 1E+00

PO, (mbar)

FIGURE 8.8: Explored growth window of LFO films grown on (001)
Nb:STO substrates, as a function of PO, and T during growth. Blue
diamonds are growth conditions found in literature (labels indicating
first author’s last name) [77, 280, 281, 293-296]. The optimal growth
conditions of metallic oxides used in this thesis (BLSO, LSMO, SVO) are

also given.
Sample T PO, t}?il(? I?n tllfcllii rms c a Ve
code (°C)  (mbar) ) A A A (A3)
(nm) (nm)
A 800 1074 37.2 37.6 3.6 4.004 3.902 60.97
B 750 1073 37.2 36.9 42 4,013 3.896 60.91
C 700 1072 34.3 33.3 2.9 4.016 3.898 60.97
Manzoor 700  4x107° 65 5  4.042 3904 61.60
May 645 2.6x1071 25 8.6 - - -
NakamuraK. 790 1.3x1073 18-55 - 401 391 6131
NakamuraM. 850 1.3x107* 30 - 3.96 - -

TABLE 8.2: Summary of main characteristics of LFO films deposited on
Nb:STO(001), together with some literature-reported values [77, 280,
281, 296].
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The XRD 6-260 scan of sample C is shown in Figure 8.9a. All (00]) reflections
(I=1,2,3,4) of film and substrate are well visible. In Fig. 8.9b, we show a zoom
around the (002) reflections for all films. Interestingly, all films display Laue fringes,
which indicate high film crystallinity and film flatness. The extracted c-axis values
are summarized in Table 8.2, and are comparable to literature values [280]. From
the 20 — y scans (Fig. 8.9¢), no spurious phase was detected and some well-defined
LFO round spots were observed next to the substrate reflections. The RSMs showed
fully strained films (Fig. 8.9d), coherent with the observed c-axis elongation, that
we attribute to volume conservation.

T T T T T
—— Sample A |
|- —— Sample B

—— Sample C

E : Sample C
022 024 026 028
A1
Q[100] (A7)
FIGURE 8.9:  Illustrative XRD measurements performed on

LFO//INb:STO films. a) 8-20 scan of sample C. b) Zoom of the
6—20 scans around the (002) reflections. c) 20 — y scan of sample C. d)
RSM around the (103) reflection of sample C.
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The surface morphology was measured by AFM (see Figure 8.10). For every sam-
ples, one can observe a very flat surface with low r ms roughness of ~ 3-4 A (= 1 uc).
Note that sample A (grown at the lowest pressure and highest temperature) shows
a high granularity.

LFO//Nb:STO

rms=3.6A rms=4.2 A

FIGURE 8.10: Surface morphology of LFO films.

From the structural results above, we conclude that all samples show excellent crys-
tallinity and any of the growth conditions investigated is suitable for the growth of
flat epitaxial LFO thin films.

Optical properties

The optical properties of LFO films were investigated by spectroscopic ellip-
sometry. In Figure 8.11a, we show illustrative extracted (n, k) of one LFO film
(sample "C"). From its extinction coefficient k, we have plotted in Figure 8.11b
the absorption coefficient a (defined as @ = 4wk/A). One can observe an onset of
absorption at = 2.5eV. From the Tauc plots (Fig. 8.11c), we have determined an
indirect bandgap of ~2.4 eV and a direct bandgap of =2.6eV (Table 8.3). Similar
bandgap values were reported in thin films [75, 281, 297] and polycrystals [274,
279], as summarized in Table 8.3.

The absorption peak (Fig. 8.11b) at = 3 eV was attributed to interband transitions
from avalence band consisting of hybridized Fe 3d-e; majority spin and O 2p states
to a conduction band comprised of primarily Fe 3d- f2g minority spin states. The
peak at = 4.5 eV was attributed to the excitation of carriers from the valence band
to unoccupied minority spin eg states [297-299].
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FIGURE 8.11: Optical properties of LFO films. a) (n, k) optical constants
of an illustrative LFO film. b) Absorption coefficient a. c) Tauc plots for
direct and indirect transitions. d) Optical conductivity o gpt.

It is worth noticing that many publications use = 2.1eV as band gap of LFO [77,
280, 281], supporting this choice either by the value determined for polycrystals by
Arima et al. [274, 279] or by their own ellipsometry measurements. First, it is worth
mentioning that Arima et al. determined the bandgap via the onset of the increase
of the optical conductivity (itself derived from optical reflectivity measurements).
The optical conductivity oop; is directly related to the absorption coefficient a by
the relation:
C&p

Oopt=—« 8.1
opt = 4 (8.1)

where c is the velocity of light in vacuum and gy the vacuum permittivity [277].
It is thus obvious from Equation 8.1, that determining the bandgap by the linear
intercept of @ (as done in Fig. 8.11b) or oop (Fig. 8.11d) is equivalent. By doing
so, we have determined a value of 2.45 eV, somehow higher than the 2.1eV from
Arima et al. and interestingly equal to the value reported by Scafetta et al. [297].
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This latter has also determined similar values of direct and indirect bandgaps than
ours (from the Tauc plots shown in Fig. 8.11c).

In conclusion, in our LFO thin films, a bandgap value Eg = 2.4—-2.5eV seems to be
a more realistic value than the usual 2.1 eV found in literature.

{ Band gap (eV)

Sample

type Indirect  Direct Direct Absorption Optical

allowed allowed forbidden  coeff. @  conduct. ooy

Dense poly-
crystals [274, 279]
MBE thin films
[297]
MBE thin films
[75]

PLD thin films
[281]

PLD thin films
[77]

PLD thin films
(this work)

- - - - 2.1

2.25 2.64 - - 2.45

- - - 2.25 -

2.1 3.6 - - -

2.38 (2.1) 2.64 2.73 2.44 (2.25) 2.44

TABLE 8.3: Summary of LFO bandgap values reported in literature
and determined in this work, for dense polycrystalline samples (mea-
sured by optical reflectivity) and thin films (measured by spectroscopic
ellipsometry). When two values are specified, the first one is deter-
mined by the dashed lines shown in the corresponding figure, while
the one in parenthesis is taken from the intercept at "y = 0". The first
method seems more reliable as it ensures that no remaining spurious
substrate component (in spite of the film (n, k) extraction) interfere in
the bandgap determination.

In conclusion of this section, we have successfully deposited epitaxial LFO thin
films with high crystalline quality and flatness, which is ideal for integration in
heterostructures. The measured bandgap (= 2.5€eV) is similar to reported values
for MBE- and PLD-grown thin films and somehow bigger than reported values in
polycrystals.
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8.2 Photoresponse in all-oxide and oxide/metal multilayers

In this section, we describe the fabrication and characterization of multilayers with
metal-insulator-metal (MIM) structure, where the insulating layer is either LFO or
LVO.

8.2.1 LaFeOj-based multilayers

To study the photoresponse and photovoltaic potential of LFO, the latter was sand-
wiched between two electrode materials: LSMO was used as bottom electrode and
BLSO, SVO or Pt as top electrodes (TE), as sketched in Figure 8.12. The electrodes
thickness was kept constant (27 nm for LSMO, 40 nm for BLSO and SVO, and 7 nm
for Pt), while three LFO thicknesses were used: 50, 100 and 200nm. The whole
structure was deposited onto (001) LSAT single-crystal substrates. The growth con-
ditions of LFO are the ones of sample C described in Section 8.1.2. LSMO was de-
posited at PO, = 0.0l mbar and T = 725°C (see [83] for growth optimization). SVO
was deposited at P(Ar) = 0.03mbar and T = 700°C. The growth conditions of
BLSO and Pt are given in Appendix C and Section 2.1.2 of the methodology chap-
ter, respectively. For a given LFO thickness, two LSAT substrates were placed on the
heater. The LSMO and LFO layers were first deposited and then removed from the
PLD chamber. There, a shadow mask for Pt sputtering was placed ex-situ on top
of one of the LSAT/LSMO/LFO substrate, and a shadow mask for oxide electrodes
was placed onto the other substrate (see Chapter 2 for more details on device fab-
rication). The Pt electrodes were 60x60 um?, while the oxide electrodes were either
100x100 pm2, 200x200 um?2 squares or round shapes with 100/200 um diameter.

SVO
(40 nm)

—— LFO ile-
V- (50/100/200 nm)

LSMO
(27 nm)

FIGURE 8.12: Sketch illustrating the LFO-based MIM devices fabricated
for electrical characterization. The bottom electrode was always con-
nected to the ground. The current convention is shown for a positive
bias voltage (Vyias > 0), for which a positive voltage is applied on the
top electrode, thus corresponding to an electron (resp. hole) flow from
the bottom to the top (resp. from the top to the bottom) of the device.
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Structural characterization

In Figure 8.13a, we show an illustrative 8—-26 scan of LSAT/LSMO/LFO/Pt het-
erostructure (with f;ro = 50nm). It shows good crystallinity with c-axis of LSMO
(=3.87A) and LFO (4.017A) similar than those of single layers of similar thick-
nesses (see [83] for LSMO and Section 8.1.2 for LFO). Laue fringes of the (001) LFO
reflection are slightly visible which confirms the high crystallinity with flat inter-
face/surface. Note that Pt electrodes are deposited at RT and therefore are typi-
cally polycrystalline. Their poor crystallinity plus the fact that they represent few
diffracting volume make that no diffraction spot is observed (within the resolution
of the diffractometer, and for this measurement geometry). An illustrative RSM
(Figure 8.13b) shows that the LSMO and LFO (50 nm) layers are fully strained to the
LSAT substrate.

a) 1 T T II//‘I‘I“‘I“‘I“
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o 2 _q
26 (°) Qi A7)

FIGURE 8.13: a) XRD 0-20 scan of an illustrative sample of 50 nm LFO
with Pt TE. b) Corresponding RSM around the (103) substrate reflec-
tion.

J-V characteristics in dark

Exploring the electrical properties of the heterostructures without external stimuli
(such as light) can be very instructive to understand the mechanisms responsible
of their eventual photoresponse. Therefore, I — V characteristics were measured
in complete darkness, where the sample was covered for several hours (usually
overnight) prior measurement to avoid contribution of eventual photo-excited
carriers. A bias voltage Vi, ranging from -1V to +1V was applied on the top
electrode. The LSMO bottom electrode was connected to the ground (see sketch
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Figure 8.12). For better comparison between samples, the resulting current I
through the heterostructures was divided by the electrode area to convert it in
density of current J.

In Figure 8.14a,c,f,h, we show the J— V curves of the LSMO/LFO/BLSO devices.
It is clear (e.g. for f1ro = 50 nm) that there is an asymmetry between negative and
positive bias voltage. It is strongly rectifying (conducting) at negative forward
bias, with a current density J about one of magnitude bigger than at positive bias
voltage. The rectifying behavior is nearly identical for any thickness. Moreover, it
can be appreciated that the overall conductivity decreases when the thickness of
LFO increases.

On the contrary, we observe nearly symmetric / — V curves when using SVO
(Fig. 8.14d,i) or Pt (Fig. 8.14b,e,g,j) top electrodes. The current flowing through the
device is also higher (at a given thickness), indicating smaller Schottky barrier for
hole (majority carrier) injection at the LFO/Pt and LFO/SVO contacts, compared
to the LFO/BLSO contact.

In order to understand the conduction mechanisms in LFO capacitors, it can be
instructive to study the variation of the leakage current with bias voltage. Child’s
law states that, if the leakage current is dictated by the carrier mobility through the
dielectric layer, this resulting space-charge-limited current (SCLC) varies with V2
as:

_ 9epuV?

-8
where ¢ is the permittivity of the insulating material, y its carrier mobility, and ¢ is
the film thickness.
In Figure 8.15a-b, we have plotted log(J) vs log(V) of some illustrative samples. At
high voltage the curve is linear with a slope of =2.1-2.5, as expected from Equa-
tion 8.2. The small deviation from the ideal value of 2 may indicate the presence of
trap states either at the LFO/electrode interface or in the bulk of LFO [78]. There-
fore, the log(J) vslog(V) plots have the typical shape of space-charge-limited cur-
rent characteristics. In Figure 8.15c-d, we have also plotted J vs V2 of the same
samples and extracted the slope of the linear part at high voltage.

(8.2)
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FIGURE 8.14: J — V characteristics measured in dark of: (a,c,f)

LSMO/LFO/BLSO, (d) LSMO/LFO/SVO, and (b,e,g) LSMO/LFO/Pt het-

erostructures. In (h,i,f) the corresponding abs(J) — V plots are gathered

to emphasize the symmetric/asymmetric curve shape. All graphs have
same units, i.e. J in mA cm™2 and V. in volts.
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FIGURE 8.15: Tllustrative plots of: a,b) |J| vs —V in log scale to empha-
size that the V2 term dominates in a substantial region (at negative bias
voltage). c,d) | ]| vs (=V)2.

The slope of the J vs V? plots in the linear region was extracted for samples
with different TE and thickness. By using Equation 8.2 and the reported dielec-
tric permittivity € = 35 for LFO [281], one can extract the carrier mobility of the
LFO layer, as summarized in Figure 8.16. The mobility values are in the range
3x107°-3x107"cm?V~!s7l. No report of mobility was found in literature for
comparison. However, considering that holes are probably the majority carriers
in LFO [298, 300-302], one could thus expect such low carrier mobility*. Further-
more, Li et al. reported a mobility of = 10°cm?V-tstin (Ba,Sr)TiO5 (BST) thin
films by using a similar data analysis protocol [78].

“4In the following we consider fully depleted (insulating) LFO layers. However, these references
suggest that LFO single-crystals and thin films tend to be p-type upon doping by growth-induced de-
fects. In such p-type TMOs, holes are indeed located in the localized O 2p orbitals, hence responsible
of their low mobility.
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FIGURE 8.16: Compilation of mobility values extracted from the J -V
characteristics, using Equation 8.2.

Predicted band alignment in LaFeO3-based multilayers

Based on the previous observations, it is obvious that the nature of the top elec-
trode has a crucial role on the shape of the J -V curve. When using BLSO as top
electrode, the capacitor is strongly rectifying (conducting) at negative bias. On
the other hand, both SVO or Pt TE give nearly symmetric / — V characteristics
(Figure 8.14). These results presume of the presence of a nonzero built-in potential
Vg1 through the LSMO/LFO/BLSO structure, which should be much smaller in
LSMO/LFO/SVO and LSMO/LFO/Pt devices.

As well summarized by Lopez-Varo et al. [272], when an insulating (or semicon-
ducting) material is sandwiched between two metallic electrodes having work
functions ¢; and ¢, a built-in potential V3] emerges, such that:

_Pr1—¢2
q

VBI (8.3)

with g the positive elementary charge. In the following, we have used the reported
work function (WF) of each material and, using Equation 8.3, we have calculated a
rough estimation of the built-in potential Vg1 through each heterostructure.

In literature, there seems to be a good agreement for the reported work functions
of LSMO (¢rsmo = 4.8eV [303-305]), Pt (¢pp = 5.6eV [306-311]) and, with fewer
references encountered, SVO (¢psyvo = 4.5eV [218]). However, there is few report
on the work function of BLSO. Baniecki et al. performed in-situ XPS/UPS of BLSO
thin films [312]. They report an ionization potential Ip = 7.5eV (distance from the
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top of the valence band to the vacuum level®), and from their band diagram one
can deduce ¢prso = 4.2eV. Other references report an electron affinity y = 4.2eV
(distance from the bottom of the conduction band to the vacuum level®) in the
undoped BaSnOj; parent [314, 315], which could be considered as an approxima-
tion of the (doped) BLSO WF; in particular if we assume that the doping shifts the
Fermi level near the conduction band minimum. In the following, we have thus
used 4.2 eV as an estimation of the BLSO WE

Based on the different electrodes WE the resulting Vg1 predicted by Equation 8.3
are:

— In LSMO/LFO/BLSO structure: (Vg)pLso = 0.6eV (Fig. 8.17a),

- In LSMO/LFO/SVO structure: (Vg1)syo = 0.3eV (Fig. 8.17b),

— In LSMO/LFO/Pt structure: (Vgy)p = —0.8€V (Fig. 8.17¢).
On the other hand, the LFO bandgap was determined in Section 8.1.2 (= 2.5eV) and
the LFO electron affinity yrro = 3.3eV was found in literature [316]. In Figure 8.17,
we summarize the band alignment of the different heterostructures after contact
(equalization of the Fermi levels). For the sake of clarity, we have assumed a fully
depleted LFO layer (flat bands), which does not hamper the following discussions
and interpretations of the results.

L B | 066V

4.8 eV

LFO

a) LSMO/LFO/BLSO b) LSMO/LFO/SVO ¢) LSMO/LFO/Pt

FIGURE 8.17: Theoretical energy band alignment in MIM multilayers of
this work. All units are eV. The LFO layer is assumed to be fully depleted
(flat bands) for sake of clarity.

5For the definition of ionization potential Ip, electron affinity y, and work function ¢ in a trans-
parent conducting oxide, one may want to consult the didactic reference [313].
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In Figure 8.17a, we have predicted the presence of a built-in electric field through
the LSMO/LFO/BLSO structure (with (Vgp)giso = 0.6eV), similar to the one ob-
served in a classical pn junction. In such capacitor, we have a rectifying behavior
at negative bias voltage (applied to the TE; see convention used here in Fig. 8.12).
This is fully consistent with the shape of the measured dark /- V curves shown in
Fig. 8.14a,c,f h. In Figure 8.18, we show how the band diagram of LSMO/LFO/BLSO
operating at different bias voltages is modified. In the case of LSMO/LFO/SVO
structure, the rectifying behavior is present but very small and the J -V is nearly
symmetric (Fig. 8.14d,i), which is also coherent with the small built-in voltage cal-
culated (Vgr)svo = 0.3eV and thus the predicted band alignment in Fig. 8.17b (con-
sidering the eventual small error of the literature-reported LSMO and SVO work
functions). Surprisingly, in the case of LSMO/LFO/Pt structure, the high difference
of work function between LSMO and Pt (Fig. 8.17c) suggests a built-in potential
of opposite sign ((Vap)p; = —0.8€eV) compared to BLSO- and SVO-based structures.
Therefore one should expect a rectifying behavior at positive bias voltage, which
has not been observed experimentally (Fig. 8.14b,e,g,j). Instead, we observe a small
rectifying behavior at negative voltage, similarly to the SVO case. In the following
section, we shall study the actual band alignment by XPS measurements.

LFO LFO LFO
a) LSMO/LFO/BLSO b) LSMO/LFO/BLSO ¢) LSMO/LFO/BLSO
Viias = 0 Vhias = = Vi Vhias < — Vi

FIGURE 8.18: Energy band diagrams of LSMO/LFO/BLSO capaci-

tors under different bias voltage: a) Vias=0V, b) Vhias =—Va1, and c)

Vhbias < — VB1. We recall here that a negative bias voltage results in a flow

of electrons (resp. holes) from the top to the bottom electrode (resp.
from the bottom to the top electrode).
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Measured band alignment in LSMO/LaFeQO4/Pt multilayers

In order to validate the predicted band diagrams constructed in the previous
section (Fig. 8.17), the valence band offsets (VBOs) at the interfaces between the
different consecutive bilayers, namely LSMO/LFO and LFO/Pt, were investigated
by XPS. To this aim, we followed the methodology first introduced Kraut, Waldrop
etal. [69, 71] and then widely used to determine the VBO at oxide-oxide interfaces
[41, 72-77], or the Schottky barrier height for hole injection (¢bp) at oxide-metal®
interfaces [27, 78, 79]. In short (more details are given in methodology Sec-
tion 2.5.3), at the interface of a bilayer, the valence bands (VB) of both materials,
semiconductors or metals, usually overlap. Hence, the measurement of the VB of a
bilayer is not enough to determine the VBO between both materials. The method
used here consists in measuring the displacement of the core levels (rather than
the VB) of the topmost layer of the bilayer, and comparing it to the position of the
core levels (CLs) of a reference (a bulk sample of the same material).

The LSMO/LFO interface was first investigated. To this aim, several LSMO/LFO
bilayers were measured varying the LFO thickness (1, 3 and 5 nm) deposited on top
of a thick LSMO layer. In the thick LSMO layer, 2 CLs were used as reference (Mn 2p,
St 3d) and their distance to the VBM (at = 0 eV) were measured (as illustrated in Fig-
ure 8.19a). Similarly 2 CLs were chosen in the film LFO (Fe 2p and Fe 3p). Choosing
several CL for a given material allow to collect several values of VBO and confirm
that there is a parallel shift of the topmost layer CLs in comparison to the ones of
the bottom layer. Here, by collecting the values for 2 LFO CLs and 2 LSMO CLs,
we are able to calculate 4 different VBO values (4 combinations). Indeed, in bilay-
ers of thin LFO film onto LSMO, the distance between one LSMO CL and one LFO
CL was calculated and therefore 4 values were also collected, such as illustrated in
Figure 8.19b. The corresponding XPS measurements in LSMO and LFO thick layers
and LSMO/LFO interfaces are shown in Figure 8.20. The calculation of the VBO
(AEygy) is based on the following equation:’

thick—LFO thick—-LSMO

— (Ersmo-cL — Evem)
interface

AEvgm = (ELro-cL — Evem)
(8.4)
— (ELro-cL — ELsmo-cL)

61n the case of a metal, the valence band maximum is equal to the Fermi energy
7also shown at the bottom of Figure 8.20 with the color code associated to the measured sample.



186 Chapter 8. Photoresponse in all-oxide heterostructures
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FIGURE 8.19: Sketch illustrating the core levels and valence band
measured by XPS, in: a) LSMO and LFO thick single layers, and b)
LSMO/LFO interface.

In Table 8.4, we have gathered the 4 VBO values obtained using Equation 8.4, for
each sample, and their average value. In the case of 1 nm LFO//LSMO, for example,
one can observe that these values are nearly identical and equal to —1 eV (consider-
ing the precision of = 0.1 eV of this method) and the average value of —1.06 eV given
in the last column will be considered as the VBO for this sample (1 nm LFO//LSMO).
In the samples of 3nm and 5 nm of LFO onto LSMO, similar VBOs were measured.
Note that the Mn 2p CL has disappeared in the thickest sample, which could be ex-
pected considering the inelastic mean free path of electrons originating from this
CL.

Interestingly, the average measured VBO between LSMO and LFO valence band
maxima is equal, for all LFO thicknesses, to AEygym = —1eV. The negative sign in-
dicates that the (VBM)ro is below (VBM)1smo. This result is in perfect agreement
with our prediction made in Figure 8.17 of the previous section. Moreover, the fact
that this value is independent of the LFO thickness presumes of a negligible band
bending at the interface.
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FIGURE 8.20: XPS study of the VBO at the LSMO/LFO interface, as a
function of LFO coverage (1, 3 or 5nm).

VBO AEVBM (eV)

LFO

thick. Fe2p=Mn2p Fe2p=Sr3d Fe3p=Mn2p Fe3p=Sr3d  Average
1nm -1.06 -1.12 -1.01 -1.07 —1.06 + 0.06
3nm -1.04 -1.00 -1.02 -0.98 —-1.01 + 0.03
S5nm X -1.07 X -1.02 —1.04 £ 0.03

TABLE 8.4: Summary of VBOs measured at the LSMO/LFO interface as
a function of LFO coverage. The first four columns indicate the VBOs
for each pair of CL, while the last one gives the average value.
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We turn now to the topmost interface of the LSMO/LFO/Pt capacitor, for which the
same methodology was applied. Three different LFO/Pt interfaces were deposited
with a Pt coverage of 1, 2 and 3 nm (note that for 5 nm, the LFO CLs had completely
disappeared). The PLD-deposited LFO film was transferred in-situ to the sputter-
ing chamber to avoid surface contamination. As summarized in Figure 8.21, three
LFO CLs (La3d, Fe2p and La4d) and one Pt CL (Pt4f) were measured, leading to
3 VBOs values for each sample. The Table 8.5 gathered all the different VBO values
calculated for different pairs of CLs and using the following equation:®

)thiCk—Pt M)thick—LFO

— (Erro-cL — Evs

)interface

AEvgm = (Ept—cL — Evem
(8.5)
— (Ept—cL — ELFo-CL

Once again, one can observe a good agreement between the different pairs of CLs
for a given sample. For example, in the case of 1 nm Pt//LFO, all VBO values vary
around 0.75 +0.03 eV, which confirms the systematical shifts between Pt and LFO
CLs. Surprisingly, the VBO measured for thicker Pt coverage (2 and 3 nm) is slightly
bigger with AEygm = 1.2eV. Schafranek et al. [79] report on similar experiments of
VBO measurements at the Nb:SrTiO3/Pt and (Ba,Sr)TiO3/Pt interfaces. They ob-
served a similar shift in barrier height (for electrons) when the Pt coverage was
< 1nm and attributed it to an eventual incomplete Pt layer (small islands not yet
coalesced) at the beginning of the deposition. They also observed a nearly constant
barrier height for Pt thicknesses > 1 nm and considered this value as the actual one.
Therefore, here we consider the VBO (barrier height for holes) between LFO and Pt
to be AEygm = 1.2eV, where the positive sign indicates that the Fermi energy of Pt
is above the VBM of LFO.

8also at the bottom of Fig. 8.21 with color code indicating which measurement gives which value.
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FIGURE 8.21: XPS study of the VBO at the LFO/Pt interface, as a func-
tion of Pt coverage (1, 2 or 3 nm).

Pt VBO AEVBM (eV)
thickness Pt4f—=La3d Pt4f=TFe2p Ptaf=Ladd Average
1nm 0.77 0.72 0.76 0.75+0.02
2nm 1.17 1.26 1.17 1.20+£0.06
3nm 1.15 X 1.14 1.14 £0.01

TABLE 8.5: Summary of VBOs measured at the LFO/Pt interface as a
function of Pt coverage.
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In Figure 8.22, we summarize the energy band diagrams of the LSMO/LFO/Pt
structure. In Fig. 8.22a, we repeat the predicted band alignment done in the previ-
ous section (Fig. 8.17c) to compare it to the one determined by XPS (Fig. 8.22b).
While the predicted band alignment gave a built-in potential (Vgy)pr = —0.8eV
through the structure, the measured one indicates rather a value of (Vg1)p; = 0.2¢€V,
which is not only a difference of 1 eV, but also induces a change of sign of the lat-
ter. Such discrepancy of band alignment between calculations based on the ma-
terials’ WF and the experimental determination has actually been widely observed
when using Pt (or other metals) as top electrode onto some oxide layers. In those
cases, this so-called Fermi level pinning was attributed to the reduction of the oxide
layer at the interface, due to the harsh sputter deposition conditions of the metallic
layer [27, 78, 79]. In the present study, further investigation on the nature of the
observed Fermi level pinning in LSMO/LFO/Pt would be necessary to deduce any
conclusion.

a) LSMO/LFO/Pt b) LSMO/LFO/Pt
Predicted band diagram Measured band diagram

FIGURE 8.22: Energy band diagrams in the LSMO/LFO/Pt heterostruc-
tures. a) Predicted alignment. b) Actual alignment measured by XPS.

To the greatest interest, the band alignment measured in LSMO/LFO/Pt
(Fig. 8.22b), indicating a small positive built-in potential = 0.2eV, is now in per-
fect agreement with the dark / — V curves measured in the previous section
(Fig. 8.14), which were indicating a small rectifying behavior at negative bias volt-
age, similarly to the case of LSMO/LFO/SVO capacitors and, with smaller Vg, of
LSMO/LFO/BLSO ones.
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Measured band alignment in LSMO/LaFeO3/BLSO multilayers

The band alignment in LSMO/LFO/BLSO capacitors was measured by the same
method. As the bottom interface is the same than for LSMO/LFO/Pt, the band
alignment is expected to be the same, and only additional measurements of the
LFO/BLSO topmost interface were needed. Three different LFO/BLSO interfaces
were deposited with a BLSO coverage of 2, 3 and 5 nm. Several CLs were measured
in BLSO (Ba3d, Sn3d and Ba4d) and LFO (Fe 2p and Fe 3p, but as both gave same
sets of VBOs we are showing here only the results using Fe 3p). In Figure 8.23, one
can observe a large displacement of the BLSO and LFO CLs in the BLSO//LFO bi-
layer samples, compared to the thick BLSO and LFO layers. This is attributed to
some strong charging of the samples. This charging was neither observed in thick
BLSO (because the layer is conducting) nor in thick LFO layer, probably because
the latter was deposited on conducting Nb:STO substrate. Here, a 50 nm LFO film
was deposited directly onto an (undoped) STO substrate and then the thin BLSO
layer was deposited. This charging was neither observed in the LFO/Pt interface
probably because Pt is metallic at very thin thickness, while ultrathin BLSO films
are probably less conducting than thick films (see appendix Section C.2). Moreover,
the peak shifts are not parallel and the resulting sets of VBO calculated for various
CLs of a single sample are not equal (see Table 8.6). Similarly, in thin Ba, St ,TiO3
(BST) films deposited onto Pt, Schafranek et al. attributed the nonparallel peak
shifts to the yet incomplete development of the electronic structure of the topmost
material [79].

The following equation® was used to calculate the different VBO values:

ABvem = (Eprso-cr — Bven) ™ B0 — (Brpo_cr — Bvgw) Mk O 5.6

— (Egso—-cL — ELro-cp) ™™
The average VBO extracted from these measurements, AEygy = —2.7 £ 0.5€eV (the
negative sign indicating that the VBM of BLSO is below that of LFO), is there-
fore very inaccurate. Nonetheless, it is worth noticing that this value is close to
the predicted value calculated above (i.e. —2eV, as shown, in Fig. 8.17a). These
results seem to confirm the presence of a high positive built-in potential in the
LSMO/LFO/BLSO heterostructure, responsible of the rectifying current at negative
bias voltage.

9also at the bottom of Fig. 8.23 with color code indicating which measurement gives which value.
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FIGURE 8.23: XPS study of the VBO at the LFO/BLSO interface, as a
function of BLSO coverage (2, 3 or 5 nm).

thickness Fe3p—=Ba3d Fe3p=Sn3d Fe3p=Badd Average
2nm -2.61 -2.99 -2.37 —2.66 = 0.33
3nm -2.99 —2.53 —2.34 —-2.62 + 0.37
5nm -2.94 -2.91 -2.79 —-2.88 £0.09

TABLE 8.6: Summary of VBOs measured at the LFO/BLSO interface as
a function of BLSO coverage.
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Photoresponse in LFO multilayers

As mentioned earlier, bulk LFO is centrosymmetric. Therefore, here the only elec-
tric field that could extract photo-excited e-h pairs after separation is resulting from
the built-in potential Vg induced by the different electrodes work functions. We
have previously shown that by changing the top electrode (TE), one can tune Vg,
and that: (Ve)srso > (Var)svo = (Vap)p:. Therefore, one can expect a different pho-
toresponse in LFO-multilayers as a function of TE.

The J — V characteristics under illumination of the LFO-multilayers are presented
in Figure 8.24. One can observe the emergence of a photovoltaic effect in all de-
vices, with a nonzero negative open-circuit voltage Vpc, consistent with the built-
in electric field, and a nonzero short-circuit photocurrent density Jsc.
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FIGURE 8.24: J -V characteristics measured in dark and under laser
illumination of: (a,c,f) LSMO/LFO/BLSO, (d) LSMO/LFO/SVO, and
(b,e,g) LSMO/LFO/Pt, for different LFO thicknesses.
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To get a further insight on the PV performances of the different heterostructures,
the Vo and Jsc values have been plotted as a function of LFO thickness. In Fig-
ure 8.25b, one can observe an increase of Jsc with LFO thickness (in particular for
BLSO top electrodes). This increase of Jgc is attributed to the absorbance of the
LFO layer. Beer-Lambert law predicts a decrease of the transmittance T of a thin
film when increasing its thickness t:

It(A, 1)
Iy(A)

T, 1) = =exp[-a(A)¢] (8.7)
where Iy and It are the intensities of the incident and transmitted light, respec-
tively; and «a is the absorption coefficient. From Equation 8.7, one can estimate the
absorbance A of the films as:

AAD=1-TA, 1) (8.8)

where we neglect the reflectance for the sake of simplicity. At the laser oper-
ation wavelength (405nm), the absorption coefficient of LFO was found to be
a =15 x 10°cm™! (see Section 8.1.2), so that the absorbance of LFO films can be
estimated to: 53 %, 77.7 % and 95 %, for LFO thicknesses of 50, 100 and 200 nm,
respectively. Similar value of absorbance was reported by Nakamura K. et al. [280].
In LSMO/LFO/Pt heterostructures, Jsc seems to stagnate at fyro = 100nm and
then to decrease again when increasing LFO thickness from 100 to 200 nm. This
could be due to an enhanced electron-hole trapping, thus precluding extraction.

It is worth noticing that, in similar capacitor heterostructures, Nakamura M. et al.
[281] reported a |Voc| = 0.2eV and Jsc < 0.05mA cm™2 for a similar laser power
density (see Section 2.3.3 of the methodology chapter). Considering that the
thickness of their LFO layer was 30 nm, these values roughly compare well with
ours.
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FIGURE 8.25: Photoresponse in LFO multilayers. a) Summary of open-

circuit voltage Vpc (absolute value), and b) Summary of short-circuit

photocurrent density Jsc, as a function of LFO thickness. In Fig. a),

the dotted lines indicate the built-in potential Vg; of the different het-
erostructures.

On the other hand, the open-circuit voltage Vpc of the different heterostructures
were plotted in Figure 8.25a.

Interestingly, one can observe that the highest Vpc values are obtained
in LSMO/LFO/BLSO structures, and are smaller in LSMO/LFO/SVO and
LSMO/LFO/Pt ones, which perfectly scales with the built-in potentials Vg; deter-
mined in the previous sections (and indicated by the dotted lines in the Fig. 8.25a).
The small remaining discrepancy between Vpc and Vg could be attributed to a
small error made in the estimations or measurements of Vg;.

Looking at the LFO thickness dependence of | V| for the LSMO/LFO/BLSO struc-
tures, for instance, we observe a clear increase with thickness. This could be related
to the typical expression encountered in diode-like solar cell, which relates Vo and
Jsc such as:

VOC = ln(]S—C)

Jo

where T is the temperature of operation of the solar cell, g is the elementary pos-
itive charge, Jy is a thermal carrier generation term called the dark saturation cur-
rent density, and m is the diode ideality factor [272, 317, 318]. From Equation 8.9,
the increase of Jsc with LFO thickness could be responsible of the increase of V¢
too. In the case of LSMO/LFO/BLSO for instance, as Js¢c reaches at maximum for
fLro = 200nm (nearly 100 % absorption of the laser’s photons), Vo also reaches its
maximum and Vpc = Vgi.

(8.9
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8.2.2 LaVOj;-based multilayers

In this section, we have studied the electrical and photoresponse properties of
LVO-based MIM heterostructures, as sketched in Figure 8.26. In both types of het-
erostructure a 40 nm thick SVO film was used as bottom electrode (BE). The top
electrode (TE) was either a 40 nm SVO layer (as well as the BE), or a 7nm thick
Pt layer. Both TE materials were deposited with shadow masks, as described in
Section 2.3.3 of the methodology chapter. SVO layers (resp. LVO) were deposited
at P(Ar) = 0.03mbar and T = 750°C (resp. T = 700°C). The growth conditions
of Pt are given in Section 2.1.2 of the methodology chapter. The whole struc-
ture was deposited on (001) LSAT single-crystal substrates. For a given LVO thick-
ness, two LSAT substrates were placed on the heater. The SVO and LVO layers
were first deposited and then removed from the PLD chamber. There, a shadow
mask for Pt sputtering was placed ex-situ on top of one of the LSAT/SVO/LVO sub-
strate, and a shadow mask for oxide electrodes was placed onto the other substrate
(as described in Section 2.3.3). The Pt electrodes were 60x60 um?, while the SVO
electrodes were either 100x100 um?, 200x200 um? squares or round shapes with
100/200 pm diameter.

—— LVO
Ve (50/100/200 nm)

SVO
(40 nm)

FIGURE 8.26: Sketch illustrating the LVO-based MIM devices fabricated

for electrical characterization. The bottom electrode was always con-

nected to the ground. The current convention is shown for a positive

bias voltage, for which a positive voltage is applied on the top electrode,

thus corresponding to an electron flow from the bottom to the top of
the device.
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Structural characterization

In Figure 8.27a, we show an illustrative 820 scan of a LSAT/SVO/LVO/Pt het-
erostructure (with f;yo = 50nm). The (001) LVO reflection is well visible and ac-
companied by Laue fringes, while the (001) SVO is nearly superposed the the sub-
strate one. The c-axis of LVO (4.036 A) is slightly higher than for a LVO//LSAT single
layer grown in similar conditions (see Section 8.1.1). Laue fringes of the LVO layer
are slightly visible which indicates high crystallinity with flat interface/surface.
Note that Pt electrodes were not detected due to their lower diffracting volume
(within the resolution of the diffractometer in the present measurement geome-
try). In Figure 8.27b, the RSM of the same sample indicates that both the SVO and
LVO (50 nm) layers are fully strained to the substrate. Moreover, the well-defined
round spot of LVO presumes of the high crystalline quality of the whole multilayer.
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FIGURE 8.27: a) XRD 6—-26 scan of an illustrative sample of 50 nm LVO
with Pt TE. b) Corresponding RSM around the (103) substrate reflec-
tion.

J-V characteristics in dark and under illumination

In Figure 8.28, we show the J — V characteristics of the LVO multilayers with either
SVO or Pt electrodes. By first looking at the Fig. 8.28a of SVO/LVO(50 nm)/SVO, one
can observe a symmetric dark J — V curve, thus no rectifying behavior. Under illu-
mination the current increases slightly, probably due to photoexcited electron-hole
pairs (photoconductive effect). However, no open-circuit voltage Vpoc nor short-
circuit photocurrent Isc are measured. These observations suggest than this device
structure has no built-in potential Vg;, which is reasonable considering that it has
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SVO as bottom and top electrode (as discussed in the following section). Similar
J—V curves are measured in SVO/LVO/SVO multilayers with #yo = 100/200nm
(Fig. 8.28c,e). One can also notice that the conductance decreases when increasing
LVO thickness, as similarly found in LFO-based multilayers (Figure 8.14).

In the case of SVO/IVO/Pt multilayers (Fig. 8.28b,d,f), similar behavior (no photo-
voltaic effect) is observed, and the increase of photoconductance under illumina-
tion is even negligible. One can also notice that the current flowing through the
heterostructure (for a given thickness) is much higher (about two orders of magn-
titude) than in SVO/IVO/SVO multilayers and that the / — V' are nearly linear, indi-
cating a more ohmic contact at the top LVO/Pt interface compared to the LVO/SVO
one. At odds with SVO/LVO/SVO multilayers, no significant change of conductance
is observed for different LVO thickness.

Band alignment in LaVO3-based multilayers

In Figure 8.29, we have sketched the theoretical band alignment in SVO/ILVO/SVO
(Fig. 8.29a) and SVO/LVO/Pt (Fig. 8.29b) structures based on the different materials
work functions found in literature, and the bandgap of IVO (= 1.1eV [277], see
Section 8.1.1). The work functions of SVO and Pt were chosen as 4.5eV [218] and
5.6eV [308-310], respectively. Note that some publications of PLD-grown LVO
thin films (in similar growth conditions) report a p-type carrier doping [319] while
some others report n-type doping [275, 285, 320]. In our sketch, we have assumed
an undoped LVO film with Fermi level in the middle of the gap.

It is obvious that in the case of SVO/LVO/SVO structures, by using Equation 8.3, we
should expect a zero built-in potential (Vg)svo = 0eV, with no rectifying behavior.
At this point, it is worth mentioning that Li et al. [78] have shown a rectifying be-
havior (asymmetric IV curves) in ITO/BST/ITO capacitors and concluded that the
deposition sequence affects the barrier height for electron injection, which is thus
different at ITO/BST and BST/ITO interfaces. They also report a similar effect in
Pt/BST/Pt capacitors. Nevertheless, here no rectifying J — V curve was measured
in dark and no photovoltaic effect (zero open-circuit voltage and zero short-circuit
photocurrent) was neither observed, that could attributed to a negligible built-in
potential.
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FIGURE 8.29: Theoretical energy band diagrams of LVO-based MIM
multilayers using either a) SVO TE, or b) Pt TE. The LVO layer is assumed
to be fully depleted (flat bands) for sake of clarity. All units are eV.

On the other hand, in the case of SVO/LVO/Pt structures, one should expect a built-
in potential (Vgp)p; = —1.1eV (as shown in Fig. 8.29b) and therefore a photovoltaic
effect could have been observed. However, as already mentioned in the previous
section the conductance of SVO/LVO/Pt heterostructures is too high as an ohmic
response is observed. Therefore, the barrier at LVO/Pt interface is not as predicted
(and sketched in Fig. 8.29b). In similar device architecture Nb:STO/IVO/Au, Wang
etal. reported rectifying /—V curves. However, no photovoltaic effect was observed
in this device and the authors attributed it to the poor diffusion of the carriers be-
fore recombination, therefore not reaching the electrode materials [282]. In our
case the nonobservation of a photovoltaic effect could be attributed to the high
recombination rate, as reported by Wang et al. and/or an eventual Fermi level pin-
ning at the IVO/Pt interface (see Fig. 8.30), similarly to what has been observed
in LSMO/LFO/Pt devices in the previous Section 8.2.1, and as reported when using
metal electrodes on BST [78, 79], or PZT [27]. The observed nonrectifying dark J—V
curves go in the same direction of a negligible built-in potential due to Fermi level
pinning or else.
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FIGURE 8.30: Possible energy band diagrams in SVO/LVO/Pt multilay-
ers including zero built-in potential induced by Fermi level pinning (in
the middle of the LVO bandgap) at the LVO/Pt interface.

In conclusion, although a small increase of current is observed under illumination
(photoconductive effect), no photovoltaic effect is observed in LVO-based devices,
such as we designed them here. This could be attributed to the nature of the elec-
trodes chosen, which would not create any built-it electric field (in the case of Pt, it
may be due to a strong Fermi level pinning at the IVO/Pt interface). Moreover, an
eventual bad quality of the interfaces (not allowing carriers extraction) combined
with a high recombination rate could also hamper the device performances.

8.3 Conclusions and outlook

To summarize, in this chapter, we have successfully:

* optimised the PLD growth of two photoabsorbing materials, namely LVO and
LFQO,

* integrated these photoabsorbing materials in capacitor-like devices for pho-
toresponse measurement. By doing so, we have also successfully integrated
some of the TCOs studied in this thesis,

* measured a photovoltaic effect in LFO-based multilayers, while none was ob-
served in LVO ones,

* studied the effect of the electrodes work function on the band alignment of
both LFO- and IVO-based multilayers, and related it to the shape of the dark
J — V characteristics and the presence/absence of photovoltaic effect,

* shown that oxide electrodes have the strong asset of showing no Fermi level
pinning, thus following the behavior predicted by the band diagrams. On the
other hand, Pt electrodes seem to show strong Fermi level pinning where the
measured band alignment is inconsistent with predictions using the metal
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work function. As the Fermi level is pinned nearly in the middle of the gap,
it explains the nearly symmetric J — V characteristics and poor PV perfor-
mances.

In such centrosymmetric oxides, several approaches could be adopted to further
improve their PV efficiency:

* We have established that the energy band diagrams of all-oxide heterostruc-
tures can be roughly predicted by the knowledge of their work function only,
and that in such devices the photovoltaic effect is governed by the built-in
potential V1. Therefore, one could try to design more efficient devices by us-
ing different electrode materials to max out the built-in potential, such that
VB1 = Eg. For instance, in Figure 8.31, we show the predicted band diagram
of a LFO-based MIM structure (such as the ones studied in Section 8.2.1)
where the LSMO bottom electrode (BE) is replaced by SrRuO; (SRO). Bulk
SRO has a pseudocubic cell parameter of 3.93 A [28], thus perfectly matching
the one of LFO (and even LVO), and a reported work function of 5.2 eV [303,
321] which could improve the hole extraction at the BE/LFO interface com-
pared to LSMO. Furthermore, one could use a different TE with smaller work
function than BLSO to reduce the barrier height for electron extraction at the

LFO/TE interface.
Evae— = I Ty
52 (?: 42eV
E’\ Ze
T
Er gl 3 cB
%\
35
2eV
VB
SRO/LFO/BLSO

FIGURE 8.31: Theoretical energy band diagrams (after contact) of LFO-
based MIM multilayers using SRO bottom electrode to improve hole
extraction at the SRO/LFO interface.
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Importantly, in this chapter we have not explored the suitability of SNO as
top electrode. However, the WF of SNO was estimated to be 3.5V (see Fig-
ure E6 in Appendix F). This value is smaller than any electrode WF mentioned
in this chapter, and could result in a higher built-in potential. For instance,
if we substitute BLSO by SNO as top electrode in the structure proposed in
Fig. 8.31, the resulting built-in potential could be =~ 1.7eV (3 times higher
than in the LSMO/LFO/BLSO structure studied in the chapter).

* A step further would be to combine IVO and LFO to form a band gap
graded solar cell with increased photoabsorption (as earlier report suggests
[276]). Such device (illustrated in Figure 8.32a) could be similar to the
LSMO/LFO/BLSO one presented in Section 8.2.1, but with a LVO layer below
the LFO one to absorb the lower-energy photons not absorbed by this latter.
However, the growth conditions of the different layers might be incompati-
ble and an alternative would be to use a SVO bottom electrode, as shown in
Figure 8.32b, although this would probably reduce the built-in potential.'’

Evac
45eV
Er
LVO LFO
a) LSMO/LVO/LFO/BLSO b) SVO/LVO/LFO/BLSO

FIGURE 8.32: Theoretical energy band diagrams of LVO-based MIM

multilayers using either a) SVO TE, or b) Pt TE. The VO and LFO layers

are assumed to be fully depleted (flat bands) for the sake of clarity. All
units are eV.

In a different approach, the bandgap of a photoabsorbing layer might be tun-
able by change of stoichiometry induced by the growth conditions [273].

10Here again, if compatibility of growth conditions allows it, one could maybe use SRO as bottom
electrode and SNO as top one to max out the built-in potential.
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 Finally, an approach that we have not discussed so far consists in generat-
ing a bulk photovoltaic (BPV) effect by interface engineering. As reported by
Nakamura et al. [281], a polar discontinuity in LFO/STO heterojunctions was
observed in TiO,- or SrO-terminated STO substrates, where the direction of
the built-in electric field could even be switched. It was also suggested by
Assmann et al. [276] that a bandgap graded LVO/LFO structure with polar
discontinuity at the interface could generate a BPV effect.

From these examples, it is clear that such material combinations and surface en-
gineering offer unlimited possibilities of devices, and therefore demonstrate the
strong asset of nonpolar (centrosymmetric) oxides with low bandgap for photo-
voltaics.
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Chapter 9

Summary and outlook

With the general purpose of finding alternative materials that could substitute
indium-tin oxide (ITO) as transparent conducting oxide, we have studied the prop-
erties of transition metal oxides with partially filled conduction band of d parent-
age, namely SrVO; (3d') and StNbO; (4d'), which are known for exhibiting high
electrical conductivity, close to that of conventional metals (Pt, Au, etc.). Whereas
the latter class of materials has many drawbacks: structural incompatibility with
oxides, instability, non-transparency, and high cost, researchers attention is point-
ing towards oxides, with excellent functional properties, stability, and low cost.

9.1 Summary of the results

This work includes the growth optimization by pulsed laser deposition (PLD) of
SrVO; (SVO) and StNbO; (SNO) single layers, measurement of their electrical and
optical properties, investigation of their electronic structure, and their incorpora-
tion in oxide multilayers. In particular, we have addressed the following key issues:

1. Growth optimization of SrVO; and SrNbQj thin films: In vanadate and nio-
bate compounds, a rich phase diagram can be anticipated. The multivalent
character of vanadium and niobium may indeed lead to the formation of
many phases. This makes it challenging to stabilize SVO and SNO, where the
B-site cation (V and Nb, respectively) has valency 4+. As a matter of fact, it
was already reported that thin films of these two materials need to be grown
at ultra-low oxygen partial pressure (usually the vacuum residual pressure of
the growth chamber) to avoid the formation of spurious phases. As growth
conditions can slightly vary from one PLD setup to the other, we have de-
termined the optimal (PO,, T) for single-phase and highly conducting films
in our setup. It turns out that both materials need to be grown at high sub-
strate temperature, T =700-800 °C, and, as anticipated, in ultra-high vacuum
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(i.e. the residual chamber atmosphere). Films present flat surface rough-
ness (typically < 0.5 nm) which facilitates their incorporation in all-oxide het-
erostructures. Nonetheless, it is shown that, in the case of SVO, films can still
be grown at small PO, and maintain relatively low resistivity and high trans-
parency, which broadens its compatibility with other oxides thin films if used
as top electrode.!

2. Transparency of SrVO; and SrNbOj; thin films: SVO and SNO films were
found to have both high transparency to visible light. For instance, both
films (=50nm thick, free-standing) exhibit a transmittance of about 80 %
at 1=550nm. However, whereas SVO has a screened plasma energy E:)p ~
1.3 eV, the one of SNO is E:,p = 1.9eV, and thus SNO is less transparent in
the NIR region. These values of plasma energy together with the measured
DC conductivity allowed to estimate a carrier effective mass m* = 4 me and
m* = 1.5m, in SVO and SNO, respectively, which is agreement with the na-
ture of the conduction band (3d and 4d, resp.) and their bandwidth. On the
other hand, SNO is more transparent in the near-UV, as its bandgap value
(= 4.1eV; as determined by Tauc plots) is greater than that of SVO (= 2.7 eV).
Allin all, our SNO and SVO films have lower resistivity than the best ITO films,
for a comparable transmittance.?

3. Reduction of growth-induced defects: One drawback of physical vapor de-
position techniques (such as PLD or sputtering) is the high energy of imping-
ing atoms onto the substrate during deposition. This effect is even accentu-
ated in the case of PLD-deposited SVO and SNO films, as no oxygen can be in-
troduced in the chamber to thermalize the plasma plume. This obstacle was
largely observed in PLD-grown SVO films where RT-resistivity of p(300K) =
100 uQ cm and RRR = 2 were typically reported. On the other hand, hybrid-
MBE-grown SVO films hold the record with best crystalline quality and trans-
port properties,® with p(300K) =~ 29 uQ cm and RRR = 222 [18, 42]. We have
shown that one way to get around this issue is to use an inert gas (e.g. ar-
gon) to thermalize the plasma plume while avoiding the over-oxidation of
the film. Consequently, the growth of SVO films in argon leads to improved
properties, i.e. p(300K) = 31 uQ cm and RRR = 12, which are record values
for PLD-deposited film. The increased carrier mobility (¢ = 8.3cm?V~!s71)

1Under this growth conditions, the progressive appearance of spurious phase(s) (namely
Sr3V,0g, S1,V,05...), while not hampering the use of SVO as top electrode, is detrimental to its use as
bottom electrode.

2As recently emphasized by Park et al. [38] for SNO films and Zhang et al. [18] for SVO films in
their Figure-of-Merit for transparent conductors. Both our data on SNO and SVO films fall onto the
ones shown by these authors.

3Hybrid-MBE has the advantages of precisely controlling the growth rate, to impose a layer-by-
layer growth mode, and the film stoichiometry by adjusting the amounts of gaseous precursors.
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and film transparency (about 10 % higher to that of films of same thickness
deposited in vacuum) were also found to be similar to that reported in h-
MBE films. We have concluded that the growth using a nonreactive gas has a
concomitant role in the reduction of nonstoichiometry-induced defects (by
tuning the Sr/V cationic ratio) as well as in the reduction of point defects in-
duced by the highly-energetic species impinging the film. As shown in a par-
allel study (in appendix), we have also tried other approaches to reduce SVO
film defects, tuning other deposition parameters, but they have not been as
efficient. Finally, the similar methodology was used on SNO films where best
films (deposited on GSO) displayed a resistivity p(300K) = 50 uQ2 cm and mo-
bility 1 = 5cm? V-1 571, thus showing electrical properties close to the state-
of-the-art.

4. Impact of strain on the microstructure, and thus electrical and transport
properties: We have observed the crucial impact of strain on the electri-
cal and optical properties of SVO and SNO. In thick SVO films (¢t =70nm),
we have observed that the choice of substrate has a major affect on the
strain state of the film. When using highly-mismatched substrates, either
strain relaxation can occur (SVO//LAO) or the film can accommodate and
remain fully strained (SVO//STO). Nonetheless, both cases result in the for-
mation of planar defects that reduce the carrier mobility and thus increase
the resistivity (up to a factor 2). Best properties are obtained when using
a lattice-matching substrate (NGO, LSAT). Interestingly, the effective mass
(m* = 4-5me) is barely affected by strain and the plasma energy remains in
the NIR region, preserving the film transparency. In the case of SNO, a similar
observation has been made: most conducting films were deposited on GSO
(fully strained) rather than LSAT (relaxed) substrates. In SNO though, the
change of resistivity from one substrate to the other is smaller, which could
be either related to the greater spatial expansion of the 4d orbitals compared
to the one of 3d orbitals in SVO, or to alower amount of planar defects.

5. Role of strain on orbital ordering and hybridization in SrVO; films: In the
previous paragraph, we have not mentioned that strain also has a strong im-
pact on the electronic structure of the material. It is known that in cubic
perovskite, the degeneracy of the d orbitals is broken by ligand field into #,g,
forming the conduction band, and eg at higher energy. Traditionally, SVO is
described as a 3d! metallic oxide where each unit cell provides one free elec-
tron occupying the g manifold (xy, xz, yz). Here, we claim that this rigid
band picture image cannot hold. First, we have observed (by XAS/XLD mea-
surements of the V L, 3-edge) that, although not fully degenerate, the hier-
archy of the xy, xz, yz orbitals is modified by lattice distortion of the VOgq
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octahedra.* Second, the hybridization between O2p and V3d is relevant
as confirmed by the presence of an O K-edge, and seems to vary with the
tetragonal distortion c/a. In other words, the occupancy at the metal site
is modulated by tetragonal distortion from c/a<1 (for films under tensile
strain) to c/a>1 (for films under compressive strain). This observation was
validated by first-principles calculations of the DOS. In some oxides, this dis-
tortion of the lattice and the subsequent charge redistribution may lead to a
metal-insulator transition by opening of a Mott gap, which was not observed
here, even in our thinnest films (10 nm). Nonetheless, this could explain the
change of electrical conductivity observed as a function of strain, that would
result in the variation of the carrier effective mass 7* mentioned in the pre-
vious paragraph.

Transport properties of SrVO; films explained by polarons: The transport
properties of SrVOj; are often interpreted via the Fermi liquid theory where
some properties, such as carrier mass (m*) enhancement (e.g. responsible of
the material’s transparency), are attributed to strong electronic correlations.
However, in the case of SVO, some key observations called the applicabil-
ity of the Fermi liquid model into question. These include: the departure of
the temperature-dependent resistivity to a purely T? function, or even the
discrepancy of the amplitude of the A¢e prefactor compared to theoretical
predictions. Based on these observations, here we have proposed two dif-
ferent features that may be responsible for the transport properties of SVO
films. First, we have proposed that, in materials where the Fermi surface has
a 2D-like character (in SVO for example, it is made by imbrication of cylin-
drical sheets), the e — ph scattering may account for the ~ T? dependence of
the resistivity (at least in some temperature range that we have estimated to
be roughly T = 240 —480K). The observed finite magnetoresistance seems
to validate this scenario. Second, we have proposed that electron transport
is influenced by the ionic lattice, that is polaronic transport. In this model
the phonons dress the electrons and the subsequent strong electron-phonon
coupling is responsible for the effective mass enhancement. The expression
of the temperature-dependent resistivity given by the polaronic model, and
assuming only one phonon mode (fiwy), turned out to fit perfectly our data.
Moreover, the electron-phonon coupling Ae_, extracted from fits of our data

leads to an effective mass 6 < m:_ph/m;an 4 < 11, which is consistent with

4Here, we have the c/a ratio, measured by X-ray diffraction, to quantify the tetragonal distortion
of the VOg octahedra. The c¢/a ratio was mainly tuned by epitaxial strain, i.e. by growing on different
substrates and, to a lesser extent, by varying the film thickness. Films grown under tensile strain
(SVO//STO) have c/a <1, while the ones under compressive strain (SVO//LAO) have c¢/a> 1. Films on
best-matching substrates (NGO) have the closest ¢/a to 1.
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the values extracted from the Seebeck coefficient or ellipsometry measure-
ments. Remarkably, the same trend, the decrease m™* when increasing c/a,
was observed either by resistivity fits using the polaron model or by extrac-
tion from the measured plasma energy (and carrier density).> This observa-
tion reinforces the validity of the e-ph has main ingredient to the effective
mass renormalization in SVO.

7. The nature of the optical excitations occurring at the plasma energy: In
metals, the plasma energy, occurring at epsilon-near-condition (ENZ) con-
dition such that Ewp = E(g; = 0), is usually interpreted as a collective excita-
tions of the free electrons. In SNO films however, the nature of these plas-
mons (surface or volume) has remained puzzling. By ellipsometry measure-
ments, we have confirmed that the resonance at ENZ condition is due the op-
tical plasmon resonance, since the loss function displays a pronounced peak
at nearly the same energy. To further solve the question on the nature of the
plasmons, we have calculated (from the ellipsometric optical constants) and
also measured the film transmittance T, and T at oblique incidence (for p-
and s-polarized light respectively). It turns out that the calculated T, displays
a clear dip in transmittance that is known to occur when volume plasmons
are optically excited by p-polarized light. Instrumental to these calculations,
the measured T}, displayed a dip at same energy. The same results have been
observed in SNO and SVO. We have thus concluded that at ENZ condition,
volume plasmons are excited by (p-polarized) oblique-incident light, with-
out the need of any phase-matching arrangements, but only by the presence
of charge density gradients at the film surface. These observations open the
way to applications in the field of plasmonics.

8. Photoresponse in all-oxide multilayers: We have successfully integrated
SVO as top electrode in capacitor-like MIM heterostructures. As photoab-
sorbing insulator layer, we chose two centrosymmetric oxides with low band
gaps: LaFeO3 (LFO; CT-insulator) and LaVO; (LVO; Mott insulator). For the
sake of comparison, we have also used other top electrodes with different
work functions (La:BaSnOj and Pt in LFO-based multilayers, and Pt in LVO-
based multilayers). It turned out that clear photoresponse and photovoltaic
effect were observed; and the latter was found to depend on the nature of
the top electrode. We have attributed this dependence to the electrode work
function, that modulates the built-in potential through the multilayer (as
also indicated by the shape of the dark J — V curves). In IVO-based multi-
layers, no photovoltaic effect has been observed, which we attributed to the

5This trend was attributed to the change of orbital occupancy and p—d hybridization with tetrag-
onal distortion of the VOg (tuned by epitaxial strain).
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concomitant choice of electrode material, resulting in a negligible built-in
potential, and the possible high amount of defects in the LVO layer, hamper-
ing the separation of e-h pairs. This preliminary work confirms the suitability
of SVO as transparent electrode for all-oxide solar cells, and opens the way
to a multitude of material combination (for instance using centrosymmetric
photoabsorbers in band gap graded solar cells).

9. Film stability over air exposure: A key feature that has not been discussed so
far is the stability of these reduced oxides (deposited in reducing atmosphere)
after being exposed to air. Here, it is worth emphasizing that several SVO
and SNO films were remeasured several times over a time span of about two
years, and their electrical properties remained constant.’

Overall, this work highlights the suitability of PLD-grown SrVO; and SrNbOj
thin films, with high crystalline quality and remarkable functional properties, as
transparent conductors. As in transition metal oxides there is a strong interplay
between orbital, charge and spin degrees of freedom, they usually display a rich
variety of properties, which in turn makes their physical origin difficult to grasp.
Here, we have broken down and addressed some key issues concerning the optical
and transport observed in SrVO3 and StNbO; films. We believe that addressing
these issues will help to understand the physical properties of similar systems.

9.2 Outlook

From the results above, we have observed the following trends when going from a
3d! (SVO) to 4d! (SNO) electronic configuration:

¢ a decrease of effective mass: from mgvo ~ 4.5me to m;NO ~ 1.5me.

* an increase of plasma energy: from E:)p;svo ~ 1.3eV to E:)p;SNO = 1.9eV.

* adecrease of work function: from ¢syo =4.5eV ([218]) to ¢sno =3.5€eV.
* anincrease of (bulk) lattice constant: from agyo =3.84A to asno = 4.02A.

The data above strongly suggest the possibility of tuning these properties in a
controlled manner, e.g. by growing a hybrid Sr(V, Nb)O4 system, or even SVO/SNO
multilayers, which might result in a tuning of the bandwidth.” For instance, it was
reported that in the isoelectronic Ca,Sr;_,VO5 system, there is a progressive (al-
though minor) change of bandwidth and thus effective mass with x. Nonetheless,

6While one can naturally think that growing films in high vacuum and then exposing to air would
have a detrimental impact on their properties, here it seems that only the surface gets over-oxidized,
then forming a protective layer. However, this is just a qualitative observation and further investiga-
tion is needed.

“This could be further extended to similar systems: Ca(V, Nb)Og or even in molybdates.
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in regard of the results listed above, changing the B cation may offer a better way
to tune the electronic properties of these systems.

On another hand, a tunable plasmon resonance could find applications in plas-
monics, or for water splitting (where TCOs would act as plasmonic photocatalyst
[322]).

It may also be interesting to study the validity of the polaronic transport in the
Sr(V,Nb)O; system. Indeed, a similar = T? dependence of the resistivity was ob-
served in SNO films, as encountered in SVO, but the data have not been explored
in detail. However, our suggestion that the Fermi liquid model cannot account
for the =~ T? dependence of the resistivity of SVO films might also apply to SNO.
In fact, as the d bandwidth of SNO is broader than the one of SVO, the electronic
correlations are expected to be weaker in SNO, and other mechanism such as the
e-ph coupling may account for its transport properties. Moreover, the model could
perhaps be applied to the whole Sr(V, Nb)O; system.

Here, it should be added that a direct evidence of these phonon modes has not
been provided in this thesis. This could be investigated, for instance, by means of
some far-IR spectroscopy technique.

Finally, armed by all these TCOs, one could design heterostructures using the
appropriate electrodes to max out the device efficiency. For instance, a precise
control of the electrode work function could allow to tune the built-in potential
in a solar cell, or the band alignment in general. In addition, as suggested in this
work, the possibility to build band-gap-graded all-oxide heterostructures offers an
appealing way to increase the device photoresponse.
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Appendix A

Fabrication of PLD targets

In this appendix, we describe the synthesis of ceramic targets that have been fab-
ricated for the purpose of this thesis. It is well-known that, during the PLD deposi-
tion, the stoichiometry transfer from target to substrate is quite steady [323]. It can
be slightly tuned by the gas added in the chamber or by the laser parameters, but
usually one tries to have the same cationic ratio both in the target and in the film
to be deposited. For instance, in the case of the deposition of perovskite thin films
with composition ABO;, one will seak to use preferentially a target with cationic
ratio [A/B] = 1. Therefore, the target may have one of the following compositions:
A,B,0-, ABO3, ABO,.

A.1 Solid-state reaction route

The PLD targets were prepared by solid-state reaction route (SSRR) where two re-
actants (two oxide powders in our case), one containing the A element and one
containing the B element, are mixed in stoichiometric amount and submitted to
a thermal treatment (without reaching their melting point though) to make them
react. This reaction will eventually lead to the formation of a new phase containing
both A and B elements. A singe-phase pellet, having the right A/B cationic ratio, is
often sign of good homogeneity and should ensure a good reproducibility during
the deposition of thin films by PLD. A sketch of the SSRR process is shown in Fig-
ure A.1. Due to the principle of conservation of mass, the two reactants have to be
introduced in stoichiometric amount, following a chemical reaction equation. For
instance:

2 x ACO3 + B,05 — A,B,0, +2 x CO, A.1)

where, in this example, ACO; is an alkaline earth carbonate and B,Oj a transition
metal oxide.
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FIGURE A.1: Sketch of the SSRR procedure.

A.2 Experimental procedure for targets preparation

The procedure is the same for every targets with composition A,B,0-,, ABO, or
ABOg:

1. Drying of the A/B precursors. Some oxide precursors are hygroscopic and
need to be carefully dried prior to use in order to remove eventual water
moisture content present in the powder. In this thesis, every precursors used
have been dried prior to use, usually overnight. List of precursors and main
characteristics (including drying temperature) are summarized in Table A.1.
The whole drying procedure is detailed below in Subsection A.2.1

2. Weighting separately the dried precursors. The precursors are introduced
in stoichiometric amount according to the corresponding chemical reaction
equation (for example equation A.1). The stoichiometric calculations are ex-
plained in Subsection A.2.2 below

3. Mixing and grinding together the precursors, for about one hour. This step
aims at increasing the reactivity by increasing the surface of contact between
grains. [llustration of precursors before mixing is given in Figure A.9a

4. Pelleting the resulting mixture. This step was done disposing the powder in a
one inch diameter dry pressing die (from MTI Corporation), followed by cold
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isostatic pressing. An example of resulting pellet is shown in Figure A.9b. The
purpose of compacting the powder before each sintering is to ensure a good
proximity between grains and thus a good reactivity

5. Sintering the pellet. For this, we used a tubular furnace. All thermal treat-
ments were done in ambient air, i.e. no gas was added and the tube was not
hermetically closed at its extremities

6. Checking the composition by powder-XRD, SEM-EDX and/or ICP-MS; and
checking the grains morphology by SEM imaging

7. Re-grinding and repeating steps 4 to 6: either to reach single-phase (if pre-
vious sintering(s) was(were) not enough to get a single-phase powder, one
might want to increase the sintering temperature/time), or simply to im-
prove homogeneity and/or density of the (already) single-phase pellet.

Precursors Pl(l(;: )ty Meltl(lzg)p omnt Hygroscopicity DMTgcgemp '
SrCO4 99.994 1494 No 450
V,05 99.99 690 No 200
Nb,Oj5 99.9985 1512 No 200
La,05 99.999 2315 Yes 1100
Fe,04 99.998 1565 No 200

TABLE A.1: Description of the oxide powders used as
precursors for the synthesis of PLD targets by SSRR. All products were
bought from Alfa Aesar (www.alfa.com).

A.2.1 Drying of the precursors

As mentioned in Chapters 3-6, the stoichiometry of TCO films (e.g. SrVOj; [42] or
SrNbOjs [31]) is determinant to reach high crystallinity and good functional proper-
ties, namely high optical transparency at the visible and high electrical conductiv-
ity. Therefore, it is crucial to mix the right amount of precursors during the target
fabrication process. A source of error can be done during the precursors weighting,
especially if powders contain humidity. That is the reason why a proper drying of
these precursors is necessary. In Figure A.2 is shown the mass evolution of some
precursors. In Figure A.2a-b, one can observe that the mass of V,05 and Nb,Os is
completely constant upon heating (not exceeding the melting point temperature).
In the case of SrCO4 (Figure A.2c), it seems that the powder mass decreases slightly
(= 0.6 %) between 20°C and 400°C, maybe due to some water evaporation. Between
800°C and 1000°C a more pronounced mass decrease (= 30 %) occurs. This drop is
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attributed to the decomposition of SrCOj5 in SrO and CO, (which is vaporised). It
was thus decided to dry this latter at 450°C and the former ones at 200°C. Lan-
thanum oxide La,05 is known to be highly hygroscopic, forming lanthanum hy-
droxide La(OH); when in contact with H,O from ambient air. Therefore, it was
dried at 1100°C. All powders were dried in an alumina crucible and weighted when
their temperature was still = 200°C to minimize H,0/CO, absorption when cooling
down to RT.
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FIGURE A.2: TGA-DSC measurements of: a) V,05, b) Nb,O5, and c)
SrCO5 powders.

A.2.2 Weighting of precursors in stoichiometric amount

The equation A.1 describes the chemical reaction taking place during the SSRR syn-
thesis of a A,B,0; polycristalline ceramics. It is therefore valid for the fabrication
of a Sr,V,0; target, which will take as example for the following stoichiometric cal-
culation. This strontium vanadate phase (with closed shell V°* orbitals) is more
stable than SrVO, (V**) in ambient atmosphere and therefore is more likely to form
during the SSRR synthesis in ambient atmosphere. Thus, to obtain a single-phase
Sr,V,0; powder, one needs to mix two moles of SrCO3 and one mole of V,0s, as
illustrated by equation A.7. The stoichiometry calculations are done as followed:

1. the target volume V is calculated based on the die diameter d (in our case
we used a dry pressing pelleting die of diameter d = 1 in = 2.54 cm) and the
desired height k. Let’s suppose h = 0.5 cm.

d\? 2.54)2 3
V=mx 5 x h=mx 5 x0.5~2.534cm A.2)
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2. the target mass m is calculated based on the desired volume V calculated
above, and the density p of the material it is made of. For example, the den-
sity of a Sr,V,0; single crystal (assuming no porosity) is: p = 4.043 gcm™3,!
therefore:

m=pxV=4.043x2.534~=10.243 g (A.3)

This amount of Sr,V,05 is then calculated in moles (n) based on its molar
mass M =389.12 gmol~! and using the following equation:

m 10.243
n=—=
M 389.12

~0.0263 mol (A.4)

3. the mass of precursors to introduce is calculated accordingly, and using
equation A.1, which indicates that to produce 1 mol of Sr,V,0-, it is neces-
sary to mix 2 mol of SrCO5 with 1 mol of V,05. It follows that for 0.0263 mol of
Sr,V,0, (necessary for a target of volume V) one needs to mix the following

amounts:
mgsrco, = 2 x nsr,v,0, X MSrC03 =2x0.0263 x 147.63 = 7.773g (A.5)
my,o, = 1x nsr,v,0, %X MV205 =1x0.0263 x 181.88 = 4.788g (A.6)

It will be seen in Section A.3 that in practice the pellet does not reach 100 % of
the single-crystal density. It is porous and its volume is actually bigger than
V.

A.3 Strontium vanadate Sr,V,0- target for SrVO; films

The Sr,V,0; (SVO) target was prepared by mixing of the SrCO5; and V,05 precursors
in stoichiometric amounts according to the following chemical reaction equation:

In Figure A.3a, one can see the SrCO; and V,05 precursors right after drying and
weighting, and ready to be mixed and grinded. The Figure A.3b is a picture of the
final target showing good homogeneity.

1According to the International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF)
n°04-012-5309 (www.icdd.com).
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FIGURE A.3: a) Picture of the precursors before grinding. SrCOj; is the
white powder and V,0s is the yellow one. b) Picture of the final SVO
target. The ruler’s numbers indicate the scale, in cm.

First, note that V,05 has a melting point of 690°C, which is relatively low for the
SSRR procedure, where powders are usually sintered at temperatures of ~ 1000°C
to ensure dense and single-phase PLD targets. Therefore, special care is taken to
not use too high sintering temperatures, which would alter the target composi-
tion. As summarized in Table A.2, a first sintering at 400°C was performed but the
XRD measurement (Figure A.4a) revealed the presence of several phases: the two
precursors SrCO3 and V,05, but also the SrV,04 resulting from the partial reaction
of the precursors. A second sintering at higher temperature (650°C) was enough
to achieve a single-phase powder of the expected Sr,V,0; phase, as confirmed by
XRD (Figure A.4b). Two additional grinding and sintering steps were performed to
improve target homogeneity and density. Although the density remained constant
(= 55 %) all along the process, the stiffness was suitable for depositions.
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Sintering Temp. Time Present Density Relat%ve
. . _3, density
step n Q) (h) phases (gem™) (%)
(0]
1 400 SICO3 +V205 5 5 54.66
+ SIVZOG
2 650 10 Sr,V,04 2.14 52.93
3 750 6 Sr,V,0, 2.14 52.93
4 800 24 Sr,V,0, 2.24 55.40

TABLE A.2: Sintering steps followed for the synthesis of the SVO target.
The pelleting pressure was = 70 MPa for each step. Present phases were
determined by analysis of the powder diffraction spectra. The relative
density is equal to the measured pellet density divided by the single-
cristal density, i.e. 4.043 gcm ™ (according to ICDD PDF 04-012-5309).
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FIGURE A.4: XRD patterns of SVO powders: a) after 15 sintering (wine

curve). The pink, green and green column graphs are taken as refer-

ence patterns (from ICDD 04-020-6693, 00-005-0418 and 04-007-0398,

resp.). b) after ond sintering (violet curve). The red column graph is

taken as reference pattern (ICDD 04-012-5309). The data after 3" and
4™ sinterings are not shown here for sake of clarity.
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The composition of the target was determined both by SEM-EDX and ICP-MS.
First, we notice from SEM micrography (Figure A.5a) ahomogeneous surface where
all grains seem to have the same composition, confirming good reaction between
precursors and thus good target homogeneity. The analysis of the EDX spec-
trum (Figure A.5b) revealed a cationic ratio [Sr/V] = 0.97 £ 0.05. The composition
of a sample taken from the final target was also measured by ICP-MS and gave
[Sr/V] = 0.96 £0.05. This composition was also found later in SrVO; film grown
on NdGaOj3(110) substrate (at 750°C and the base pressure of the chamber). See
Section 4.3.1 for a more detailed analysis of the composition of StVOj thin films.
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FIGURE A.5: a) SEM micrography of the SVO target surface. Magnifi-
cation is 5000x. b) EDX spectrum of an area of the SVO target. The
accelerating voltage used is 30 kV.
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A.4 Strontium niobate Sr,Nb,O-, target for STNbO; films

FIGURE A.6: Picture of the Sr,Nb,O, target. The distance between two
consecutive ticks of the graph paper is equal to 1 mm.

The Sr,Nb,0O; (SNO) target was prepared by mixing of the SrCO; and Nb,Oj pre-
cursors in stoichiometric amounts according to the following chemical reaction
equation:

2 x SI‘CO3 + Nb205 g Serb207 +2x COZ (A.g)

As summarized in Table A.3, a first sintering at 900°C was performed but the XRD
measurement (Figure A.7a) revealed the presence of several phases: the two pre-
cursors StCO3 and Nb,Os, but also the SrsNb,O; 5 resulting from the partial reac-
tion of the two first ones. Moreover, the pellet relative density was of only = 35.4 %.
After a second sintering at higher temperature (1100°C), the XRD (Figure A.7b) re-
vealed the presence of the expected Sr,Nb,O- phase, with a priori no other spuri-
ous phase. However, the density of the pellet was still too low. After two additional
grinding and sintering steps, the target density increased to =~ 94.8%. A similar
target densification behaviour with sintering temperature was actually observed in
literature [Liou Y.-C., Ceramics International 41 (2015)]. After the last (4™) sinter-
ing, the target was still single-phase (Figure A.7b).
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Sintering Temp. Time Present Density Relat}ve [Sr/Nb]
step n° 4] () phases (gcm™3) density ratio
(%) (ICP-MS)
SrC03 + Nb205
1 900 12 +SreNb,O,5 1.867 3549  0.987+0.01
2 1100 12 Sr,Nb,0, 2.185 41.54  0.983+0.01
3 1200 12 Sr,Nb,0, 2.284 43.42 -
4 1400 12 Sr,Nb,0, 4.988 94.83 0.961+0.02

TABLE A.3: Sintering steps followed for the synthesis of the SNO target.
The pelleting pressure was = 70 MPa for each step. Present phases were
determined by analysis of the powder diffraction spectra. The relative
density is equal to the measured pellet density divided by the single-
cristal density, i.e. 5.26 g cm™3 (according to ICDD 04-008-8703).
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FIGURE A.7: XRD patterns of SNO powders: a) after 1% sintering (wine
curve). The orange, green and cyan column graphs are taken as refer-
ence patterns (from ICDD 00-048-0421, 01-084-1778 and 04-007-0451,
resp.). b) after 2nd (violet curve) and 4th sintering (blue curve). The red
column graph is taken as reference pattern (ICDD 04-008-8703). The

data after 3" sintering is not shown here for sake of clarity.
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The target composition was investigated by SEM-EDX. In Figure A.8a, the SEM
micrography reveals a homogeneous dense surface. The EDX measurements (Fig-
ure A.8b) were performed in several areas of the target and the extracted cationic
ratio was of [Sr/Nb] = 1.05 + 0.01, which is slightly above, yet quite close, to the ex-
pected value of 1. In addition, after each sintering a sample of the pellet was taken
and analysed by ICP-MS. Results are indicated in the last column of Table A.3. Al-
though the Sr/Nb ratio seems to have decreased from [Sr/Nb] = 0.99 (composition
after 15¢ sintering) to = 0.96 (final target composition), more interesting is the dif-
ference of value compared to the one obtained by EDX. Indeed, even if we consider
an average composition of Sr/Nb = 0.98, this value is closer to 1. Therefore, this
latter value should rather be retained, since ICP-MS is a much more accurate tech-
nique than EDX for composition quantization.
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FIGURE A.8: a) SEM micrography (backscattered electrons) of a SNO

target sample. Magnification is 10000x. b) EDX spectrum of the SNO
target. The accelerating voltage used is 30 kV.

A.5 Lanthanum vanadate LaVO, target for LaVO; films

The LavO, (LVO) target was prepared by mixing of the La,05 and V,05 precursors
in stoichiometric amounts according to the following chemical reaction equation:

In Figure A.9a, one can see the La,03 and V,0; precursors right after drying and
weighting, and ready to be mixed and grinded. The Figure A.9b is a picture of the
final target showing good homogeneity.
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a) b)

O\ o
R

FIGURE A.9: a) Picture of the precursors before grinding. La,0j is the
white powder and V,0j5 is the yellow one. b) Picture of the final LVO
target. The ruler’s numbers indicate the scale, in cm.

As summarized in TableA.4, the powder mixture was submitted to 4 thermal
treatments at relatively low temperature since V,05 has a low melting point, as
previously mentioned (TableA.1). Fortunately, the desired LavVO, phase formed
already during the first sintering, as seeing in the powder diffraction spectra in Fig-
ure A.10, which shows a very good matching between the reference spectrum and
our experimental data. Therefore, the next treatments were done to improve ho-
mogeneity of the powder and densify the pellet. This latter reached a relative den-
sity of = 67 % after the 4™ and last sintering, and show good stiffness, suitable for
depositions.

Sintering Temp. Time Present Pelleting Density Relat%ve
step n° °C) (h)  phases pressute (gcm™3) density
(MPa) (%)
1 600 16 LavO, 58 2.338 46.27
2 600 16 LavO, 77 3.213 63.59
3 600 24 LavO, 135 3.376 66.82
4 700 24 LavO, 155 3.390 67.10

TABLE A.4: Sintering steps followed for the synthesis of the LavO, tar-

get. Present phases were determined by analysis of the powder diffrac-

tion spectra. Pelleting pressure refers to the pressure applied to press

the powder into a pellet before its sintering. The density is the pel-

let density after sintering. The relative density is calculated as the

measured pellet density divided by the single-cristal density, i.e. 5.053
gem™ (according to ICDD 01-083-4266).
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FIGURE A.10: X-ray powder diffraction patterns of LVO powders after

1°¢ sintering (black curve) and 4 sintering (blue curve). The red col-

umn graph is taken from the reference pattern (ICDD 01-083-4266).

The data after 24 and 3" sinterings are not shown here for the sake
of clarity.

The SEM micrography in Figure A.11a shows a target surface with uniform com-
position. EDX analysis was attempted, bus as we can see in Figure A.11b, some
emission lines of La and V overlap which makes difficult the quantization of the
cationic La/V ratio by this technique. A rough estimate from integration of the La L
and VK emission lines (in 4 different regions of the target) was found to be [La/V]
=1.01 + 0.09, which yet is close to the expected value of 1.
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FIGUREA.11: a) SEM micrography (backscattered electrons) of LVO tar-
get. Magnification is 1000x. b) EDX spectrum of the LVO target. The
accelerating voltage used is 30 kV.The inset shows the probed area.
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A.6 Lanthanum ferrite LaFeQ; target for LaFeQO; films

The LaFeO3 (LFO) target was prepared by mixing of the La,O5 and Fe,O5 precursors
in stoichiometric amounts according to the following chemical reaction equation:

La203 + F6203 — 2 X LaFEO?) (A.].O)

As summarized in Table A.5, the LFO target was obtained after three consecutive
sinterings. After the two first sinterings at 1000°C and 1100°C, the LaFeO5 phase was
formed but the precursors phases were still present in minor amounts. In the XRD
data (Figure A.12), one can indeed observe some additionnal peaks (for example at
260 =~ 29° and 26 = 30° for the La,0O5 phase, or 260 =~ 33° and 20 = 35.7° for the Fe,04
phase) in the spectra of powders measured after the 15t (LFO-1) and 2™ (LFO-2)
sinterings. However, although the measurement is noisy because a small volume of
powder was measured, these peaks seem to disappear after a 3" (LFO-3) sintering
at 1200°C. At this point the target had a density of 54.5 % of the bulk crystal and
showed a good stiffness for depositions.

Sintering Temp. Time Present Pelleting Density Relat%ve
step n° (°C) (h) phases pressure (gem™3) density
(MPa) (%)
La203 + Fezo3
1 1000 16 + LaFeO, 68 < X
La,03 + Fe,04
2 1100 16  LaFeO, 68 < <
3 1200 16 LaFeO; 68 3.628 5451

TABLE A.5: Sintering steps followed for the synthesis of the LaFeO4 tar-

get. Present phases were determined by analysis of the powder diffrac-

tion spectra. Pelleting pressure refers to the pressure applied to press

the powder into a pellet before its sintering. The density is the pel-

let density after sintering. The relative density is calculated as the

measured pellet density divided by the single-cristal density, i.e. 6.656
g cm™3 (according to ICDD 04-011-7994).
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FIGURE A.12: XRD spectra of LFO powders after 1 (black curve), ond

(green curve) and 3rd sintering (light blue curve). The red, dark blue

and orange column graphs are taken from the reference patterns (resp.
ICDD 01-082-3106, 01-071-5408 and 01-089-0596).

The analysis of the composition by SEM shows homogeneous grains (Fig-
ure A.13a). The EDX analysis (Figure A.13b) was performed in 4 different regions of
the target and the cationic La/Fe ratio from integration of the LaL and Fe K emis-
sion lines was found to be [La/Fe] = 1.02 + 0.02, as expected.
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FIGURE A.13: a) SEM micrography of a LFO target sample. Magnifica-
tion is 15000x. b) EDX spectrum of the LFO target. The accelerating
voltage used is 15kV.
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Appendix B

Other attempts to reduce growth
kinetics induced defects in SrVO,
thin films

In Chapter 4, we have shown the efficiency of using argon as background gas
during deposition to reduce the amount of defects in SrVOj; films, produced by
the growth in UHV. It has been observed that a high P(Ar) (= 0.1 mbar) is neces-
sary to considerably decrease defects in the films, therefore increasing the film
crystallinity, conductivity, carrier mobility, RRR and optical transparency. This
has been the most promising way to improve the quality of PLD-grown SrVO; films.

Here, we are reporting different approaches to attempt to reduce defects by
changing other growth parameters. These are laser parameters (energy, fre-
quency...) or physical parameters (distance between target and substrate). It is
worth recalling that the growth in argon as two main effects: reducing the energy
of the species before reaching the substrate and improving the stoichiometry by
preferential scattering. Therefore, a high P(Ar) can result in the formation of non-
stoichiometric spurious phases. This is the case with SrVO; films where, at high
P(Ar), Sr3V,0g nanostructures tend to form (supposedly at the film surface, cf. dis-
cussion in Chapter 4 for more details). Nevertheless, it is generally desirable to have
a single-phase and flat film to facilitate its incorporation in a heterostructure. On
that account, the following experiments might help getting around this issue.

B.1 Change of laser supersaturation

In Figure 2.1 of Section 2.1, we have described the PLD setup and in particular we
have sketched how the laser beam is focused on the target by using some adequate
optical accessories such as mirrors and lenses. In the sketch one can see that a
mask (made of iron steel) is placed on the laser beam path. This mask contains a
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rectangular aperture that allow to reduce the beam divergence and have a more de-
fined beam spot at the target surface. Changing the aperture of this mask changes
accordingly the laser spot size at the target surface. It permits to have the same
nominal fluence but different energy per pulse (at we cut out a part of the laser
beam), thus different growth rate per pulse (supersaturation) can be achieved.

This method of controlling the growth kinetics has been used to grow homoepi-
taxial SrTiO; [324] or even BaTiO3/SrTiO;3 superlattices [325], where it has been
suggested that the lower growth rate induced by the smaller mask aperture reduces
the amount of point defects in the films.

Here, we have deposited SVO films on (001) LSAT and (001) STO substrates using
four different laser masks having different rectangular apertures, as summarized
in Table B.1 below. The corresponding laser pulse energy is indicated. As the SVO
growth rate is varied in these experiments (Figure B.1), a thickness calibration was
first performed and all films presented here have same thickness (= 70 nm). Films
were grown at the base pressure of the chamber (P =~ 2x107® mbar). Other param-
eters such as laser frequency, fluence, etc. were kept constant.

Mask Height Width Aperturearea Energy/pulse

ref. (mm) (mm) (mm?) (m])
M1 18 5.7 102.6 97

M2 16 4 64 60.2
M3 15.1 2.13 32.163 32.2
M4 15.1 1.15 17.365 17.2

TABLE B.1: Description of the laser masks used to control the laser su-
persaturation. Note that M1 is the standard mask used in all other ex-
periments of this thesis.
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FIGURE B.1: Energy per laser pulse and SVO growth rate as a function
of laser mask aperture.

X-ray diffraction 20—y scans (not shown) did not reveal the presence of any spuri-
ous phase, suggesting that all films were single-phase and (001)-oriented. The sur-
face morphology of all films was investigated by AFM, as depicted in Figure B.2. In
SVO films deposited on LSAT (lower mismatch), we observe low rms roughness of
0.3-0.4 nm, slightly reducing for the mask with smaller aperture (M4). For all films,
a multi-islands terraces is observed. This "wedding-cake" structures are typical in
oxides and metals [326-328]. It is commonly attributed to the Ehrlich-Schwoebel
(ES) energy barrier for adatoms diffusion [329, 330], that promotes multi-terrace
island formation. In SVO//STO this growth mode leads to higher roughness, espe-
cially for the mask M3/M4 (lowest growth rate). Note that a similar trend was ob-
served in the growth mode of La, ;Sry sMny; (arsmo = 3.87A [331]) grown on STO
(applying high tensile lattice mismatch f = —0.8%). In ref. [332], the authors re-
ported a transition from 2D to 3D while decreasing the supersaturation (via control
of the laser fluence though).
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FIGURE B.2: Surface morphology of SrVO; films grown at different su-
persaturations. Images are 1um x lum in size. Insets are the corre-
sponding amplitude images.

The electrical properties are summarized in Figure B.3. Interestingly, one can
observe a decrease by a factor =2 of the RT-resistivity (p(300K)) (Figure B.3a) at
the lowest supersaturation (smallest mask aperture), which leads to an increase of
carrier mobility (u) also by a factor = 2 (Figure B.3d). This change is attributed to
an improvement of the film crystallinity, which is also reflected in the RRR that
increased by a factor 1.5-3 as we use the smallest growth rate.

In conclusion, reducing the instantaneous growth rate -the supersaturation-
helps at reducing the amount of point defects induced by the growth kinetics.
While the improvement of the electrical properties (lower RT-resistivity p(300 K),
higher carrier mobility u and RRR) of the films indicate of higher film quality, the
results do not reach the ones achieved by growing in an inert argon atmosphere.
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FIGURE B.3: Transport properties of SrVO; films grown using different
supersaturations: a) RT-resistivity (p(300K)), b) Residual resistivity ra-
tio (RRR), c¢) Carrier density (n), d) Carrier mobility (u).
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B.2 Modification of the target-to-substrate distance

There are several reasons to why tuning the target-to-substrate (T-S) distance may
lead to better film crystallinity:

* The velocity of species in the plume may decrease upon distance. This effect
is expected to be prominent for depositions using a background gas atmo-
sphere (such as argon, as in our case), where scattering events would increase
with T-S distance,

* In a similar way, we have mentioned in Chapter 4 that, when increasing
the P(Ar), there might be a preferential scattering of the lighter elements
(namely vanadium atoms) inside the plasma plume. Therefore, placing the
substrate closer or farther to the target (and thus to the plume) could lead to
further changes in the film composition,

* On another hand, increasing the T-S distance might help at reducing even-
tual damages done to the substrate by the plasma plume (especially for de-
position in UHV).

From these simple assumptions it seems difficult to predict the effects of changing
the T-S distance.

Recently, Wang et al. [112] reported on the change of surface morphology in
SVO films deposited in a mixture or Ar and O, background atmosphere, on STO
substrates. The authors observed a transition from a 3D (with granular and rough
films) to a 2D growth mode (with terraces and steps) upon decreasing the T-S
distance (with 3D growth in 44-50 mm range of T-S distance, and 2D growth in
the 28-42 mm one). At optimal T-S distance of 42 mm, the films had the lowest
resistivity and optimal c-axis, while at lowest T-S distance (28 mm) the longer
c-axis and worse electrical properties were attributed to cation nonstoichiometry
or point defects. All in all, the authors concluded that there is a concomitant
role of the oxidation and stoichiometry of the species in the plume (tunable by
varying the P(Ar) and T-S distance), both affecting the morphology and electrical
properties of SVO films.

Here, three different target-substrate distance were used: 41, 47 (the "standard"
one) and 59 mm. Films were grown simultaneously on the best-matching LSAT
(+0.65%) and NGO (+0.52 %) substrates. Two argon pressures were explored:
P(Ar)=0mbar (base pressure of the chamber) and P(Ar)=0.08 mbar (relatively
high P(Ar), leading to formation of spurious Sr3V,Og phase).

The transport data are summarized in Figure B.4 below. Two behaviours are ob-
served:
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The properties of films grown in vacuum (P(Ar)=0mbar) slightly improve
when increasing the T-S distance from 41/47 mm to 59 mm. A 20 % reduction
of the RT-resistivity (Figure B.4a) and a 15-30 % increase of the carrier mobil-
ity are observed (Figure B.4c). These improvements could be attributed to a
decrease of the amount of defects in the films associated to a lower kinetic
energy of the impinging species. However, the RRR remains constant (Fig-
ure B.4b), signalling that the improvement of the film quality is minor.

For films grown at P(Ar) =0.08 mbar, it turns out that increasing the T-S dis-
tance has the opposite effect. Indeed, upon increasing the T-S distance, the
films present a 60-100 % higher RT-resistivity. The carrier mobility decrease
by about 30 %, and again the RRR remain constant. Therefore, the films may
contain more defects that could be related to a change in the film stoichiom-
etry.
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FIGURE B.4: Transport properties of SrVO; films as a function of target-

to-substrate (T-S) distance: a) Room-temperature resistivity (p(300 K)),

b) Residual resistivity ratio (RRR), c) Carrier density (#), d) Carrier mo-

bility (u). Circles indicate films grown at P(Ar)=0mbar and stars ac-
count for films grown at P(Ar) =0.08 mbar.
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However, for any P(Ar) (0 or 0.08 mbar) or substrate, no noticeable change was
observed neither in the structural data from XRD, nor in the surface morphology
(data not shown), compared to films grown at standard growth conditions in Chap-
ter 4.

In conclusion, we have shown that a T-S distance within the 41-47 mm range
is optimal for the growth conditions used here. At high P(Ar), it gives best RT-
resistivity and carrier mobility. The range of T-S distances explored here did not
lead to further improvement of the surface morphology.
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B.3 Impact of the laser frequency

After each laser pulse, species arrive at the substrate surface where they can move
until they reach an equilibrium position. Their degree of freedom of moving at
the substrate surface depends on the energy that is providing to them through
substrate heating, on the chemical interactions with substrate atoms, etc. Another
experimental parameter is the laser frequency. For instance, one could expect a
change of growth mode from 2D to 3D if the laser frequency is too high. This could
explain the granular texture of our SVO films grown in UHV (cf. Chapter 3).

Here, we have tried to decrease the frequency to see if the quality of SrVO; films
improves. We chose to growth films at three different frequencies: 1, 3 and 5Hz
(the "standard" one). Films were grown on the four substrates used in Chapter 3,
namely: LAO (-1.37%), LSAT (+0.65%), NGO (+0.52%) and STO (+1.59%). A
series of films was grown in vacuum (same growth conditions than in Chapter 3,
labelled here P(Ar)=0mbar series). Another series was grown in optimal growth
conditions as determined in Chapter 4, i.e. an argon pressure P(Ar)=0.1 mbar,
and NGO and LSAT substrates.

The transport data are summarized in Figure B.5 below. One general trend is
observed: the film properties seem to improve slightly at the lowest frequency. In-
deed, in Figure B.5a we observe a small decrease of the RT-resistivity for films grown
at P(Ar) =0 mbar, while the one of films grown P(Ar) = 0.1 mbar remains quite con-
stant. A similar increase (resp. constant) of the carrier mobility is observed (Fig-
ure B.5¢) in the films deposited at P(Ar) =0mbar (resp. P(Ar)=0.1 mbar). Finally,
the RRR seems to increase slightly at the smallest frequency (Figure B.5b) for all
films.
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FIGURE B.5: Transport properties of SrVOj; films as a function of laser

frequency: a) Room-temperature resistivity (p(300 K)), b) Residual re-

sistivity ratio (RRR), ¢) Carrier density (n), d) Carrier mobility (u). Cir-

cles indicate films grown at P(Ar) =0 mbar and stars account for films
grown at P(Ar) =0.1 mbar.

All in all, the laser frequency seems to have few impact on the electrical prop-
erties of the SVO films, although a small improvement has been observed in films
deposited in UHV (P(Ar) =0 mbar) when decreasing the frequency.
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B.4 Interrupted growth

In Chapter 4, we have shown that growing SVO films with a small P(Ar) (of
0.03 mbar) leads to a considerable decrease of the film roughness and, eventu-
ally, the observation of terraces and steps (for a 70 nm thick SVO film deposited
on LSAT). However, it seems that the films still contain point defects related to the
growth kinetics, as attests the low carrier mobility ¢ and the low RRR. As decreas-
ing the supersaturation (instantaneous growth rate) or the laser frequency (average
growth rate), or even modifying the target-to-substrate distance did not improve
considerably the film properties, we have tried here a different approach called in-
terrupted growth. It consists in depositing enough material onto the substrate to
constitute only one unit cell, and giving enough time to the species to migrate (to
"relax") onto the surface until forming a continuous layer. The step is repeated un-
til reaching the aimed thickness. By doing so, one can expect to impose a layer-by-
layer 2D growth where the standard growth mode of continuously shot laser pulses
would lead to an island-like 3D growth.

This procedure has been successful for imposing layer-by-layer growth of
homoepitaxial SrTiO5 [333-336], cuprates superlattices [335], ultrathin NdNiO;
[337], (1u.c.)LaNiO3/(1 u.c.)LaAlO5 heterostructures [338], and also sputtered Ag
on Ag(111) [339, 340].

Therefore, here we have grown a series of films on the same substrates used un-
til now (i.e. LAO, LSAT, NGO, and STO, to apply different strain state on the on-
growing SVO film) using the interrupted growth (IG) mode. The argon pressure was
keptto P(Ar) =0.03 mbar, which previously led to flat films (Chapter 4). In the stan-
dard growth mode used in Chapter 4, films deposited at this P(Ar) had a growth
rate of 0.325 A/pulse (a film deposited via 2000 pulses having a thickness of 65 nm).
In these experiments, the number of pulses is kept to 2000. However, this time they
are shot at the target by sets of 12 pulses (needed to deposit approximately a unit
cell of 3.9A) at a frequency of 10 Hz, and sets are separated by a "relaxation" time
of 20 s. By doing so, 166 sets of 12 pulses are necessary to reach 2000 pulses.

B.4.1 Structural characterization

Of the highest interest, on best-matching substrates (namely NGO and LSAT), the
surface morphology images shown in Figure B.6 indicate that the /G mode seems
to favour the formation of 3D wedding-cake-like structures displaying clear ter-
races separated by 1 u.c. steps. On the other hand, on the less-matching (LAO and
STO) substrates, the roughness is very high, signalling the presence of a dense dis-
tribution of 3D islands. We indeed observe terraces and steps on NGO and LSAT
with rms roughness of = 1.2nm and = 0.6 nm, respectively. The relatively high



240 Appendix B. Other attempts to reduce defects in SrVOj3 films

rms roughness is due to the presence of islands, suggesting that the 2D growth is
not step-flow-like. Nonetheless, the profile lines extracted in some regions of the
surface show clear steps of 1 u.c. height (= 4 A). On the other hand, SVO films de-
posited on LAO and STO clearly show grainy texture with dips between grains about
10nm deep in the case case of SVO//STO, and as deep as the thickness of the film
(= 50 nm) in the case of SVO//LAO.
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FIGURE B.6: Surface morphology of SrVO; films grown using the inter-

rupted growth mode. Top (resp. bottom) images are 5 um x 5um (resp.

1pm x 1pm) in size. Only amplitude images are shown here as they

emphasize best the surface morphology of these samples. On each to-

pographic image, a profile line of the surface was extracted and plotted
below its corresponding amplitude image.

In Figure B.7a, we are showing the 8—260 scans of the films grown by the IG mode.
Interestingly, one can observe that the 002 SVO reflection is accompanied by Laue
oscillations for films grown on NGO and LSAT. It seems to be also the case for LAO
and STO, although the Laue fringes are very shallow and blurred out by the high
film roughess (as seen in Figure B.6). The film thickess was extracted by fitting of
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the Laue fringes and by XRR and coincide on = 50 nm for all films. Notice that in
the standard growth mode films had a thickness of 65 nm, for the same number of
pulses. This observation seems to indicate that, in films grown using the /G mode,
i.e. by allowing each layer (of 1 u.c.) to "relax", the porosity is largely reduced and
therefore the growth rate too. On the contrary, films grown by the standard way are
thicker, probably due to porosity between grains. The c-axis were also extracted
from the 8-260 scans and are depicted in Figure B.7b, together with c-axes of films
grown by the standard mode at P(Ar) =0-0.03 mbar (both pressures showing sim-
ilar values of c-axis for a given substrate), for sake of comparison. For films grown
on substrates imposing tensile strain (NGO, LSAT, and STO), we observe a consid-
erable decrease of c-axis compared to standard films. For SVO//LSAT, ¢ = 3.823 A,
which is the value predicted by Poisson’s equation, as largely explained in Chap-
ters 3/4. This indicates two things: that the film is expected to be fully strained
to the substrate (as expected with this low mismatch), and the amount of point
defects greatly reduced in comparison to the standard growth mode. In fact, the
reciprocal space map shown in Figure B.7d shows that the film grown under the
highest tensile strain, i.e. on STO, is fully strained; thus the same results are ex-
pected for films grown on NGO and LSAT. In the case SVO//LAO, ¢ = 3.842 A which
is the cell parameter of bulk SVO, indicating that the film is fully relaxed (confirmed
by the reciprocal space map in Figure B.7c) and also presents no c-axis elongation
due to point defects.

It is also important to mention that no spurious phase was detected in the 26—y
scans (not shown) and that therefore all films seem to be single-phase.
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FIGURE B.7: a) XRD 0-20 scans of films grown using the interrupted
growth mode on different substrates. The (002) reflection of the sub-
strate is indicated by a star and the one of SVO by an arrow. The
spectra are vertically shifted for clarity. The expected peak position
for bulk SVO is indicated by a vertical dashed line. b) Out-of-plane
cell parameters (c-axis) of the films as a function of the lattice mis-
match with the substrate. Circles (resp. diamond) indicate films grown
at P(Ar)=0mbar (resp. 0.03 mbar) using the standard growth mode;
while stars account for films grown at P(Ar) =0.03 mbar using the infer-
rupted growth mode. Small squares represent the expected c-axis val-
ues for fully strained films, evaluated using Poisson’s equation and as-
suming unit cell volume conservation. ¢,d) XRD reciprocal space maps
around (103) reflections of SVO films deposited on LAO and STO, re-
spectively, using the interrupted growth mode.
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B.4.2 Transport properties

The transport properties of SVO films grown using the /G mode are summarized
and compared to the standard growth mode in Figure B.8. For films grown on LAQ,
NGO and LSAT there is a clear improvement of the film properties. A reduction
of the RT-resistivity by a factor 2-3, an increase of RRR by about a factor 2 and an
increase of the carrier by a factor 2-3 are observed. In the case of SVO//STO, an
increase of one order of magnitude of the RT-resistivity is observed which may be
due to a higher concentration of planar defects (as already observed in thick SVO
films deposited on STO, see Chapter 3).
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FIGURE B.8: Transport properties of SrVOj; films grown using different
growth modes: a) Room-temperature resistivity (p(300 K)), b) Residual
resistivity ratio (RRR), c) Carrier density (n), d) Carrier mobility (u).
Circles (resp. diamond) indicate films grown at P(Ar)=0mbar (resp.
0.03 mbar) using the standard growth mode; while stars account for
films grown at P(Ar) =0.03 mbar using the interrupted growth mode.

In conclusion, the approach attempted here with the /G mode seems to be
promising. Although the surface morphology of the films is not optimal (due to
a mixed 2D/3D growth), the approach shows a good improvement of transport
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properties of the SVO films, close to the properties reached when using argon as
background gas (Chapter 4). Furthermore, the optimal (a, c¢) lattice parameters
observed in some cases signal an optimal unit cell volume, and thus presume of
high film crystallinity with fewer point defects than by the standard growth mode.
All in all, these results suggest that a refinement of the number of pulses per set or
relaxation time between sets could further improve the film quality and transport
properties.

B.5 Conclusions

We have shown here different approaches as attempts to reduce point defects in
SVO thin films. Although most of them have led to small improvements, the inter-
rupted growth approach is promising and should be further explored.
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Appendix C

Electro-optical properties of
Ba g;Laj ;SN0 thin films

In this thesis, a considerable effort has been spent on growing and studying the
properties of transparent conducting oxides (TCO) that are intrinsically metallic.
It turned out that to stabilize single-phase, highly conducting SrVO; and SrNbO;
thin films, the PLD deposition has to be done at extremely low pressure (UHV),
thus avoiding the formation of spurious phases resulting from the multivalency
of Vand Nb. Only an inert background gas can be used to reduced the amount of
defects related to the high kinetics of the impinging atoms. However, these extreme
growth conditions are not necessarily compatible with the growth conditions of
other functional oxides. That could be the case for LaFeO3 (LFO) thin films for
example, which need to be grown in O, atmosphere. This is one of the reasons why
we decided to use a different TCO materials as top electrodes in LFO multilayers
(Chapter 8); whereas SrVO; and SrNbOj can be easily combined with LaVO;
for example. In Chapter 8, we also motivate more in details the use of different
electrodes with different work functions in MIM structures.

Barium stannate (chemical formula BaSnO;) is a wide bandgap (Eg = 3 eV [74])
semiconductor. Substituting the A-site cation Ba?* by La®* introduces free elec-
trons in the Sn-5s conduction band and makes it metallic [341]. By doing so,
La:BaSnOj thin films combine high optical transparency (due to its large bandgap)
and metallic conductivity. Moreover, the mobility of carriers moving within a band
of dominant s character is much higher than for 3d or 4d metallic oxides. Yet, in
this degenerate semiconductor the electrical conductivity is limited by the low car-
rier density imposed by the doping, and thus lower than in intrinsic metallic oxides.

In this work, we have deposited 5%-doped Ba, g5L.ay 55105 (abbreviated BLSO)
thin films by PLD. The growth optimization was part of the Master’s thesis of David
Bugallo Ferrén (first semester 2016). As summarised in Figure C.1, BLSO films were
grown on STO substrates varying PO, (0.1, 0.2 or 0.3 mbar) and substrate tempera-
ture T (725°C or 800 °C). The other main parameters were kept fixed: laser fluence
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of ~2Jcm™ and frequency of 5Hz. The film thickness was of ~ 200 nm reached
with 3000 laser pulses. The resulting growth rate is 0.67 A/pulse. After growth films
were cooled down in PO, =200 mbar to fill eventual oxygen vacancies. The optimal
growth conditions are summarized in Table C.1.
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FIGURE C.1: Growth window of BLSO films grown on (001) STO sub-

strates, as a function of PO, and T during growth. The numbers indi-

cated below (resp. above) each point are the room-temperature resis-

tivity data p(300K) in pQ cm (resp. the RMS roughness, in nm). The
green color indicates the region of low roughness.

Set of T P(O2) p(B00K) RMSroughness c-axis
conditions (°C) (mbar) (uQcm) (nm) A)

A 725 0.1 412 3.88 4.123

B 800 0.2 203 0.65 4.123

TABLE C.1: Optimal growth conditions of BLSO//STO thin films and
main properties. Films were about 200 nm thick.

To further investigate the transport and optical properties of BLSO thin films,
films of different thicknesses (ranging from 30 to 90 nm) have been grown on STO
(c =3.905A) and LAO (c = 3.791 A) substrates simultaneously. Both STO and LAO
substrates have a smaller lattice cell parameter than bulk BLSO (with lattice con-
stant apy = 4.112A) resulting in a mismatch f(STO) = -5.3% and f(LAO) = -8.47%,
respectively. Therefore, both induce a compressive strain on the BLSO film. Growth
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conditions "A" (see Table C.1) were chosen as they show the best compromise of
low RT-resistivity and low RMS roughness.

C.1 Structural characterization and surface morphology

The XRD 6-26 scans of two illustrative BLSO films (90 nm thick) deposited on STO
and LAO are shown in Figure C.2a. For both samples, the (00]) Bragg reflections
of the film are visible next to the substrate ones and no additional peak is ob-
served, supposing epitaxial growth. However, the w-scans (or "rocking curves")
of the (002) reflections of one illustrative BLSO//STO sample (see Figure C.2c reveal
a much broader film peak compared to the substrate one, indicating a worse film
crystallinity. The 26—y scans (not shown) have not revealed the presence of any
spurious phase. Therefore, all films seem to be single-phase.

In Figure C.2b, we summarize the c-axis extracted for all films. Interestingly,
no trend is observed neither depending on substrate type nor film thickness and
all values are close to the bulk BLSO lattice constant ¢ = 4.112A. Consequently, it
seems that all films are fully relaxed. Indeed, if films were fully strained, the volume
conservation unit cell would provoke a c-axis expansion. Calculations via Pois-
son equation (considering a Poisson ratio v = 0.3) predict ¢ = 4.29 A (respectively
~ 4.39A) for strained BLSO grown on STO (resp. on LAO). Film relaxation is was
expected considering the high lattice mismatch between film and substrate, and
earlier reports of similar films [108].

In Figure C.3, we show reciprocal spaces maps around the (103) reflections of
the films. In agreement with the previous assumptions, films are fully relaxed with

Afilm =~ Apulk-
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FIGURE C.2: a) Illustrative XRD 6-26 scans of BSLO films, 90 nm thick,
grown on STO and LAO. The (001) substrate and film reflections are in-
dicated by the letters "s" and "f", respectively. The spectra are vertically
shifted for clarity. b) Out-of-plane cell parameters (c-axis) of the films
as a function of thickness. The dashed line indicates the bulk lattice
parameter of cubic BLSO. c) lllustrative w-scans the (002) film and sub-
strate relections of a BLSO film (50 nm thick) deposited on STO, and
illustrating the lower crystalline quality of the BLSO layer.
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FIGURE C.3: RSM around the (103) reflection of BLSO samples, 90 nm
(top panels) and 30 nm (bottom panels) thick, deposited on STO (left)
and LAO (right).
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The surface morphology of BLSO films (90 nm thick) deposited on STO and LAO
is shown is Figure C.4. The films show low rms roughness (= 0.5nm) as expected
for these growth conditions (as mentioned in Figure C.1). However, a closer of the
surface (insets of Figure C.4) reveals a high granularity.

BLSO//STO BLSO//LAO

rms =0.48 nm rms =0.46 nm

FIGURE C.4: AFM topographic images, 5 yumx5um in size (1 ymx1um
for the insets), of BLSO films grown on STO (left) and LAO (right). The
rms roughness is indicated below each image.

C.2 Transport properties

In Figure C.5a, we show p(300 K) for various film thickness and substrate. A clear
trend shows that p(300 K) is smaller for films deposited on STO compared to those
grown on LAQ, for a given thickness (e.g. 60 or 90nm). Second, for a given sub-
strate, p(300K) decreases with increased thickness which could suggest that the
density defects such as misfit dislocations is higher in thinnest films. Note that the
BLSO//LAO film of =30nm turned out to be highly insulating, probably due to a
critical amount of such defects. In Figure C.5b, we can observe p(T)/p(300K) for
some illustrative samples. We can observe that all samples are metallic over the
whole temperature range, and that the resistivity varies more or less with T2. Simi-
lar trend as been observed in PLD- and MBE-grown films [108, 342, 343]. The cor-
responding RRR was extracted and summarized in Figure C.5c where, for instance
for BLSO//STO, we can observe a small increase of RRR with thickness, which goes
in the direction of a decrease of the density of defects in thicker films.
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FIGURE C.5: Transport properties of BLSO films of various thicknesses,

grown on STO and LAO. a) RT-resistivity p(300K) as a function of film

thickness ¢. b) Temperature dependence of the normalized resistivity

p(T)/p(300K), for some illustrative samples. c) Residual resistivity ra-

tio (RRR=p(300K)/p(5K).) of the corresponding samples. d) Carrier
density (u) vs carrier mobility (n).

In Figure C.5d, we have plotted the carrier mobility (1) as a function of carrier
density (n) determined by Hall effect at RT. Note that, from the negative slope of
the Hall resistance (not shown here), carriers are electrons, as expected. The high-
est mobility observed p = 51 cm?V~1s™1 (for n =2.6 x 102% cm™3) was reached for
a 90nm thick BLSO//STO, which of the same order of magnitude than literature
reported values [106, 108]. Moreover, we can observe an increase of y with n and
the thickness ¢. This known trend, where u oc n?, b > 0, is typical of doped semi-
conductor. This might be due to a lower density of misfit dislocations in thicker
films and/or a reduction of scattering from the interface [106, 108]. The observa-
tion of a higher carrier mobility y, at a given carrier density n, for BLSO//STO than
for BLSO//LAO (higher mismatch) indicates a higher concentration of dislocations
in the latter, due to its higher lattice mismatch f. We should also notice that the
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maximum carrier density measured in these samples does not exceed n = 3 x 10%°
cm3. We recall that the nominal carrier density, considering a 5% doping level, is
Tnom = 7.25 x 10%° cm™3. This observation suggests that a high amount of electrons
is trapped by defects such as threading dislocations. However, the precise dopant
concentration has not been measured.

C.3 Optical properties

Optical transmittance in the 200-1600 nm range of a 50 nm BLSO//STO is shown in
Figure C.6. Of the highest importance is the observation that the film shows a trans-
mission coefficient of 100 % over the whole visible-IR range. Between 400 nm the
transmittance sharply drops to 0%. This is attributed to the onset of absorption
of the STO substrate (Eg = 3.2 eV = 387.5 nm). However, as above-mentioned, the
bandgap of BLSO is expected to be = 3.1 eV so here it is difficult to extract a pre-
cise value. One can also notice that the in the visible range the transmittance of the
film alone (measured using a pristine substrate as reference) is slightly higher than
100 %. This is also visible in the fact the transmittance of the BLSO//STO bilayer is
slightly higher the one of the pristine STO substrate alone. One can deduced either
that the STO substrate becomes a bit more transparent after the deposition process
(due to a reduction of substrate defects by the high temperature exposure), or that
the reflectivity of the bilayer is reduced, compared to the pristine substrate alone.
This observation is also visible in the sample picture (Figure C.6, right), where the
BLSO//STO sample (top) is slightly more transparent than pristine STO substrate
(bottom).
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FIGURE C.6: Optical transmittance of BLSO film (48 nm thick) de-
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ple (top sample) next to a pristine STO substrate (bottom sample) is
shown on the right.
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Appendix D

Appendix to Chapter 5

D.1 Surface morphology

In Figure D.1, top panels (resp. D.2) below, we show AFM topographic images of
the thickest SVO films (70 nm) grown at P(Ar) =0.03 mbar (resp. 0 mbar) on differ-
ent substrates. A morphology of multi-islands terraces one-unit cell (u.c.) high
in 3D steps (= 0.4 nm) can be observed, reminiscent of so-called “wedding-cake”
structures, as commonly observed in thin films of oxides [326, 327] or metals [328]
and commonly attributed to the Ehrlich-Schwoebel barrier (ES) energy barrier for
adatoms diffusion [329, 330], that promotes multi-terrace island formation. As in-
dicated in Figure D.1 and D.2 the roughness of these thick films is of about one-unit
cell (rms = 0.2-0.4 nm for an image size up to 5x5 um?) depending on the substrate.
Naturally, topographic images of thinner films display a reduced roughness (Fig-
ure D.1, bottom panels).

D.2 X-ray diffraction measurements

In Figure D.3 we show the -2 scans of the SVO films of t=10/20/70 nm, grown at
P(Ar)=0mbar (BP). The continuous line through the data are the results of the op-
timal simulation used to extract the c-axis and the film thickness. The correspond-
ing reciprocal maps measured around the (-103) reflection are shown in Figure D.4.
For SVO//STO, the film reflection is clearly visible above the substrate one, which
confirms fully tensile strained films. For SVO//NGO, film and substrate reflections
are perfectly superposed due to close structural mismatch. For SVO//LAQO, the film
peak is located below the substrate one. In the thickest film one small portion of
the peak is vertically aligned with the substrate and the rest shows strain relaxation.
However, in thinner SVO//LAO samples, the film seems almost fully strained with
fewer signs of relaxation.
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SVO//NGO SVOo//sTO

t=70 nm

t=10 nm

rms =0.17 nm rms =0.20 nm
FIGURE D.1: AFM topographic images of SVO films, about 70 nm

(top) and 10nm (bottom) thick, deposited on LAO, NGO and STO, at
P(Ar)=0.03 mbar.

SVO//LAO SVO//STO

rms = 0.48 nm rms = 0.46 nm rms =0.52 hm

FIGURE D.2: AFM topographic images of SVO films, about 70 nm thick,
deposited on LAO, NGO and STO, at P(Ar) =0 mbar.
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FIGURE D.3: 0—-20 scans of the SVO films of £=10/20/70 nm, grown at
BB on STO, NGO and LAO. The continuous red line through the data
are the results of the optimal simulation used to extract the c-axis and

the film thickness.
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the (-103) reflection.
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D.3 Temperature-dependent resistivity and RRR
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FIGURE D.5: a-b) Temperature-dependent resistivity data of SVO films
(20 and 70nm) deposited at P(Ar)=0mbar (BP) on various sub-
strates. All films are metallic and the resistivity is smaller on best-
matching substrate (NGO). ¢) Corresponding residual resistivity ratio
(RRR=p(300K)/p(5K)) for all thicknesses (10, 20, and 70 nm). Films
deposited on the best-matching NGO substrate have highest RRR, due

to a lower presence of planar defects (as shown in Chapter 3).
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D.4 XAS measurements at grazing vs normal incidence

In Figure D.6, we show the XAS spectra of both V L, 3 and O K pre-peak absorp-
tion edges for 10nm SVO//STO sample measured at: a) grazing incidence angle
(8 =30°), and b) a nearly normal incidence angle (6 = 85°) from the sample surface.
The spectra were collected for horizontally (H) and vertically (V) polarized lights
and the XLD = H — V is shown in the bottom part of the (a,b) panels. The electric
field E of H-polarized light varies from b-axis (in-plane) to c-axis (out-of-plane)
from grazing to normal incidence as shown in the sketches given below the (a,b)
panels, respectively. While, the E of V-polarized light is parallel to the a-axis, (E,
or commonly Egp,) for any light incidence angle. It appears from the data that the
XLD is absent in the normal incidence as expected due to the 3d-orbital symmetry
in the film plane, but a clear difference in the grazing incidence as the orbital occu-
pancy differs the light absorption intensities. Furthermore, the spectra do not seem
to have any discernible shift in the peak positions either at V L, 3 or O K pre-peak
edges — within the experimental resolution (< 10 meV) — suggesting that, within the
sensitive penetration depth, the SVO films are electronically homogeneous; this
hints that the vanadium valency remains same throughout the film within the x-
rays probing limit.
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FIGURE D.6: XAS and XLD spectra of V L, 3 and O K pre-peak for 10 nm
SVO//STO recorded at: a) grazing (8 =30°), and b) normal incidence
(6 =85°) angles.
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D.5 Temperature-dependence of the XAS/XLD spectra

In Figure D.7a, we show H- and V-polarized XAS of SVO//STO, as well as XLD at the
V L, 3-edges of 10 nm thick SVO films grown on various substrates (STO, NGO, and
LAO) recorded at 2K temperature. These data were collected at grazing incidence
(8 =30°) as similar to the 300 K data in the Figure 5.4b of the manuscript. The XLD-
1 and XLD-2 signals for positive and negative dichroism, respectively, follow the
same trend as the 300K data, i.e. largest amplitude for the SVO films on STO and
reduces for the films on NGO and LAO. The magnitudes of XLD-1 and XLD-2 are
given in the Figure D.7b for both 2 K and 300K for a quantitative analysis. The data
appear very similar to each other.
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FIGURE D.7: a) H- and V-polarized XAS spectra of SVO//STO at the V
L, 3-edge, and XLD spectra of 10 nm SVO thin films on STO, NGO, and
LAO substrates. Spectra were collected at 2 K. b) Temperature variation
of the XLD maxima values (XLD-1 and XLD-2) of 10 nm SVO films grown
on various substrates.
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D.6 Thickness-dependence of the XAS/XLD spectra

In Figure D.8a, we show the average XAS of SVO films on STO for thicknesses of
10, 20, and 70 nm recorded at grazing incidence, in the energy range of 510-555 eV
where the V L, 3 absorption edge is present and followed by the O K-edge. As al-
ready mentioned, the O K pre-peak doublet maxima appearing at M; (= 529.5€eV)
and M, (= 531.5eV) (arrows), which are known to be very sensitive to oxygen con-
tents and the hybridization between O 2p and metal 3d- >z and between O 2p and
3d-eg states, respectively. The relative intensity (M (f2g))/ (M2 (eg)) is sensitive to
the electronic occupancy at V 3d levels, which seems varying with the increasing
thickness due to different surface oxidation in the films. This is very much consis-
tent with the films grown on LAO and NGO for the increasing thicknesses from 10
to 70 nm.

In Figure D.8b-d, we show the XLD data for SVO films on STO, NGO, and LAO sub-
strates for different thicknesses (10, 20, and 70 nm) recorded at grazing incidence.
The XLD displays similar features and the amplitudes at XLD-1 and XLD-2 are re-
duced with the increasing thickness. These XLD amplitudes are already summa-
rized in Figure 5.4d of the manuscript.

D.7 Angular-dependence of the XLD spectra

In Figure D.9, we show the XLD data of V L, 3 and O K-edges recorded at different
angles of incidence from the sample surface (8°, 30°, 60° and 85°) for the 10 nm SVO
films on: a) STO, b) NGO, and c) LAO substrates. These data confirm the systematic
variation of the XLD signal with the substrate as well as the angle. In Figure D.9d we
summarize the amplitudes of the XLD maxima (XLD-1 and XLD-2) for various sub-
strates. The XLD maxima are plotted as a function of cos?() to provide evidence of
the concordance of the expected angular dependence with experimental data.
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FIGURE D.8: a) The XAS of V L, 3 and O K-edges of SVO//STO for differ-

ent thicknesses (10, 20, and 70 nm) recorded at the grazing incidence

(8 =30°). Thickness variation of XLD spectra of V L, 3 and O K-edges

for the SVO films on: b) STO, ¢) NGO, and d) LAO substrates recorded
at the grazing incidence.
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FIGURE D.9: a-c) Angular dependence of the XLD signals V L3-edge for

10nm SVO films on different substrates (STO, NGO, and LAO). d) Sum-

mary of the XLD-1 and XLD-2 maxima amplitudes for the different an-
gles.
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D.8 Strain-dependent IDOS of d orbitals

It can be appreciated in Figure D.10 that: (i) the occupancy of fg is larger than
eg as expected from the crystal field splitting of octahedral VO4 coordination; (ii)
the in-plane xy states are more occupied than xz, yz (which are degenerate) when
c/a<1, illustrating that they are pushed down under tensile strain; the opposite
trend holds for out-of-plane (xz, yz) when c/a>1; (iii) surprisingly the in-plane
x? — y? states display the opposite behavior, that is: they appear to be less occupied
under tensile strain (c¢/a < 1), and consistently, the z2 states become less occupied
under compressive strain (c¢/a>1). To explain this behavior it is helpful to calculate
the center of mass Ecy, i. e. the average energy at which the d orbitals are located.
Without any bonding-antibonding hybridization the DOS would be located around
Ecm. When bonding-antibonding hybridization happens, the sign of Er — Ecy de-
termines whether the bonding or the antibonding states have the dominant con-
tribution below Eg. For the fp¢ states Ecy < Ef, therefore the antibonding states,
being partially occupied, control the behavior of the IDOS, as already explained in
(i). For the eg states, the antibonding states are unoccupied and lie at high ener-
gies and, as expected, Ecy > Ep, which results in the bonding states to be the only
contribution to the IDOS below Er. With respect to Er the bonding states act ex-
actly opposite to the antibonding states, and therefore, the IDOS for the eg orbitals
follows the opposite trend to the IDOS for f,g states, as depicted in Figure D.10.
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FIGURE D.10: IDOS of 14 (left) and eg (right) vs tetragonal distortion
(c/a), for in-plane and out-of-plane orbitals, as indicated.
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Appendix to Chapter 6

E.1 Transportdata and Hall effect measurements
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FIGURE E.1: Illustrative Hall effect measurements at 300 K and 5K of a
70 nm thick SVO film deposited on NGO substrate, at P(Ar) =0.2 mbar.
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FIGURE E.2: Transport data for most SVO films of this study. From top
to bottom row: strain series (different substrates), P(Ar) series on LSAT
and NGO, and thickness series (10, 20 and 70 nm) on various substrates.
Left panels show the room-temperature carrier density # and mobility
1. Right panels show residual resistivity ratio (RRR) of the correspond-

ing samples.
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E.2 Fits of resistivity data to a quadratic temperature de-
pendence and polaronic models
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FIGURE E.3: Compilation of A values extracted from the fitting function
o(T) = po+ AT?. a) PO, series on STO and LSAT substrates. b) P(Ar)
series on LSAT and NGO substrates. c¢) Thickness series on LAO, NGO

and STO substrates.
T?-dependence and

d) Illustrative results of the fit of p(T) using the
the polaronic model. Inset show the residual dif-

ference [pexp — pfic]. Notice that the residual difference at T' < 180-200K
becomes about a factor 10 larger in the quadratic model. e) Compari-
son of the T? and AT? + BT® fits together with the polaronic model, for

an illustrative film.
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FIGURE E.4: Additional p(T) data of SVO films together with Fermi lig-

uid fit (red dashed curve) and polaron model fit (green dashed curve).

Left panels show SVO of thickness: a) 70 nm and c¢) 35nm thick film;

deposited on LSAT at P(Ar) =0.2 mbar. Right panels show SVO film of

thickness: b) 70 nm and d) 20 nm; deposited on LAO at P(Ar) =0 mbar.

Insets are zooms of the low temperature region where the Fermi liquid
fits show highest discrepancy.
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FIGURE E.5: Literature p(T) data of SVO films grown on LSAT by
hybrid-MBE, together with Fermi liquid fit (red dashed curve) and po-
laron model fit (green dashed curve). Data in (a,b) represent digitized
data of 45 and 20 nm thick films, respectively, from Zhang et al. [18]
Data in (c) are taken from Moyer et al. [42] (50 nm thick). Insets are
zooms of the low temperature region where the Fermi liquid fits show
highest discrepancy.
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Sample Fit R? Aee Ay _pn hwo
[QcmK7 [Qms] [meV]
Fermi liquid (fixed po) 0.99314 6.35e-10 + 2.14e-12 X X
SVO//STO
(Fig. 5¢) Fermi liquid 0.99860 6.72e-10 + 1.46e-12 X X
Polaronic 0.99995 X 1.20e-20 + 1.29e-23  20.6 + 0.11
Fermi liquid (fixed o) 0.99867 4.955e-10 + 7.12e-13 X X
SVO//NGO o
(Fig. 5d) Fermi liquid 0.99962 5.07e-10 £ 5.74e-13 X X
Polaronic 0.99980 X 9.78e-21+277e22  12.74%0.35
Fermi liquid (fixed po) 0.99899 9.04e-10 + 1.12e-12 X X
SVO/LAO Fermi liquid 0.99954 9.20e-10 + 1.15e-12 X X
(Fig. 5e)
Polaronic 0.99962 X 8.30e-21+4.58¢-22  10.75+0.58
TABLE E.1: Fitting parameters for Fermi liquid (constrained and un-
constrained) and polaronic fits, for some illustrative SVO films: SVO
films (10 nm) on STO, NGO and LAO (data are shown in Figure 6.5). No-
tice the errors of parameters are <6 %.
Sample Initial hwo Initial Reduced R? hwo Dependency Aepn Dependency
[meV] Ay pn chi- [meV] [Qms]
[Qms] squared
10 1e-20 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
100 1e-20 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
1 1e-20 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
10 1e-19 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
SVO/INGO 10 1e-21 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
(Fig. 5d)
100 1e-19 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
100 1e-21 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
1 1e-19 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996
1 1e-21 0.0374 0.9998 12.74 0.9996 9.78e-21 0.9996

TABLE E.2: Comparison of fitted parameters depending on input pa-
rameters for the polaronic fit. It can be appreciated that the input pa-
rameters can varied by about 3 orders of magnitude but the fitted values

are virtually identical.
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E.3 Softening of selected optical phonon modes with in-
creasing tetragonality
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FIGURE E.6: Phonons in SVO. Phonon energies at Gamma-point of SVO
have been calculated as a function of ¢/ a using density functional per-
turbation theory available in Quantum Espresso. Preliminary data for
phonons displaying the strongest e-phonon coupling are shown. The
(7-12) indexes refer to optical modes of increasing energy. As the modes
7, 8 and 9, as well as the modes 10, 11 and 12, are split due to the
tetragonal distortion, here we plot the averaged values for each group
of modes.
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E.4 Ellipsometric data
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FIGURE E.7: a) Ellipsometric data (FIR + MIR) of a SVO film (72nm
thick) deposited on LSAT substrate. The measured (¥, A) spectra are
fitted with a substrate/film/ambient model, where only the film re-
sponse is varied. Substrate response was determined from ellipsomet-
ric measurements on a bare substrate [344]. The far-infrared response
of the film is dominated by a Drude component. The extracted un-
screened plasma frequency is wp = 19500 cm™! (= 2.42eV) and broad-
ening y = 680 cm™!, which corresponds to a screened plasma energy
Eu*)p = 1.21 eV (considering €, = 4, as reported by Makino et al. [123]).
The corresponding effective mass m* = 4.1me. Notice that we reported
similar values in our previous studies (Chapters 3-4), and that similar
values were encountered in literature [18]. Features in the W/A spec-
tra below 1000 cm™! originate from the substrate phonons. b) Optical
conductivity o; of the SVO film up to UV (6.2 eV, 50000 cm™h resulting
from point-by-point fit to ellipsometry data.
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FIGURE E.8: Scaling between the prefactor of the T2-dependent resis-
tivity and the Fermi energy. Our data for SVO are plotted on top of data
taken from Wang et al. [194].
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E1 Comparison of our experimental data

DFT simulations of optical properties.
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FIGURE E.1: a) Absorption coefficients (¢ = (—1/¢)In T) obtained from
the transmittance data of SVO/LSAT (50nm) and SNO//LSAT (45 nm)
samples shown in Figure 7.7 of the Chap. 7. Note the strong onset of
absorption at =2.7eV and =4.5eV for SVO and SNO respectively, in
agreement with the Tauc plots shown in Figure 7.7c-d. b) DFT simu-
lated absorption coefficients as reported by Paul et al. [255]. c-d) Cor-
responding Tauc plots, i.e. using the simulated absorption coefficients

from [2

55].
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E2 Ellipsometric raw data.
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FIGURE FE.2: Raw ellipsometric data for pristine GSO substrate, pris-
tine LSAT substrate, SNO/GSO (65nm), SNO//LSAT (65nm), and
SVO//LSAT (65nm). a) €1, b) €2, and ¢) LF.

E3 Polarization dependent transmittance measurements.
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FIGURE E.3: Transmittance T}, and T; collected at an angle of incidence
of 30°, for: a) SNO//LSAT (50nm) and b) SVO//LSAT (50 nm) bilayers.
The dashed lines indicate the expected position of the dip in T},.
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E4 Reflectance, transmittance and Brewster angle.
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tion of energy. (Right axis) Simulated p-polarized light reflectance R,

and transmittance T}, (at angle of incidence of 65°); for two illustrative
samples: a) SNO//LSAT (65nm), and b) SVO//LSAT (65 nm).
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E5 Losses in SrNbO; films of different thicknesses.

a) L L L AL LU IR ML LA g
6 - ——65nm SNO/GSO
——90nm P(Ar) = 0.08 mbar 18
4 - ——140nm 17
2+ —46
I {5
‘: 0 I i 4 “6\‘
2k
L =43
“4r 12
6 11
-8— M T il ()
1 2 3 4 5 6
Energy (eV)
b)
AL LA AL IR RAALLLLE] LA
1.4 i SNO//GSO )
121 P(Ar) = 0.08 mbar |
w —— 65 nm
E' 1.0 - —— 90 nm
_g 08 —— 140 nm |
3]
2 06| .
3
o 04 r —
4
0.2 —
0.0 - B
PR R R T BT A A WS FERRTRRTE] [RTTTTTIT [TTTTIIT
1 2 3 4 5 6

Energy (eV)

FIGURE E5: Additional ellipsometry raw data of SNO//GSO films for
different film thicknesses. a) (¢1, €2), and b) LF.
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E6 Work function of SrNbO; film measured by in-situ UPS.
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FIGURE E.6: UPS spectrum of a SNO//GSO film measured in-situ (by

transferring the sample to the XPS chamber without breaking the vac-

uum, at T.U. Darmstadt). A bias voltage of -6 eV was applied. The ex-
tracted work function is 3.5 eV.
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