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Résumé : Le fractionnement photoélectrochimique de l'eau a l'aide de semi-conducteurs est une solution
prometteuse a la course aux ressources alternatives d'énergie renouvelable. Ce processus exploite I'énergie solaire
abondante pour fractionner les molécules d'eau et générer de I'hydrogene comme vecteur d'énergie propre,
exempte d'émissions de dioxyde de carbone lors de son utilisation.

Cependant, les oxydes conventionnels utilisés en tant que photoanodes sont confrontés a une capacité
d'absorption limitée des photons solaires et a une mauvaise séparation des charges, qui entravent leur efficacité
de conversion. Pour surmonter ces limitations, nous proposons l'utilisation d'oxynitrures pour la photoélectrolyse
de l'eau. En théorie, ces oxynitrures présentent une meilleure absorption de la lumiére visible et des positions de
bord de bande de conduction/valence adéquates par rapport aux niveaux redox de |'eau. Expérimentalement, ces
composés présentent toutefois, souvent de mauvaises activités photochimiques attribuées a notamment, des
concentrations élevées de défauts.

Afin de pallier les inconvénients des méthodes de chimie du solide impliquant la nitruration a haute température
de poudres d'oxydes, dans cette these, les films minces épitaxiés sont préparés sous ultra-vide, en utilisant
I'épitaxie par jet moléculaire assistée par une source plasma hybride d'azote atomique/ionique pour fournir I'azote
nécessaire a la croissance des films épitaxiés dopés N.

Plus précisément, nous étudions l'influence du dopage sur la structure cristalline, électronique et les propriétés
des photoanodes pour la photoélectrolyse de I'eau.

Nous avons étudié dans un premier temps, des films déposés sur un substrat d’oxyde en utilisant uniquement un
plasma atomique d'azote. Le substrat d'oxyde permet en l'occurrence, de fournir I'oxygéne nécessaire a la
croissance des films épitaxiés de BaTiO3; dopés N (~3.8 at% par rapport a Ti). Une étude comparative avec des
films non dopés de BaTiO; d'une épaisseur identique fabriqués a I'aide d'un plasma d'oxygéne atomique suggere
que le dopage en azote est auto-limitant en raison de l'incorporation de lacunes d'oxygéne, assurant ainsi la
neutralité de charge. Malgré, des niveaux de dopage faible, la structure électronique du matériau subit des
modifications améliorant I'absorption du spectre lumineux.

De plus, pour obtenir une structure de réseau plus stable pour les réactions d'oxydation de I'eau, ce travail présente
également des résultats préliminaires concernant le co-dopage de BaTiO; a I'aide d'atome de tantale. Méme en
I'absence de cristallinité du BaTa,Tii-,Os-,N,, la présence de Ta a permis de multiplier par deux le taux de dopage
en azote levant ainsi, les conditions limitantes qui affectaient I'incorporation de N dans le matériau.

Dans un second temps, sur un substrat non oxyde, de platine, en utilisant a la fois un plasma d'oxygéne atomique
et un plasma hybride d'azote, nous avons pu montrer qu’'en faisant varier le taux d'ions d'azote ainsi que la
température du substrat, nous pouvions élaborer des films minces épitaxiés de TiO, dopés N de structures
cristallographiques différentes. De plus, la réduction de Ti** en Ti®*, conduit a la formation d'états de défauts peu
profonds qui peuvent piéger les trous et permettre une meilleure séparation de charges. La photoanode de
meilleure efficacité a été obtenue pour un film de structure quasi-rutile contenant 9 % de Ti** avec un photocourant
deux fois plus important que celui du TiO, rutile non dopé. Cependant, dés lors que la surface est réoxidée, par
exemple, par un traitement au plasma d'oxygene, la surface adopte un comportement similaire a celle du TiO,
entrainant ainsi un photocourant différent sans toutefois modifier les propriétés de volume.

En somme, I'objectif de cette these était d'examiner ces matériaux en étudiant un parametre a la fois, ce qui la
distingue des études traditionnelles en chimie du solide qui traitent de multiples parametres simultanément.
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Abstract : Photoelectrochemical water splitting using semiconductors has emerged as a promising solution in
the search for alternative green and renewable energy sources. This process harnesses abundant solar energy to
split water molecules and generate hydrogen as a clean energy vector, producing when used, energy free from
carbon dioxide emissions.

Conventional oxides used as photoanodes face challenges such as limited absorption of solar photons and poor
charge separation, which hinder their conversion efficiency. To overcome these limitations, we propose the use
of oxynitrides for solar water splitting. In theory, these oxynitrides exhibit strong sensitivity to visible light and
suitable conduction/valence band edge positions with respect to water redox levels. However, these compounds
experimentally, often exhibit poor photochemical activities attributed to high defect concentrations.

In order to avoid the drawbacks of traditional solid-state chemistry methods involving the high-temperature
nitriding of oxide powders, in this thesis, epitaxial thin films are prepared under ultra-high vacuum, using
molecular beam epitaxy assisted by a hybrid atomic/ionic nitrogen plasma source to provide the nitrogen
necessary for the growth of N-doped epitaxial films.

More precisely, we study the influence of N doping on the crystal structure, the electronic structure and the
photoanode properties for photoelectrolysis.

First, we studied films deposited on an oxide substrate using only nitrogen atomic plasma. The oxide substrate
allowing in this case to provide the oxygen necessary for the growth of N doped BaTiO; epitaxial films (~3.8at%
versus Ti). A comparative study with undoped BaTiO; films of identical thickness fabricated using an atomic
oxygen plasma suggests that nitrogen doping is self-limiting due to the incorporation of oxygen vacancies,
thereby ensuring charge neutrality.

Even modest doping levels lead to modifications in the material electronic structure, enhancing the visible light
absorption.

To address the challenges of achieving a more stable lattice structure for solar water splitting reactions, the
presented work also investigates preliminary results on the co-doping of BaTiO; through tantalum incorporation.
Even in the absence of BaTa,Ti;-,Os-N, crystallinity, the presence of Ta allowed the reduction of Ti* to Ti**, the
creation of oxygen vacancies and a level of nitrogen doping twice as high compared to the previous conditions.
These changes removed the limiting conditions that affected the incorporation of nitrogen into the material.

In a second step, we studied films deposited on a non-oxide substrate (Platinum) using both an atomic oxygen
plasma source as well as a hybrid nitrogen plasma source. We demonstrated that by varying the rate of nitrogen
ions and the temperature of the substrate, one obtained epitaxial thin films of N-doped TiO, with different
crystallographic structures. Moreover, the reduction of Ti** to Ti**, leads to the formation of shallow defect states
that can trap holes and allow better charge separation. The most efficient photoanode was a film of quasi-rutile
structure containing 9% Ti** with a photocurrent twice as high as the undoped rutile TiO,. However, once the
surface is reoxidized, for example by oxygen plasma treatment, the surface starts to behave more like TiO,,
leading to a different photocurrent without any change in the volume properties.

In summary, the objective of this thesis was to examine materials by studying one parameter at a time, which
sets it apart from traditional solid-state chemistry studies that deal with multiple parameters simultaneously.
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Figures:

General introduction:

— Figure 1: Schematic representation of the operating principle of PEC cells based on a
photosynthetic cell that generates a chemical fuel through the photon driven water splitting

— Figure 2: At short circuit, a the energy level diagram of an n-type semiconductor photoanode
and metal cathode photoelectrochemical cell (PEC), b the energy level diagram of a p-type
semiconductor photocathode and metal anode regenerative PEC.

— Figure 3: Simplistic representation of the band diagram of; a a PEC cell system using a
photoanode and a photocathode. And b a double photoelectrode PEC cell system using a
photoanode, a metallic cathode, and an external bias.

— Figure 4: The lower edge of the conduction band (red color) and upper edge of the valence
band (green color) are presented along with the band gap in electron volts. The energy scale
is indicated in electron volts using either the normal hydrogen electrode (NHE) or the vacuum
level as a reference at pH=0. On the right side the standard potentials of several redox
couples are presented against the standard hydrogen electrode potential.

— Figure 5: Periodic table of the elements with data for production, price and implied value for
the year 2010. The color coding (green, light-green, orange and red) corresponds to overall
production level (medium to high, low, very low and extremely low, respectively). Solid color
is used for elements which are chiefly main economic products of their respective ores while
a diagonal gradient in color is used for elements which are mostly by-products of other
elements.

— Figure 6: Energy diagram for the synthesis of a nitrides b oxides.
Chapter I: Oxynitrides as a potential photoanode for solar water splitting

— Figure 1.1: Various energy-driven water-splitting routes using thermal, electrical,
biochemical, and photonic energy or their combinations.

— Figure 1.2: Schematic representation of the photoelectrochemical (PEC) water splitting
process in a common PEC water splitting system consisting of a photoanode and a metal

counterpart.

— Figure 1.3: Schematic band-gap representation for a intrinsic; b n-type doped and c p-type
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— Figure 1.4: n-typesemiconductor-electrolyte interface. (left) before contact, (right) after

doped semiconductor.

contact. After contact, the system reaches electronic equilibrium (Eeq) when the energy of the
Fermi level (EF) in the semiconductor is equivalent to the redox potential of the electrolyte
(Eredox). The space charge layer, which is the area where the charge distribution differs from

the bulk material, has a width w and a height AE. The electric field in the space layer favors

the separation of charge carriers.

— Figure 1.5: The structure model of the n-type semiconductor/electrolyte interface under
equilibrium conditions and the potential (¢) profile across this interface (blue line). A¢sc,
Adw, and Agc are the potential drops in the space charge layer (1), Helmholtz layer (1), and
Gouy layer (I11), respectively (NB: this figure is in reverse potential of figure 1.5).

— Figure 1.6: Charge carriers separation in an n-type semiconductor under illumination.

— Figure 1.7: AM 1.5 solar spectrum in temperated zones, taking into account atmosphere
absorptions (1 sun conditions with power intensity of 100 mW cm). Zone I (I1) corresponds
to the part of the solar spectrum absorbed by a semiconductor having a gap of 2 eV. The
energy / wavelength equivalence is given by E = hc/A.

— Figure 1.8: a Conduction band (left bar) and valence band (right bar) positions vs NHE at
pH=0 of common semiconductors used in photoelectrolysis cells. The band gap value is in
parentheses, and the ordinate indicates the maximum theoretical photocurrent under Air
Mass 1.5 illumination. The dotted lines indicate the thermodynamic potentials for water
reduction and oxidation, respectively. Reproduced from. b Band positions of various
semiconductors with respect to the redox potentials of water splitting at pH=14.

— Figure 1.9: Elements used to construct photoelectrodes for water splitting and their roles.

— Figure 1.10: Schematic band structure of an insulating titanium oxynitride (Ti-N-O
compound). The valence band consists mainly of hybridized orbitals from N-2p and O-2p
states, whereas the conduction band is dominated by empty Ti-3d orbitals. Octahedral
coordination around Ti atoms splits the 3d band into lower and upper levels.

— Figure 1.11 Representation of narrowing the band gap of a semiconductor by doping.

— Figure 1.12: Schematic representation of N doping via increasing nitridation temperature
and respective bandgaps and the presence of interband states related to interstitial and

substitutional doping.
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— Figure 2.1: Schematic illustration of lattice matched, strained and relaxed epitaxy.

Chapter I1: Experimental details

— Figure 2.2: The ABO3 perovskite family of complex oxides hosting a wide array of functional
properties and electronic phases. The basic BOg octahedral unit is located at the center of the
unit cell with A sites on the corner (top left). This simple building block enables a large
configurational space for functional heterostructures of structurally similar films with diverse
properties (top right).

— Figure 2.3: Intrinsic SrTiOz film lattice parameter reported for different growth rates using
scalable oxide thin film growth techniques: Pulsed Laser Deposition (PLD), sputtering,
Metal-Organic Chemical Vapor Deposition (MOCVD), Atomic Layer Deposition (ALD),
Molecular Beam Epitaxy (MBE), and hybrid Molecular Beam Epitaxy (hMBE). The defect
concentration ¢ due to nonstoichiometric growth condition was determined from the intrinsic
film lattice parameter expansion.

— Figure 2.4: O&NPA-MBE deposition chamber : a schematic representation.

— Figure 2.5: Schematic drawing of the principal of the RF source.

— Figure 2.6: Schematic mechanism of an ECR nitrogen plasma source.

— Figure 2.7: Features on the ECR source used during this study

— Figure 2.8 : Aperture producing Hybrid mode.

— Figure 2.9: Classification of different electromagnetic waves.

— Figure 2.10: a Schematic diagram of RHEED apparatus b The simpliest RHEED set up
includes an electron gun, a (here a plasma clean substrate of Pt (111)), and a fluorescence
screen.

— Figure 2.11: Different types of morphologies of single crystal surfaces; in real-space
morphology (left), associated reciprocal space (middle), and corresponding RHEED patterns
(right).

— Figure 2.12: Principle of RHEED pattern analysis in order to calculate the surface lattice
parameters in the case of a the 1% Nb doped SrTiOs (001) and ¢ BaTiOs deposited on 1% Nb
doped SrTiOs (001) surfaces, with their corresponding RHEED pattern (green contrast) with
blue (gray) dashed rectangles highlighting the integration box used to obtain the curves of
the integrated RHEED images. b and d the surface reciprocal geometry indicating two
different azimuths for each sample surface reciprocal lattice (10)*s and (11)*s.
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Figure 2.13: Energy level diagram depicting the photoelectric effect. An incoming photon is

absorbed such to provide a sufficient energy to an electron to overcome the binding energy
(Eb). Because of the quantification of the electronic levels, the kinetic energy of the emitted
electron has elemental specificity and hence allows for surface chemical identification.
Figure 2.14: Simplified universal curve for the electron inelastic mean free path in elements
based on the equation in the inset.

Figure 2.15: Ex situ widescan XPS spectrum taken for a N-doped TiO> film which highlights
the presence of Ti, O and C at the surface. The N ratio is too low to be seen in the wide scan.
Figure 2.16: Energy level depicting the process by which an Auger electron is emitted.
Figure 2.17: Auger scan for an N-doped BaTiOz layer deposited on 1% Nb: SrTiOz (001).
Figure 2.18: Schematic representation of the resulting momentum transfer Q;in XRR.
Figure 2.19: Typical features of a reflectivity curve.

Figure 2.20: a Photoelectrochemistry setup, and b details of the mounting within the cell.
Figure 2.21: Schematic representation of the measurement system.

Figure 2.22: 1(V) curves: Jp(V) (red curve) and J.(V ) (green curve) and ON/OFF chopped
(blue curve).

Figure 2.23: Light flux of the Xe arc lamp after the monochromator as a function of the
wavelength.

Figure 2.24: Electrochemical absorption as a function of the wavelength at 0.4 V vs. Ag/AgCI
of TiO2 deposited on (001) and normalized at 270 nm.

Figure 2.25: Direct band gaps determined using the “‘efficient Tauc plot method’’, for TiO-
deposited on Pt (111).

Figure 2.26: Photoelectrochemical cells of 3 electrodes with the working (WE), counter (CE),
and reference (RE) electrodes and its equivalent RS-RCPE circuit model.

Figure 2.27: Schematic illustration of Bragg's law.

Figure 2.28: Schematic diagram of the Resonant phenomena when investigating the valence
band in RPES: interference between the photoemission from the valence band and the Auger
relaxation. Er stands for the Fermi level of the sample.

Figure 2.29: Ti-K edge absorption spectra for a TiO2 / Pt (111) film. The different remarkable
regions are highlighted in red.

Figure 2.30: Ti-K edge EXAFS data post-processing illustration: (a) raw absorption spectra

recorded in normal incidence with glitches (black line, glitches are indicated by asterisks)
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and glitch-free (red line), (b) corresponding experimental EXAFS oscillations obtained by the

Athena software (black thick line) and the fitted data by FEFF calculations assuming a rutile

crystallographic structure (grey thin line) using the Artemis software. Sample: TiO2/ Pt (111).

Chapter I11: Self-oxidized single crystalline perovskite N-doped BaTiOs oxynitrides

Figure 3.1: a Example of the representation of a perovskite crystallographic structure (SrTiOs
used as substrate in this study) b (001) orientation of SrTiOs3.

Figure 3.2: Behavior of the BaTiOs perovskite below and above the ferroelectric ordering
temperature.

Figure 3.3 Evolution of the concentration of each species O, N, and C during nitridation of
Al using the ECR source with a single hole aperture. The solid lines are guides to the eyes.
Figure 3.4 Calibration of the a operating pressure and b the source current for nitriding.
Figure 3.5: a the observed RHEED patterns along the (10)"s and (11)"s azimuths during
growth for a 4 nm thick film and their corresponding integrated profiles along the streak
directions, at 0 and 180 min. b The upper (resp. bottom) line shows the data for the SrTiOs
(001) substrate (resp. Ti+N/ SrTiOs (001) film). c the corresponding surface reciprocal
lattice is represented, making explicit the diffraction directions, the elementary cell (in the
reciprocal space) is also shown. d TiN Rocksalt structure. e Evolution of the TiN in-plane
lattice parameter (ay) derived from the (10)"s direction RHEED pattern assuming rocksalt
structure as a function of the film thickness compared with of the lattice parameter of bulk

TiN (dark red), SrTiOs (dark bleu) and TiO: rutile (purple) at the deposition temperature

(450 ) (taking into account the thermal expansion).

Figure 3.6: a The observed RHEED patterns along the (10)"s and (11)"s azimuths during
growth for a 9 nm thick film and their corresponding integrated profiles along the streak
directions, at 0 and 360 min. b The upper (resp. bottom) line shows the data for the
1%NDb:SrTiOz (001) substrate (resp. Ti+N/ 1%Nb:SrTiO3 (001) film). ¢ The corresponding
surface reciprocal lattice is represented, making explicit the diffraction directions, the
elementary cell (in the reciprocal space) is also shown. d Evolution of the TiN in-plane lattice
parameter (ay) as a function of the film thickness deduced from the (10)”s direction RHEED
pattern . Dashed lines stand for the in-plane lattice parameter of bulk TiN (dark red), SrTiOs

(dark blue) and TiO2 (purple) at the deposition temperature (450°C) (taking into account the
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— Figure 3.7: In situ, AES spectra of the thin Ti+N (180min deposition) deposited on SrTiO3
(001) and the thick Ti+N (360min deposition) deposited on 1%Nb:SrTiOsz layers normalized
at418eV.

thermal expansion).

— Figure 3.8: X-ray photoemission spectra of thin Ti+N (180min deposition) deposited on
SrTiO3(001) for a Wide scan b Ti-2p core level, ¢ N-1s core level and d O-1s core level.

— Figure 3.9: Wide angle X-ray diffraction along specular directions for a thin TiOxNix
(180min deposition) sample and for b thick TiOxN1.x (360min deposition) sample

— Figure 3.10: a Efficient absorption photocurrent density as a function of the wavelength at
0.5 V vs. Ag/AgCl normalized at 320nm, (inset) light flux of the Xe arc lamp as a function of
the wavelength , d Photocurrent density versus the applied voltage (vs. Ag/AgCI), for thick
TiOxN1-x (360min deposition) (blue) and (black) thick TiO2 (360min deposition) layers .

— Figure 3.11: a RHEED patterns along (10)s and (11)s azimuths observed during the growth
of BaTiOz and Ba+Ti+N on 1%Nb doped SrTiOz. The total thickness is about 14 nm after 180
min of deposition. b growth steps. ¢ The corresponding surface reciprocal lattice is
represented, making explicit the diffraction directions, the elementary cell (in the reciprocal
space) is also shown. d The corresponding integrated profiles of the RHEED patterns of
Nb:SrTiOs plasma cleaned and BaTiOs and Ba+Ti+N deposited on after Nb:SrTiOz 180min
along the streak directions. e Evolution of the Ba+Ti+N/Nb:SrTiOz in-plane lattice parameter
(denoted by ay) derived from RHEED patterns recorded during growth at a sample
temperature of 450 °C. Horizontal green and gray lines indicate the SrTiOz and BaTiO3 bulk
cubic lattice parameters at 450 °C, thermal expansion coefficients were taken into account
(ca.7.4x10° K and 1.3x10° K2, respectively).

— Figure 3.12: Auger scans for BTO and N:BTO layers deposited on Nb:STO ( 350eV to 450eV
and 470eV to 640eV).

— Figure 3.13: a Photoemission O-1s core levels of undoped (black) and N-doped (red) BaTiO3
layers. b Wide photoemission scans of undoped (black) and N-doped (red) BaTiOs layers.

— Figure 3.14 : Photoemission spectra of undoped (black) and N-doped (red) BaTiOs layers for
(a) Ti-2p, (b) N-1s core levels, (c) the valence band region, (d) Ba-3d, (e) Ba-3ds> (undoped),
the green contribution corresponds to the o. component and the blue one to the f component,
and (f) Ba-3ds,2 (doped). For (e, f) symbols stand for experimental data. For (b, e, f) thin

bottom lines correspond to Shirley type backgrounds and thick straight lines to best fits. The
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best-fit parameters are reported in Table 4

— Figure 3.15: Wide angle X-ray diffraction along specular direction for N : BTO sample.
(inset) In surface plane scan along the [HHO] direction across the (110) Bragg peaks of N :
BTO and Nb : STO corresponding to the best fit.

— Figure 3.16: Scherrer plot for the N-doped BaTiOs layers. The measured data is represented
by the solid squares and the linear fit by the red line.

— Figure 3.17: FWHM widths of all accessible in surface plane Bragg peaks of the N-doped
BaTiOs3 layer as a function of 1/Q? (black) and best linear fit (red line).

— Figure 3.18: Specular reflectivity measurements (1) and best fit (-) for the N:BTO sample.
deposited on SrTiO3 : 1% Nb. The inset shows the electronic density profile.

— Figure 3.19: a Schematic of the splitting of the 3d orbital of Ti in the TiOs octahedron and
TiOs pyramid; b O-K edge XAS of ¢c-BTO and s-BTO, with the outlined area is obtained by
subtracting the intensity of s-BTO from that of c-BTO.

— Figure 3.20: a Ti-L23 edge with a zoom on the Ti-Ls edge on inset and b O-K edge XAS of
undoped (blue) and N-doped (red) BaTiOs layers. Black arrows indicate the peak intensity
coming from Ti**

— Figure 3.21: Resonant photoemission maps of VB at the Ti-L3 2 edge for a undoped BTO and
b N-doped BTO. The inset on top is the valence band (VB) recorded at the photon energy
indicated by the yellow horizontal line, the inset on the right is the Constant Initial State (CIS),
i.e the resonance of electron of binding energy indicated by the vertical yellow line.

— Figure 3.22: the Constant Initial State (CIS) for undoped (bleu) and N-doped BTO (red).

— Figure 3.23: 1(V) voltammetry curves, light ON (green curves), light OFF (red curves), light
switched between ON and OFF (blue curves) for a a bare SrTiOs:Nb substrate, b a BaTiO3
overlayer and ¢ a N doped BaTiO3z overlayer.

— Figure 3.24: Photocurrent density versus the applied voltage (vs. Ag/AgClI) for undoped (blue)
and N-doped (red) BaTiO3 layers.

— Figure 3.25: Efficient absorption photocurrent density as a function of the wavelength at 0 V
vs. Ag/AgCl, (inset) light flux of the Xe arc lamp as a function of the wavelength for undoped
(blue) and N-doped (red) BaTiOs layers.

— Figure 3.26: Direct band gaps determined using the “‘efficient Tauc plot method’’, for
undoped (blue) and N-doped (red) BaTiOsz layers for undoped (blue) and N-doped (red)
BaTiOs layers.
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— Figure 3.27: a Crystal structure and b band structure of typical d°type transition metal

oxynitride perovskite ABO3.xNx

— Figure 3.28: AES scans; before and after deposition of Ta on a polished and outgased Cu
substrate

— Figure 3.29: RHEED patterns, along (10)s” and (11)s" azimuths, observed during the growth
of Ta-N:BTO on Nb:STO substrate.

— Figure 3.30: Auger spectra for Ta-N:BTO, N:BTO and a reference BaTiO3z sample deposited
on Nb:STO(001)

— Figure 3.31: Photoemission spectra of a codoped BaTiOs layer with N and Ta atoms, for a
Ta-4f, b Ti-2p, ¢ O-1s d Ba-3d and e N-1s core levels

Chapter IV: Nitrogen incorporation into TiOz epitaxial thin films

— Figure 4.1: Crystal configurations of a anatase, b rutile, and ¢ brookite TiO2. The small red
sphere and large grey sphere represent the O and Ti atoms, respectively.

— Figure 4.2: Calculated edge positions of conduction band and valence band for pure and non-
metal doped anatase TiO at pH=0.

— Figure 4.3: Nitrogen source calibration curves for Py = 1.10° mbar.
— Figure 4.4: Nitrogen source condition parameters.
— Figure 4.5: a Parameters for the synthesis of N-doped and undoped TiO2 on Pt(111) b the

corresponding RHEED patterns obtained along the (10)*s and (11)*s at 180 min of deposition.
(i.e end of deposition)

— Figure 4.6: a Growth condition parameters for the synthesis of rutile TiO-/Pt(111) b RHEED
pattern obtained along the (10)*s with the corresponding integrated profiles at 0 and 180 min
of r-TiOg, ¢ corresponding surface reciprocal lattices for the N-TiO2on Pt (111) samples. On
c, the transparent red, green and grey rectangles highlight the elementary unit cell for r-TiOo.

— Figure 4.7: Integrated profiles of the RHEED patterns obtained along the (10)*s and the
(11)*s directions at 180 min for undoped (black), N-doped at I-H-Ke-O (purple), N-doped at
I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) growth conditions of TiO2
layers deposited on Pt(111).

— Figure 4.8: N1s photoemission spectra of N-doped at I-H-Ke-O (purple), N-doped at I-L-Ke
(pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of TiO2 layers deposited
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on Pt(111). The red contribution corresponds to the Nri-o-ny cOmponent and the orange one

to the N¢rivy component, thin bottom lines correspond to Linear type backgrounds and thick
straight lines to best fits. The best-fit parameters are reported in Table 3.

— Figure 4.9: Ti-2p photoemission spectra of undoped (black), N-doped at 1-H-Ke-O (purple),
N-doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of
TiO, layers deposited on Pt(111). The red contribution corresponds to the Ti** component
and the orange one to the Ti®* component, thin bottom lines correspond to Shirley type
backgrounds and thick straight lines to best fits. The best-fit parameters are reported in Table
3.

— Figure 4.10: O-1s photoemission spectra of undoped (black), N-doped at 1-H-Ke-O (purple),
N-doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of
TiO2 layers deposited on Pt(111). The red contribution corresponds to the oxygen bulk
component and the orange one to the hydroxyl component, thin bottom lines correspond to
Shirley type backgrounds and thick straight lines to best fits. The best-fit parameters are
reported in Table 3.

— Figure 4.11: Valence band of undoped (black), N-doped at I1-H-Ke-O (purple), N-doped at |-
L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of TiO> layers
deposited on Pt(111), Thick red dot lines the valence band edge (VBE). NB: O-2p bonding
state (a) and non-bonding state (b).

— Figure 4.12: Photocurrent density curves undoped (black), N-doped at I-H-Ke-O (purple), N-
doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of TiO>
layers deposited on Pt(111).

— Figure 4.13: Efficient absorption spectra of undoped (black), N-doped at 1-H-Ke-O (purple),
N-doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of
TiO> layers deposited on Pt(111), as a function of the wavelength at 0.4 V vs. Ag/AgCl. For
comparison between samples, the curves are normalized with the light flux of the Xe arc lamp
used during the experiment at 270 nm.

— Figure 4.14 : Efficient Tauc plot deduced from curves of Figure 4.19 of undoped (black), N-
doped at I-H-Ke-O (purple), N-doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-
doped at A (blue) conditions of TiO> layers deposited on Pt(111), as a function of the energy.
The straight lines with open circles give an indication of the indirect efficient gap for different

thin films.
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Figure 4.15: Mott—Schottky plots for undoped (black), N-doped at I-H-Ke-O (purple), N-
doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) growth conditions

of TiO2 layers deposited on Pt(111). Straight lines indicate the linear fit of each curve.

Figure 4.16: Experimental (colored thick lines) k3y(k) EXAFS oscillations and fit (gray thin
line) by FEFF calculations (assuming a rutile structure) obtained in a grazing and b normal.
Sample : undoped (black), N-doped at I-H-Ke-O (purple), N-doped at I-L-Ke (pink), N-doped
at I-H-Ke (green) and N-doped at A (bleu) conditions of TiO> layers deposited on Pt(111).
Figure 4.17: Evolution of the dilatation parameters; a parameter parallel to the surface (dark
red unfilled stars) and S parameter perpendicular to the surface (dark green filled stars) as a
function of the N/Ti ratiosand the Ti®* content.

Figure 4.18: Evolution of cin plane lattice parameter as a function of the N/Ti(%) and the Ti**
ratio and content in the films

Figure 4.19: Evolution of the ain-plane (blue squares) the cin-piane (red circles) lattice parameters
of TiO; as a function of the N-doping extent and Ti** ratio.

Figure 4.20: Comparison between the photocurrent of undoped (black), N-doped at I-H-Ke-
O (purple), N-doped at I-L-Ke (pink), N-doped at 1-H-Ke (green) and N-doped at A (blue)
conditions of TiO2 layers deposited on Pt(111) at 0.4V and their respective a N/Ti ratio and
b Ti**content.

Figure 4.21: Evolution of the depletion width and the photocurrent both at 0.4 V vs Ag/AgCI
as a function of the N/Ti ratio and Ti** content on the films.

Figure 4.22: Electronic parameters of each sample and their resulted photocurrent.

Figure 4.23: a Growth condition parameters for the synthesis of corundum N-TiO2/Pt(111) b
RHEED patterns along two particular azimuths the (10)*s and the (11)*s with the
corresponding integrated profiles at 0 and 180 min. ¢ a scheme of the film deposited Pt (111).
d corresponding surface reciprocal lattices, the elementary cell (in the reciprocal space) is
also shown red square.

Figure 4.24: Raw (salmon lines) Ti K-edge k®y(k) EXAFS data N-TiO2 corungum/Pt(111) (I-L-
Ke) in normal incidence (upper panel) and in grazing incidence (bottom panel) and fit of the
data by FEFF calculation assuming the rutile (100) structure with the bulk lattice parameter
(gray lines) and corundum (0001) with the bulk lattice parameter (black lines), with
parameters indicated in Table 7 (best fit, black line).

Figure 4.25: Experimental XANES spectra of three films; TiO2 rutile , N-TiO2 at I-H-Ke
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deposited at 450°C and N-TiO2 at I-L-Ke nitriding conditions deposited at 550°C, all samples
are deposited on Pt (111).

— Figure 4.26: aTi2p, b Ols,c N1s,and d VB XPS spectra of nitrogen doped TiO2 corundum
phase deposed on Pt (111)

— Figure 4.27: Photocurrent density at 0.4V for as a function of the content of Ti* in the lattice
of studied samples

— Figure 4.28: Evolution of the photocurrent at 0.4V vs Ag/AgCI before and after plasma O>
cleaning process of doped and undoped films.

— Figure 4.29: Comparison of the evolution of the Ti** contribution in the Ti-2p core levels
before and after plasma O- cleaning process of doped and undoped films.

— Figure 4.29: Comparison of the evolution of the Ti** contribution in the Ti-2p core levels
before and after plasma O- cleaning process of doped and undoped films.

— Figure 4.30: a picture of the reactor set-up. b simplified scheme of the model studied

— Figure 4.31: Examples of O1s XPS fitting for N-TiO2 rutite/ Pt (111) (I-H-Ke) at select situation.
The color-coding is as follows: Ox, (red); OH, (purple); H20, (blue); raw data, green lines;
background black lines and envelopes, gray lines.

— Figure 4.32: a Thickness of monolayers OH and b H2O of three films ; undoped TiO2, N-TiO-
Rutile at 1-H-Ke conditions and N-TiO. corundum at I-L-K. deposited on Pt (111) as a
function of each situation; plasma cleaned, under water, cleaned again and under water light
on and two times . The values are the cumulative result of the fitting analysis from the three
experiments. The data are analyzed by the multilayer model.

— Figure 4.33: Ti-2p and N-1s core levels of N-TiO2 rutile /Pt (111) (I-H-Ke) during the reactivity
with water and light study
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Chapter I11: Self-oxidized single crystalline perovskite N-doped BaTiOs oxynitrides

— Table 1: Summary of significant sample growth parameters deduced from the in-plane
RHEED measurements and both in-plane and out-of-plane parameters deduced from XRD
measurements for each sample.

- Table 2: Summary of significant sample photoelectrochemical properties investigated in the
present work. The FWHM and the photoelectrochemical band gap deduced from the efficient
Tauc plot and the photocurrent measured at 0.5V for thick TiOxN1x (360min deposition) and
thick TiO2 (360min deposition) layers deposited on 1%Nb doped SrTiOs,

— Table 3: Summary of significant sample growth conditions

— Table 4: Best fit parameters for Ba-3d photo-emission lines deconvolution for undoped and
N-doped BaTiOz/SrTiOz:Nb samples. Eg stands for binding energy, A for peak width (full
width at half maximum values), p for the relative weight of each line.

— Table 5: Summary of significant sample growth conditions and properties examined in the
present work. a (respectively c) are the in-plane (respectively out-of-plane) parameters

deduced from XRD measurements.

Chapter IV: Nitrogen incorporation into TiOz epitaxial thin films

— Table 1: Structural data and optical gap for anatase, rutile, and brookite TiO>

— Table 2: Condition parameters for the synthesis of N-doped and undoped TiO deposited on
Pt (111) for 180 min.

— Table 3: Concentrations (at. %) of the components in layers of nitrogen doped and undoped
TiO2 on Pt (111) and their VBE.

— Table 4: Photoelectrochemical parameters of N-doped and undoped TiO2 deposited on Pt
(111)

— Table 5: Electrochemical impedance parameters deduced from the fit of 1/C2 = f(V) of N-
doped and undoped TiO: deposited on Pt (111)

— Table 6: Structural parameters deduced from EXAFS experiment.
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Table 7: Structural Parameters (Distance, Dilatation Factors) obtained by EXAFS for N-TiO:

at I-L-Ke nitriding conditions deposited on Pt (111) at 550°C using rutile (100) and corundum
(0001) structures.

Table 8: Evolution of the C1s/O1s ratio and the FWHM of the Ox peak under every situation
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a. Solar energy to fuel approach

“The Terawatt Challenge” or the way the world might provide a future global energy prosperity
proposed by Richard Smalley is intended to solve the nowadays energy problem [1-Smalley 2005].
The main purpose of this strategy is to find what he named “the new 0il”, the prosperous Eldorado of
the 21% century that is as enabling as oil and gas have been for the past century. Distressingly, almost
certainly within this decade, at some point, we will reach the shortage of the dwindling fossil fuel that
is produced worldwide. This is an appropriate expression since society currently consumes 16.0
TWayg (terawatt per year in average) of primary power of which 87% is based on burning fossil fuels
[2-BP 2011] and it is estimated that by 2050 the demand for primary power will be approximately 30
TWayg [3-Lewis 2006, 4-Armaroli 2007]. Nonetheless, thanks to the increasing public awareness, we
are currently witnessing a new ‘green’ gold rush. Wherein, any technology for energy harvesting,
conversion or storage in a sustainable future are in competition to scale up to the TW-level and make
a relevant impact at the global energy needs. This requirement is true for photovoltaics, wind turbines,
solar fuels, biomass conversion catalysts, electrification of automotive vehicles, fuel cells, storage
batteries, flow batteries and any other energy conversion technology.

Undoubtedly, conversion of sunlight into electrical energy is one of the most promising routes to
meet the global electricity demand. Indeed, in one hour, solar energy striking earth provides the actual
energy demand for one year [5-Nature 2008, 6-Abbasi 2011]. Therefore, on one hand, technologies
such as photovoltaic (PV) solar cells, are in constant improvement, currently provide 0.1 TW of
power and are right on track to produce 1 TW by 2025 [7-Zakutayev 2016]. However, concerns re-
main about the sustainability of the manufacturing [8-Powell 2015], as well as the abundance of crit-
ical chemical elements for thin film PV technologies [9-Wadia 2009]. On the other hand, the idea of
synthetizing solar cell absorbers capable of storing electricity like in batteries, or converting solar
energy to fuels for mobile and transport applications, seems even more attractive than reaching 30
TW. A solar fuel is a synthetic chemical fuel produced from solar energy. Nevertheless, the lack of
suitable semiconductor materials for photoelectrochemical (PEC) fuels production in particular,
which is much more pressing than for PV electricity generation is due to demanding characteristics.
As well as being environmentally friendly, the solar absorber materials used in these novel technolo-

gies should be inexpensive, efficient, and reliable.
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b. Solar fuel produced by photoelectrochemistry

The history of photoelectrochemical cells has been described by Michael Gratzel in 2001 [10-Gratzel
2001]. Since the discovery of the photoelectric effect by Edmond Becquerel [11-Bequerel 1839] in
1839, the key goal of the scientific community is to convert light into electric power or chemical fuels
such as hydrogen. Initially, the discovery of photoelectrochemistry was driven by photographic pur-
poses and imaging improvement [10-Gratzel 2001]. However, respectively in 1955 and 1966, the
field took a new turn up thanks to Brattain and Garret and subsequently Gerischer, who undertook
the first detailed electrochemical and photoelectrochemical studies of the semiconductor—electrolyte
interface [12-Brattain 1955, 13-Gerisher 1966]. In addition, since the first oil embargo in 1973, when

the worldwide quest for alternative energy sources began.

Photovoltaics are based on photons absorbed on a p-n junction of semiconductors creating an elec-
tron-hole pair, generating an electric potential difference across the interface. So far, the junction of
these types of devices are made from polluting or not recyclable inorganic solid-state materials. In-
creasingly, there is an awareness of the possible advantages of replacing the phase in contact with the
semiconductor by the electrolyte (liquid, gel or organic solid), and thereby forming a photoelectro-
chemical device. In such a device, absorption of light occurs at the electrode/electrolyte interface in
order to produce electrical energy (like in a Dye Sensitized Solar Cell) or solar fuel (like in the case

of photoelectrolysis of water).

In a photoelectrochemical device, photons are absorbed in order to produce charge carriers necessary
for electrochemical reaction. Basically, photoelectrochemical cells (PECs) consists of one or two
semiconducting electrodes used as and an optional reference electrodes immersed in an electrolyte.
During operation, light is absorbed in the photoelectrode, and the photoelectron can be transferred
toward the electrical circuit. Due to the strong interaction between the electrons and the atomic con-
stituents of the lattice, the excess energy is distributed rapidly over the solid and is converted into
lattice vibrations and heat. Resultantly in a waste of energy since electron emission from a solid sur-

face by excitation with light has a very small cross section.

27


https://www.sciencedirect.com/topics/engineering/photoelectrochemical-cell
https://www.sciencedirect.com/topics/chemistry/reference-electrode

General introduction |

c. State of the art of photoelectrochemical cells

The most two investigated PECs types are regenerative photovoltaic cell and photoelectrosynthetic
cells. The regenerative photovoltaic cell, as indicated by its name, during illumination no chemical
change occur on this type of cell also known as Dye Sensitized Solar Cells (DSSC).

In 1991, Grétzel and O'Regan made a significant breakthrough in Dye-Sensitized Solar Cells (DSSCs)
by introducing a mesoporous structure in the semiconductor. This advancement led to a notable in-
crease in energy conversion efficiency from 1% to 7.9% [14- O'Regan, B., & Gréatzel, M. 1991].
Despite their relatively lower performance compared to other solar cell technologies, DSSCs have
found practical applications due to their low cost, flexible form factor, and ease of fabrication. Fur-
thermore, the fundamental understanding gained from DSSCs has contributed to the development of

photoelectrosynthetic cells [15-Eom 2018].

Photoelectrosynthetic cells consists of two face-to-face electrodes separated by a redox active elec-
trolyte. The working photoelectrode (WE) is composed of a mesoporous semiconducting material, a
monolayer of a specific dye capable of absorbing visible light is added to the surface of the semicon-
ducting particles. In the 'Gratzel cell' or dye-sensitized nanostructured solar cells (DNSCs), the dye
absorbs light, causing electrons to be excited. To complete the circuit, the excited electrons diffuse
through the nanoparticles of the semiconductor and reach a transparent conducting substrate. The
electrons are then transported through an external circuit to the cathode (or back-contact). At the
cathode, the electrons reduce the oxidized form of the electrolyte, while the reduced form of the
electrolyte diffuses towards the working photoelectrode and reacts with the cationic dye, regenerating
the dye.
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Figure 3: Schematic representation of the operating principle of PEC cells based on a photosynthetic
cell that generates a chemical fuel through the photon driven water splitting

Direct conversion of solar energy into a fuel mimicking the catalytic processes of photosynthesis
would be a way to solve the problem of storing solar energy. A direct process would minimize the
number of steps needed from light to fuel, and therefore potentially allow for higher conversion effi-
ciencies. These are the promises made by the second type of PEC cells, currently described as pho-
toelectrosynthetic cells. Based on a similar principle except that instead of, electrical energy, these
PECs may produce useful fuels in a process such as the photoelectrolysis of water to hydrogen and
oxygen or the reduction of CO. to methane [16-Fujishima 1972, 17-Walter 2010]. As depicted in
figure 1 the basic experimental setup is usually composed of a three electrode configuration, com-

prising a working photoelectrode (WE) (photoanode or photocathode, sometimes both), a counter

29



General introduction |

electrode (CE) ( a metallic material for instance) and a reference electrode (RE) to observe half reac-
tions in the cell. This electrode system is mainly immersed in an aqueous electrolyte (NaOH in our
case). The reactor is either transparent to light or comprises an optical window that allows irradiation

to reach the photoelectrode, in this case, a visible light permeable quartz window.

d. Photoelectrochemical systems

In these photosynthetic cells, the absorbing material is often the electrode (i.e. the semiconductor
itself) [18-Shinde 2018, 19-Klotz 2016]. Although, photoelectrode architectures exhibiting a dye for
solar water splitting have also been reported [20-Swierk 2013]. For example, the recent report pub-
lished by Ager et al. about what is often referred to tandem systems where light absorption is not
performed by the semiconductor but by an organic dye [21-Ager 2015]. Another possibility is the
surface modification of semiconducting materials with molecular organometallics, favoring either the
water oxidation or the reduction reactions [22-Krawicz 2013]. In fact, depending on the conductivity
type of the semiconductor, the photoelectrode can be the seat of the oxygen evolution reaction (OER)
that forms Oz by water oxidation (Figure 2a). In other words, O evolution will involve an electron (-
) transfer from the electrolyte to the photoactive electrode (i.e. a hole (+) transfer from the photoelec-
trode to the electrolyte). In such cases, these materials are n-type semiconductors (hematite [23-Klahr
2012] and BiVO4[24-Trze$niewski 2016] are typical examples). Otherwise, the semiconductor is a
p-type material and therefore, the seat of the hydrogen evolution reaction (HER) that forms H, from
water reduction (for instance, Rh: SrTiOs [25-lwashina 2011]) (Figure 2b). H2 evolution will then,
involve an electron transfer from the photoelectrode to the electrolyte.
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Figure 4: At short circuit, a the energy level diagram of an n-type semiconductor photoanode and
metal cathode photoelectrochemical cell (PEC), b the energy level diagram of a p-type semiconductor

photocathode and metal anode regenerative PEC [26-Decker 2009].

Therefore, a last example of interest in photoelectrosynthetic cells systems (Figure 3a). The use of
simultaneously two photoelectrodes in a unique cell. The photogenerated electrons are consumed to
reduce H* into H; at the photocathode, while holes take part in oxidation of water into O at the pho-
toanode. At laboratory scale, the cell may use an extra input voltage to drive the charges transfer from
the photoelectrodes to the electrolyte. It can be furnished through the application of an external bias
(Figure 3b) by a generator or an external power supply unit. This thesis is completely devoted to the
analysis of this last kind of PEC systems (photoanode + metallic counter cathode (in this case a plat-
inum (Pt) as CE).
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Figure 5: Simplistic representation of the band diagram of; a a PEC cell system using a photoanode
and a photocathode. And b a double photoelectrode PEC cell system using a photoanode, a metallic
cathode, and an external bias [27- Rioult 2015]

e. Semiconductors and photo-anode materials for solar water splitting

The overall reaction in a PEC cell for solar water splitting is the splitting of water by sunlight. Under
normal operating conditions, room temperature and atmospheric pressure. The reaction may not be
spontaneous and an additional potential must be applied [28-Choudhary 2012]. The semiconductor
should have an optimum bandgap value about 2.3 eV and moreover, accurate positions of conduction

and valence bands for spontaneous water splitting [29-Minggu 2010].

For the OER application, transition metal oxide surfaces have received much attention due to their
natural stability in water and under the highly oxidative conditions. The Fujishima and Honda team
was the pioneer research group who triggered the potential of TiO»-based photoelectrochemical re-
actions for the decomposition of water into Hz and O [16-Fujishima 1972]. Unfortunately, because
of its large band gap (3.0 to 3.2 eV, as shown in figure 4), TiO2 absorbs mostly the ultraviolet part of
the visible spectrum and thus has low conversion efficiency. Numerous attempts to shift the spectral
response of TiO; better into the visible or to develop alternative oxides and so-called structured ma-

terials have so far faced very challenging requirements with uncertain results [30-Lewerenz 2013].
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Figure 4: The lower edge of the conduction band (red color) and upper edge of the valence band
(green color) are presented along with the band gap in electron volts. The energy scale is indicated
in electron volts using either the normal hydrogen electrode (NHE) or the vacuum level as a reference
at pH=0. On the right side the standard potentials of several redox couples are presented against the
standard hydrogen electrode potential [11-Gréatzel M 2001].

In fact, if water is targeted as the new environmentally friendly source for energy storage (H2). The
desirable photon absorber material must as well, be essentially inexhaustible, cheap, and widely avail-
able (see figure 5). It is however, not only a question of light absorption efficiency but also of photo-
generated carrier collection, ion transport, catalysis, and gas collection. Moreover, the most common
and available methods for hydrogen production processes are thermolysis, cracking, reforming, gas-
ification and through thermochemical cycles. All these methods require high temperatures and pro-

duce toxic waste. Our strategy drives efforts toward a viable solution to overcome these drawbacks
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of solar energy. Accordingly, this following thesis describes a research progress in the development
of visible light-driven photoanodes, focusing on the refinement of oxynitride materials. They are
expected to harvest visible photons (~450-700 nm) and work as stable photoelectrodes for water

reduction and oxidation under visible light.
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Figure 5: Periodic table of the elements with data for production, price and implied value for the
year 2010. The color coding (green, light-green, orange and red) corresponds to overall production
level (medium to high, low, very low and extremely low, respectively). Solid color is used for elements
which are chiefly main economic products of their respective ores while a diagonal gradient in color
is used for elements which are mostly by-products of other elements [31-Vesborg 2012].

f. This thesis: Improving hydrogen production by using oxynitrides as photoelectrodes

Oxygen has the ability to form stable compounds with the majority of metals in a great variety of
compositions and structures. Some of multinary oxides such as hematite (Fe203), SrTiOz or BaTiOs,

are of great technological relevance due to their properties and applications in various domains. Ox-
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ygen and nitrogen show close ionic radius that makes possible to substitute one by the other preserv-
ing eventually, the crystal structure. Nitrogen shows lower electronegativity and higher polarizability
than oxygen and the nitride anion is more charged than the oxide one. The insertion of nitrogen in the
lattice of an oxide will then, add new 2p energy levels in the valence band above the O-2p levels, as
a consequence of the lower electronegativity of nitrogen. This leads to a decrease of the optical band
gap value, Eg, and thus to a modification of the visible light-driven photoelectrochemical behavior
[30-Lewerenz 2013].

Nitrides are essential for a number of electronic applications, owing to the unique combination of
electronic, optical and structural properties [30-Lewerenz 2013, 32-Yan 2018,]. For solar water split-
ting applications, nitrides hold promise due to their adjustable band gaps. However, one major chal-
lenge associated with nitrides is their susceptibility to corrosion [16-Fujishima 1972]. Furthermore,
nitrides have received relatively less attention compared to other material classes, partly because their
synthesis is challenging [7-Zakutayev 2016]. There is a thermodynamic imbalance between nitriding
and oxidation, with the formation of oxide phases being energetically more favorable than the syn-
thesis of nitrides. As a result, the synthesis of nitrides often requires exceptionally clean or highly

energetic environments [33-Breternitz 2022].

Nitrides

M+N, MN,

Reaction coordinate Reaction coordinate

Figure 6: Energy diagram for the synthesis of a nitrides b oxides [7-Zakutayev 2016]
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In this work, we aim at elaborating nanometric single crystalline thin films based on oxynitrides, i.e.
materials which contains oxygen and nitrogen, and used them as photoelectrodes for photoelectrolysis
purposes. This new class of materials has been proposed in a number of theoretical studies promising
for this application [34-Aoki 2019, 35-Wu 2013]. Respectfully, to the earlier requirements, our ox-
ynitrides are composted of barium, titanium, oxygen and nitrogen, which are affordable, abundant
species as shown in figure 5.

Herein, the study focuses on the fundamental understanding of the potential photoelectrochemical
properties of these materials for solar water splitting (water oxidation, hydrogen production). In ad-
dition, our films are deposited by oxygen and nitrogen plasma assisted molecular beam epitaxy (O&N
PA-MBE), on single crystalline substrates (Pt(111) and SrTiO3(001)) which makes it possible to elab-
orate epitaxial films with controlled parameters (dopants concentration, crystallographic structure)
suitable for model studies. The use of highly sensitive characterization techniques, in particular using
synchrotron radiation light, makes possible the determination of the relevant physical parameters af-
fecting the photoelectrochemical properties. In addition, a photoelectrochemical characterization
setup allows to establish the correlation between physical and water splitting properties on the very
same sample. In order to properly treat the subject, we divided it into four chapters. In chapter 1, the
basic concepts of hydrogen production from solar water splitting with semiconducting photoanodes,
as well as the challenging requirements concerning photoelectrochemical properties of photoanodes
are presented. Chapter 2 presents the experimental techniques used for the elaboration and character-
ization of our thin films (O&NPA-MBE, laboratory and synchrotron characterization techniques,
photoelectrochemical characterization setup). Chapter 3 presents results about self-oxidized single
crystalline N-doped oxide layers, where we investigate the effects of the crystallographic structure,
the electronic and chemical composition, the optical properties and the photoelectrochemical effi-
ciency of the doped perovskite. Preliminary results for elaborating a stable photoanode oxynitride
perovskite by lattice charge compensation are presented at the end of this chapter. In Chapter 4 we
study the effects of N-doping on titanium dioxide (crystallographic and electronic structures, photo-
electrochemical and electronic properties), unravelling the intimate crystallographic structure of N-
doped TiO2 and demonstrating the existence of an optimal Ti*" doping level and an increase of the
charge separation inducing a high photocurrent gain. In addition, the investigation of the reactivity
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under water and light, enabling a further understanding of the chemical interaction between the sur-
faces under water and light. Lastly, the final section is dedicated to a general conclusion and presents

some open perspectives.
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Oxynitrides as a potential photoanode for solar water splitting

Summary: In this chapter, the development of hydrogen fuel technologies and its potential role in the
transition to a more sustainable and secure energy system are discussed. However, there are still
challenges that must be overcome in terms of cost, infrastructure, and public acceptance in order for
hydrogen fuel to reach its full potential. Moreover, we will highlight how solar energy storage by
photoelectrochemical water splitting has garnered significant research attention in recent years.
Subsequently, we will discuss why the oxynitrides, a class of promissing materials, are being

investigated for their potential use as photoelectrodes in solar water splitting applications.

Meeting mankind’s thirst for sustainable energy is one of the scientific grand challenges of our time.
The limited reserves of fossil fuels and their negative impact on the environment pose significant
challenges to our energy security and sustainability. As a result, researchers are actively seeking re-
newable energy sources, to meet the energy needs of a growing global population. However, solar
energy is intermittent, with significant variation depending on the time of day, season, and geographic
location. Hydrogen produced by solar energy is considered a promising clean energy vector with the
features of high energy capacity of 122 kJ/g [1-NREL] and zero-carbon emission.

1.1 Hydrogen production from water splitting
1.1.1 Making hydrogen

Henry Cavendish first, isolated hydrogen gas in 1766 through a series of experiments involving the

reaction of metals with acids [3-Cavendish 1766].

However, it was not until the development of the modern electrolysis process in the late 1800s that
large-scale production of hydrogen became possible. The general chemical reaction for the electrol-
ysis of water, [4-Nicholson1800, 5-Ritter1801] is given by:

2 H20(1) — 2H2(g) + O2(9)

In 1800, Nicholson and his colleague Anthony Carlisle used electrolysis to decompose water into its
constituent elements, and they observed the formation of hydrogen and oxygen gases at the cathode
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and anode, respectively. This discovery was significant because it showed that water could be broken
down into its component parts using an electric current, providing a way to obtain pure hydrogen and

0Xygen gases.

Later, in 1801, Ritter improved on Nicholson and Carlisle's work by demonstrating that the produc-
tion of hydrogen and oxygen gases during electrolysis was in proportion to the amount of electrical
charge passing through the water. He also showed that the hydrogen and oxygen gases could be col-
lected and measured separately, and that the volume ratio of hydrogen to oxygen was always 2:1,

consistent with the chemical formula for water (H20).

The overall water splitting is an uphill (endergonic) reaction. The AG (Gibb's free energy) for the
reaction is +237 kJ mol™, i.e. the reaction is not spontaneous under standard conditions, and energy
must be supplied to overcome the activation energy barrier for the reaction to occur. This is because
the products of the reaction (hydrogen gas and oxygen gas) have higher energy content than the re-
actant (water). The energy required to drive this reaction can be provided by various sources, includ-

ing thermal, electrical, photonic, or biochemical energy (Figure 1.1)

Thermal energy

Thermal

Energy-driven

water
splitting me
Photonic Photonic
- biochemical

— Photoelectrolysis Photonic energy Bio photolysis

Photoelectrochemical ~  Photolysis ~ Photo fermentation
Photovoltaic electrolysis — Photocatalysis - Artificial photosynthesis

Figure 1.1: Various energy-driven water-splitting routes using thermal, electrical, biochemical, and

photonic energy or their combinations [6-Tee 2017].
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1.1.2 Choosing Electrolysis

The process of electrolysis is based on passing an electric current through water to produce high-
purity hydrogen and oxygen gases. As a mature method for water splitting, with a large-scale hy-
drogen production, electrolysis still faces challenges to overcome including improving the effi-
ciency, durability, and cost of the technology.

1.1.2.1 Electrolytic cell for water splitting

The electrolytic cell, also known as an electrolyser, uses an electrical current to split water (H20) into
its constituent hydrogen (H2) and oxygen (O>) gas through a process called electrolysis. This electro-
chemical device typically consists of two electrodes (an anode and a cathode) immerged in a solution
of water and an electrolyte, which can be an acid, base, or salt. When an electric current is applied
two important half-cell reactions, namely, the anodic oxygen evolution reaction (OER) and the ca-
thodic hydrogen evolution reaction (HER) occur.

In acidic conditions (pH <7), the water is oxidized at the anode according to the following equation:
2H>0 — 4H* + Oz + 4e” (OER) Ea = 1.23 V vs. NHE
Electrons and protons are combined at the cathode to generate Ho:
4H* + 4e” — 2H> (HER) Ec = 0 V vs. NHE

- In alkaline conditions (pH > 7), the OER and HER proceed according to the equations

below, respectively.

Anode: 40H™ — 2H20 + O, + 4e” (OER) Ea = 0.40 V vs. NHE
Cathode: 4H20 + 4™ — 2H2 + 40H (HER) Ec =—-0.83 V vs. NHE

According to the energy cost on each mechanism, the water oxidation half reaction is more difficult
both thermodynamically and kinetically compared to the water reduction half reaction in PEC water
splitting. This is because the energy barrier for water oxidation is much higher and the process is
more complex than water reduction. In fact, it takes four holes to produce one mole of oxygen while
only two electrons participate in the reaction for generating one mole of hydrogen. Therefore, the
water oxidation half reaction is often considered one of the most challenging steps in PEC water

splitting.
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1.1.2.2 Types of electrolyzers for water splitting

Different technologies have been developed from these two previous grand categories and according
to the electrolyte used in the electrolytic cell, herein four under categories: Polymer Electrolyte mem-
brane or PEM Electrolyzer [7-Hosseini 2016, 8-EI Emam 2023], Solid Oxide Electrolyzer or high—
Temperature steam electrolysis [9-Wang 2018], Alkaline Electrolyzer (AEL) [10-Gallandat 2017]
and what used here a Photoelectrochemical cell (PEC) [11-Grétzel 2001, 12-Lianos 2011]

1.1.3 Photoelectrochemical cell for solar water splitting requirements
To use solar energy for hydrogen production through electrolysis, there are two main approaches:

-Conventional electrolyzer with a photovoltaic (PV) cell: In this configuration, a PV cell is used to
directly convert solar energy into electricity. This electricity is then utilized to power an electrolyzer,
which separates water into hydrogen and oxygen. The conventional electrolyzer requires specific
electrode catalyst materials to facilitate the oxidation and reduction reactions.

-Photoelectrochemical cell (PEC): In this approach, a PEC cell is employed, where the electrode is a
semiconductor that absorbs solar energy to generate photoexcited charge carriers. These charge car-
riers can then transfer to the electrolyte to drive chemical reactions, such as water oxidation or reduc-
tion. The following diagram illustrates the basic principle of a PEC cell:
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Figure 1.2: Schematic representation of the photoelectrochemical (PEC) water splitting process in a
common PEC water splitting system consisting of a photoanode and a metal counterpart [13-Jeong
2018].

The process of photoelectrochemical (PEC) water splitting involves several key steps (see Figure
1.2):

1. Absorption of solar radiation: The photoelectrode absorbs solar radiation, typically in the vis-
ible light range, leading to the photoexcitation of electrons in the valence band of the photoe-
lectrode.

2. Charge carrier generation and separation: The photoexcited electrons and the corresponding
holes are generated in the photoelectrode. It is crucial to prevent recombination, which can
reduce the overall efficiency of the PEC system. This separation can be achieved through
internal or external bias applied through the circuit.

3. Water oxidation at the anode: The photoexcited holes participate in the oxidation of water
molecules at the anode. This leads to the release of oxygen gas (O2) and the generation of

protons (H™). Therefore, a stable anode against oxidation is compulsory.
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4. Transport of charge carriers: The protons (H") produced at the anode move towards the sur-
face, while the photoexcited electrons are transported to the bottom electrode, and towards

the cathode through an external circuit.

5. Hydrogen evolution at the cathode: At the cathode, electrons (e’) combine with water to form

hydrogen gas (H2)

Understanding the electronic processes at the interface between the semiconductor and the electrolyte
is crucial for comprehending the underlying chemistry of electrochemical reactions. This in-depth
understanding of electronic processes aids in optimizing the design of PEC cells and developing suit-

able photoelectrodes to enhance the efficiency of chemical reactions.

1.1.3.1 The semiconductor

Molecular bonding theory explains that the combination of atomic orbitals from multiple atoms forms
bonding and anti-bonding energy levels, which constitute energy bands. The valence band VB (high-
est occupied molecular orbital) and conduction band CB (lowest unoccupied molecular orbital) are
formed from these energy levels, with a band-gap (Eg) representing the energy difference between
them. Semiconductors typically have a band-gap in the range of 0.5-3.5 eV. The position of the Fermi
level, which is the energy level that separates the occupied and unoccupied electronic states, depends
on the doping concentration and temperature of the material. When an external energy source like a
photon excites the semiconductor, charge-carriers are generated; an electron in the valence band is
promoted to the conduction band, leaving a hole in the valence band, which leads to some degree of

conduction. These electron-hole pairs are important in water splitting reactions.

Intrinsic semiconductors have a balanced number of positively charged holes and negatively charged
electrons, making them electrically neutral (Figurel.3a). Also known as undoped semiconductors,
they have low conductivity. Once doped with impurity atoms they become extrinsic semiconductors.
Donor-doped semiconductors have impurity atoms with more valence electrons, creating an electron-
rich (n-type) semiconductor (Figure 1.3b), while acceptor-doped semiconductors have impurity at-
oms with fewer valence electrons, creating a hole-rich (p-type) semiconductor (Figure 1.3c). Conse-
quently, n-type semiconductors have electrons as majority carriers, while in p-type semiconductors,

holes are the majority carriers [14-Shockley 1958].

47



Chapter | | Oxynitrides as a potential photoanode for solar water splitting

E, “@ e © E__©®© © © . E, —

a Intrinsic semiconductor b n-type semiconductor ¢ p-type semiconductor

© Electrons in conduction band (mobile)
@ Holes in the valence band (mobile)

[H Positive ions (imobile donors)
[=] Negative ions (imobile acceptors)

Figure 1.3: Schematic band-gap representation for a intrinsic; b n-type doped and c p-type doped

semiconductor.

Thus, in this study, we are investigating methods to reduce the band gap of traditional oxides by
employing doping techniques. Our objective is to find a suitable semiconductor material with a band

gap of around 2.3 eV.
1.1.3.2 The electrolyte

In a PEC cell, the electrolyte acts as a medium for the transport of ions, i.e. the flow of electrical
current. The redox potential of the electrolyte (Eredox) determines the band alignment at the semicon-
ductor-electrolyte interface. For the charge transfert, the conduction band minimum (CBM) of the
semiconductor should be more negative than the reduction potential of the electrolyte, while the va-
lence band maximum (VBM) should be more positive than the oxidation potential of the electrolyte
(see figure 1.2). This ensures that photoexcited electrons can transfer to the electrolyte and reduce
species such as water or oxygen, while photoexcited holes can oxidize species such as water or hy-
droxide ions [15-Walter 2010].

The pH modifies the position of Eredox With respect of semiconductor bands and can change the sta-
bility of the PEC cell. Usually, the optimum pH for PEC water splitting, in the case of photoanode,
is in the basic range, where the concentration of the water-splitting intermediate (OH") is relatively
high, but the concentration of interfering species, such as Hz and Oy, is low, and where valence band

is below oxidation level of water

The electrolyte used in this thesis is a NaOH solution at a concentration of 0.1 M, (i.e. pH=13). These
conditions are typically used for the water oxidation reaction at the semiconductor/electrolyte inter-
face. This is because the relevant redox couple in this reaction is O2/OH", and the hydroxide ion (OH"
) is the ionic charge carrier in the electrolyte. The high pH of the NaOH solution helps to maintain a
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stable and basic environment for the reaction to occur, while the relatively high concentration of the
electrolyte helps to promote the conductivity of the solution [16-Biswas 2019].

1.1.3.3 Semiconductor/electrolyte interaction
1.1.3.3.1 n-type semiconductor-electrolyte junction in dark —SC (semiconductor) side

When two semiconductors come into contact, the two materials exchange charges until their Fermi
levels are equalized. This process results in a bending of the semiconductor energy bands near the
interface, known as band bending. Analogously, if a semiconductor is in contact with an electrolyte,

the same process occurs. The equivalent of Fermi level for an electrolyte is the Eredox (See figure 1.4).

The band bending creates a space charge region near the interface in the semiconductor, which acts
as a potential barrier for charge carriers, affecting their transport across the interface. The extent of
the space charge region and the height of the potential barrier depend on the doping concentration

and the degree of band bending, via the formula:

= |AE 2¢¢g
w = ¢SC eoN,

Where o is the width of the depletion layer, AE the height of depletion layer, ¢ the dielectric constant
of the semiconductor, & the vacuum permittivity, eo the elemental charge and Np the donor concen-
tration in the semiconductor. This equation is very similar to the Mott-Schottky equation for a semi-

conductor-metal interface [17-Schmikler 2010].

In the case of n-type semiconductors, the Fermi level of the semiconductor is initially above that of
Eredox Of the electrolyte. This leads to an upward band bending, where the conduction band and the
valence band are raised relative to the Fermi level. This upward band bending favors the hole transfer

from the semiconductor towards the electrolyte, and is therefore suitable for photoanode.

Conversely, in p-type semiconductors, the Fermi level of the semiconductor is initially below that of
Eredox Of the electrolyte. This leads to a downward band bending, favoring the electron transfert toward
the electrolyte, and is therefore suitable for photocathode. In this thesis, we focus on developing n-

type semiconductors to use them as photoanode in PEC cells, where the oxidation reaction occurs.
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Figure 1.4: n-typesemiconductor-electrolyte interface. (left) before contact, (right) after contact. Af-

ter contact, the system reaches electronic equilibrium (Eeq) when the energy of the Fermi level (Er)

in the semiconductor is equivalent to the redox potential of the electrolyte (Eredox). The space charge

layer, which is the area where the charge distribution differs from the bulk material, has a width

and a height 4E. The electric field in the space layer favors the separation of charge carriers.
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1.1.3.3.2 n-type semiconductor-electrolyte junction in dark in the electrolyte side
: P A
| semiconductor electrolyte

I
IHP OHP

O
Solvate molectéles

Surface trapped electrons

lonized donors

©

Anions

@
Cations

--------------

Figure 1.5: The structure model of the n-type semiconductor/electrolyte interface under equilibrium
conditions and the potential (¢) profile across this interface (blue line). Agsc, Agn, and Agc are the
potential drops in the space charge layer (I), Helmholtz layer (11), and Gouy layer (l11), respectively
(NB: this figure is in reverse potential of figure 1.5) [18-Xu 2019].

If we want to describe more precisely the interface between the semiconductor and the electrolyte in
PEC cells, there are three distinct layers (Figure 1.5) to consider. The first layer (1), is the space charge

region in the SC described above. In the case of n-type SC it is positively charged.

The electron transfer during the contact also leads to the formation of an electric field in the electrolyte
at the semiconductor liquid junction (SCLJ). The second layer (1), in the electrolyte, is known as the
Helmholtz layer and is negatively charged. This layer comprises trapped electrons in surface states,
adsorbed ions, and oriented water molecule dipoles. The third layer (111), adjacent to the Helmholtz
layer, is the Gouy diffuse layer, which has the lowest potential among the three layers. It mainly
contains anions and a small number of cations. The varying electron densities across these three layers

give rise to a potential drop, resulting in upward band bending [18-Xu 2019].
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1.1.3.3.3 n-type semiconductor-electrolyte junction under illumination

When a photon with energy greater than Egq hits the semiconductor an electron/hole pair is generated.
In the absence of an external electric field, these carriers can recombine, and the energy is converted
into light or heat. However, if the semiconductor is connected to an external circuit, and/or if the
carriers are situated in the space charge layer, the electron/hole pair can be separated by the built-in
electric field or an external bias voltage, leading to a flow of current. In the case of an n-type SC, the
electrons move toward the bulk of the semiconductor while the holes move to the solution. The Fermi
level is defined by the energy level where there is a 50% probability of finding an electron. Under
illumination the Fermi level for electrons (Er¢) and the Fermi level of holes (Er p) split into two quasi-
Fermi levels, reflecting the fact that the electron and hole densities are no longer equal. These differ-
ence between the two quasi-Fermi levels defines the open circuit potential (VOC) of the n-SC / elec-

trolyte junction under illumination (Figure 1.6) [19-Sze 2006].

Semiconductor Electrolyte

Figure 1.6: Charge carriers separation in an n-type semiconductor under illumination.

1.2 Photoelectrochemical cells improvement : Photoanode requirements

The anodic reaction in PEC water splitting for Hz production, involves water oxidation on pho-

toanodes. Due to the nature of multi-electron and multi-proton transfers, water oxidation typically
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requires substantial overpotentials [20- Cook 2010]. This thesis aims at innovating promising pho-
toanode materials for highly efficient PEC water splitting, starting from existing materials.
To function as an oxygen evolving photoanode material, a semiconductor should possess n-type con-
ductivity, which causes band bending to generate an electric field driving holes towards the surface.
It must possess appropriate band-edge positions and band gap values. Furthermore, the semiconductor
must have suitable electrical properties such as resistivity to enable effective collection of charge
carriers and no recombination. It is also necessary for the semiconductor to remain stable when sub-

jected to water oxidation conditions.
1.2.1 Band gap

Natural sunlight consists of 5% UV (280—400 nm), 43% visible (400—700 nm), and 52% infrared
radiation (700-2500 nm) (Figure 1.7). Therefore, to increase efficiency, the band gap of semiconduc-
tors must ensure substantial absorption of the solar spectrum. Since the proton reduction potential
(H*/H2) is located at 0 V' vs. NHE (Normal Hydrogen Electrode) and the water oxidation (O2/H20)
potential at 1.23 V vs. NHE (pH = 0), the theoretical minimum band-gap for water splitting requires
incident photons with a minimum energy of 1.23 eV, which corresponds to a wavelength of light of
~1100 nm. However, when considering the thermodynamic energy losses occurring during charge
carrier transportation (0.3-0.4 eV) and the overpotential requirement for acceptable surface reaction
kinetics (0.4-0.6 eV), a minimum band-gap of ~1.8 eV is required, corresponding to light absorption

at ca. 700 nm.
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Figure 1.7: AM 1.5 solar spectrum in temperated zones, taking into account atmosphere absorptions
(1 sun conditions with power intensity of 100 mW cm2). Zone | (11) corresponds to the part of the
solar spectrum absorbed by a semiconductor having a gap of 2 eV. The energy / wavelength equiv-
alence is given by E = hc /A [24- Meng 2021].

For this reason and for a single semiconductor photoelectrode, the band-gap energy between 1.9 eV
and 3.2 eV is desirable, with a preferred band-gap of around 2.0 eV for optimal sunlight utilization
[21-Jiang 2017, 22-Zhang 2012].

1.2.2 Band edges positions

In an ideal case with single semiconductor material, in order to perform both HER and OER, the band
edges must straddle the redox potentials of H,O (0.00 eV and 1.23 eV). If it is not the case the SC
cannot be used alone, and a second photoelectrode and/or bias is needed. Figure 1.8 displays the
band-edge positions of common p- and n-type semiconductor materials with respect to the normal
hydrogen electrode, and the position of water redox potentials. The graph plots the semiconductor
band-edge positions against their maximum photocurrent, integrated under Air Mass 1.5 illumination,
based on the Shockley-Queisser limit for solar energy conversion. nstH has been the most important
and commonly used parameter [25-Vayssieres 2010]. It is defined as the ratio of chemical energy

(H2) output to the solar energy input, as expressed in:
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Some n-type semiconductors with large band gaps partially cover the potentials of the O2/H20 redox
couple, but they are unable to generate high photocurrent densities under AM 1.5 illumination. In
contrast, p-type semiconductors with smaller band gaps (and higher photocurrent) exhibit more neg-
ative conduction/valence bands that can facilitate reactions at the H*/H, potential (Figurel.8a), but
they cannot be used alone. Metal oxide semiconductors materials are suitable for use as photoanodes
since their valence band (VB) energy level is generally well below the energy level of O2/OH", pro-
moting the water oxidation reaction (see figure 1.9b). However, for materials such as TiOg, SrTiOs,

and KTaOs with large band gaps, the photoconversion efficiency is restricted to only a few percent.
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Figure 1.8: a Conduction band (left bar) and valence band (right bar) positions vs NHE at pH=0
of common semiconductors used in photoelectrolysis cells. The band gap value is in parentheses,

and the ordinate indicates the maximum theoretical photocurrent under Air Mass 1.5 illumination.
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The dotted lines indicate the thermodynamic potentials for water reduction and oxidation, respec-
tively. Reproduced from [15-Walter 2010]. b Band positions of various semiconductors with respect

to the redox potentials of water splitting at pH=14 [26-van de Krol 2008].

In this thesis, we will focus on systems made of n-type semiconductors with valence bands well
below the O2/H>0 potential suitable to drive water oxidation, and water reduction at a metallic cath-
ode (Pt).

1.2.2 Charge carriers’ separation and recombination

Recombination can occur through two pathways: direct and indirect. Direct recombination occurs
when electrons and holes recombine within the photoanode, resulting in a loss of photocurrent. Indi-
rect recombination occurs when electrons and holes are first separated, but then recombine at a later
stage within the photoanode or at its interface with the electrolyte or other layers of the cell [22-Zhang
2012, 23-Pinaud 2013].

Photoanode recombination is a significant issue that limits the efficiency of PEC cells. To minimize
recombination, photoanode materials are often designed to have high carrier mobility, low defect
density, and appropriate energy band positions. Additionally, passivation layers or coatings can be
applied to reduce surface recombination and enhance charge transport within the photoanode.

1.2.3 Stability in aqueous media

Ensuring the stability of materials in aqueous medium is a crucial necessity, at least for a minimum
of 20 years (the average lifetime of these type of devices). To be a suitable water splitting semicon-
ductor, a material should exhibit strong catalytic activity and stability while maintaining rapid surface
reaction kinetics to avoid electron-hole recombination. Despite initial reports of high efficiencies in
experiments, the process eventually degrades over time, primarily due to material oxidation, ulti-
mately resulting in complete cessation of the process [22-Zhang 2012]. Hence, maintaining material
stability is crucial to ensure the sustained performance of the process over time. Photocorrosion is a
common issue for many water splitting semiconductors, particularly metal sulfides. Photocorrosion
can occur if the semiconductor's band edges and decomposition potentials are not in favorable posi-
tions, causing the photoelectrode to decompose instead of oxidizing or reducing water. The anodic
photocorrosion occur when the anodic decomposition potential is above the valence band potential

of the semiconductor. While the cathodic photocorrosion occur when the cathodic decomposition
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potential is below the conduction band of the semiconductor. As the actual values of the decomposi-
tion potentials depend on the pH value, some metal oxides, such as BiVO4 and ZnO, and metal sul-
fides, such as MoS; and CdS, can easily undergo anodic photocorrosion due to the pH of the electro-
lyte. However, common photoanode materials such as TiO2 and Fe;Oz3, even though their anodic
deposition potential is above the valence band potential, are thermodynamically stable because of
their very slow decomposition reaction kinetics. Photocorrosion can also be influenced by other fac-
tors such as the crystal structure, morphology, and surface chemistry of the semiconductor [21-Jiang
2017].

Nonetheless, for practical applications and economical scale-up, it is crucial for the photoelectrode
materials to be low-cost, composed of earth-abundant elements and stable in water. Therefore, we
choose to work with BaTiOz and TiO».

1.3 Nitrogen doping metal oxide photoanodes for efficient photoelectrochemical water splitting

Metal oxide photoanodes have been extensively studied for PEC water splitting due to their chemical
stability, abundance, and ease of synthesis. However, the efficiency in PEC water splitting remains
limited due to several factors such as charge carrier recombination, low light absorption, and slow

charge transfer kinetics.

1.3.1 General improvement methods of metal oxide photoanode

Improving the efficiency of photoelectrodes is a key goal in the field of renewable energy. Here are

some general ways to enhance photoelectrode efficiencies:

e Doping: Doping metal oxides with impurities can modify their electronic structure and im-
prove their charge transfer kinetics. It is a widely used technique to modify the properties of
semiconductor materials, including photoanodes used in solar water splitting applications.
n-type doping introduces impurities that donate electrons to the material, thereby increasing
its conductivity and carrier mobilities. In undoped or lightly doped semiconductors, the
Fermi level is typically closer to the middle of the band gap. With increased n-type doping,
the Fermi level can be shifted closer to the bottom of the conduction band. This shift in-
creases the flat band potential, i.e. the potential difference between the surface of the pho-
toanode and the electrolyte. This leads to a higher band bending at the interface between the

photoanode and the electrolyte, providing more favorable conditions for charge separation
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and efficient charge transfer at the photoanode-electrolyte interface [27-Zaleska 2008 to 33-
Ihara 2003].

e Surface modification: Surface modification of metal oxide photoanodes with co-catalysts or
passivating layers can improve their charge transfer kinetics and reduce surface charge car-
rier recombination [34-Sivula 2013, 35-Xi 2018].

e Nanostructuring: Nanostructuring involves the fabrication of metal oxide photoanodes with
nanoscale features in order to increase the surface area and improve exchange with the elec-
trode and to reduce the travel distance of the charge carriers. This can be achieved through
techniques such as sol-gel processing, hydrothermal synthesis, and electrodeposition [36-
Kay 2006, 37-Wang 2019].

e Heterojunction formation: Heterojunction formation involves the integration of two or more
semiconducting materials with different bandgaps in order to improve light absorption
and/or to create a built-in potential at the interface, which can improve the charge separation.
For example, integrating a metal oxide photoanode with a metal sulfide or metal oxide cat-
alyst can create a heterojunction that enhances the overall PEC water splitting efficiency
[38-Chaves 2020, 39-Zhou 2012]

e Electrolyte engineering: The choice of electrolyte can also affect the efficiency of PEC water
splitting. For example, using an electrolyte with a high concentration of a redox couple can
increase the charge transfer efficiency and reduce charge carrier recombination [40-Tan
2021].

1.3.2 Our improvement method

The approach taken in this thesis, involves modifying the light absorption of oxide photoanodes
through the introduction of dopants or defects that can modify the electronic properties of the mate-
rial. More precisely, we have grown epitaxial oxide films of BaTiO3, TiO2 and BaTaixO3-xNx, to

improve their photoanode efficiency by nitrogen doping and/or introducing oxygen vacancies.
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Figure 1.9: Elements used to construct photoelectrodes for water splitting and their roles [41-Wang
2019]

Wang et al. [41-wang 2019] have studied material design strategies for PEC and have summarized
the role of each compound (Figure 1.9). Taking the examples of samples studied in this thesis (N
doped-BaTiOs, N doped-TiO2 and BaTiOs, and codoped Ta and N doped BaTiO3z), one expects that
the conduction bands are influenced by the metal cations (Ti** and Ta®"), while the valence band is
influenced by O-2p and N-2p orbitals. According to this study, barium does not directly influence the
band structure and instead plays a role in constructing the perovskite crystal structure of the metal
oxide. Nitrogen will then be in competition with the oxygen orbitals and contribute to the valence
band. According to Wang and his team, one of the major challenges during the elaboration of material
will be to maintain the symmetry of the metal oxygen octahedral/tetrahedral coordination, as well as
the VB and CB structures, without compromising the efficiency of the photoanodes [41-Wang 2019].
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1.3.3 N-Doping influence

Doping with anionic nonmetals, such as nitrogen, has been a popular approach for enhancing the
visible light response of semiconductors. This is because anionic dopants create localized energy
states in the bandgap of the semiconductor, which extends the efficient absorption for water oxidation
from the UV-light region (<400 nm) to the visible-light region (< ~550 nm), and generate electron-
hole pairs. Compared to cationic doping, anionic doping may result in fewer recombination centers,
and better photoelectrochemical activity [27-Zaleska 2008- 28-Di Valentin 2004].

For example, nitrogen doping into TiO», introduces energy levels within the bandgap of the metal
oxide, allowing a better absorption of visible light [27-Zaleska 2008 to 33-1hara 2003]. Therefore one
can expect an increased electron-hole pair generation and, consequently, higher photocurrent. The

band gap narrowing can be explained by the schematic band structure (figure 1.10).
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Figure 1.10: Schematic band structure of an insulating titanium oxynitride (Ti-N-O compound). The
valence band consists mainly of hybridized orbitals from N-2p and O-2p states, whereas the conduc-
tion band is dominated by empty Ti-3d orbitals. Octahedral coordination around Ti atoms splits
the 3d band into lower and upper levels [42-Aoki 2014].

The valence band consists mainly of hybridized orbitals from N-2p and O-2p states. As a result of the
lower electronegativity of nitrogen compared to oxygen, the N-2p is above O-2p, leading to a shift of

the valence band with respect to undoped TiO,, and therefore a gap reduction.

A second example is the case of DFT calculations on tantalum (oxy)nitride compounds as a function
of the O/N ratio (Figure 1.11). It shows that not only the band gap can be tuned to ideal values for
visible light absorption, but also that the valence and conduction bands can be ideally positioned with

respect to the water redox potentials.
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Figure 1.11 Representation of narrowing the band gap of a semiconductor by doping [43-Harb 2014]

The incorporation of nitrogen into metal oxides can be achieved by interstitial or substitutional dop-

ing. The position of the N-2p level in the band gap, in the case of anatase, depends on the site occupied

by the nitrogen atom (intersitial or substitionnal) (see figure 1.12). Studies have reported that inter-

stitial N-doping of TiO> is better for narrowing the band gap compared to substitutional N-doping

[44-Sushma 2017, 45-Boningari 2018]. Therefore, it might be more effective for achieving high vis-

ible-light absorption, while substitutional doping may be preferred for improving the stability and

durability of the photoelectrode [46-Piatkowska 2021].
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Figure 1.12: Schematic representation of N doping via increasing nitridation temperature and re-

spective bandgaps and the presence of interband states related to interstitial and substitutional dop-

ing [47-Khan 2021].

For PEC application, it is not sufficient to have an efficient light absorption; it is also necessary to
reduce the electron/hole recombination. The N-2p level situated in the gap can also be seen as a defect

state or an impurity state in the bandgap, which can act as recombination centers for photo-generated

charge carriers.

Nitrogen impurity states are typically located near the valence band (VB) edge, their exact position
and nature may vary depending on the specific metal oxide and preparation conditions. In some cases,
nitrogen impurity states can act as shallow acceptor states, meaning that they can accept electrons

from the valence band and become negatively charged.

However, in other cases, nitrogen impurity states can instead act as recombination centers for photo-
generated charge carriers, leading to a decrease in the photocurrent generation. The position of the
N-2p state in the gap is believed to be controlled by adjusting the doping concentration and the an-
nealing temperature. Optimizing these parameters is believed critical for achieving high-performance

nitrogen-doped metal oxide photoanodes for visible-light-driven water splitting.
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1.3.4 Oxygen vacancies effect

In 2001, Asahi et al. conducted first-principles calculations to investigate the effect of N doping on
the bandgap of TiO> [31-Asachi 2001]. They found that N-2p state could hybridize with O-2p state,
leading to a narrowed bandgap and improved photoactivity under visible light. However, since then,
other experimental and theoretical studies have challenged this conclusion, suggesting that N doping
may introduce impurity energy levels or defects such as Vo/Ti*" instead of reducing the bandgap. N*
and O% ions have different charge states, and the incorporation of N atoms into TiO, can create charge
imbalances that promotes the formation of V. This results in the formation of Ti%* ions and oxygen

vacancies (Vo), which can act as electron traps and reduce the photocurrent efficiency of TiOx.

For instance, in their study, Irie et al. found that the incorporation of nitrogen into TiO- resulted in a
decrease in the band gap and a shift in the absorption edge towards the visible region, indicating the
formation of midgap states. However, they observed that the quantum yield of the TiO2.xNx was lower
under visible light illumination compared to UV light, regardless of the N concentration [32-Irie
2003]. The authors found that nitrogen doping increased the concentration of oxygen vacancies in the
material and enhanced the visible-light absorption. The increase in oxygen vacancy concentration

was attributed to the substitution of nitrogen for oxygen sites.

It is also worth noting that the efficiency of anionic non metal doping can be influenced by several
factors, including the dopant concentration, the synthesis method, and the annealing conditions.
Higher doping concentrations may lead to the formation of recombination centers and therefore, the
reduction of the concentration of free charge carriers available for redox reactions. Low doping con-
centrations lead to vacancies and defects affecting the stability of the material. To mitigate the insta-
bility introduced by incorporating nitrogen into metal oxide photoanodes, the choice of synthesis
method to control the distribution of dopants within the semiconductor lattice and their photoelectro-

chemical properties is crucial.

1.3.5 Epitaxial thin film photoanodes

While anionic doping by itself may not directly increase the specific surface area of the semiconduc-
tor, it can indirectly lead to these improvements through the changes in the crystal structure and mor-
phology. For instance, doping with nitrogen, carbon, or sulfur can alter the crystal structure of TiOp,
resulting in the formation of different polymorphs or phases that may have different surface proper-
ties, such as higher specific surface area or pore volume [48- Lian 2022, 46- Piatkowska 2021 41-
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Wang 2019]. Furthermore, anionic doping can also modify the surface chemistry of the semiconduc-
tor, leading to the creation of new active sites or changes in the electronic properties of existing active

sites. These modifications can enhance the photocurrent efficiencies.

Various techniques can be used to introduce nitrogen into the semiconductor material, including solid
state-reactions, sol-gel methods, and hydrothermal synthesis. The specific technique used depends on

the material being doped and the desired doping concentration.

e Solid-state reactions: This doping technique involves mixing the host material and dopant
in a solid-state and then heating the mixture to a high temperature to promote diffusion. This
technique has as advantage to introduce a wide range of dopants. However, the difficulty in
controlling the diffusion of the dopant, and the high temperatures results in solid-state reac-

tions, in non-uniform doping and the formation of undesired phases.

e Sol-gel methods: This technique involves the preparation of a sol or a gel containing the host
material and dopant, followed by drying and calcination to form the final product. it allows
a good control over the composition and size of the nanoparticles produced. Although, the

technique is time-consuming and the final product may contain residual solvents impurities.

e Hydrothermal synthesis: In this technique, the host material and dopant are mixed in an
aqueous solution and subjected to high pressure and temperature. Hydrothermal synthesis
can produce highly crystalline and uniform particles with a high surface area, and it is also
relatively simple to scale up. However, this technique requires specialized equipment and

can be challenging to control.

However, achieving water splitting using materials grown from these processes has been challenging
due to charge recombination at crystal defects and grain bounderies. To avoid all these drawbacks,
our strategy is to use molecular beam epitaxy (MBE) for (oxy)nitride synthesis. It allows a precise
control over the composition of the thin film. The oxygen and nitrogen fluxes can be adjusted inde-
pendently, to finally produce high-quality, epitaxial thin films with good crystallographic properties
and low defect densities. The main advantage of MBE, is to be able to vary the different parameters
important for PEC (structure, thickness, doping) independently. Although, this techniques is limited
to small areas of substrates and is difficult to scale up for mass production. It is therefore, restricted

to fundamental studies.
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1.3.6 Summary

Nitrogen doping of oxide materials holds promise for photoelectrochemical (PEC) applications. The
introduction of nitrogen into oxide materials can result in a narrower band gap, which enhances their
ability to absorb visible light. The positions of the energy bands can also be tuned by adjusting the

amount of nitrogen doping, offering opportunities for optimizing their electronic properties.

However, nitrogen doping can introduce oxygen vacancies to maintain charge balance of the unit cell,
and this introduces a competition between reducing the band gap and increasing recombination rates.
The presence of nitrogen-induced electronic states within the band gap, as well as the presence of

oxygen vacancies, raises questions about their impact on PEC performance.
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Chapter 11

Experimental details

Summary: This chapter discusses briefly the important aspects of epitaxy and epitaxial growth
of thin films. Section 2.1 deals with fundamental aspects of epitaxy. Section 2.2 is a summary of
past work on epitaxial thin films. Their main deposition methods used to prepare the samples
during my Ph.D. work are introduced. Section 2.3 to 2.5 describe the characterization technics

used to study the films.

2.1 Epitaxy and epitaxial thin films

During the early 1960s, a significant breakthrough occurred in the field of growing metal films on
surfaces using vacuum deposition techniques. Researchers at Bell Labs developed a technique called
molecular beam epitaxy (MBE) allowing for the precise control of epitaxial growth thin films. [1-
Cho, A. Y., & Arthur, J. R. 1976].

2.1.1Epitaxy
2.1.1.1 Definition

The term "epitaxy" is derived from the greek words "epi” and "taxis," which mean "on top of" and
"arrangement,” respectively. In epitaxial thin film growth, a crystalline film is grown on top of a
substrate such as to be highly ordered and aligned with the substrate [2-Sze 2007]. The orientation
relationship is driven by the crystal systems and lattice parameters. Epitaxy can be classified into two
types: Homoepitaxy and Heteroepitaxy. Homoepitaxy refers to the state when both, the film and the
substrate, are made of the same material. Heteroepitaxy is the most common form in various appli-
cations such as semiconductors, ferroelectrics or optoelectronic devices, and is related to the situation

where film and substrate are dissimilar.
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Figure 2.1: Schematic illustration of lattice matched, strained and relaxed epitaxy [3- Ohring 1992]

In epitaxial growth, matching the lattice between the substrate and the deposited material is important
for achieving high-quality films with low defect densities. Depending on the lattice parameters, dif-

ferent regimes can occur (Figure 2.1) [3- Ohring 1992]:

-The matched regime: when the difference between the two lattice parameters is small

-The strained regime: when the two lattices strain to accommodate their crystallographic structure
-The relaxed regime: when edge dislocations form at the interface

2.1.1.2 Important parameters for epitaxial growth

The quality of the epitaxial layer depends on the nature of the substrate. The substrate material should
be a single crystal with a high degree of structural perfection, and suitable crystallographic orientation
to enable the epitaxial layer to grow uniformly and without defects. Moreover, low surface contami-
nation is necessary to obtain pure epitaxial layer. The growth temperature is also an important pa-
rameter. Due to the thermal induced mobility, higher temperatures lead to better crystalline growth

that can be detrimental to the 2D nature of the film.

The deposition rate is also an important parameter. If it is too high, the thin film may become non-

uniform, rough, or contain defects.

2.2 Film deposition techniques of metal oxide films

Solid-state reaction are the typical techniques used to produce bulk oxide materials, which can result

in polycrystalline or single-crystal structures. High temperatures and pressures, can often lead to
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defects, impurities, or phase transitions that can significantly affect the properties of these bulk
materials. It was after the key developments of thin film growth techniques in the 1980s and 1990s,
that researchers began to apply these techniques to the growth of multi-component complex oxide thin
films. The goal is to create materials with unique and tunable properties such as ferroelectricity,
magnetism, and high dielectric constant, that found applications in fields such as electronics, optics,
and energy storage (Figure 2.2).
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Figure 2.2: The ABOs perovskite family of complex oxides hosting a wide array of functional prop-
erties and electronic phases. The basic BOs octahedral unit is located at the center of the unit cell
with A sites on the corner (top left). This simple building block enables a large configurational space
for functional heterostructures of structurally similar films with diverse properties (top right) [6-
Brahlek, M., Gupta, A. S., Lapano, 2018].

Over the years, various processes have been developed for the deposition of metal oxide thin films
based mainly on physical vapor deposition processes (PVD) and chemical processes.

PVD includes, Pulsed Laser Deposition (PLD) that uses a high-power laser to ablate a target material,
the ablated material then condenses onto a substrate to form a thin film. It also includes magnetron
sputtering which involves bombarding a target material with high-energy ions in a vacuum chamber.
The ion bombardment dislodges atoms from the target material, which then travel through the vacuum
and condense onto a substrate, forming a thin film. Without forgetting to mention Molecular Beam
Epitaxy (MBE), where solid materials are evaporated to form beams of atomic or molecular species.
It is typically done at higher temperatures (around 600-800°C) as compared to hybrid vapor phase
MBE (hMBE) where thin films are grown on substrates at relatively low temperatures (typically
around 400-600°C) with a graded composition by combining two or more deposition techniques.

hMBE uses both solid and metallic organic sources. For example, Egawa et al. described the growth
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of AlGaN/GaN heterostructures using hMBE, where the GaN layer was grown using plasma-assisted
MBE and the AlGaN layer was deposited using MOCVD [5-Egawa 2005].
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Figure 2.3: Intrinsic SrTiOs film lattice parameter reported for different growth rates using scalable
oxide thin film growth techniques: Pulsed Laser Deposition (PLD), sputtering, Metal-Organic Chem-
ical Vapor Deposition (MOCVD), Atomic Layer Deposition (ALD), Molecular Beam Epitaxy (MBE),
and hybrid Molecular Beam Epitaxy (hMBE). The defect concentration 6 due to nonstoichiometric
growth condition was determined from the intrinsic film lattice parameter expansion [4-Lapano,
2019].

For chemical vapor deposition processes, we can cite MOCVD (Metal-Organic Chemical VVapor Dep-
osition) and ALD (Atomic Layer Deposition). The first technique is based on vaporizing metal-or-
ganic precursors, while ALD uses two or more precursors that are introduced into a reaction chamber

once at a time.

The choice of which technique to use depends on the specific material system and application re-
quirements as well as the desired structure and needs. For example, Lapano et al. [4-Lapano, 2019]
(Figure 2.3) compiled the lattice parameter of SrTiOz as a function of growth rate and growth method.

They found that in this case MBE and hMBE methods can produce stoichiometric SrTiOa.
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2.2.1 Oxygen and Nitrogen Plasma Assisted Molecular Beam Epitaxy (O&NPA-MBE)

In 1970, the term molecular beam epitaxy (MBE) was firstly, used by Cho and his team [17-Cho
1970]. The development of the technique was driven by the need for a crystal growth technology that
could prepare single crystalline films of few nanometers, in high quality and purity for use in elec-
tronic devices.

Oxygen and Nitrogen Plasma Assisted Molecular Beam Epitaxy (O&N PA-MBE) is an Ultra-High-
Vacuum (UHV) based technique for producing homogenous epitaxial oxide or nitride films. The base
pressure in the chamber (ca. 10*° mbar) makes the environment free of polluting molecules (e.g.

water, carbon) and oxygen, and allows for the elaboration of high-purity films.

A description of the growth apparatus, used in this thesis is given in figure 2.4; it is equipped with
oxygen and nitrogen plasma source.
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Figure 2.4: O&NPA-MBE deposition chamber: a schematic representation

The vacuum system consists in a stainless-steel growth chamber, which is connected to a preparation

chamber under UHV (ultra-high vacuum) conditions and an airlock mechanism, ensuring the integrity
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of the vacuum environment. Several sample manipulators allow for the transfer of samples from the
growth chamber to - and back to the ambient air when needed. The components of the growth chamber
must resist to temperatures up to 200°C for prolonged durations for bakeout in order to reduce out-

gassing from internal walls.

Several pumping systems allow to reach a base pressure of about 1071° mbar: turbo molecular pump,

ion pumps, and Ti-sublimation, secure the quality of the vacuum.

In this apparatus, the metal oxide(nitride) is elaborated, using separated Knudsen sources for metals,

or e-beam source for refractory materials, an RF plasma oxygen source, and an ECR nitrogen source.

A Knudsen cell typically consists of a crucible heated to high temperatures to evaporate the material
to be deposited. For example, titanium is evaporated in a W crucible at around 1200 °C, and barium
in a Ta crucible at around 430°C. The evaporated material then condenses onto the substrate to form
an oxide or a nitride by reaction with the plasma. To control the metal flux, the temperature of the
crucible is adjusted and calibrated using a quartz microbalance temporarily placed at the same loca-
tion as the sample during calibration.

In addition to Knudsen cells, we used also an electron beam evaporator, for tantalum evaporation. In
this evaporator, the material is placed in a crucible, and an electron beam is directed onto the material,
causing it to heat up and evaporate. It is especially suitable for refractory materials.

During growth, the substrate is heated up to 600° C, and the sample holder can rotate around its

normal to ensure an homogeneous growth.

In situ characterization tools allow to monitor the growth process in real-time and provide feedback
for optimizing growth conditions such as reflection high-energy electron diffraction (RHEED). Post
growth Auger and XPS spectroscopies provide information about the chemical composition of the

samples.

2.2.1.1 Radio frequency oxygen plasma source (RF)

An oxygen plasma source is used to provide atomic oxygen to assist the growth process. The plasma
is generated by a radio-frequency (RF) power source by exciting oxygen gas using radio frequency
waves within a quartz cavity at 350W (Figure 2.5). The resulting plasma is composed of electrons,
molecular oxygen, and monoatomic oxygen, with the latter comprising around 20% of the total com-

position.
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Figure 2.5: Schematic drawing of the principal of the RF source

Monoatomic oxygen makes it highly oxidant. A Baratron® pressure controller device manufactured
by MKS controls the flow of oxygen into the quartz cavity. The gas is then introduced into the
O&NPA-MBE chamber through a 200um diameter hole, and the flux of monoatomic oxygen can be
controlled by adjusting the Baratron® parameter in turns corresponding to a precise pressure in the
cavity. Increasing the turns results in a higher oxygen partial pressure and a higher flux of monoa-
tomic oxygen. For instance, the perfect oxidation of TiO2 layers corresponds to 3.5 turns and a pres-

sure in the 10’mbar range in the MBE chamber.

2.2.1.2 Electron cyclotron resonance nitrogen plasma source (ECR)

The plasma source used to nitride the films, is an Electron Cyclotron Resonance (ECR) hybrid nitro-
gen plasma source from SPECS GmBH (Berlin, Germany). Fully compatible with ultra-high vacuum
(UHV) conditions, the plasma source utilizes microwaves with a frequency of 2.45 GHz, which are
generated by a microwave magnetron and coupled to the plasma chamber. In the chamber, the micro-
waves excite a plasma and are absorbed. The plasma density is enhanced by the magnetron cyclotron
resonance effect, which is provided by an 86 mT magnetic quadrupole arranged around the plasma
chamber [9-SPECS]. The electrons in the plasma undergo electron cyclotron resonance motion,
which greatly increases their path length and the probability of collision with other molecules, leading
to ionization. This effect enhances the ionization rate and improves the efficiency of the plasma source

(Figure 2.6 for the principle and Figure 2.7 for the setup).
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Figure 2.6: Schematic mechanism of an ECR nitrogen plasma source

The hybrid plasma source combines the characteristics of an atom source and an ion source to produce
mixed gas fluxes, the ions can be extracted and accelerated thanks to additional grids. Before use, the

source was carefully calibrated to find the conditions for nitriding as detailed in the next chapters.
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Figure 2.7: Features on the ECR source used during this study [9-SPECS 2013]

The plasma chamber closes with an aperture plate. The characteristics of the source output are
determined by the configuration of this same aperture plate and by electrodes. The aperture plate at
the front of the chamber has a hole of 200nm that allows plasma reactants to escape into the
experimental chamber. Based on our needs, the source is composed of three aperture designs and
operating modes. Figure 2.8 provides a comparison of the three different aperture configurations.
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e Atom mode: In this mode, the plasma is confined inside the chamber enabling the thermaliza-
tion of the atoms when they are in contact with the aperture (Figure 2.8). The outcome is a
low-energy flux of atomic species emitted from the source. Moreover, the small size of the
hole and the thickness of the insulator reduce the gas flow from the plasma chamber into the
experimental chamber. The source will then, function at lower chamber pressures compared

to ion mode apertures.

e lonmode: In an ion source, there are two electrodes located at the end of the plasma chamber.
The anode controls the beam energy of the ions produced by the source. The second extractor
electrode, is used to optimize the beam current that reaches the sample (Figure 2.8). The beam
current increases with this extractor voltage until it reaches a maximum point known as the
knee point. Beyond this point, the beam current will be subject of a small or no variation,

depending on factors such as anode voltage, gas flow, and magnetron power.

e Hybrid mode: The hybrid source combines features of both atom and ion sources. An insulator
on the plasma chamber for thermalizing atoms and anode and extractor grids for controlling

the ion current and the energy of the beam energy.

Hybrid source

Y

Insulating aperture

Nl T Anode aperture

% T~ Extractor aperture

Figure 2.8 : Aperture producing Hybrid mode.

With nitrogen-plasma-based methods, the rate of reactive nitrogen supply in the growth chamber is
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determined by plasma parameters and is independent of substrate temperature (in contrast to NHs-
based methods).The substrate temperature is measured by a thermocouple directly behind the
substrate mounting plate. It is necessary to conduct crystal growth at temperatures sufficient for high-
quality growth. The main restriction is the formation of nitride in competition with oxides at high

temperatures.

2.2.2 Substrate preperation

The quality of the substrate surface can affect the properties and therefore, requires careful attention

to ensure a high-quality and uniform film deposition.

Substrates for photoelectrochemical measurements must be conductive in order to allow for the meas-
urement the flow of electric current. They have also to be, suitable for epitaxial growth, their lattice

parameter and structure should be adapted to promote 2D growth, and good epitaxy conditions.

2.2.2.1 Undoped and 1 at.% Niobium doped SrTiOz (001) in film

The research conducted in chapter 3 involves the growth of TiOxNyand nitrogen doped BaTiOs films
on 1 at.% Nb-doped SrTiO3(001) single crystals, which had a square shape of 1x1 cm? and a thickness
of 1 mm. The Nb:SrTiOs substrate has a cubic perovskite structure and we use the (001) surface that
has a square lattice, with a of 0.3905 nm lattice parameter. The Nb doping provides a good electrical
conductivity, in contrast to fairly insulating undoped SrTiOs. Before each deposition, the substrates
were annealed at 600°C using radiative heating and cleaned using high brilliance oxygen plasma to
remove any chemisorbed surface contamination, such as water or carbon. The cleaning process takes
90min, and the Baratron was set to 1.3 turns, which corresponds to a pressure in the 10 mbar range

in the O&NPA-MBE chamber. Such substrate cannot be reprepared after deposition of a thin film.
2.2.2.2 Platinum (111)

Pt (111) single crystals with a diameter of 8 or 10 mm and a thickness of 1 mm were used as substrates
for growing N-doped TiO> (studied in chapter 4). Pt has a face-centered cubic (FCC) crystal structure
with a lattice parameter of 0.392 nm. For Pt (111), the surface lattice is hexagonal-like lattice with a
surface parameter of a= 0.277 nm. The platinum substrates can be reused after repreparation. The
deposited oxide layer on Pt substrates can be removed by performing an Ar* ion beam etching at a
pressure of 10° mbar with an energy beam of 4 kV, and a well ordered surface is obtained after a
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high temperature electron beam annealing at 1000°C. These substrates present then, smooth and well-

ordered surfaces.

Prior to each deposition, the substrates underwent a cleaning process at 600°C using oxygen plasma
to eliminate contamination. The cleaning procedure lasted for one hour. During this process, the Bar-
atron was adjusted to 1.5 turns, corresponding to a pressure range of approximately 10 mbar in the
O&NPA-MBE chamber.

2.3 Characterization techniques in situ and in laboratory

In solid-state physics and materials science, characterization methods are usually based on the inter-
action of radiation with matter [10-Harris 1981]. It is important that the wavelength match the inves-

tigated property (Figure 2.9).

Energy (eV) Wavelength (m)
Frequency (Hz)
08— L, 10— Visible spectrum
| 10%— B wavelength
6| B 12| c Oedaum
T y-Rays 10 020] 10 e Violet
4| B -10|
-Rays 10 1018]— 10 1 angstrom (A) Blue
- — 1 nanometer (nm) a
2| I~ 8| 0.51um
Ultraviolet 10 1016 | — 10 Green
" B » B X
—Visible (o) I 6| : ~ Yellow
10 01| 10 1 micrometer (um) y
Infrared B - B
/L.I 102 1041 6ium | Orange
1012 |
T - — 1 millimeter (mm) i
Microwave @ 1074 102 —
_ ) 1010 Red
- J_ & - L -
106 |— ol 10011 meter (m) e 077 fm =
10° — >
Radio, TV - £l
108 B 102 —
10° —
- — 1 kilometer (km})
10—10 | . 104 L
P . 10 L

Figure 2.9: Classification of different electromagnetic waves.

2.3.1 Reflexion high energy electron diffraction (RHEED)

Reflexion high energy electron diffraction (RHEED) is the principal real time analytical tool used

during molecular beam epitaxy (MBE).
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In RHEED, a high energy monoenergetic electron beam (30 keV in our case) is directed towards the
surface at a glancing angle 04 about 1° to 4° (Figure 2.10a). Hence, the penetration depth is limited
to the first atomic layers, and the electron beam is diffracted by the surface of the sample. A fluores-
cent screen placed diametrically opposite to the incident beam, records the surface diffraction pattern,
and by turning the sample along its azimuth, one can record surface reciprocal pattern in different

directions (Figure 2.10a).
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Figure 2.10: a Schematic diagram of RHEED apparatus [11-Hasegawa 2012] b The simpliest

Sample

RHEED set up includes an electron gun, a (here a plasma clean substrate of Pt (111)), and a fluo-

rescence screen.

The reciprocal lattice of an ideal single crystalline 2D surface consists of vertical rods [11-Hasegawa
2012]. The diffraction pattern seen in RHEED corresponds to the intersection of the Ewald sphere
and the reciprocal lattice. Examples of typical RHEED pattern are represented on figure 2.11, as a

function of the morphology of the surface.
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Figure 2.11: Different types of morphologies of single crystal surfaces: real-space morphology (left),

associated, reciprocal space (middle), and corresponding RHEED patterns (right) [from 11-Haseg-

awa 2012]

Typical information that can be deduced from RHEED patterns are epitaxal relationships and the

lattice parameters of the samples as well as the relaxation thickness of the growing layer [12-Barb-
ier2005, 13-Derj 2022]. The examples of Nb:STO (and BTO/Nb:STO) are shown on figure 2.12, for
two different azimuths direction (10)s” and (11)s .
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Figure 2.12: Principle of RHEED pattern analysis in order to calculate the surface lattice parameters
in the case of a the 1% Nb doped SrTiO3 (001) and ¢ BaTiOz deposited on 1% Nb doped SrTiOz (001)
surfaces, with their corresponding RHEED pattern (green contrast) with blue (gray) dashed rectan-
gles highlighting the integration box used to obtain the curves of the integrated RHEED images. b
and d the surface reciprocal geometry indicating two different azimuths for each sample surface

reciprocal lattice (10)*s and (11)*s.

The in-plane lattice parameter evolution can be determined using integrated line profiles extracted
from the RHEED patterns. For example, figure 2.12 show the typical RHEED patterns and their in-
tegrated profiles, along (11)*s azimuths, observed during the growth of BaTiO3z (BTO) on 1% Nb
doped SrTiOs (Nb:STO). The growth being performed at 450°C, the thermal expansion coefficients
of the SrTiO3 and BaTiOs were taken into account (ca. 7.4x10° K and 1.3x10° K%, respectively).
Since we know the STO lattice constant, we can deduce for each pattern the BTO one from:

dNb:STO

)

apto = anb:stol d
BTO

With agro(resp. Nb:sToy the lattice parameters of BTO (resp. Nb:STO) and  dgro(resp. Nb:sToy the

distances in pixels between two peaks of its integreated profile at 450°C.
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2.3.2 X-ray Photoelectron Spectroscopy (XPS)

The photoelectric effect was first introduced by Hertz [14- Hertz 1887] and explained by Einstein
[15- Eistein 1905]. The principle of X-Ray Photoelectron Spectroscopy (XPS) relies in the photoe-
lectric effect or what is also known as the photoemission process (see figure 2.13), whereby photons

can induce electron ejection from a solid.

Energy
A (2) Ejected Electron

Vacuum Level

Valence Band

(1) Incident Photon

—

Figure 2.13: Energy level diagram depicting the photoelectric effect. An incoming photon is absorbed
such to provide a sufficient energy to an electron to overcome the binding energy (Es). Because of
the quantification of the electronic levels, the kinetic energy of the emitted electron has elemental
specificity and hence allows for surface chemical identification.

The X-ray photons source is an X-ray tube, where a metallic aluminum anode is irradiated by high
energy electrons, resulting in the emission of X-ray photons. In our case, the energy used was thus,
Al K, radiation (1486.7 eV energy).

The surface sensitivity of XPS arises from electron mean free path of the ejected electron. It corre-
sponds to a few atomic layers, depending on the kinetic energy. In a rough approximation the electron
mean free path follows simple equation, given in figure 2.14.
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Figure 2.14: Simplified universal curve for the electron inelastic mean free path in elements based

on the equation in the inset [16].

Under principle of energy conservation, the kinetic energy (Exin) of the emitted photoelectron is given
by the equation bellow, where ‘hv’ is the photon energy, ‘Ep’ is the binding energy and ‘@’ is the

work function of the electron energy analyzer.
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Figure 2.15: Ex situ widescan XPS spectrum taken for an N-doped TiO> film which highlights the

presence of Ti, O and C at the surface. The N-1s peak is too low to be seen in the widescan.
Exkin=hv—Ep— @

All XPS spectra were processed and interpreted using CasaXPS [18-Fairley 2021].
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2.3.3 Auger Spectroscopy (AES)

Auger electron spectroscopy (AES) is a surface-sensitive analytical technique used to determine the

elemental composition of materials.

Energy
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(2) Ejected Electron @ \ (1) Incident Photon

Figure 2.16: Energy level depicting the process by which an Auger electron is emitted.

In AES, a sample is bombarded with a beam of electrons, with an energy of a 3 keV. When an electron
from the beam interacts with an atom on the surface of the sample, it can cause the ejection of an
electron from one of the inner shells of the atom. The resulting hole is filled by an electron from a
higher energy level, and the energy difference is released in the form of an Auger electron (Figure
2.16). The kinetic energy of the Auger electron are measured, which provide information about the
atom from which it originated [19-Briggs 2003]. For the particular example of figure 2.16, the Kinetic

energy is then given by:
Exin = Ex —Ep; — Er23

AES can be used to analyze the composition of a wide range of materials. It is particularly useful for
surface analysis and can provide information about the top few layers of atoms on the surface of a
material [20-Hofmann 2008]. Figure 2.17 depicts an AES spectrum of N-doped BaTiOs film.
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Figure 2.17: Auger scan fora N-doped BaTiOs layer deposited on 1% Nb: SrTiOz (001).

2.3.4 X-ray Reflectivity (XRR)

X-ray Reflectivity (XRR) was performed to investigate specific physical properties of epitaxial thin

films such as film thickness, roughness and the electron-density profile.

For specular X-ray reflectivity, the exit angle and incident angle of the electron beam are equal (Fig-

ure 2.18), the wavevector transfer Q; is perpendicular to the surface and is given by:

4msin (0)
2= T

Where 6 is the incident angle and A the photon wavelength.

Momentum transfer in xz plane

X *

Figure 2.18: Schematic representation of the resulting momentum transfer Q;in XRR

89



Chapter Il | Experimental details

The reflectivity signal of a surface is normalized to the incident intensity R = II—R , measured as a func-
0

tion of the wavevector transfer. The particularity of the curve is that it decays rapidly (especially for
rough surfaces) and it is composed of an interference pattern (Kiessig fringes) from the scattering of
different layers (for example, in a thin film or multilayer). Thus, from XRR curves, we can deduce
important parameters such as the critical angle for total external reflexion, the roughness and the film
thickness (Figure 2.19).
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Figure 2.19: Typical features of a reflectivity curve [21-Gibaud 2009]

The goal of X-ray reflectivity measurements is to infer an electron density profile perpendicular to
the surface. Layer models are used to fit the data and we used the REFLEX software [21-Gibaud
2009]. The x? is used to describe the quality of the agreement between the model and the experiment
data and is given by:

n
, 1 ydata; —ycalc;_,

X = n _ ydata;
1=1

Where on n measured ydata; , each one corresponds to a modelized value, ycalc;.

Moreover, to reach a high Q; a high incident intensity is required. Therefore, our measurements were

done using synchrotron radiation (Diffabs beamline at synchrotron SOLEIL).
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2.4 Photoelectrochemical characterization
2.4.1 Experimental setup

To mimic the artificial photosynthetic process, we set-up in our laboratory the following PEC con-
figuration (Figure 2.20):

-As a light source, we used an ozone-free Newport 1000 W Xe Arc Lamp. It is completed with output
water filters to avoid inconvenient heating of the set-up by the infrared radiations (IR). The intensity
of the light on the sample was evaluated to amount to around 300 mW cm2.

-The electrodes of our PEC system are immersed in an aqueous electrolyte (NaOH with Cnaon=0.1M
i.e. pH = 13). The reactor is transparent to light allowing for the irradiation to reach the photoanode
(the working electrode : our sample). The sample is sealed on the sample holder allowing the contact
between the sample surface and the electrolyte. The electrical contact with the external circuit is taken
at the back of the sample; a good conductor as substrate is required (here Pt and Nb:SrTiO3). The
cathode or counter electrode (CE) is a platinum wire. The reference electrode (RE), is an Ag/AgCl

reference electrode where the potential reference is Vagagel = +0.197 V vs. NHE.

Our system contains a reference electrode to observe half reactions in the cell and provide, a reference
potential. “However, it should be stressed that efficiencies measured in this way are photoelectrode

efficiencies and not cell efficiencies.”[22- Minggu 2012]

In a cylindrical vessel, with a quartz window as a flat optical window to allow most of the light
spectrum including UV to pass through and illuminate our epitaxial thin film. This same film is used
as the photoanode or working electrode (WE). All electrochemical measurements were performed at

room temperature to respect environmental purposes.

The potentiostat, connected to the computer, is a Princeton Applied Research (PAR) 263A. Using
Power Suite software (dedicated to electrochemistry) and by home-made LabView programs, we can

control the applied potential and the current acquisition between the three electrodes.

The monochromator (Cornerstone 130 model 74004 monochromator (Newport)) is used to measure
the photocurrent as a function of the wavelength. The wavelength was varied between 200 and 600

nm, with 5 nm steps.

We used a PAR 5210 lock-in amplifier and an optical chopper (MC-2000 from Thorlabs) at a refer-

ence frequency of 20 Hz to modulate the light and increase the signal to noise ratio.
Finally, the computer collects all the data and control the instruments.
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Figure 2.20: (a) Photoelectrochemistry setup, and (b) details of the mounting within the cell [from
22-Rioult 2015].

2.4.2 1-V voltammetry

I-V voltammetry, also known as photocurrent-voltage (I-V) curve analysis, is a technique used in
photoelectrochemistry to study the behavior of a photoelectrode at different potentials. A voltage is
applied to the working electrode with respect to the reference electrode and the current flowing
through the counting electrode is measured as a function of the swept applied voltage (Figure 2.21)
[23-Bard 2000- 25 Compton].

Potentiostat

(V E; vs.RE Ly = Ig <I>
WE

Figure 2.21: Schematic representation of the measurement system
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The 1-V curve obtained from this experiment can thus, provide information about the electrochemical
reaction occurring at the electrode surface. To increase the signal/noise ratio, several I(\V) curves are
acquired and averaged. The measures are done under illumination (i.e. with light, L) and without
illumination (i.e. in dark conditions, D). In order to take account for the illuminated surface, the cur-
rent I is converted in current density J in mA/cm2. The photocurrent is then, defined as the difference

between the current recorded under light and without light (dark), and it is given by :
]ph =JL—Jp

To compare the efficiencies of our samples, we usually select a particular potential (at 0 or 0.4V vs.
Ag/AgCI for instance) and compare their photocurrent at this same voltage. Further and for the pur-
pose of spotlighting the illumination effect on the current, we measured J(V) curves with an ON/OFF
chopped light obtained with a manual optical shutter (model 71445 from Newport).

1,0

0,8—-
o,e-_
04 |
o,z-_ ﬂ

0,0 _KJ/‘ ! ' —]

.02 - J

Current Density (mA/cm?)

.04

08 06 04 02 00 02 04 06 08
V vs Ag/AgClI (V)
Figure 2.22: 1(V) curves: Jp(V ) (red curve) and J.(V ) (green curve) and ON/OFF chopped (blue

curve).

Figure 2.22 displays an example of ], J;, and Jp curves with permanent and chopped light, the effect
of illumination is obvious. Form this figure, we can approximately derive the onset potential (applied
potential for which the water electrolysis starts) which is ca. -0.6 V vs. Ag/AgCI under illumination,
and superior to 0.8V vs. Ag/AgCl in dark conditions. We notice a negative current density at -0.7 V

vs. Ag/AgCl meaning that the sample has a cathode behavior at low potential.

For the I(V) voltammetry measurements performed in this thesis, the applied potential window varied

from [-1;+0.7] to [-1; +0.8] (in V vs. Ag/AgCl), depending on the samples measured.
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2.4.3 I-A measurement

Photocurrent measurements as a function of the incident light wavelength (i.e. I(A) measurements)
allow to get insight into the spectral response of our layers. The photocurrent density data are nor-

malized to the corresponding incident light flux that is represented in figure 2.23.
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Figure 2.23: Light flux of the Xe arc lamp after the monochromator as a function of the wavelength

The wavelength was varied between 200 and 600 nm, with 5 nm steps. The obtained curve (see figure

2.24) is proportional to the ‘electrochemical absorption” ().
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Figure 2.24: Electrochemical absorption as a function of the wavelength at 0.4 V vs. Ag/AgCl of TiO>
deposited on (001) and normalized at 270 nm.
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To compare our samples, we estimated the ‘photoelectrochemical band gaps’ of our samples through
the ‘efficient Tauc plot’ method [26-Tauc 1968] by plotting (athv)? vs. hv (hv being the photon energy

and o the absorption coefficient of the material).

4x10°
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3x10°
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1x10°

3,2 3,4 3,6 3,8 4,0 4,2 4.4
Energy (eV)

Figure 2.25: Direct band gaps determined using the “‘efficient Tauc plot method’’, for TiO> deposited
on Pt (111).

The efficient Tauc plot method involves fitting a straight line to the linear portion of the Tauc plot
and extrapolating it to the x-axis to determine the direct photoelectrochemical bandgap energy, by
fitting (ohv)? vs. hv, (see, Figure 2.25) and the indirect photoelectrochemical bandgap energy, by
fitting (ahv)®® vs. hv (Ey).

2.4.4 Electrochemical impedance spectroscopy

In electrochemical impedance spectroscopy (EIS) a small, sinusoidal voltage is applied to a sample
and we measure the resulting current response. The resulting measure give the impedance of an elec-
trochemical systems over a range of frequencies. The impedance represents then, the overall opposi-
tion of a circuit to the flow of the electric current the system. As a complex quantity, both real (re-
sistance) and imaginary (reactance) parts compose it. The reactance can be further splitted into ca-
pacitive reactance and inductive reactance, depending on the type of electrical circuit [27-Macdonald
2018].
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EIS that is a non-destructive, non-invasive technique used to provide valuable information about the
properties of these systems, such as their resistance, capacitance, and inductance, as well as the ki-

netics of the electrochemical reactions taking place [28-Lasia 2014].
In a circuit or system, the impedance can be expressed by:
Z = V(0)/I(w)

Where V(o) is the voltage and I(w) the current flowing across at a given frequency . Herein, EIS
measurements were performed in dark conditions. A dynamic signal of 10 mV amplitude with fre-
quencies from 100 kHz down to 10 Hz was superimposed to a direct current bias ranging from —1 to
+0.9 V vs Ag/AgCl, with 0.1 V steps, using the potentiostat and the lock-in amplifier to generate the

alternative signal V(®) and to measure the generated current I(®).

Usually, the semiconductor electrolyte interface is simulated by a combination of ideal capacitors.
However, unlike an ideal capacitor, which has a constant impedance that decreases with increasing
frequency, a non-ideal capacitor may exhibit behaviors such as frequency-dependent capacitance,
dielectric loss, or electrode polarization. The commonly employed approximation in EIS is the intro-
duction of a constant phase element (CPE) in the replacement of ideal capacitance [29-Morrison
2007]. For this purpose, we modeled our system with a RS-RCPE circuit (see figure 2.26), and the

impedance of a CPE is then, given by the following equation:
Z = Rg+(iw"Q+R™H)™!

Where Rs and R are the series and space charge layer resistances respectively and io" Q the admit-
tance of CPE, where n is between 0.9 and 1 (n = 1 for perfect capacitance). The CPE can also be used
to model the behavior of materials that are not perfectly conductive, such as semiconductors or insu-
lators. In these cases, the CPE can represent the capacitance that arises due to the formation of a space

charge layer or the presence of localized states within the material.
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Potentiostat
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Figure 2.26: Photoelectrochemical cells of 3 electrodes with the working (WE), counter (CE), and

reference (RE) electrodes and its equivalent RS-RCPE circuit model [30-Lazanas2023].
Then, we estimated the capacitance value of the CPE using the formula [31- Brug 1984]
C = Ql/n (R§1+R—1)(n—1)/n

The Mott-Schottky plot is a graph of the inverse square capacitance (A2/C?) versus the applied voltage
(V) for a semiconductor material in contact with an electrolyte solution. The plot is named after Nevill
Mott [32- Mott 1938], who independently developed the theory behind this plot in the early 20™

century.

The Mott-Schottky plot is typically used to determine the carrier concentration (Np) and the flat-band
potential (V) of a semiconductor material. The carrier concentration is related to the slope of the

plot, while the flat-band potential is related to the intercept of the plot with the x-axis.
The equation for the Mott-Schottky plot is given by:

A? 2
C2  eNpgoe,

KgT
(V—=Vg — T)

where A is the illuminated surface area, o the dielectric constant of vacuum (8.85 x 10722 F/m), & is
the dielectric constant equal to 31 for anatase [33- Matsumoto 1938], to 173 for rutile [34- Juliao
1980], between 7 and 11 for corundum titanium dioxide and around 1000-4000 for BaTiOs [35-
Kumar 2008]. V is the potential applied to the photoelectrochemical cell, kg is the Boltzmann constant
(1.38 x 10722 J/K), and e is the elementary charge (1.6 x 107° C). The flat-band potential corresponds
to the voltage where the capacitance in infinite, i.e. the voltage where the band bending is vanishing.
Overall, the use of CPEs in EIS allows for a more accurate and comprehensive modeling of complex

electrochemical systems.
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2.5 Further characterization methods

Over the last decade, researchers have explored many sophisticated ex situ and in situ techniques
using high brilliance synchrotron radiation measurements. Among the small quantities of matter that
a thin film represents. These large experimental systems provide powerful tools to probe the undis-
closed underlying mechanisms of their promising properties. In this section, we present a compre-

hensive overview of synchrotron X-ray techniques we managed to use during this thesis.
2.5.1 Synchrotron X-ray Diffraction (XRD)

For oxide MBE growth, X-ray diffraction has been used as a major probe for film growth and surface
structures analysis. X-ray diffraction (XRD) is a method based on the analysis of the diffraction pat-
terns of X-rays that were scattered at a specific angle known as the Bragg angle, by the atoms in the
material in order to study its atomic and molecular structure [36-Bragg 1913]. The spacing of the
atomic planes in the crystal lattice and the wavelength of the X-ray beam determine the Bragg angle.
The Bragg law illustrated in figure 2.27, which states that nA = 2d sin, relates these parameters,
where n is an integer, A is the wavelength of the X-rays, d is the spacing of the atomic planes, and 0

is the Bragg angle [37-Cullity 2001, 38-Shih 2013] .

Incident Wave Scattered Wave

Path Length Difference:

]

© © © © 606 60606 606 0O

Figure 2.27: Schematic illustration of Bragg's law.

The diffraction pattern consists of a series of peaks or lines that correspond to the different planes of
atoms in the crystal. The position, intensity, and width of these peaks provide information about the

crystal structure, such as the unit cell dimensions, atomic positions, and symmetry of the crystal. XRD
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is a non-destructive, highly sensitive, and precise analytical technique. For typical X-ray wavelengths,
the refractive index is slightly smaller than one. The direction of the refracted beam does not deviate
much from the incident one and total external reflection occurs on the surface side. Therefore, the X-
rays are reflected strongly from the surface at the critical angle of incidence, which allows the struc-
ture of the uppermost layers of a material to be probed. In surface XRD (SXRD), a beam of synchro-
tron radiation is directed onto a sample, to glancing incidence and the resulting diffraction pattern is
analyzed to determine the crystal structure of the material. During this thesis, we run SXRD meas-

urements at the Diffabs beamline at Synchrotron SOLEIL in France.

The Diffabs beamline is equipped with state-of-the-art XRD and XRR instrumentation, including a
2D detector for high-resolution diffraction imaging, a diffractometer for in-plane and out-of-plane

XRD measurements.

The study was done at room temperature and at a photon energy of 9 keV. The significant digits of
lattice parameters, 0.002 A, were determined from the maximal deviation from the average value
(over all accessible orders) of the substrate fitted (Lorentzian peak shape) Bragg peak positions. All
XRD peak positions were derived from the Lorentzian shape fits to the experimental data after x2

convergence.

2.5.2 Resonant Photoemission (RPE)

Resonant Photoemission Spectroscopy (RPES) is a technique that involves using excitation photons
with energies close to the absorption (i.e. X-ray Absorption Spectroscopy (XAS)) threshold of a core
level. This technique provides chemically selective photoemission, allowing for example the investi-

gation of valence band features in solids.

By using photons with energies near the absorption edge, two mechanisms can extract an electron

from the valence band:

-Direct Photoemission: This is the photoemission process where a photon is absorbed, promoting an
electron from the valence band to the empty state. The emitted photoelectron carries information

about the valence band region.

-Auger Relaxation: This process occurs when the incident photons have an energy exactly at the
absorption edge. In this case, a core electron is excited to an empty state, and then the system under-
goes an Auger relaxation process where the exited electron fills the core hole and another electron is
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emitted from the valence band. This electron has the same kinetic energy as the direct photoemeission
electron. This auto-ionization process contributes to the resonant photoemission spectra.

The resonant photoemission spectra are then, obtained due to the final-state coherent interference
between the two corresponding electron waves involved in the direct photoemission and the Auger
relaxation processes. This interference produces characteristic features in the spectra. The processes

are depicted in figure 2.28.
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Figure 2.28: Schematic diagram of the resonant phenomena when investigating the valence band in
RPES: interference between the photoemission from the valence band and the Auger relaxation. Er

stands for the Fermi level of the sample.
In this thesis, RPES have been used to study valence band of BTO at L, L3 edge of titanium.

By working at the Lz edge of Ti, only states corresponding to Ti atoms will resonate in the valence
band.
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The RPES experiments were done at CASSIOPEE beamline at the Synchrotron SOLEIL. This beam-
line is dedicated to angle-resolved photoemission spectroscopy in the energy range of 50-1600 eV.
RPES experiments are typically performed using a hemispherical analyzer (here a Scienta R4000
electron analyzer) and a high-energy-resolution monochromator to obtain high-resolution and high-

throughput measurements.

2.3.3 X-ray absorption spectroscopy (XAS) and Extended X-ray absorption fine structure (EXAFS)

X-ray absorption spectroscopy (XAS) involves photoionization. The XAS spectrum is usually ob-
tained by measuring the intensity of the X-rays transmitted through the sample as a function of energy
or current generated in the sample. The spectrum contains information about the electronic structure
of the absorbing atoms in the sample, such as the energy levels of the inner shells, the number of
unoccupied states in the conduction band, and the bonding and coordination environment of the ab-

sorbing atoms.

XAS can be performed in a variety of modes of measurement, including transmission, fluorescence,
and total electron yield, and can be applied to a wide range of materials, including solids, liquids, and
gases. Practically for our EXAFS experiments the XAS at the Ti-K edge was recorded by measuring
the X-ray fluorescence of the samples at SAMBA beamline at synchrotron SOLEIL. The beamline
covers the energy range from 4.8 eV to 40 keV, making it suitable for studying the electronic structure

of a wide range of materials [41].

The XAS spectrum typically consists of two main features: the edge and the extended X-ray absorp-
tion fine structure (EXAFS). The edge corresponds to the energy required to excite a core electron to
an unoccupied state, and its shape and position depend on the energy levels and environment of the
absorbing atom. The EXAFS region contains information about the local atomic structure surround-
ing the absorbing atom (see figure 2.29) [42-Bianconi 1988].
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Figure 2.29: Ti-K edge absorption spectra for a TiO2 / Pt (111) film. The different remarkable regions
are highlighted in red.

EXAFS oscillations result from the interference of the emitted photoelectron waves, which arise due
to the wave-like nature of the photoelectron emitted by the absorbing atom. The photoelectron can be
viewed as a spherical wave emanating from the excited atom, and its wave vector changes as a func-

tion of the energy (E) of the incident photons:

2m
k(E) = jh: (E~ Eo)

Where, k is a wave vector of photoelectron, m is the electron mass (9.11x103! kg), Eo the absorption
edge energy.

The EXAFS oscillations are directly related to the absorbing atom's environment, including the num-
ber, type, and distance of neighboring atoms. EXAFS provides thus, valuable insights into the chem-
ical environment of specific atoms. For example, in the case of N doped TiO., the EXAFS signal

measured immediately after the Ti-K edge can provide information about the environment of Ti atom.
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To conduct the analysis of a EXAFS spectrum (Figure 2.30):
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Figure 2.30: Ti-K edge EXAFS data post-processing illustration: (a) raw absorption spectra rec-
orded in normal incidence with glitches (black line, glitches are indicated by asterisks) and glitch-
free (red line), (b) corresponding experimental EXAFS oscillations obtained by the Athena software
(black thick line) and the fitted data by FEFF calculations assuming a rutile crystallographic struc-
ture (grey thin line) using the Artemis software. Sample: TiO2 / Pt (111).

First, we need to preprocess the raw data to correct for background noise and any other experimental
artifacts, this step is known as deglitching. Second, this may involve subtracting a background spec-
trum, normalizing the data, and/or applying a Fourier transform. We start converting p (E) data (raw

absorption spectra) into x (k) data (EXAFS oscillations)

The EXAFS oscillations x (k) in this approach can be expressed by [43-Magnan 1990]:
ky(k) = Zi% X e 201K % @=2ri /A F,(K) x sin(2kr; + @;(k))

Where, K is the wavevector of the photoelectron, i is the index of shell of neighbours (N; the number
of neighbours in this shell, ri their distance from the absorbing atom, ? their Debye —Waller factor),
A is the mean free path of the photoelectron and F and ¢ are the amplitude and the photoelectron
phase shift. o2, the Debye Waller factor is related to the mean square displacement (MSD) of atoms

from their equilibrium positions.

The EXAFS signal corresponding to a particular bond in a material is maximized when the linear

polarization vector of the incident X-ray beam is parallel to the bond, and is minimized when it is
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perpendicular to the bond. On the SAMBA beamline, the sample can be rotated so the polarization
vector of the incident X-rays is either parallel or perpendicular to the surface of the sample. In normal
incidence (i.e. when the X-ray beam is perpendicular to the surface), the polarization vector of the X-
rays will then, be parallel to the basal plane of the sample. This will result in a preferential probing
of the in-plane atomic structure of the sample. In contrast, in grazing incidence (i.e. when the X-ray
beam is almost parallel to the sample surface), the polarization vector of the X-rays will be almost
perpendicular to the basal plane of the sample. This will result in a preferential probing of the out-of-

plane atomic structure of the sample.

EXAFS oscillations simulation are done using the Artemis software and FEFF calculations (with
HORAE and FEFF 6 codes [44-Ankudinov 1998, 45-Ravel 2005]. FEFF6 files are used in the Arte-
mis software to simulate the EXAFS oscillations observed in experimental data. The FEFF6 program
calculates the possible single and multiple scattering paths from the absorbing atom to the neighbor-
ing atoms, taking into account the crystallographic structure of the material, the absorption edge type,
temperature, and incident beam polarization. It then determines the contribution of these paths to the
EXAFS signal. In Artemis, the user selects the paths to be used in simulating the experimental data.
The fitting parameters for each path correspond to the amplitude, distance between the neighbor and
absorbing atom, and the Debye-Waller factor.
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Chapter 11

Self-oxidized single crystalline N-doped oxide layers

Summary: In this chapter, we discuss the potential of nitrogen doped oxides as promising
candidate due to their low cost, high electrochemical stability, and flexibility in composition and
structure. The chapter summarizes the progress we made in the design, development, and
application of Ti+N deposited on SrTiOs (001) and Ba+Ti+N deposited on SrTiO3 (001) as
electrodes for water splitting with an emphasis on innovative synthesis strategies and a deeper
understanding of structure-activity relationships through systematic characterization. The
chapter concludes by discussing the main challenges and prospects for the further development
of more efficient photoelectrodes based on perovskite oxides, with the aim of guiding the
development of novel metal oxides for photoelectrochemical water splitting.

3.1. Photoelectrochemical properties of perovskite oxides layers

Perovskite oxides have great potential as photoelectrodes for water splitting due to their tunable
structural and compositional properties, adjustable electronic structure, and chemical durability [1-
Wang 2020, 2-Zong 2021]. While they have demonstrated excellent OER (Oxygen evolution
reaction) activity, their HER (Hydrogen evolution reaction) performance is still unsatisfactory due to
their low intrinsic electrical conductivity [3-Si 2022]. Here, we focus on improving the OER activity
for hydrogen production. To address this issue, various strategies such as doping and defect
engineering, surface modification, and crystallographic structure control have been utilized to
optimize their photochemistry behavior. Moreover, the internal electronic structure of perovskite

oxides also strongly influences their photoactivity.

3.1.1 Structure of perovskite oxides

In an ideal cubic cell without oxygen vacancies, the prototypical perovskite oxide (ABO3z ex: SrTiO3)
has a high symmetry of Pmm3, which is constructed from chains of corner-sharing [BOs ex: TiOg]
octahedra, with the larger A-site occupying the 12-fold coordinated sites (Figure 3.1a). In a ABO3

perovskite A is a rare earth element or an alkaline earth element, and B is a transition metal.
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Figure 3.1: a Example of the representation of a perovskite crystallographic structure (SrTiO3 used
as substrate in this study) b (001) orientation of SrTiOs.

3.1.2 BaTiOs a perovskite material

Barium titanate, BaTiOs (BTO), is a perovskite material. The A-site is occupied by Ba and the B-site
is occupied by Ti. It is a well-known perovskite material studied for its excellent physicochemical
properties such as dielectric and piezoelectric structures [4-Buscaglia 2021], biocompatibility [5-
Vijatovic 2008], and optical characteristics [6-Mishra 2017].

During its synthesis, a non-stoichiometry of BaTiOs can occur due to several reasons, including
oxygen vacancies, Ti or Ba vacancies and/or substitution of Ti or Ba atoms with impurities. These
variations in composition can lead to changes in the electronic and structural properties of BaTiOs.
For example, oxygen vacancies (Vo) can lead to the creation of Ti®* ions in the lattice, which can act
as electron traps and affect the charge transport properties of BaTiOz [7-Donnerberg-2000] More
precisely, two Ti*" ions can be reduced to Ti%* ions for each V, [8-Cai 2009]. The chemical formula

of the thin films is then given by Ba?*Tit*,, Ti3t02=,.

For this reason, non-stoichiometry in BaTiOs can affect its electronic as well as its structural
properties, beginning by its lattice parameters to the overall crystallographic structure caused by strain
or simple distortions [9-Barbier 2012,10-Tyunina 2020]. Considering, PEC performances, the control
and investigation of the surface/interface composition is crucial mostly during the synthesis process.
One approach is to grow thin films of BTO by individual dosing of the metal ions and avoid defects.
[9-Barbier 2012].

3.1.3 BaTiOs ferroelectric material

Major property of bulk BTO is that exhibits a spontaneous polarization, meaning that the material
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has a permanent electric dipole moment even in the absence of an external electric field. This property
known as ferroelectricity, arises due to the displacement of positively charged Ti atoms and
negatively charged O atoms relative to each other in the crystal structure of BTO. BaTiOz3 is thus, a
perovskite-type ferroelectric material that exhibits low-temperature ferroelectricity due to structural
frustration of the cubic structure, caused by a misfit of B/A ions within the ABO3 unit cell (Figure
3.2).

a
o o h o o
L
(+] (+] (+] (¢} Ba
P O =
(+) (+] (+) o Q@ o
(o]
(+] (+] (+] () 4
Non-ferroelectric BaTiOg Ferroelectric BaTiO4 >a
Cubic, a=c Tetragonal, a#c
T>T, T<T,

Figure 3.2: Behavior of the BaTiOz perovskite below and above the ferroelectric ordering

temperature.

BTO has a large polarization value of 26uC cm™2 along the c-axis, and a wide bandgap of ~ 3.2 eV,
it is an n-type semiconductor (largely due to the presence of oxygen vacancies) so that it can just
absorb photons in near-ultraviolet spectrum. The absorption of photons with energies greater than or
equal to, the band gap, results in charge transfer predominantly between the O-2p states at the valence

band maximum, to the Ti-3d states at the conduction band minimum.

The valence band minimum and conduction band maximum of BaTiOz are approximately 2.9 and
—0.3 V vs NHE, respectively. The bands are located at similar energies to those in TiO2 (-0.5 and 2.7
V vs NHE, respectively), which is potentially suitable for water oxidation and proton reduction,
making it a promising candidate for water splitting. In 1976, Nasby and Quinn investigated
photoelectrochemical water splitting on BaTiOs single crystals and observed photoinduced currents
of approximately 10.1 pA (for a device area of 0.18 cm?) under UV light [10-Nasby1976]. They also
found that BTO electrodes were stable under applied bias and could produce small photocurrents
without an applied bias. Although the effect of ferroelectricity was not directly explored in this study,

subsequent studies on ferroelectric surfaces were limited. Recently, in a study involving epitaxially
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grown thin films of ferroelectric BTO, the authors were able to increase the photocurrent by a factor
2 by poling downward the polarization of the film and promote the OER [11- Rioult 2015].

In summary, the spontaneous polarization in ferroelectric materials creates an internal electric field
that can lead to a separation of charge carriers and a higher concentration of reactive species at the
surface. This can enhance photochemistry and improve the efficiency of chemical reactions driven

by light absorption occurring at the surface of the ferroelectric.

BaTiOz is an excellent material for fundamental studies, on the effect of internal electric fields and
on charge carrier dynamics, due to, a low temperature para-to-ferro-electric phase transition (T

~130°C), which makes the non-ferroelectric phase easily accessible.

3.2 Growth and epitaxial single crystalline film of Ba+Ti+N on 1 at.% Nb :SrTiO3(001)

Nitrogen doping in BaTiOz (N:BTO) involves the substitution of oxygen atoms with nitrogen atoms
in the crystal lattice of the material. We present in this section results concerning the growth of
Ba+Ti+N film compared with the growth of BTO thin film of same thickness (~14nm). The Ba+Ti+N
was elaborated with an ECR nitrogen plasma source and the BTO with RF oxygen plasma source.
The crystallographic, the electronic structure and the chemical composition were analysed afterwards

and before measuring their photocurrent.

3.2.1 Nitride materials by Molecular Beam Epitaxy

In order to determine the growth parameters, two calibration routines were used. The first calibration
routine involved determining the effusion cell flux for titanium and barium. To maintain consistency
with our model systems, we specifically chose structures that could be grown epitaxially. Therefore,
the well-established conditions to grow epitaxial BTO film with a 1:1 stoichiometry for Ti:Ba is kept
the same with respect of the conditions found by Barbier et al. in 2012 [9-Barbier 2012]. Effusion
cells fluxes were determined using a quartz microbalance. The measure starts at the evaporation
temperature of the metal ions. Once the temperature is reached, the effusion cell shutter is opened
and the quantity of deposited matter is read on the microbalance over a period of time, and the
deposition rate is then, deduced. Multiple effusion cell temperatures for both species were measured,
in order to select the deposition rates relative to the epitaxial growth condition. To check the
stoichiometry after growth, the derivative peak to peak amplitude from TiLmwm/Bamnn is calculated
from the AES spectrum of the films.

The second calibration routine utilized was determining the nitrogen incorporation concentration for
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nitriding using ECR plasma source. The choice of nitrogen source (ECR, RF nitrogen or ammonia
[12-Kamp 1997]) has a significative impact on the optical and structural properties of the resulting
films [13-Yun2002]. For example, Yun et al. observed that films grown using RF nitrogen exhibited
higher optical bandgap energies and better crystal quality as compared to those grown using ammonia.
The difference is likely due to differences in the reactivity and adsorption kinetics of the nitrogen

sources on the surface during growth (Cf chapter 2).

3.2.2 ECR nitrogen source calibration: Atomic Nitrogen

To calibrate the atomic nitrogen flux of the plasma source, an investigation was conducted to explore
the potential nitriding of a polished Al foil.

The cleaning process for the Al substrate involved the following sequential steps. Initially, the
substrate was polished using a rough paper for the removal of surface contaminants. Subsequently,
the substrate was immersed in ultrasonic baths of Ethanol to eliminate soluble residues. Following
the ultrasonic cleaning, the substrate underwent a rinse with Ethanol and the substrates were dried
using nitrogen blowers. Finally, the dried substrates were mounted onto a molybdenum block and

transferred to the MBE system.

55 15mA, 1x10®°mbar 18mA, 3x10’mbar
B —o— Oxygen
5,0
L —&— Carbon
- 451 —o— Nitrogen ]
% 4.0 i g
s 35] / ]
< 30 J
’_:: o p
T 25 / |
S 20F 1
§ 151 .
— L |
W 10F i
pd L ]
T 05F L a4
0,0 . 1 " 1 1 i 1 " 1 .
0 10 20 30 40 50 60

Time (min)
Figure 3.3: Evolution of the concentration of each species; O, N, and C during nitridation of Al using

the ECR source with a single hole aperture. The solid lines are guides to the eyes.

After the substrate preparation, the nitridation of Al is performed at 450°C for 55 minutes with the

magnetron current of the ECR and nitrogen pressure were set to 15mA and 1x10®mbar, respectively,
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for the first 15 min. Afterwards for a duration of 30 min, we increased the current and reduced the
pressure to the minimum of operating conditions we obtained experimentally (18mA, 3x10"mbar,
respectively). At different steps (at 0 min, 15 min, 25 min and 50 min), we performed AES spectra in
order to measure the amount of carbon, oxygen and nitrogen (Figure 3.3). The nitrogen amount
increases at 15 minutes but for further deposition the amount of nitrogen remained constant while C
and O amounts do not decrease, showing that the nitridation of Al in these conditions is not very
efficient. However, nitrogen is present on the substrate.

In order to find the best parameters for the pressure and the magnetron current, we measured the
sample current which is due to the ECR plasma and is expected to be higher at low pressure and with
high magnetron current. The sample current measured at 18 mA as a function of pressure is
represented in figure 3.4a and the sample current at 4x10”" mbar as a function of magnetron current
is represented on figure 3.4b. The optimum current is obtained for 18 mA and 3x107 mbar

corresponding to the area with a constant current.
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Figure 3.4: Calibration of the a operating pressure and b the source current for nitriding.

Under high temperature conditions and an active nitrogen flux, the oxygen and carbon atoms in the
very top layer of Al can be replaced by nitrogen which creates a very thin AIN layer. This process is
referred to as nitridation of the substrate. During this initial stage, both the C and O Auger signals
reduced in proportion, consistently with the N overlayer coverage. Surprisingly, the N signal slightly
decreased while the O and C signals continued to decrease. One possible explanation for this

phenomenon is that atomic nitrogen becomes weakly adsorbed on the surface as the nitridation

process proceeds.

3.2.2 Deposition of Ti+N on SrTiO3 (001) and 1% Nb:SrTiOs (001)
Tiis known to readily form Ti nitride through various elaboration methods. It is thus a suitable method
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to setup our N source to produce nitrides or oxynitrides. However, bulk TiN has a large band gap
which may be unfavorable for PEC applications.

3.2.2.1 Crystal growth of TiN: Synthesis of our first nitride.

As a second step in the nitriding study, the focus was on the fabrication of the first nitride layer. The
chosen material, titanium nitride (TiN), possesses a rock salt crystal structure typically formed under
extremely high pressures. TiN adopts a face-centered cubic (FCC) rock-salt structure with a space
group Fm3m (225) with a lattice parameter ateory = 0.424 nm [19-Pierson 1996] (Figure. 3.5d). The
lattice mismatch between the (001) crystal planes of TiN and SrTiOs is about 8%. The Ti + N film
was grown on SrTiOs substrates at 450°C after the usual cleaning process for 1 hour and half under
oxygen plasma. The Ti flux was the same as the one used to grow BaTiOs. The nitrogen flux
parameters were 18mA and 4x10'mbar, a condition under slightly lower nitrogen pressure than in
the AIN experiment, in order to work a bit away from the threshold. For both low index azimuths, the
in situ RHEED patterns (Figure 3.5a) are consistent with a cube/cube epitaxy. The streak-like pattern
IS characteristic of two-dimensional scattering, indicating that the TiN film is smooth. On figure 3.6,
we compare the deposition to another film that was grown under the same conditions by doubling the
deposition duration (360 min) and on 1%Nb: SrTiOs (001) for electrical conductivity and solar water
splitting purposes. When the deposition was performed on Nb-doped substrates. The diffraction spots
of the patterns and their integrated profiles at 360 minutes exhibited significantly sharper and more
elongated features (Figure 3.6a). This observation suggests that the Ti+N film grown on the Nb-doped

substrate achieved improved crystallinity.
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Figure 3.5: a the observed RHEED patterns along the (10)"s and (11)"s azimuths during growth for
a 4 nm thick film and their corresponding integrated profiles along the streak directions, at 0 and
180 min. b The upper (resp. bottom) line shows the data for the SrTiOs (001) substrate (resp. Ti+N/
SrTiOsz (001) film). c the corresponding surface reciprocal lattice is represented, making explicit the
diffraction directions, the elementary cell (in the reciprocal space) is also shown. d TiN Rocksalt
structure. e Evolution of the TiN in-plane lattice parameter (a;) derived from the (10)s direction
RHEED pattern assuming rocksalt structure as a function of the film thickness compared with of the
lattice parameter of bulk TiN (dark red), SrTiOs (dark blue) and TiO> rutile (purple) at the deposition
temperature (450°C) (taking into account the thermal expansion).
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During the first 20 minutes of deposition, the initial sharpness of the RHEED pattern of SrTiO3(001)
degrades slightly. From each RHEED pattern, we extracted line profiles to determine the in-plane
lattice parameter evolution (Figure 3.5e and Figure 3.6d) assuming a rocksalt structure of the film.
Optimal crystal growth and the crystal relaxation is achieved after 50 minutes growth. Taking into
account the coefficient thermal expansion (approx. 7.4x10° K and 9.0x10° K™) the lattice
parameters for SrTiOz and TiN at 450°C are 0.391 nm and 0.426 nm, respectively. However, the
measured in-plane lattice parameters are found to be 0.411 nm for a deposition time of 180 minutes
and 0.416 nm for 360 minutes deposition (Figure. 3.5e and Figure 3.6d). These results conform a

cubic epitaxial growth with a slightly lower lattice parameter than bulk TiN.
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Figure 3.6: a The observed RHEED patterns along the (10)"s and (11)"s azimuths during growth for
a 9 nm thick film and their corresponding integrated profiles along the streak directions, at 0 and
360 min. b The upper (resp. bottom) line shows the data for the 1%Nb:SrTiO3z (001) substrate (resp.
Ti+N/ 1%Nb:SrTiO3z (001) film). ¢ The corresponding surface reciprocal lattice is represented,
making explicit the diffraction directions, the elementary cell (in the reciprocal space) is also shown.
d Evolution of the TiN in-plane lattice parameter (ay) as a function of the film thickness deduced from
the (10)"s direction RHEED pattern. Dashed lines stand for the in-plane lattice parameter of bulk TiN
(dark red), SrTiOs (dark bleu) and TiO- (purple) at the deposition temperature (450°C) (taking into

account the thermal expansion).
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3.2.2.2 Chemical composition of Ti+N on SrTiO3(001) and 1% Nb:SrTiO3 (001).

Figure 3.7 displays the in situ AES results for TiN films with two different thicknesses. Interestingly,
both films exhibit an Ok peak in the spectra, despite no intentional introduction of oxygen into the
growth chamber. The results confirm a clear oxide content after growth i.e. TiOxNix. It is worth
noting that AES was performed in situ within the same chamber after the film growth. The presence
of oxygen in the film is likely attributed to the diffusion of oxygen from the SrTiOs substrate. To

quantify the amount of oxygen in the film, the Toi’(# ratio is calculated. The TiLmy peak is chosen
LMV

instead of theTiLmm one since the TiLmm peak overlaps with the Nk peak.
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——TiON, /SrTiO,: Nb (180 min of deposition) |
——TiO N, /SrTiO,: Nb (360 min of deposition)
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Figure 3.7: In situ, AES spectra of the thin Ti+N film (180min deposition) deposited on SrTiO3(001)

and the thick Ti+N film (360min deposition) deposited on 1%Nb:SrTiOz . The spectra are normalized

at418eV.

For the thicker (respectively thinner) film, the Toii‘ﬁ ratio is 0.51 (respectively 0.99). This means that
the thinner film contains a higher proportion of oxygen as compared to the Ti content.

Interestingly, doubling the deposition time nearly halved the oxygen amount diffusing from the
substrate to the film surface. Thus, a longer deposition time allows for a more efficient incorporation
of nitrogen into the film.

The quantification of N content by AES is however difficult since the main NkL. peak overlapped

with the TiLmm peak at ~390eV (Figure 3.7). Direct quantification of Ti:N ratio using the main peaks
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will lead to overestimating the N content. We thus, realized complementary experiments to determine
the N content by ex situ XPS.
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Figure 3.8: X-ray photoemission spectra of thin Ti+N (180min deposition) deposited on SrTiO3(001).

a Wide scan b Ti-2p core level, ¢ N-1s core level and d O-1s core level.

Firstly, a survey spectrum is acquired to determine the elements present in the TiN film (Figure 3.8a).
The C 1s XPS peak, due to surface contaminants at 284.8 eV, was used as a reference for the detected
peak positions. For quantification, the area under the peak is evaluated using Ti-2p and N-1s peaks
we obtain a Tﬁl = 15.2% ratio (Figure 3.8c). Considering that the measurement is realized ex situ,
the oxygen quantification is here irrelevant due to air contamination, which also explains the presence
of hydroxyl groups (OH) on the surface (Figure 3.8d). Nonetheless, nitrogen species existing in the
bulk means that the ECR plasma source is functioning well and allows doping oxide layers as

expected.

3.2.2.3 The crystal structure of Ti+N on SrTiO3 (001) and 1% Nb:SrTiO3 (001).

Before adding barium flux to scheme, we studied more profoundly the film intrinsic properties raised
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from this method of growth.
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Figure 3.9: Wide angle X-ray diffraction along specular directions for a thin TiOxN1x (180min
deposition) sample and for b thick TiOxN1x (360min deposition) sample.

The crystallographic structure was studied by X-ray diffraction on the DIFFABS beamline at
synchrotron SOLEIL the results are reported in figure 3.9. The out of plane specular scans (O0L) and
in-plane diffraction (HOO) are given for the thin and thick samples. The Bragg peaks were well fitted
using Lorentzian shaped peaks, and the sharp peaks of SrTiO3 (001) indicated the high crystalline
quality of the single crystalline substrate. The TiN 002 and TiN 004 Bragg peaks appear in the form
of a bump on the low L side of the SrTiOs. From specular XRD measurements, we can derive the
out-of-plane lattice parameter c, and the in-plane parameter a from grazing incidence measurements.
We obtained c= 4.13+0.10 A for the thin film and 4.20+0.10 A for the thick film. The a values are in
good agreement with the RHEED diffraction data (Table 1). Hence, the thicker layer (c/a = 0.997) is
slightly more cubic than the thinner one (c/a = 1.005) which might be due to the concentration
imbalance between oxygen and nitrogen in the lattices. It might also be suggested that incorporating
defects in the TiN lattice such as vacancies at Ti sublattice sites, allows the cell to shrink in order to
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release the internal stress. This behavior happens often in TiN oxidized films produced by physical
vapor deposition techniques [21-Greene 1995, 22-Perry 1992]. Epitaxial TiOxN1x films can thus,

easily be grown with either tensile (c/a < 1) or compressive (c/a > 1) strain.

Sample RHEED XRD

an(A) a(A) ¢ (A)

a

Thin-TiOxN1x 411 4.13 4.15 1.005

Thick-TiOxN1x 4.16 4.20 421 0.997

Table 1: Summary of significant sample growth parameters deduced from the in-plane RHEED
measurements and both in-plane and out-of-plane parameters deduced from XRD measurements for

each sample.

3.2.2.4 Influence of nitriding on photoelectrolysis

The band gap energy of TiN is around 3.35-3.45 eV, which makes it potentially suitable material for
absorbing UV. The photoelectrochemical properties of the oxidized TiN were studied and compared
to a film about the same thickness of TiO2 (360min deposition). The TiO> film was also grown on Nb
doped STO during 360min in the same conditions as the ones used by Magnan et al. in 2019 [20-
Magnan 2019]. Photoelectrochemical measurements demonstrated visible light photoresponse for

both photoelectrodes (Figure 3.10a).
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Figure 3.10: a Efficient absorption photocurrent density as a function of the wavelength at 0.5 V vs.
Ag/AgCl normalized at 320nm, (inset) light flux of the Xe arc lamp as a function of the wavelength ,
d Photocurrent density versus the applied voltage (vs. Ag/AgCl), for thick TiOxNix (360min
deposition) (blue) and (black) thick TiO2 (360min deposition) layers .

Figure 3.10a presents data on the photocurrent density normalized to the incident light flux at 0.5V.
The spectral absorption of TiOxN;—« and TiO2 have a Full Width at Half Maximum (FWHM) of 45
nm and 68 nm, respectively (see figure 3.10a). The TiN oxidized sample exhibits a narrower window
of efficient absorption with a slightly shifted maximum towards the Ultra-Violet (UV) light range. It
is found that the synthesized TiOxNi—x electrode shows lower photopotential under visible light
illumination than a pure TiO2 electrode for solar water splitting as expected considering the larger
band gap of TiN (Table 2). However, we demonstrated that from using effusion cells and an ECR

nitrogen plasma source, epitaxial (oxy)nitride layers can be produced by exploiting the diffusion of
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oxygen from the substate. This leads however, for films with very high N content to an unfavorable
evolution of the band gap and thus to reduced PEC performance as compared to TiOo.

Sample FWHM  Photoelectrochemical Jph@o,5v
(nm) band gap (eV)
TiO2/SrTiOs:Nb 68 3.12 0,14
TiOxN1x /SrTiO3:Nb 45 331 0,01

Table 2: Summary of significant sample photoelectrochemical properties investigated in the present
work. The FWHM and the photoelectrochemical band gap deduced from the efficient Tauc plot and
the photocurrent measured at 0.5V for thick TiOxN1x (360min deposition) and thick TiO2 (360min
deposition) layers deposited on 1%Nb doped SrTiO3,

3.2.2.5 Conclusion on the firsts experiments on nitriding

TiOxN1— films were elaborated using an ECR microwave plasma source in an atomic nitrogen flux.
The precise control over growth parameters ensures the production of epitaxial 2D films with precise
layer thicknesses.

The presence of oxygen in the film can be attributed to two main sources. Firstly, oxygen diffuses
from the SrTiOs substrate through self-diffusion. Secondly, oxidation can occur on the film surface
when it is exposed to air. The amount of oxygen present in the film depends on its thickness, and it

is uncertain if the distribution of oxygen is homogeneous throughout the film.

Titanium is indeed known to easily form nitrides, such as titanium nitride, through various fabrication
methods. This property makes it a suitable candidate for setting up our nitrogen plasma source to
produce nitrides and/or oxynitrides. Although, when it comes to using TiN for photoelectrochemical
(PEC) applications, there is a potential concern due to its large band gap (typically 3.4 eV). When
nitrogen is introduced into the TiO> films to form oxynitrides (TiOxNi-x), it can increase the band gap
compared to pure TiO,. Oxidized TiN or heavy N doping are thus obviously not a good option here.
However, by carefully controlling the composition and concentration of nitrogen, for low doping
levels, it is possible to tailor the electronic properties of the resulting oxynitride making it more
favorable for PEC applications (Cf. chapter 4).

The next part of the chapter will focus on using the same oxidation method (diffusion from the

substrate) but with films that have the same crystallographic structure as the substrate, i.e., a
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perovskite structure and expected lower band gap for the oxynitride. This approach aims to address
the limitations encountered with TiN we will thus, explore the synthesis of oxynitride perovskites

using the investigated atomic nitrogen flux for nitriding.
3.3 Growth of epitaxial single crystalline film of Ba+Ti+N on 1 at.% Nb :SrTiO3(001)

The objective of the study was to elaborate an oxynitride thin film using only the atomic nitrogen
plasma source without the presence of any other oxygen source. The ECR plasma source was set at
18 mA for a regulated pressure of 4x10'mbar in the main chamber. Further, the oxynitride film was
compared to an undoped BaTiOs film grown with the assistance of a high brilliance atomic oxygen

plasma source (RF 350 W, pressure 1x10'mbar for Baratron at 3.1 tours).

Table 3 summarizes the two deposition conditions used in the study, which we deemed significant
for investigating the available parameters. The chosen results samples reported here were derived

from multiple deposits on undoped SrTiOs substrates for calibration purpose.

Sample @) N
BaTiOs 3.1trs/350W(RF) --
BaTiOsNaz.y -- Pn=4.0x10"mbar/
=18mA

Table 3: Summary of significant sample growth conditions

3.3.1 In situ analysis of the samples

3.3.1.1 In situ RHEED
During the growth, the samples were keep at about 450 °C while the crystallographic structure was

followed by in situ RHEED. Figure 3.11a presents the RHEED patterns of the Ba+Ti+N structures
grown by NPA-MBE on Nb:SrTiO3(001) substrates. Both samples showed RHEED patterns with
straight lines, accounting for a 2D growth, at least up to 60 min. In the Frank-van der Merwe growth
mode, the deposited atoms spread out evenly over the surface of the substrate, forming a continuous

film. This mode is characterized by the complete wetting of SrTiO3 by the growing material.
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Figure 3.11: a RHEED patterns along (10)s and (11)s" azimuths observed during the growth of
BaTiOs and Ba+Ti+N on 1%Nb doped SrTiOs. The total thickness is about 14 nm after 180 min of

deposition. b growth steps. ¢ The corresponding surface reciprocal lattice is represented, making

explicit the diffraction directions, the elementary cell (in the reciprocal space) is also shown. d The

corresponding integrated profiles of the RHEED patterns of Nb:SrTiOs, plasma cleaned, and BaTiOs

and Ba+Ti+N deposited on Nb:SrTiO3 after 180min along the streak directions. e Evolution of the

Ba+Ti+N/Nb:SrTiOz in-plane lattice parameter (denoted by aj;) derived from RHEED patterns

recorded during growth at a sample temperature of 450 °C. Horizontal green and gray lines indicate

the SrTiOs and BaTiOsz bulk cubic lattice parameters at 450 °C, thermal expansion coefficients were

taken into account.
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3.3.1.2. In situ AES measurements

Directly after growth, AES measurements were performed in order to indentify species in the sample.
Figure 3.12 displays the AES spectra obtained after the growth of Ba+Ti+ N and on BTO films.
Oxygen is present in both samples, even though no oxygen was intentionally introduced during the
growth of the Ba + Ti + N film. Similar to the TiN film, the presence of oxygen is attributed to the
diffusion of oxygen from the substrate. Since, the in situ AES results for both films are very similar,
it can be concluded that the Ba + Ti + N film appears to be mainly a film of barium titanate (BTO).

Despite being similar, the uncorrected TiLmm/Bamnn ratio is ~1.3, which agrees with the expected 1:1
stoichiometry for Ti:Ba mentioned earlier and reported in the literature [9-Barbier 2012-23
Shimoyama 2001]. However, a closer examination of the Auger spectra reveals a small difference
between BTO and Ba+ Ti+ N film around the Ti_mv peak. This peak consists of two components with
slightly different relative intensities (Figure 3.12b). These components are often used to determine
changes in the stoichiometry of Ti compound surfaces and variations in the surface oxygen

stoichiometry after metal deposition [24-le Fevre 2004].

a b

“Nb i aTiO, / SITIO, : Nb ]
BaTiO, N /SITiO, :Nb
-y 3

L BaTiO3 / SrTiO3
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Figure 3.12: Auger scans for BTO and N:BTO layers deposited on Nb:STO From [25-Derj 2022].

Rao et al. conducted a study on the evolution of TiL23v2,3v Auger spectra in compounds with a gradual
reduction of titanium ion from TiO2 to metallic titanium [26-Rao 1982]. The spectra show a transition
from a single line at 408 eV in TiO: to a single line at around 414 eV in metallic titanium. The low
kinetic energy component is associated with an interatomic LsMV(O) decay, while the other metallic

component is associated with an intra-atomic LsMV/(Ti) process. V(O) and V(Ti) refer to O and Ti
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contributions to the oxide valence band, respectively. In figure 3.123, it is noticeable that the low
kinetic energy component is reduced in the nitrided sample, indicating less oxidized Ti species in this
sample. This modification of the electronic structure confirm either the incorporation of N atoms in

the material lattice and/or the presence of oxygen vacancies.

In situ analysis provides initial insights into the film's composition and crystal structure during the
deposition process. The in situ Ba + Ti + N film strongly resembles barium titanate in terms of
composition and crystal structure. However, to determine the presence of nitrogen and to further

investigate the exact crystal structure, additional characterization techniques are necessary.

3.3.2 Ex situ investigation of the samples
3.3.2.1 Ex situ XPS measurements
In order to determine the stoichiometry of the thin films, the primary photoemission peaks for both

doped and undoped samples were studied by ex situ XPS. No in situ apparatus was available at the

same time of the study.

The O-1s core level peak appears at a binding energy of ~529 eV in both samples (Figure 3.13a).
Although the line's quantitative interpretation is difficult due to air exposure, its shape is noteworthy
as it indicates the existence of a two well-defined contribution. The lowest binding energy (BE)
component of O-1s belongs to O incorporated in the oxide, while the highest BE peak is relative to
hydroxyl which is favored in case of surface oxygen vacancies [27-Idriss 2021]. This hydroxyl peak
is more pronounced in the Ba+ Ti+ N sample (Figure 3.13a). The intensity of the integrated O-1s
XPS peak with respect the Ti-2p XPS peak was found to be 1.8% lower for the Ba+ Ti +N layer. This

is consistent with a lower oxidation in the Ba+ Ti+ N film.
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Figure 3.13: a Photoemission O-1s core levels of undoped (black) and N-doped (red) BaTiOs layers.

b Wide photoemission scans of undoped (black) and N-doped (red) BaTiOs layers. From [25-Derj

2022]

The sample can be considered as a N-doped BaTiOs (BaTiOs.yNy, N:BTO).

The presence of the N-1s peak in the XPS spectrum indicates the incorporation of nitrogen in the
film. The N-1s peak can be deconvoluted into two distinct components standing for different nitrogen
species or chemical environments within the film. The peak at 398.3 eV binding energy was attributed
to Ti-O-N bonds or surface-adsorbed nitrogen, while the peak at 395.5 eV was assigned to Ti-N bonds
[28- Trenczek-Zajac 2009]. The composition of the sample was determined using CasaXPS software,
which provides N/Ti and N/Ba ratios of 3.8% and 2.9%, respectively. These ratios correspond to a
N/O ratio of approximately 1%, which is a significantly high value for a perovskite lattice grown

without charge-compensating cations.
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Figure 3.14: Photoemission spectra of undoped (black) and N-doped (red) BaTiOs layers for (a) Ti-
2p, (b) N-1s core levels, (c) the valence band region, (d) Ba-3d, () Ba-3ds;; (undoped), the green
contribution corresponds to the a component and the blue one to the  component, and (f) Ba-3ds2
(doped). For (e, f) symbols stand for experimental data. For (b, e, f) thin bottom lines correspond to
Shirley type backgrounds and thick straight lines to best fits. The best-fit parameters are reported in

Table 4. From [25-Derj 2022]

The Ti-2pz;2 XPS line of the BTO sample displayed a single, narrow feature at 457.8 eV binding
energy. Upon nitriding, this feature shifted slightly to 457.6 eV (as shown in figure 3.14a), which is
consistent with a similar shift about 0.2 eV observed by Wang et al. in a N-doped SrTiO3z [29-Wang
2012]. This shift can be explained by an increase in electron density on Ti after the incorporation of
nitrogen in the lattice, which has a lower electronegativity than oxygen. Further, the Ti-2p XPS line

for the Ba+Ti+N sample could not be deconvoluted into multiple components, indicating that the Ti
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atoms maintained a well-defined oxidation state in a homogeneous material.

Ba 3d32 Ba3ds.
Peak Es (eV) A(eV) p(%) Es(eV) A(eV) p(%)
BTO
o 793.6 1.39 28.5 778.3 1.34 40.0
B 795.1 1.52 121 779.7 1.68 19.3
N:BTO
a+p 794.5 2.23 39.78 779.2 2.25 59.2

Table 4: Best fit parameters for Ba-3d photo-emission lines deconvolution for undoped and N-doped
BaTiO3/SrTiOs:Nb samples. Eg stands for binding energy, A for peak width (full width at half

maximum values), p for the relative weight of each line.

The difference between the two samples appears through modifications in the valence band (VB)
region, as depicted in figure 3.14d. The valence band of the nitrided sample is shifted by 0.2 eV
towards lower binding energies, which is in agreement with the predictions made by Zou et al.
regarding N-doped SrTiOs [30-Zou 2012]. This shift indicates the presence of vacancies in the film
[31-Xing 2016]. The valence band of BaTiOz comprises three well-established contributions, labeled
A, B, and C in Figure 3.14c, and its shape has been studied in previous reports. The low-energy part
of the valence band consists of a pure O-2p 7 contribution, while the high-energy contributions result
from hybridization between O-2p ¢ and Ti-3d levels. For this reason, the new shape of the valence

band in the doped sample indicates changes in the hybridization between Ti and O orbitals.

Furthermore, the Ba-3ds,> peak decomposition analysis of the undoped BaTiOs sample indicates the
presence of two distinct components, labeled as o and B. These components were initially associated
with different chemical states in early studies of BaTiO3 surfaces, for example by Mukhopadhyay et
al. The a. component was attributed to the bulk perovskite phase, while the B component was thought
to originate from a more surface-like environment [32-Mukhopadhyay 1995]. Recent studies
suggested that the B component is likely associated with a surface Ba peroxide (BaO32) layer, which
was previously identified as a surface layer made of Ba oxides and can be removed through ethanol
etching [9-Barbier 2012, 33-Chakrabarti 2017, 34-Droubay 2015]. The best fit parameters for the

individual line decomposition are reported in table 4. The presence of nitrogen in the BaTiO3z film
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causes a significant modification in the chemical environment of barium, as evidenced by the broad
single component observed at an intermediate position between o and B in the Ba-3ds, peak. This
different behavior might be due to the different growth methods used for both fluxes, oxygen being
provided either by an atomic oxygen plasma or by the diffusion for the substrate. Additionally, N
doping prevents the segregation of Sr in the film, which is typically observed in thin films grown with
atomic oxygen plasma due to the easy substitution between Ba and Sr in the perovskite lattice. This
difference induced by N doping is visible in the overview XPS spectrum (Figure 3.13Db).

3.3.2.2 XRD measurements
For further investigation, the crystalline structure was studied by ex situ X-ray diffraction (XRD) and

X-ray reflectivity (XRR).

In Figure 3.15, the wide angle XRD patterns of the BaTiO3Ns.y, sample are presented out of plane
(along 00L) and in plane (along 220) (inset). The specular Bragg peaks of BaTiOzyNy appears as
broad peaks on the low L side of the Nb:SrTiOs Bragg peaks, providing information about the film
thickness and strain [35-Tsurumi 1999-36-Zhao 2020]. The film exhibits also well defined in-plane
Bragg peaks, also situated near the Nb:SrTiOs Bragg peak. These patterns confirm the perovskite
structure of the BaTiOsNaz.y film.

The lattice parameters were determined from the averaged Bragg peak positions. They were a =
(0.398 + 0.001) nm and ¢ = (0.408 + 0.003) nm and revealed that the doped layer is significantly
more tetragonal (c/a = 1.025) than the undoped BaTiOs one (c/a = 1.010) [9-Barbier 2012] (Table 5).
These results suggest that nitrogen has been incorporated into the lattice of the BaTiO3z.yNy layer due

to the presence of nitrogen and/or oxygen vacancies as detected by XPS.
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Figure 3.15: Wide angle X-ray diffraction along specular direction for BaTiO3Ns.y sample. (inset) In
surface plane scan along the [HHO] direction across the (110) Bragg peaks of BaTiO3Ns.y and Nb :
STO corresponding to the best fit. [25-Derj 2022]

To relate the peak broadening observed in the OOL X-ray diffraction pattern to the crystal size of the
material we used the corresponding Scherrer plot. The Debye Scherrer equation, used to estimate the

average size of the crystallites, or grains, in a material based on the width of the Bragg peaks is given

by:

D — K2
~ Bcosh

Where D is the average crystallite size, A is the wavelength of the X-ray beam used,  is the full-width
at half maximum of the Bragg peak, 0 is the Bragg angle, and K is the Scherrer constant, i.e. a factor

that depends on the crystal symmetry and shape of the particle, it is commonly taken as 0.9.

The FWHM, is measured for several Bragg peaks from the diffraction pattern of the material. Then
cos 0 is plotted with respect to 1/FWHM. The slope of the resulting straight line can, therefore, be
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used to estimate the average crystallite size of the material (Figure 3.16).
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Figure 3.16: Scherrer plot for the N-doped BaTiOs layers. The measured data is represented by the
solid squares and the linear fit by the red line. From [25-Derj 2022]

It is necessary to mention that epitaxial single crystalline films are grown with a particular orientation,
such as along the [001] or [111] crystallographic directions, they can only exhibit a single family of
Bragg peaks along the [00L] direction. This means that the number of peaks that can be considered
in a structural size-strain analysis is limited to those belonging to this family of reflections [37-Nath
2020]. Therefore, our study was limited. However, since the characteristics from the sherrer plot
equals roughly the film thickness it can be concluded the strain does not significantly affect our films.
The obtained rocking scan results showed narrow peak widths, measuring only approximately 0.022°.

The narrow peak widths observed in the rocking scans indicate the high crystallinity perpendicularly
to the surface plane of the N-doped sample. Crystalline materials exhibit sharp, well-defined peaks
in rocking scans, while broader peak widths are indicative of structural imperfections or disorder in

the crystal lattice.

For the in-plane, behavior-rocking scans were performed at increasing in-surface-plane momentum

transfers. The FWHM of these peaks, A, decreases with increasing momentum transfer, as described
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by the equation A> = 0% + (2m/(Q x D))?* (Figure 3.17). In this equation, Q represents the in-
plane mosaic spread, which is a constant angular width. D is the finite domain size, which leads to a

constant broadening with respect to the momentum transfer Q. The relationship between D, Q and
the angular width Aw is then, givenby D = Qiﬁ. Eventually, the values of Q and D can be obtained
from a linear fit to the A> = f(1/Q?) plot [36-Barbier 2001]. The layer exhibited thus, a high

crystalline quality and epitaxial single crystalline nature, with a mosaic spread as small as 1.271° and

a domain size of 7 nm.
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Figure 3.17: FWHM widths of all accessible in surface plane Bragg peaks of the N-doped BaTiO3
layer as a function of 1/Q? (black) and best linear fit (red line). [25-Derj 2022]

Sample ° N a(hm) c(nm) cla
BaTiO3 3.1trs/350W -- 0.399 0.403 1.01
BaTiOz.yNy -- Pn=4.0x107"mbar/ 0.398 0.408 1.025
I=18mA

Table 5: Summary of significant sample growth conditions and properties examined in the present
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work. a (respectively c) are the in-plane (respectively out-of-plane) parameters deduced from XRD

measurements.

3.3.2.3 XRR measurements
In figure 3.18, the reflectivity curve of the BaTiOzyNy film is plotted with respect to the perpendicular

momentum Q.. The calculated reflectivity for the best fit model (straight line) is also plotted (which
was refined using the REFLEX software [38-Gibaud 2009]). A single layer model was found to be
inadequate in representing the data, but a simple 2-layer model was able to reproduce the experimental

measurements very well with a y* value of 0.007.
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Figure 3.18: Specular reflectivity measurements (1) and best fit (—) for the N : BTO sample deposited
on SrTiO3 : 1% Nb. The inset shows the electronic density profile. From [25-Derj 2022].

The best fit model consisted of a homogeneous layer with a thickness of 12 nm covered by a surface
layer of 2 nm with a lower density. While the measured substrate roughness was 0.27 nm r.m.s., the
top layer roughness was approximately 0.33 nm r.m.s. The density profile of the best fit is displayed

in the inset of figure 3.18. The sharpness of the layer model in a noteworthy feature, especially
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considering the growth method.

3.3.2.4 Electronic structure investigation by XAS and RPES

Synchrotron radiation-based resonant photoelectron spectroscopy RPES and XAS were used to

investigate the electronic structure of BaTiOz and related doped material.

Resonant photoelectron spectroscopy (RPES) is a technique that measure a photoemission peak using
photon energy near an absorption edge. In the case of BaTiOgz, resonant valance band photoemission
at the Ti-2p threshold provides a picture of the contribution of the Ti-3d states to the predominantly
O-2p valence band (means that the oxygen 2p orbitals are the main contributor to the valence band
energy levels), and thus provides information on the Ti-3d:O-2p hybridization. This studies illuminate
the effects of changing crystal structure and band filling on Ti-O/N hybridization in N-doped and
undoped BaTiO:s.

3.3.2.4.1 XAS at the Ti-L>3edges and O-K edge

RPES is usually combined with the XAS at the K, L, M edges of the corresponding material. Here,
the absorption at the Ti-L23 edges and Ok edge are of interest. The Ti-L23 (respectively O-K),
corresponds to an excitation of an electron from the Ti-2p (respectively O-1s) core-level to the Ti-3d
(respectively O-2p) conduction band. In perovskite crystals, the Ti-3d is splitted in two components:
Ti-3deg (high energy states) and Ti-3dig (low energy states) as shown in figure 3.19a. In this
symmetric octahedral structure, when the octahedron is distorted, the eg doublet is further split into
dxo-y2 and dzzz-r2, With dsz2.r2 pointing towards the vertex oxygen of the octahedron. This splitting of
the eq orbitals is therefore, expected to increase when the oxygen polyhedra surrounding the titanium
atom are distorted [39-Wang 2021]. Meanwhile, the toq triplet consists of the dyy, dxz, and dx orbitals.
Intensified cation shift leads to the generation of an oxygen pyramid structure, where the energy levels
of dxz-y2 and dsz2-r> become similar.

0O-K edge XAS in figure 3.19b shows the partial density of O-2p orbitals, where the A and A’ peaks
correspond to the bonding states of Ti tog and eq with O-2p, while the B peaks reflect the bonding
state of Ba-5p and O-2p [40- Chassé 2011].
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Figure 3.19: a Schematic of the splitting of the 3d orbital of Ti in the TiOs octahedron and TiOs
pyramid; b O-K edge XAS of BaTiO3:BaO composite thin film (c-BTO) and single-phase BaTiOs thin
film (s-BTO), with the outlined area is obtained by subtracting the intensity of s-BTO from that of c-
BTO [39-Wang 2021].

Figure 3.20a, shows the Ti-L3edge X-ray absorption spectrum. It provides further insights into the
electronic structure of the N-doped BaTiOs sample. The width of the Ti-3deg peak observed is higher
in the BaTiO3.yNy sample as compared to the undoped sample. This broader width indicates a higher
level of distortion in the oxygen polyhedra, confirming the results obtained from X-ray diffraction
(XRD) experiments.

Let us compare the measured edge jump in BaTiOzNs.y to the undoped sample. It is proportional to
the number of unoccupied states in the vicinity of the absorbing atom. As indicated by the black arrow
and more clearly shown in the insets, the ~456.5 eV shoulder increases with nitrogen doping.
According to Chen et al, the observed peak can be attributed to the Ti** -Ls edge indicating an increase

of oxygen vacancies within the lattice [41-Chen 2015].
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The XAS at the O-K edges are shown in figure 3.20b. The main features A (t2g) and B (eg) are due to
hybridized states between O-2p and Ti-3d. We can also prove the increase of surface oxygen
vacancies from the O-K edge XAS spectra. As shown clearly in figure 3.20b, the B peak increases
dramatically for the doped sample as compared to peak A. This peak arises from the TiO:pd-
hybridization with a o-bonding character [42-Muller 2004].

At 537 eV a feature is reduced with nitrogen doping. The peak is due to 5d (eg)(Ba)-2p(O)
hybridization. The broadening of the peak suggests a partially covalent interaction between oxygen
and metal ions. This result can be correlated with the modification of the chemical environment of
barium demonstrated earlier with the XPS data. With the introduction of nitrogen and/or the method
of oxygen incorporation, this feature disappears, indicating a disruption also on the Ba-O atomic
interaction.
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Figure 3.20: a Ti-L2;3 edge with a zoom on the Ti-L3 edge on inset (hv=375eV) and b O-K edge XAS

(hv=520eV) of undoped (blue) and N-doped (red) BaTiOs layers. Black arrows indicate the peak

intensity coming from Ti*.
3.3.2.4.2 Resonant photoelectron spectroscopy on doped and undoped BaTiO3

Figure 3.21 shows a color contour plot for RPES VB spectra at the Ti-L3 2 absorption edge for doped

and undoped BTO. The ordinate indicates the X-ray excitation energy and the abscissa shows the BE
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of the initially formed excited valence state.
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Figure 3.21: Resonant photoemission maps of VB at the Ti-Ls2 edge for a undoped BTO and b N-
doped BTO. The inset on top is the valence band (VB) recorded at the photon energy indicated by the
yellow horizontal line, the inset on the right is the Constant Initial State (CIS), i.e the resonance of

electron of binding energy indicated by the vertical yellow line.
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Ti-L edge CIS (Figure 3.22) displays two regions, each split by crystal field into eq and tog states. The
splitting of dxo.y2 and dsz2-r2 is enlarged in the elongated N:BTO due to the distorted polyhedral crystal
field. By comparing with XAS spectra (see figure 3.20 ), one sees that, in both samples, the tog orbitals
exhibit weaker resonance compared to the eg orbitals, and this effect is even more pronounced in the
BaTiOs.yNy sample. This observation suggests that the tog orbitals are less hybridized with the
titanium orbitals, as compared to the O-2p orbitals. The difference in resonance intensity between the
tog and eq orbitals indicates that the tog orbitals are less involved in the bonding interactions in

comparaison to the eg orbitals.
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Figure 3.22: the Constant Initial State (CIS) for undoped (bleu) and N-doped BTO (red).

3.3.3 Photoelectrochemical properties analysis

In order to assess the potential for N doped BaTiOs to be used as a photoanode in visible-light water

splitting, we carried out a study of the photoelectrochemical properties of each sample.
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3.3.3.1 Photocurrent measurements

It is important to note that 1%Nb doped SrTiOs, used here as a substrate, has been previously reported
in literature as a photoanode material. However, the data presented in figure 3.23 indicates that there
are distinct differences in the photocurrent measurements between the BTO and N:BTO samples, as
was compared to the bare Nb:SrTiOs substrate [25-Derj 2022]. The signal from the layers is much
lower than the one from the substrate. This suggests that for thick enough films the measured response
of the films is not influenced by signals emanating from the substrate, as supported by the differences

in both the magnitude and shape of the photoresponse (Figure 3.23).
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Figure 3.23: 1(V) voltammetry curves, light ON (green curves), light OFF (red curves), light switched
between ON and OFF (blue curves) for a a bare SrTiOs:Nb substrate, b a BaTiOs overlayer and c a
N doped BaTiOsz overlayer [25-Derj 2022].

The PEC properties show an improvement upon N-doping. For example, at 0 V vs. Ag/AgCl, the
photocurrent density (Jpn) increases from 17 pA.cm for the undoped sample to 19 pA.cm-2 for the
doped one. The difference in Jph increases with voltage, and at 0.7 V vs. Ag/AgCl, the photocurrent

generated in the doped sample is 63% larger than the one of the undoped sample (see figure 3.24).
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These findings are consistent with those reported by Xing et al, who observed an improvement in the
PEC properties of hydrothermally prepared SrTiOs upon N doping [31-Xing 2016]. The authors
found that nitrogen doping not only adjusts the visible light absorption feature but also enhances
charge separation efficiency, leading to an increase in photocatalytic activity. However, it was
difficult to draw a final conclusion about which factor - doping level, crystallinity, or nano-structuring

- was the main contributor to the improvements in PEC properties.
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Figure 3.24: Photocurrent density versus the applied voltage (vs. Ag/AgCl) for undoped (blue) and
N-doped (red) BaTiOs layers.

3.3.3.2 Absorption measurements
3.3.3.2.1 The spectral response
To gain a better understanding of the spectral response of our layers, we conducted photocurrent

measurements while varying the incident light wavelength. The resulting photocurrent density data,
normalized to the corresponding incident light flux, is presented in figure 3.25. FWHM of spectral
absorption was found to be 51 nm and 56 nm for BTO and N:BTO, respectively.
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Figure 3.25: Efficient absorption photocurrent density as a function of the wavelength at 0 V vs.

Ag/AgCl, (inset) light flux of the Xe arc lamp as a function of the wavelength for undoped (blue) and
N-doped (red) BaTiOz layers.

Notably, the window of ‘efficient absorption’ is larger for the N-doped sample, with its maximum is

slightly shifted towards the ultraviolet (UV) light range it exhibits a nearly symmetric shape as

compared to the other condition.

3.3.3.2.2 The photoelectrochemical gap

The photoelectrochemical direct and indirect band gaps were determined using the “efficient Tauc

plot” method [44-Tauc 1968]. It involved plotting (ahv)? vs. hv (photon energy) while taking into

account a the absorption coefficient of the material, as shown in figure 3.26.
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Figure 3.26: Direct band gaps determined using the “‘efficient Tauc plot method’’, for undoped (blue)
and N-doped (red) BaTiOs layers for undoped (blue) and N-doped (red) BaTiOz layers.

Using the "efficient Tauc plot" method, we determined the photoelectrochemical band gaps of the
undoped and N-doped samples to be 3.62 eV and 3.61 eV, respectively. These values are very close
to the literature value of 3.7 eV for BaTiOs. When an n-type material is doped, the band gap may
increase or decrease depending on the location of the Fermi level. In n-type semiconductors, doping
with electron donor atoms can increase the charge carrier concentration if the Fermi level is near the
conduction band edge. The apparent band gap can also increase due to the Burstein-Moss shift, where
the Fermi level moves into the conduction band. This phenomenon has been observed in various
materials, including non-oxide films [44-Polak 2017], oxide nanostructured films, non-oxide
nanosheets films [46-Mariappan 2021], and oxide films films [47-Tomeda 2018]. Otherwise, if
electronic states are created just above the valence band, the apparent bandgap will decrease. In our
study, the slight reduction in band gap and the increase in efficient absorption window observed in
the N-doped sample are consistent with the findings reported by Xing et al. for N-doped SrTiOz [31-
Xing 2016]. They suggested that N-doping negatively shifts the valence band maximum while oxygen
vacancies positively shift the conduction band minimum, resulting in a reduction of the band gap

value.
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3.3.4 Discussion and conclusions

In this study we successfully grew an epitaxial oxynitride thin film of N:BTO using an atomic N
plasma source, by evaporationg only Ba+Ti+N on a SrTiOz oxide substrate. The resulting film had a
low N concentration of about 3.8% (vs. Ti), indicating a cooperative self-diffusion of O from the
SrTiOs substrate and self-limitation of N content. The film exhibited homogeneous properties, was
single crystalline and epitaxial, and had a simple cube/cube epitaxial relationship up to 8 nm. The
lattice parameter relaxation occurred during the first few nanometers and was almost complete at 12
nm, resulting in a tetragonal perovskite structure (Table 3). This could be attributed to the larger ionic
radius of N3* (0.146 nm) over O%* (0.138 nm), which leads to lattice expansion when nitrogen
occupies the oxygen sites in the BaTiOs host lattice. The substitution of O by N in the BTO lattice
significantly modified the electronic structure, leading to enhanced active spectral optical absorption
and PEC performance up to 63% at 0.7 V vs. Ag/AgCI. This enhancement may be due to improved
light absorption, better kinetics at the electrode/electrolyte interface, and/or a lower recombination
rate. Furthermore, an increase of c/a is also observed for BTO layers when higher oxygen vacancies
are present, which could be related to the recently reported oxygen diffusion in BaTiOz and SrTiOs
with oxygen vacancies. [48-Li 20011, 49-Zhao 2000, 50-Chen 2013]. The activation energy of
diffusion is found to be lower for SrTiO3 than for BaTiOs and decreases further with increasing
vacancies levels, thus facilitating migration of oxygen atoms from SrTiOsto BaTiOg, especially in

thin films already deficient in oxygen.

Although the N:BaTiOz film exhibited a slightly narrower band gap as compared to pure BaTiOs, this
difference alone cannot explain the observed 63% improvement in the photoelectrochemical (PEC)
performance. Besides, the kinetics at the electrode/electrolyte interface remained unchanged during
ON/OFF photocurrent measurements [25-Derj 2022]. However, the incorporation of oxygen
vacancies and N doping increases the number of charge carriers in the film, leading to higher
conductivity and likely to a reduction of the recombination rate. Additionally, the larger c/a ratio
resulting from the N doping may also have an effect on the PEC performance by increasing the
ferroelectric polarization, which can also influences the generated photocurrent depending on its
orientation [51-Magnan 2020].

The nitrogen incorporation into the native oxide modifies the electronic properties making oxynitrides
attractive as visible-light-driven photoelectrodes. However, the charge imbalance compromises the
stability of the films. The next section presents our firsts effort to maintain charge neutrality by
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codoping BaTiOz by nitrogen and Tantalum.

3.4 Stable photoanode oxynitride perovskite by lattice charge compensation: Preliminary results

Transition metal oxynitride perovskites or the do-type transition metal (Ta, Ti, Nb, or W) oxynitride
perovskites can be written as ABOs.xNx, where A is a larger alkali, alkaline earth, or rare earth metal
cation, lanthanide and B is a smaller transition metal cation. These perovskites are expected to absorb
higher light absorption across the visible range due to the higher potential energy of the N-2p orbital
as compared to the O-2p orbital [52-Maeda and Domen, 2011, 53-Maeda and Domen, 2007], as
illustrated in figure 3.27b.
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Figure 3.27: a Crystal structure and b band structure of typical d’-type transition metal oxynitride
perovskite ABOs.xNx [53-Maeda 2007]

3.4.1 Stability of oxynitrides perovskite structure

Perovskite-type metal oxynitrides, ABOsxNx, have been explored experimentally due to the
flexibility of the perovskite structure, which allows physical and chemical properties to be well-tuned

by substituting metal cations A or B.

Based on the theoretical calculations using density functional theory, Xu et al. found that the anion
ordering in ABO2N strongly depends on the size of the A (Ba, Sr, Ca), and B (Ta, NDb) cations, as
well as the electronegativity difference between N and O. Specifically, they found that larger A

cations tend to favor ordered anion arrangements, while smaller A cations tend to favor disordered or
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random arrangements. Similarly, larger B cations tend to favor ordered arrangements, while smaller
B cations favor disordered arrangements [54-Xu 2015, 55-Xu 2019].

For instance, while Ta and Nb atoms in perovskite oxynitrides tend to distort the octahedral structure,
the rigidity of the Ba sublattice limits their ability to do so on a larger scale. The Ba sublattice acts as
a sort of "constraint” on the distortion, preventing it from spreading and significantly altering the

overall structure of the material.

3.4.2 Activating BaTaO2N by Ti modification for water oxidation reactions

Based on the given information, BaTaO2N is a semiconducting oxynitride with a bandgap energy of
1.8 eV, allowing it to absorb visible light up to 650 nm. However, perovskite oxynitrides strong
absorption does not always correspond to efficient water splitting, and defects generated during
synthesis can lead to fast charge recombination and poor photoelectrochemical performance.

In this study, Ta was introduced into N-doped BaTiOs to control defect levels and band gap as well
as incorporating more nitrogen in the lattice, resulting in BaTaxTi1-xOsxNx. This study highlights the
potential for slight composition modifications in perovskite oxynitrides to design optical and
photoelectrochemical properties as proposed by Wei et al. in BaTaO2N with calcium modifications.
They manage to improve the poor photoelectrochemical behavior of BaTaO:N, initially attributed to
its low band gap (1.8 eV), by incorporating Ca atoms in the lattice [56-Wei 2018]. Introducing Ta in
BaTiOs appears thus as a promising method to improve the material performances for PEC

application.

3.4.3 E-Beam evaporator for charge compensation
3.4.3.1 Charge compensation

When tantalum (Ta) replaces titanium (Ti) in the crystal lattice of N-doped BaTiOs, charge
compensation becomes possible. The additional positive charge of Ta may help to compensate for
the extra negative charge from N. Defects in the crystal lattice, such as oxygen vacancies or nitrogen

interstitials, are then less necessary.

3.4.3.2 Electron beam evaporation calibration

The BeamTrek® e-beam evaporator allows depositing refractory materials like Ta. The controller
allows for precise control of the evaporation process, enabling accurate deposition of thin films. It

provides control over parameters such as deposition rate and beam intensity (Cf chapter 2).
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Calibrating the electron beam in the MBE chamber is realized in a similar way than for other effusion
cells. The relevant evaporation parameter is how the e-beam intensity (high voltage being fixed at
8kV) and the quartz microbalance is used to determine the flux.To enhance the accuracy of the flux
calibration, we monitored the evolution of the Ta auger line on a dummy substrate, such as a copper
plate substrate measuring 1cm x 1cm (Figure 3.28). The actual deposition rate was then, cross

checked during the deposition process for a given electron beam intensity.
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Figure 3.28: AES scans; before and after deposition of Ta on a polished and outgased Cu
substrate

3.4.4 Growth of BaTaxTi1-xO3-xNx on 1 at.% Nb :SrTiO3(001)

BaTaxTi1-xO3xNx (Ta-N: BTO) thin films deposited on 1 at.% Nb :SrTiO3(001) (Nb:STO) substrates
were grown by hybrid atomic/ion nitrogen plasma assisted MBE following a procedure inspired by
the previously optimized growth of N-doped BaTiOz using atomic nitrogen plasma. Nitrogen plasma
was set at a pressure of 4x10” mbar with low values for the voltages of the anode and the extractor

(0.1kV and -0.2kV respectively). This condition represents the best condition obtained by Blaess et
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al. and produces the highest level of N atoms with low kinetic energy ions for better incorporation
[57-Blaess 2023]. The Ta current intensity of evaporation was held at 170mA to obtain a rate at

0.75A/min with respect to the optimal deposition conditions of BaTiOs.

3.4.4.1 Crystallographic structure investigation
RHEED patterns at various deposition times for a Ta-N:BTO film are shown on figure 3.29. The

RHEED patterns slightly degrades during the first minutes of deposition until total disappearance.

The epitaxial growth conditions are thus not reached for the chosen fluxes, and growth conditions.

(10)s (11)s

155 min
Ta-N:BTO

Figure 3.29: RHEED patterns, along (10)s” and (11)s~ azimuths, observed during the growth of Ta-
N:BTO on Nb:STO substrate.

3.4.4.2 In situ electronic structure study

3.4.4.2.1 Chemical composition

Figure 3.30 displays the Auger spectra obtained after growth for the reference layer, a nitrogen doped
BaTiOs3 film, and the oxynitride films grown on niobium-doped SrTiOs (001) substrates. The spectra
show remarkable similarity among all the samples. The expected elements, including Ta, Ti, Ba, and
O, can be identified in these spectra. However, as seen earlier, AES alone is not sufficient to confirm
the presence of nitrogen in these films. The Auger line for nitrogen overlaps with that of titanium
(TiLmm), making it challenging to differentiate the signals.

Nevertheless, the AES measurements demonstrate that tantalum can be successfully incorporated into
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the oxynitride layer without significantly affecting the initial chemical composition of the BaTiOs
oxide. The AES spectra are similar for the other growth conditions not shown here.
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Figure 3.30: Auger spectra for Ta-N:BTO, N:BTO and a reference BaTiO3z sample deposited on a
Nb:STO(001)

3.4.4.2.2 Surface electronic environment
In situ XPS was employed to analyze the composition of the films. The collected spectra of the present

species (Ta-4f, Ti-2p, Ba-3d, O-1s and N-1s) are presented in figure 3.31. Ta-4f state, figure 3.31a,
for our samples can be fitted using two overlapping peaks centered at 28.1 eV and 26.3 eV,

respectively. The two peaks can be assigned to Ta-4fs, and Ta-4f72 signals of Ta**.
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Figure 3.31: Photoemission spectra of a codoped BaTiOs layer with N and Ta atoms, for a Ta-4f, b

Ti-2p, ¢ O-1s d Ba-3d and e N-1s core levels

The Ta-N:BTO and N:BTO films not only show a different crystal structure but the compositional
analysis revealed also the presence of Ti in both oxidation states (Ti** (458.5eV, 83.53%) and Ti*
(456.7 eV, 16.47%) contents (Figure 3.31b)). The inhibition of Ti** species in the presence of Ta can
be explained by the inductive effect of Ta on Ta-O/N bonds. Ta®* is more electron-donating than Ti*".
Hence, when Ta partially substitutes Ti, it increases the covalence of neighboring Ta-O/N bonds. This
higher covalence or stronger crystal field for Ta(O,N)e octahedrons stabilizes Ta in a higher oxidation
state.

The O-1s state can be decomposed into two overlapping peaks centered at 530.5 eV and 531.4 eV.
These two peaks are attributed to lattice oxygen (O?) and surface hydroxyl group (OH") [58-Lv
2017]. Itis clear from figure 3.31c that the hydroxyl group peak increases Ta incorporation, indicating

a more hydrophilic surface or additional oxygen vacancies for charge balance. However, both, the
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Ba-3d peak positions and spectral shape are almost the same for Ta-N:BTO and N:BTO indicating
very similar Ba-3ds> and Ba-3ds contents (Figure 3.31d). The N-1s line contains two peaks as
N:BTO, assignable to lattice N~ species. The amount of nitrogen incorporated in the lattice with
respect of Ti, is here estimated to 8.3% (twice higher than N:BTO) and 19.5% for Ta. Although, the
results are preliminary and based on a limited number of samples.

The incorporation of Ta helped obviously to overcome the self-limitation seen in the N-doped
BaTiOz. Finally, the peak around 404.7eV attributed to the Ta-4p ascertains the presence of Ta in
BaTaxTi1xO3xNx (Figure 3.31e).The codoping approach is thus a promising path.

3.4.5 Solar water splitting efficiency

Unfortunately, the absence of photocurrent and the resemblance of the photocurrent to that of the
STO substrate suggest that the film's stability in the electrolyte was compromised. One possible
reason for this instability could be attributed to the poor crystallographic structure of the film. A poor
crystallographic structure can introduce defects, which can hinder electron transport and negatively
affect the film's photoelectrochemical properties.

3.5 Summary

To summarize, we have achieved the successful growth of homogeneous epitaxial films of both
TiOxN1x and BaTiOs.yNy through atomic nitrogen assisted molecular beam epitaxy. Our approach
involves the oxygen diffusion from the SrTiOz substrate, which enables the substitution of nitrogen
for oxygen in the perovskite lattice. However, the self-doping of nitrogen is limited by the necessity
to include vacancies for oxygen to maintain charge neutrality. Our growth method enables the
production of high-quality oxynitride films that are otherwise difficult to obtain. Contrarily to Ti+ N,
for Ba+Ti+N, the N doping homogeneously modifies the electronic structure, and an enhances light
absorption. For this reason, this novel material can potentially be used as an advanced light harvesting

material.

The successful incorporation of Ta in the N-doped BaTiOs lattice results in the formation of BaTaxTi1-
xO3.xNx, a new compound. However, this original method does not allow yet the growth of oxynitride
films of very high crystalline quality. It is evident that further advancements and optimization of the

growth conditions are still required to achieve the desired results.
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Chapter IV

Nitrogen incorporation into TiO, epitaxial thin films

Summary: In this chapter, we focuse on the deposition of oxynitride films on a non-oxide
substrate (platinum) to prevent oxygen self-diffusion. The deposition process utilizes an RF
oxygen plasma source and an ECR nitrogen source. Our main objective was to introduce
nitrogen into epitaxial rutile TiO films and investigate their photoelectrochemical properties
under different oxidation and nitriding conditions. By synthesizing TiOxNy hybrid materials and
modifying the TiO> surface with nitrogen doping, we aimed to enhance the properties and
performance of TiO2-based devices, particularly photoelectrodes for solar water splitting. The
samples were elaborated in a controlled UHV environment, along with the exploration of various
synthesis conditions and the examination of the chemical and electronic structures influence on
nitrogen doped TiO- properties.

4.1 Properties of TiO;

Further development of the preparation methods of oxynitrides and especially those that allow for
controllable deposition of thin films from constituents such as titanium, oxygen, and nitrogen are here
undertaken. Instead of the oxidation of TiN to build an oxynitride, the precursor will this time be TiO>
in which nitrogen will be incorporated. The process involves utilizing an additional hybrid ECR ni-
trogen plasma source to grow the film on a platinum (Pt) substrate, enabling the introduction of ni-
trogen atoms and ions. This is achieved in addition to a controlled atmosphere of Ti and oxygen
plasma. The aim is to fully comprehend how changes in the chemical composition and deviation from
stoichiometry affects the properties of the resulting sample.

4.1.1. TiO2 a popular semiconductor

Discovered in 1791 by the German chemist Martin Heinrich Klaproth, it was only until the early 20th
century that the material revealed its potential as a pigment in the paint industry and became wide-
spread. Due to its high refractive index, it is not only an excellent whitening agent but also, an UV
blocker. Non-toxic, chemically inert, its application interests extended from the food and cosmetic
industry to the organic contaminants degradation. For example, under light, TiO can initiate a series

of chemical reactions to break down organic compounds and pollutants in the environment (i.e. pho-
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tocatalytic activity). This makes it an effective tool for cleaning water and air. Moreover, the devel-
opment of a method using TiO2 photoactivity to create energy combined with its capacity of degrad-
ing contaminants is a matter of growing interest. The use of TiO> as a semiconductor in solar cells
has indeed, extensively been explored. However, it has been found that a combination of TiO with
other materials, such as organic dyes [2-Zhang 2017, 3-Wang 2004 and 4-Ahmad 2017] or perov-
skites [5-Lindblad 2014, 6-ke 2014, 7-Han 2015] is requisite to increase the efficiency of the cell.
Even though, during this study, we focused on using it as the sole component tailoring its intrinsic

properties by non-metal doping to eventually end up with an efficient cell.

4.1.2. TiOz rutile for solar water splitting

In nature, TiO> has eight different crystal structures, but only three of them, anatase, rutile, and brook-
ite, have been extensively investigated for their applications due to their stability at atmospheric pres-
sure (Figure 4.1). All three structures have titanium atoms that are sixfold coordinated, with oxygen
atoms, forming a distorted TiOs octahedral structure. In spite of a similar structural unit, their physical
and chemical properties differ from one another. Rutile TiO, for instance, is known to be the most
thermodynamically stable phase, while anatase and brookite TiO, are metastable phases that can
transform into the rutile phase after calcination. Rutile and anatase have a tetragonal structure,
whereas brookite has an orthorhombic structure, as shown in table 1. The differences in the lattice
parameters of TiO, with different crystal phases can lead to variations in their electronic structures
and physicochemical properties and potential applications. The lowest gap is obtained for the rutile

structure.
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O

Figure 4.1: Crystal configurations of a anatase, b rutile, and ¢ brookite TiO2. The small red sphere

and large grey sphere represent the O and Ti atoms, respectively.

Anatase is the most commonly studied phase of TiO- for use in solar cells. It has a high surface area
and high electron mobility, which makes it an excellent material for photocatalytic activities [8-
Yamakata 2019]. Rutile, on the other hand, has a lower surface area and lower electron mobility than
anatase, but it has better thermal stability and is more resistant to corrosion. Fortunately, rutile demon-
strates higher activity than anatase for water oxidation [8-Yamakata 2019, 9-Ohno 1997, 10-Abe
2001, 11- Maeda 2013], due to higher lifetime of hole. Moreover, Magnan et al. showed that the
crystal structure of the TiO> films on Pt (111) is rutile (100). Moreover, they have a higher photocur-
rent than anatase (001) for solar water splitting [1-Magnan 2019]. The electronic structure of the films
dispose of a higher conduction band minimum position for the rutile films compared to anatase films.

In some cases, brookite has also been explored for its photocatalytic properties, despite its relatively
low conductivity, which can limit the flow of charge carriers and decrease overall efficiency [12-
Ohtani 1985, 13-Ohno 2015]. However, brookite is a relatively rare and expensive mineral, which

may makes it less attractive for large-scale commercial production of solar cells.
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Several studies suggest two reasons for these differences in photoactivity. Firstly, regardless of the
TiO» phase used, the exposed crystal face plays a crucial role in improving photoactivity by control-
ling the reaction sites [14-Ohno 2002, 15-Bae 2009, 16-Murakami 2009]. Secondly, the depth of
traps, which depends on the crystal phase, also plays a role. It has been estimated that the trap depths
are <0.1 eV, ~0.4 eV, and ~0.9 eV for anatase, brookite, and rutile, respectively, in powders [8-
Yamakata 2019]. Electron-trapping processes at sample defects limit the probability of electrons and
holes recombining, effectively increasing the lifetime of holes. This results in a preference for hole
generation over electron generation. However, in steady-state reactions, both electrons and holes need
to be consumed. Therefore, the balance between the positive and negative effects of defects deter-

mines the distinctive photoactivities of anatase, rutile, and brookite TiO> phases.

Structure  Crystal system Cell parameters (A) Optical gap (eV)

a b c
Rutile Tetragonal 3.758 3.758 9.514 ~3.0eV
Anatase Tetragonal 4584 4584 2953 ~3.2eV
Brookite ~ orthorhombic  9.166 5.436 5.135 ~3.3eV

Table 1: Structural data and optical gap for anatase, rutile, and brookite TiO>

Based on the structural data provided in table 1, for photoelectrochemical (PEC) applications, TiO>
in the rutile phase appears to be the most promising material as it meets almost all the necessary
conditions. However, practical utilization of this semiconductor for PEC purposes requires significant
efforts to increase its photoactivity while preserving its other important properties during photoelec-
trolysis.

4.1.3. TiO2 limitations and improvements for PEC water splitting

Despite of its known potential since 1972 [17-Fujishima 1972], TiO2struggles to reach an appropriate
efficiency for the photoconversion process within the visible range of the light spectrum. In fact, its
relatively wide bandgap whatever the phase (Table 1), constitutes a major obstacle. Moreover, TiO>
has a large band gap for water oxidation, which means that an energy input is required to drive the

reaction.

Different ways have been tested to improve TiO: for solar water splitting: introducing oxygen va-
cancies [18-Hu 2019], sensitizing with dyes [19-Lang 2018, 20-Lang 2016], utilizing the surface
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plasmon resonance effect on metals [21-Dahlam 2020], and tuning the bandgap by heteroatom doping
[22-Geroge 2011, 23-Biswas 2018]. Until now, the substitution of the host in the TiO. crystal lattice
with various heteroatoms (anion and/or cation) has been proven to be one of the most effective routes.
However, the foreign elements may disrupt the local structure (ionic radii), electronic environment
and charge balance in the TiO2 matrix [24-Kapilashrami 2014]. Therefore, ascertaining the most suit-
able impurity elements is not an easy matter. Cation dopants (such as transition metals) [25-
Sadanandam 2013, 26-Peres larios 2016, 27-Huang 2018], inner transition metals [28-Koc¢i 2018, 29-
Singh 2018], and noble metals [30-Ribao 2019, 31-lda 2018]), anion dopants (such as boron [32-
Wang 2016], carbon [33-Shao 2017, 34-Jia 2018], nitrogen [35-Boningari 2018, 36-Calisir 2020],
fluorine [37-Gao 2019, 38-Xie 2020], sulfur [39-Yuan 2018], and chlorine [40-Xu 2008, 41-Wang
2012]), cation/anion co-dopants [42-Li 2016, 43-Kim 2013, 44-Shaban 2019], and anion/anion co-
dopants [45-Li 2008, 46-Khalilian 2015, 47-Divya 2019] have already been used. Jibao et al. have
calculated the position of the anatase band with different dopants (see figure 4.2) [48-Jibao 2012]. It
appears that the most efficient way to reduce the gap, while having a conduction band (CB) minimum
and the dopant states above H./H.O level, with non-metal doping, in anatase phase is N-doping.

4.1.4. Nitrogen doped TiO2

The incorporation of nitrogen into TiO., is named in the literature as nitrogen-doped titanium oxide
(N-doped TiO») or titanium oxynitride (TiOxNy).

Wong et al. and Okato et al. have suggested that the optimal dopant concentration for N doped anatase
is around 1-2 at.% [49-Wong 2006, 50-Okato 2005]. At higher doping levels of Nitrogen, it is detri-
mental for photoactivity properties, due to distortion in the lattice structure and formation of deep-
level states. While DFT calculation of Lee et al. [51-lee 2005] propose that localized nitrogen states
just above the valence band maximum (VBM) are responsible for visible light photoactivity, experi-
mental studies on single crystals by Batzill et al. evidenced that oxygen vacancies are also needed to
stabilize substitutional nitrogen (No) in the TiO: lattice. In other words, nitrogen substitutional doping
introduces N-2p states within the band gap close to the valence band maximum, which suppresses the
Ti-3d band gap states and removes trapping centers for photogenerated holes. The accompanying
formation of oxygen vacancies due to N doping causes a restructuring of the surface structure, indi-
cating that compensation of charges may be achieved over long distances [52-Bratzill 2006, 51-lee
2005]. In a study by Diwald et al. nitrogen-doped rutile TiO2 (110) single crystals, exhibited photo-

activity at photon energies below the band-gap energy for rutile TiO.. It was concluded that the active
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dopant state of nitrogen was as an interstitial element bound to hydrogen in TiO2 (110) rutile when
treated with NHs [53-Diwald 2004]. This particular speciation has a higher N-1s binding energy than
the substitutional nitride state, and as No, leads to an increase of the optical absorption in the visible

light range.

As we experimented in the earlier section and was calculated by Di Valentin et al., the shift in optical
absorption has a different sign in rutile and anatase; a reduction of the gap in case of anatase and an
increase in case of rutile [54-Di Valentin 2004]. This is due to the difference in hybridization between
O-2p and Ti-3d orbitals in the two structures. While anatase exhibits a valence band with more pro-
nounced O-2p character and a conduction band with more pronounced Ti-3d character, the rutile
phase is more a covalent mixing [55-Asashi 2000]. For this reason, an electron generated in anatase

by ultraviolet (UV) excitation is less mobile compared to rutile. [54-Di Valentin 2004]

The main cited drawbacks of pure titanium oxide for water photoelectrolysis applications are its slug-
gish responsiveness to visible light due to a large band gap, and the inefficient separation of photoin-
duced electron-hole pairs. The reduction of the bandgap of TiO2 to enhance visible light absorption,
particularly for applications like photoelectrolysis, has garnered significant interest. However, many
previous studies have utilized materials with high defect densities, which obscure the understanding
of how defects influence the interaction between the N dopant and the host lattice. To investigate the
properties of intrinsic N-doped TiOy, it is crucial to minimize or eliminate defect densities in the
material. One approach is to grow the material atom by atom, precisely monitoring the atomic fluxes
to generate structurally perfect crystalline layers with controlled stoichiometry.

In this context, studies proposed to grow N-doped TiO> films homoepitaxially on TiO. (110) rutile
substrates using plasma-assisted molecular beam epitaxy (PAMBE) [56-chambers 2007]. The use of
rutile substrates leads to rutile film growth due to interface stabilization. This study revealed that
considerably less N can be incorporated into the rutile lattice when defects are absent compared to
when defects are present. In the absence of oxygen vacancy (V,) defects, the N incorporation is lim-
ited to approximately 2 + 1 at.% within the anion sublattice. This limitation arises from the stronger
thermodynamic driving force to form Ti-O bonds rather than Ti-N bonds.

Other, structurally near-perfect films were used to investigate the properties of N-doped TiO: rutile.
N atoms substitute for O atoms in the lattice (No), and itinerant electrons originating from interstitial
Ti (111) formed during rutile homoepitaxy to compensate for their presence. As a result, No exhibited

a formal charge of -3. Even at a N concentration of approximately 2 at.%, significant oscillator
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strength is observed in the bandgap region around 2.5-3.0 eV, indicating bandgap reduction [57-
Cheung 2007].

Ohsawa et al. investigated the visible-light photoactivity of nitrogen-doped TiO. materials and high-
lighted the qualitative difference in their activities between anatase (001) and rutile (110) polymorphs.
Epitaxial films of TiO>-x<Nx with controlled structures and compositions are used to investigate this
difference [58-Ohsawa 2009].

For anatase (001), holes generated by visible light at nitrogen sites readily diffuse to the surface and
participate in oxidation reactions with adsorbed trimethyl acetate. This suggests that the holes are
mobile and can effectively move towards the surface for surface reactions. To the contrary, in rutile
(110), the holes remain trapped in the bulk of the material and do not readily participate in surface
oxidation reactions. This indicates a lower hole mobility along the [110] direction in N-doped rutile
compared to the [001] direction in N-doped anatase. The exact mechanism behind the observed dif-

ference in hole mobility between the two polymorphs is not yet fully understood.

Crystalline defects occupying during synthesis concern any material used in photoelectrodes, defects
such as vacancies, interstitials, and impurities can introduce energy levels within the bandgap of the
material affecting the carrier diffusion length and the charge collection efficiency. All these defects

may limit the performances of the device.
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Figure 4.2: Calculated edge positions of conduction band and valence band for pure and non-metal
doped anatase TiO, at pH=0 [48-Jibao 2012].
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The specific types and concentrations of defects can be mitigated through careful material design and
processing. Figure 4.2 demonstrates, that the most efficient way to reduce the gap while having a
conduction band (CB) minimum and the dopant states above H./H-O level, with non-metal doping
in anatase phase, is N-doping. Closer to the water oxidation potential, it promotes the transfer of
photoinduced electrons to the water molecules, leading to efficient water splitting. This higher posi-
tion of the conduction band is attributed to the oxygen vacancies present in the rutile structure, which
are known to facilitate charge transfer processes in PEC water splitting. Hence, during this study, we
explored different recipes to optimize the crystal quality and minimize defects in epitaxial TiOz rutile
films, as well as nitrogen doped TiO: rutile films, to improve the performance of our photoelectro-

chemical cells.

4.2  Growth and epitaxial single crystalline TiO2 layer

4.2.1 Single-crystalline growth on Pt (111)

The contributions to PEC of crystallite quality, surface roughness, and surface orientation are usually
entangled. To address this issue, single-crystalline samples can be used. However, single crystal
growth may be influenced by various factors such as temperature, deposition rate, surface preparation
and even the final thickness of the film [59-Rioult 2014]. For instance, TiO> films on Pt(111) above
3 nm have been found with a rutile-like (100) structure [60- Atiglia 2012]. Below the ultra-thin film
regime an hexagonal phase, lepidocrocite and TiO2(B) is formed [61- Barcaro 2012, 62-Zhang 2007].

4.2.2 Nitrogen doping of TiO2 thin films
4.2.2.1. Nitriding using hybrid ECR plasma Source

After working with the atomic mode of the ECR plasma source, we used here the hybride mode to
enhance the nitridation. The two additional electrodes placed at the end of the plasma cavity of the
growth chamber are used to extract ions (Cf. chapter 2). The anode and extractor voltages are adjusted
to determine the amount of extracted ions and their respective energies, which can be monitored
through the induced sample current. Meanwhile, a piezo valve connected to the software Prodigy

regulates the pressure in the growth chamber.
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Figure 4.3: Nitrogen source calibration curves for Py = 1.10°° mbar.

The nitrogen plasma working conditions are thus, selected from the plasma source calibration curve

shown figure 4.3, for a nitrogen pressure Px = 1.10® mbar. The higest sample current conditions for

low and high values for the voltages of the anode and the extractor were chosen. In atomic condition

(Atomic, (A)), at low pressure atoms are favorable over ions while at high-pressure ions are promoted

with low (I-L-Ke) and high kinetic energies (1-H-Ke). Figure 4.4 summarizes the used conditions for

nitriding.
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Figure 4.4: Nitrogen source condition parameters.

4.2.2.2 Growth conditions

About 10 nm thick films were deposited using atomic oxygen and nitrogen plasma-assisted molecular
beam epitaxy (O&NPA-MBE) on Pt (111) single-crystalline substrates. By using these model sam-
ples, we can explore the impact of nitrogen dopant, oxygen vacancies and crystallographic structure
and orientation on the intrinsic photoelectrochemical properties of N-TiO2, while keeping the thick-

ness constant.

The present study does not investigate the deposition of N-TiO2 on Nb: SrTiOs (001) and Pt (001).
Since previous research have demonstrated that on Nb:STO, TiO> tends to favor the anatase phase,

and the resulting film has the lowest photocurrent [1-Magnan 2019].
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4.3 N-doped TiO single layers on Pt (111)

The key questions that need to be addressed in the study of N-TiOz include determining whether
nitrogen is incorporated into the TiO> lattice through substitutional or interstitial sites, understanding
the nature of nitrogen speciation, identifying the maximum permissible concentration of nitrogen
dopants, and investigating the impact of dopant concentration on the photoelectrochemical activity
of N-TiO..

Figure 4.5 and table 2 summarize the main parameters of the five sets of growth conditions that were
studied, for Pt (111) substrate. These conditions ranged from oxygen-rich (fn < fo) to more nitrogen-
rich. Oxygen-rich conditions were achieved using high brilliance atomic oxygen plasma (3.5 tours,
350W) well-established conditions to obtain epitaxial TiO> films. For this first condition, the typical
oxide deposition rate was of about 0.05 nm/min. The deposition time was the same for all samples
and the nominal thickness of our films was always about 10 nm. To achieve excess nitrogen condi-
tions, a mixed N atomic and/or N ionic flux (fn) and an oxygen plasma of at least a (fo) at 1.5tr (fo)
was required. Overall, the composition of the different samples were designed to promote nitrogen-

rich conditions and/or oxygen vacancies during the growth of the samples.
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Figure 4.5: a Parameters for the synthesis of N-doped and undoped TiO; on Pt(111) b the corre-
sponding RHEED patterns obtained along the (10)*s and (11)*s at 180 min of deposition. (i.e. end of
deposition)
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Samples O (tours) Py \A "l;

(mbar) (A/°C)
Anode Extractor
kV) kV)

TiO2 Rutile 3.5 -- -- - 6 /450
N-TiO, gyt (I-H-Ke-O) 3.5 110" L5 -1 6/450
N—TiO2 Rutile (1L-Ke) 1.5 1 _10'(’ 0.1 -0.2 6 /450
N'Tioz Rutile (I-H-Ke) 1.5 1.1()7() 1.5 -1 6 /450
N-Ti02 Rutile (A) L5 4. 10_7 - - 6 /450

Table 2: Condition parameters for the synthesis of N-doped and undoped TiO> deposited on Pt(111)
for 180 min.

4.3.1. Crystallographic structure investigated by in situ RHEED

In situ RHEED patterns allow to monitor the growth, any qualitative change in the diffraction pattern
evolution reveals immediately changes in the surface morphology and structure of the growing film.
RHEED patterns of TiO2/Pt (111) films at different N doping levels and/or oxygen vacancies are
shown in figure 4.5. All the N-TiO> films were of very high crystalline quality with well contrasted
patterns exhibiting 2D streaks. Figure 4.6 a,b,c shows in details the RHEED interpretation in the case
of pure rutile, r-TiO2 (100). The comparison of the integrated profiles of the RHEED pattern in the
(10)*s and (11)*s directions for the different samples are reported in figure 4.7. All samples present
similar profiles and seems to be in the rutile (100) structure except for N-TiOz at 1-H-Ke-O nitriding
conditions. Indeed, these extreme conditions put the flows of oxygen and nitrogen in competition so

to make it difficult to form an ordered structure like for the others.
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We can see that the transition between the bare substrate structures occurs by the appearance of typ-
ical peaks relative to the r-TiO2 (100) structure on Pt (111). The presence of intensity modulations

along the diffraction streaks indicates some surface roughening and/or 3D growth.
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Figure 4.7: Integrated profiles of the RHEED patterns obtained along the (10)*s and the (11)*s
directions at 180 min for undoped (black), N-doped at I-H-Ke-O (purple), N-doped at I-L-Ke (pink),

N-doped at I-H-Ke (green) and N-doped at A (blue) growth conditions of TiO2 layers deposited on
Pt(111).

From the RHEED patterns obtained during the growth, we derived the in-plane lattice parameter
evolution by measuring the spacing between streaks in the RHEED patterns obtained over the partic-

ular diffraction directions (10)s and (11)s" of the Pt (111) surface reciprocal lattice.

The presence of intensity modulations along the diffraction streaks indicates some surface roughen-
ing, likely due to the relatively low substrate temperature during growth (~450°C). However, the
morphology difference between low and high temperature can also be due to the incorporation of
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nitrogen into the material. Nitrogen incorporation typically requires sufficient thermal energy for the
nitrogen atoms to be incorporated into the crystal lattice. At a low substrate temperature of ~450°C
in contrast with ~550°C, the thermal energy may not be sufficient for effective nitrogen incorporation,
resulting in negligible levels of nitrogen in the material, this point will be discussed more in detail
later (section 4.4.6).

4.3.2 Electronic structure analyzed by ex situ XPS measurements

The N-1s, Ti-2p, and O-1s core-level spectra were recorded using mono-chromatic Al K, X-rays and
are shown figure 4.8, 4.9 and 4.10 in normal emission geometry for all five growth conditions pre-
sented in table 2. Since the measurements were made ex situ the quantification of N is given with

respect to the Ti.

The N-1s XPS spectra exhibits two distinct peaks, for the N-doped samples (Figure 4.8). For all the
N-doped samples, there is a peak at ~399eV and an additional peak at ~396eV. Nitrogen can be
located in the lattice of TiO> interstitially or/and substitutionally. Following Fujishima et al., [72-
Fujishima 2008] the N-1s peak at ~399eV is typically assigned to the interstitial nitrogen dopant,
meaning the Ti—O—N or Ti—N—O oxynitride [73-Okato, 74-Wang 2009, 75-chen 2007]. While the
peak at ~396 eV is ascribed to the substitutional nitrogen dopant (No), characteristic then, of N>~ that
corresponds to TiN [75-chen 2007, 76-Esaka 1997, 77-Moulder 1992]. This peak cannot be assigned
to the NOx molecules, because the N-1s binding energy for NOx is typically larger than 403 eV [77-
Moulder 1992]. The measured binding energy (BE) is, however, lower than that of titanium nitride.
In fact, the bonding of Ti and N in TiN is a mixture of covalent, metallic and ionic contributions.
When oxygen atoms are present and form Ti-O bonds, the ionic character of the Ti-N bonding in-
creases, meaning a charge transfer occur from Ti to N (negatively charged N atom interacts more
strongly with the positively charged Ti ion). This phenomenon causes a redistribution of electron
density and a shift in the electron energy levels, leading eventualy, to a lower binding energy for the
N-1s [76-Esaka 1997]. Therefore, such a BE shift is consistent with the formation of substitutional

N* dopants in a TiO, matrix.
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Figure 4.8: N1s photoemission spectra of N-doped at I-H-Ke-O (purple), N-doped at I-L-Ke (pink),
N-doped at I1-H-K (green) and N-doped at A (blue) conditions of TiOz layers deposited on Pt(111).
The red contribution corresponds to the N¢ri-o-ny cOmponent and the orange one to the Nri-ny compo-

nent, thin bottom lines correspond to linear type backgrounds and thick straight lines to best fits. The

best-fit parameters are reported in Table 3.
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The spectra of Ti-2p are shown in figure 4.9. The spin-orbit splitting leads to two contributions of the
Ti-2p12 and Ti-2ps2 located near 464.7 and 459.1 eV binding energies. These features are consistent
with Ti*" in the TiO; lattice. For the undoped TiO, these features are all assigned to Ti**, indicating
no Ti®* species exist on the surface at all. However, for the other samples (Figure 4.15). The Ti-2paz
peak gradually shows a shoulder peak at lower binding energy with increasing N concentration. This
corresponds to the presence of small contribution of Ti%* species located around 456.9 eV. This peak
is a direct consequence of the reduction of Ti** into Ti** because of the doping or/and oxygen vacan-

cies.
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Figure 4.9: Ti-2p photoemission spectra of undoped (black), N-doped at I-H-Ke-O (purple), N-doped
at I-L-Ke (pink), N-doped at I-H-K. (green) and N-doped at A (blue) conditions of TiO- layers depos-
ited on Pt(111). The red contribution corresponds to the Ti** component and the orange one to the
Ti* component, thin bottom lines correspond to Shirley type backgrounds and thick straight lines to

best fits. The best-fit parameters are reported in Table 3.

In all cases, the O-1s peak consists of a peak at ~530 eV, characteristic of lattice oxygen in TiO2 (see

figure 4.10). Surface adsorbed species such as OH, which are chemically shifted by +1.5 eV from
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lattice oxygen (peak at ~531.5 eV) were also detected, it is known that this peak is favorized by

oxygen vancancies. Upon doping, the peaks shifted from a singlet to a doublet relative to those ob-

tained in undoped TiO2 rutile. One observe that the intensity of the OH peak is higher for the sample

subjected to I-H-Ke-O nitriding conditions, which also has a highest content of Ti®".
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Figure 4.10: O-1s photoemission spectra of undoped (black), N-doped at I-H-Ke-O (purple), N-doped

at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (bleu) conditions of TiO- layers depos-

ited on Pt(111). The red contribution corresponds to the oxygen bulk component and the orange one

to the hydroxyl component, thin bottom lines correspond to Shirley type backgrounds and thick

straight lines to best fits. The best-fit parameters are reported in Table 3.
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The study of the valence band (VB) allows to understand the modifications that result from N doping
(see figure 4.11). In order to evaluate the value of the valence band edge (VBE) we extrapolate the
slope near the maximum of valence band (Figure 4.11). Theses values are summarized in table 5. Due
to the small thickness of the films, all the spectra exhibit the valence states of the film but also the
valence state of Pt. The shape of O-2p derived valence band maximum appeared unchanged after N
incorporation (a and b). However, except for the 1-H-Ke-O condition, where an uniform shift of the

VBE to higher binding energies is observed as compared to the undoped sample.
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Figure 4.11: Valence band of undoped (black), N-doped at I-H-Ke-O (purple), N-doped at I-L-Ke
(pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of TiO2 layers deposited on
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Sample Ti¥*/Ti* (%)  N/Ti N /Ti (at%) O/ Ti(%) VBE (eV)
(%)

N (ri-o- Nri-
N/ Ti(%)  ny/Ti(%)

TiO/Pt (111) 0 0 0 0 2.01 2.63
N-TiOx rusite /Pt (111) (I- 25 1.09 1.09 0 43.09 1.66
H-K¢-0)

N-TiO; rutie /Pt (111) (I- 10 2.71 1.90 0.81 16.06 2.43
L-Ke)

N-TiO2 rutite /Pt (111) (I- 9 2.38 1.62 0.76 13.45 2.52
H'Ke)

N-TiO2 rutte /Pt (111) (A) 12 1.38 0.97 0.41 15.17 2.61

Table 3: Concentrations (at. %) of the components in layers of nitrogen doped and undoped TiO2 on
Pt (111) and their VBE.

4.3.3 PEC measurements
4.3.3.1 I-V measurements

This section describes the photoelectrochemical behaviors of our samples. The results of I-voltam-
metry (IV) experiments conducted on N doped TiO2 thin films compared to pure r-TiO> sample.
According to the results shown in figure 4.12, the best sample for the photocurrent is the sample 1-H-
Ke (green curve). The onset potential (the potential at which a significant current begins to flow) for
this N-TiO2 sample is the same as compared to the pure r-TiO2 sample (-0.7 V vs Ag/AgCl). However,
depending on the N doping level, the other N-TiO2 samples require a higher potential to initiate a

significant current flow compared to the pure r-TiO2 sample.
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Figure 4.12: Photocurrent density curves undoped (black), N-doped at I-H-Ke-O (purple), N-doped

at I-L-Ke (pink), N-doped at 1-H-Ke (green) and N-doped at A (bleu) conditions of TiO layers depos-

ited on Pt(111).

The photocurrent of the N-TiOz at 1-H-K. conditions reaches 0.72 mA/cm? at 0.4 V, two times the

photocurrent of undoped r-TiOz (~0.34 mA/cm’). This result shows the usefulness of N doping to

improve TiO> for PEC applications.

4.3.3.2 The spectral response

Figure 4.13 illustrates the efficient absorption of the samples, represented as photocurrent density

normalized to light flux and normalized at 270 nm. The FWHM of the absorption window varies

based on the specific nitriding condition used during the synthesis.
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Figure 4.13: Efficient absorption spectra of undoped (black), N-doped at I-H-Ke-O (purple), N-doped
at I-L-Ke (pink), N-doped at I-H-K. (green) and N-doped at A (blue) conditions of TiO layers depos-
ited on Pt(111), as a function of the wavelength at 0.4 V vs. Ag/AgCl. For comparison between
samples, the curves are normalized with the light flux of the Xe arc lamp used during the experiment
at 270 nm.

Remarkably, the sample prepared using the I-H-Ke nitriding condition, which exhibits the highest
photocurrent density, demonstrates a shift in its absorption edge by approximately 10 nm towards
longer wavelengths when compared to the undoped TiO> film. Additionally, this particular sample

displays the widest absorption window among all the samples studied.

These findings lead us to a reasonable assumption that effective photocurrent density is associated
with superior visible light absorption.
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4.3.3.3 The photoelectrochemical gap
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Figure 4.14 : Efficient Tauc plot deduced from curves of Figure 4.19 of undoped (black), N-doped at
I-H-Ke-O (purple), N-doped at I-L-Ke (pink), N-doped at I-H-Ke (green) and N-doped at A (blue)
conditions of TiO> layers deposited on Pt(111), as a function of the energy. The straight lines with

open circles give an indication of the indirect efficient gap for different thin films.

From the efficient absorption curves one can calculate the efficient Tauc plot in order to deduce “ef-
ficient band gaps”. The efficient band gaps are respectively around 2.99 eV, and 3.06 eV (Table 4).
These values are found to be very close to the band gap values from the literature for rutile (3.0 eV).
As noticed earlier, these results show that the best visible light absorption occurs for N-TiO2 rutile /

Pt(111) (I-H-Ke) (i.e., the smallest band gap) which also yields the best photocurrent.
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Sample Jen (MA/cM?)  FWHM (hm) Indirect band gap (eV)
TiO./Pt (111) 0.34 58 3,05
N-TiO rutile /Pt (111) (I-H-Ke-O) 0.11 57 3.06
N-TiO rutte /Pt (111) (I-L-Ke) 0.46 62 3.01
N-TiO2 rutite /Pt (111) (I-H-Ke) 0.72 63 2.99
N-TiO2 ruiite /Pt (111) (A) 0.23 58 3,04

Table 4: Photoelectrochemical parameters of N-doped and undoped TiO> deposited on Pt (111)
4.3.3.4 Electrochemical impedance spectroscopy

The Mott-Schottky plots (1/C2 = f(V)), where C represents the capacitance are represented figure
4.15. The flat-band potential (V) and carrier concentration (Np) were obtained through Mott-
Schottky curve fitting. The obtained values are indicated in table 5. The values of the flat-band po-
tential showed slight variations for the different samples. However, the carrier concentration (Np)
values present stronger variations. For example, undoped TiOz had a carrier concentration almost 30

times higher than N-TiO> (I-H-Ke) the sample with the highest photocurrent.

The doped films displayed fluctuating Np values, similar to the other photoelectrochemical parame-
ters. Nitriding can have both positive and negative effects on charge carrier concentration. On the
positive side, the incorporation of nitrogen atoms into the material's lattice can introduce additional
charge carriers’ concentration, which can enhance the photocurrent generation, leading to improved
photoelectrochemical performance. However, on the negative side, nitriding may also have adverse
effects on the charge carrier concentration. It could create defects or traps in the material, which can

act as recombination centers for charge carriers and negatively affecting the photocurrent output.
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Figure 4.15: Mott—Schottky plots for undoped (black), N-doped at 1-H-Ke-O (purple), N-doped at I-
L-Ke (pink), N-doped at I-H-K. (green) and N-doped at A (blue) growth conditions of TiO, layers
deposited on Pt(111). Straight lines indicate the linear fit of each curve.

Sample Nb (m?) Vi (V)
TiO2/Pt (111) 4.89x10% -1.68
N-TiO2 rutite /Pt (111) (1-H-Ke-0) 3.21x107 -1.36
N-TiO2 rutte /Pt (111) (I-L-K) 1.07x10%7 -1.58
N-TiO2 rutite /Pt (111) (I-H-Ke) 1.64x10% -1.27
N-TiO2 ruite /Pt (111) (A) 1.05%10% -1.01

Table 5: Electrochemical impedance parameters deduced from the fit of 1/C2 = f(V) of N-doped and
undoped TiO2 deposited on Pt (111)
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4.3.4 Crystal structure: EXAFS measurements analysis

The EXAFS spectra of N-doped TiO: films were recorded at the Tik edge using normal incidence
(linear photon polarization parallel to the film surface) and grazing incidence (linear photon polari-
zation perpendicular to the film surface) (Figure 4.16). The EXAFS oscillations (k®y(k) data) are
presented in figure 4.16 and the fit parameters in table 6. There is no significant change with N doping,
and the spectra obtained in normal incidence differ from those obtained in grazing incidence, indicat-
ing an anisotropic structure for all doping levels.

The EXAFS data were analyzed using the HORAE and FEFF 8.4 codes, in the single scattering model
assuming a TiO- rutile structure. The fitting parameters are the distances between Ti atoms and the
octahedral shell of oxygen (O equatorial, and O axial), and two dilatation factors with respect to bulk
rutile o parallel the surface and  perpendicular to the surface [1-Magnan 2019]. The fitting results
at the Tix edge, are shown in figure 4.16a and 4.16b for undoped and from 9 at.% to 25 at.% of Ti**
content in N-doped TiO- films. The corresponding interatomic distances, the positions of Oequatorial
and Oaxiar and Ti, the first shell of Ti neighbor in the case of rutile (100), are reported in table 6. The
parameters of bulk rutile are also provided.

The fitting parameters are close to the values of the bulk, indicating that the assumption of a rutile

structure is accurate.

For the undoped defected octahedron, the axial distances and the equatorial distances are reduced

compared to the bulk (see table 6).

The introduction of N results in notable changes in the equatorial and axial distances within the crystal
structure, as observed table 6. Even if the rutile structure is conserved upon N-doping, the oxygen
octahedron undergoes a significant distortion due to the presence of point defects that can include
oxygen vacancies and/or substitutional/interstitial nitrogen atoms [78-Ceotto 2012].
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Figure 4.16: Experimental (colored thick lines) k3y(k) EXAFS oscillations and fit (gray thin line) by
FEFF calculations (assuming a rutile structure) obtained in a grazing and b normal. Sample : un-
doped (black), N-doped at 1-H-Ke-O (purple), N-doped at I-L-Ke (pink), N-doped at I-H-K. (green)
and N-doped at A (bleu) conditions of TiO2 layers deposited on Pt(111).

Moreover, considering that the distance between Ti and O atoms in the octahedral shell can vary in
two direction, two dilatation factors (o parallel to the surface and B perpendicular to the surface) are
taken into account because of the strain imposed by the substrate. The structure of our most effective
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photoanode (N/Ti 2.38% and Ti** at 9%), is more in-plane contracted and more out-of-plane con-
tracted compared to pure r-TiO2 (Table 6 and figure 4.17).
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Figure 4.17: Evolution of the dilatation parameters; a parameter parallel to the surface (dark red
unfilled stars) and g parameter perpendicular to the surface (dark green filled stars) as a function of
the N/Ti ratios and the Ti** content.

The evolution of strain in the film, represented by the factors a and p obtained from EXAFS, is shown
in figure 4.17 as a function of the N/Ti and Ti*" ratios. All films exhibit an asymmetric evolution in
both directions, confirming the anisotropy of the materials. The sample with lower crystallinity under
I-H-Ke-O nitriding conditions exhibits a higher dilatation. Furthermore, as the quantity of oxygen

vacancies increases, the anisotropy of the strain in the films becomes more pronounced.

Furthermore, since rutile (100) is compatible with the observed RHEED patterns (Cin piane €Stimated
by RHEED are close to the values deduced from the EXAFS measurements), we investigated the last
Cin plane determined from RHEED experiment as a function of the nitrogen content and of the Ti®*
content. The figure 4.18 shows that again the evolution of the Cin piane parameter has an opposite trend.
Depending on the preparation method, the disorder can vary significantly. The most efficient case
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corresponds to an N-doping level at 2.38% with a Ti**content of 9% due to a smaller in plane param-
eter compared to the undoped sample. This result is therefore, consistent with the previous RHEED

observation.
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Figure 4.18: Evolution of Cin piane lattice parameter as a function of the N/Ti(%) and the Ti** ratio and

content in the films. In red, their corresponding error bars.

Sample Rfactor Oequatorial Oaxial Ti o (%) B (%)

Bulk rutile -- 1.98 1.95 2.96 -- --
TiO; 0.188 1.943 1.941 3.029 2.03 -6.13
N-TiOz rutile (I-H-Ke-O) 0.212 1.971 1.975 3.189 7.42 -15.5
N-TiO2 rutie (I-L-Ke) 0165 1975 1940  3.023 153 4,68
N-TiOz rutte (I-H-Ke) 0151 1935 1959  2.980 0.36 31
N-TiOz rutite (A) 0.1645 2.004 1.964 2.969 1.76 -5.28

Table 6: Structural parameters deduced from EXAFS experiment.
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The incorporation of nitrogen in TiOz results in the creation of Ti*" impurities and/or oxygen vacan-
cies, which introduce lattice distortion in the material. This lattice distortion can have thus, significant

implications for the optical absorption capability of the materials.

4.3.5 Influence of Ti%* species, oxygen vacancies and nitrogen content on the crystal structure

The charge neutrality and the protection of N-TiOz rutile structure resulting from the substitution of
divalent oxygen ions with trivalent N ions induce formation of oxygen vacancies, and further for-
mation of Ti%* centers. Furthermore, due to the preparation method, we also have samples with an
amount of Ti%* exceeding the amount of N doping (as shown in table 4). In order to gain further
insights into the effects of N doping and the Ti3* content, we decided to plot various relevant param-
eters (such as structural parameters, photocurrent, and the width of the depletion region) as a function

of these two parameters.

The surface in plane parameters (Cin-plane, ain-plane) have been deduced from the RHEED patterns and
their evolution with N/Ti ratio and Ti* are represented in figure 4.19. The surface in plane parameters
does not seem to be correlated with the N content, however the evolution with Ti* is almost mono-

toneous (i.e. increase of ain-plane and decrease Of Cin-plane).

The figure following the evolution of the lattice in-plane parameters with the N/Ti ratio illustrates
that the lattice approaches gradually a saturation at around 2 at.%, i.e. the lattice tends to a cubic
structure, probably the TiN oxidized structure. On the other hand, the obtained curves as a function
of the Ti%* content shows that the lattice in-plane parameters when the Ti®* content increases the

lattice undergoes an in-plane dilatation with the ain-piane parameter and conversely a contraction on the

Cin-plane.
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Figure 4.19: Evolution of the ain-pane (blue squares) the Cin-piane (red circles) lattice parameters of

TiO2 as a function of the N-doping extent and Ti®* ratio.

4.3.5.1 The photocurrent as a function of the N/Ti ratio and the Ti%* content

Based on our experimental data, we have observed an intriguing behavior regarding the influence of

the nitrogen content and the Ti®* ratio in nitrogen-doped TiO> layers, for solar water splitting perfor-

mance. In order to explain the high photocurrent we compared the efficiency of the different samples

with pure rutile TiO.. Interestingly, we found that the photocurrent shows a clear correlation with
both N content and Ti** content (Figure 4.20).
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Figure 4.20: Comparison between the photocurrent of undoped (black), N-doped at 1-H-Ke-O (pur-
ple), N-doped at I-L-K. (pink), N-doped at I-H-Ke (green) and N-doped at A (blue) conditions of TiO>
layers deposited on Pt(111) at 0.4V and their respective a N/Ti ratio and b Ti**content.

We discovered that to double the efficiency, an optimum N over Ti ratio of 2.38% and a Ti®* content
of 9% in the lattice are required. When these values exceed or fall below these optimal values, the

photocurrent is reduced. As a matter of fact, the 1(\V) measurements align well with the absorption
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spectra. The trend followed by the photoelectrochemical parameters confirms that this species con-
tributes to the photoactivity of the samples. The photoelectrochemical band gaps showed a distinct
pattern when Ti** content was varied. Below 9% Ti** content, the band gaps exhibited a narrowing
effect, reaching a minimum value of 2.99 eV (see table 6). However, as Ti** content continued to
increase beyond this point, the band gaps started to widen again.

This change in band gap behavior is also noticeable in the films spectral responses. At lower Ti%*
concentrations, the narrower band gaps allowed the material to absorb a broader range of wave-
lengths, resulting in more efficient light absorption. This widening of the range of 'efficient absorp-

tion' contributed to improved photoelectrochemical performance.

4.3.5.2 The width of the depletion zone

At the semiconductor/electrolyte interface, a depletion region is formed (see chapter 2). The shape of
this depletion zone (W) depends on carrier concentration (Np), flat band (V#), and applied potential

(V) via the formula:

2e,&,
eNp

w) = (V= Vpp)
In our samples, nitrogen doping and Ti** doping in TiO- can affect the distribution and concentration

of charge carriers that influences the width of the depletion zone with Ti* content.

Figure 4.21 displays the results of the study examining the relationship between the width of the
depletion zone, the photocurrent, and the content of nitrogen and Ti®* species in the film at a specific
potential of 0.4 V vs Ag/AgCl.

Except for the peculiar data point at 1.38% nitrogen and 10% Ti3* content, the width of the depletion
zone reaches its maximum value at 11% Ti%* content equivalent to 2.58% in nitrogen doping level.
At this Ti** concentration, the width of the depletion zone is 6 nm, which corresponds to 60% of the
film's thickness. Interestingly, for undoped TiO-, the width of the depletion zone is only 1 nm, repre-
senting 10% of the sample’s thickness.

The width of the depletion zone in the N-TiO film plays a crucial role in the photocurrent generation

and overall efficiency of charge carrier collection. A wider depletion zone provides a larger region
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for the separation and collection of electron-hole pairs generated under illumination, leading to an
increased photocurrent.

Moreover, the presence of vacancies in the material can contribute to an increased rate of carrier
recombination near the edges of the depletion region. When a charge carrier is created outside the
depletion layer, there is no electrical field to induce separation, leading to an increased likelihood of
recombination. This recombination process further diminishes the number of carriers available for

collection, ultimately reducing the photocurrent.
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Figure 4.21: Evolution of the depletion width and the photocurrent both at 0.4 V vs Ag/AgCl as a
function of the N/Ti ratio and Ti®* contents on the films.
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In the case of our films, the flat-band varies with the nitriding conditions, indicating a significant
potential energy difference between the bulk of the material and its surface. It suggests an accumula-
tion of electrons near the semiconductor surface. The presence of an electric field, can affect the
transport and collection of photo-generated charge carriers. This, in turn, can influence the overall
photocurrent of the photoelectrode. Figure 4.22 shows that there is an optimal range for the flat-band

potential, between -1.2 eV and -1.5 eV.

The width of the depletion zone, the charge concentration, the flat band, and the photocurrent in a
photoanode are correlated. Balancing the effects of nitrogen doping and oxygen vacancies is neces-

sary for optimizing the performance of the material (Figure 4.22).
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Figure 4.22: Electronic parameters of each sample and their resulted photocurrent.

4.3.5.3 Discussion and conclusions

The highest photocurrent is obtained for the sample grown under high kinetic energies (I-H-Ke) ni-
triding conditions, with a Ti** concentration of 9% (~2.38% N/Ti). Compared to undoped TiO2, the
photocurrent is multiplied by 2, and the effective bandgap is reduced from 3.05 eV to 2.99 eV, indi-
cating better absorption of visible light. This significative photocurrent enhancement is attributed to
the presence of Ti®* rather than to the nitrogen concentration, with an optimum of Ti®* content of
around 9%. The presence of Ti*" allows an increase of the depletion zone thickness, up to 50% of the

total film thickness. However, excessively high Ti®* concentrations have detrimental effects and will

200



Chapter IV | Nitrogen incorporation into TiO; epitaxial thin films

ultimately induce a phase change. Somehow, the modifications occurring in the sample due to N
doping appear as more important than the band gap reduction effect due to the N doping.

Extension of the light absorption from the ultraviolet (UV) region to the visible-light region may arise
from the N-2p levels near the valence band and from the active sites induced by the oxygen vacancies
and thus, the Ti®* species.

Interestingly, we find that there is a maximum amount of nitrogen that can be incorporated into a
sample. It may be determined by the presence of oxygen vacancies and Ti%* content. Therefore, the
presence and control of oxygen vacancies are crucial factors in determining the optimal nitrogen

doping conditions for achieving best properties in TiO2-based materials [50-Okato 2005].

Eventually, to compare the samples, it is more appropriate to focus on the concentration of Ti®* rather
than the doping N level.

4.4.6 Influence of the growth temperature: N-doped TiO2 single layer on Pt (111)
4.4.6.1 Crystalline characterization

To investigate the effect of the temperature, we studied the growth, by O&NPA-MBE, of a film syn-
thetized under I-L-Ke conditions with a substrate held at 550°C rather than 450°C. The growth process
was monitored in situ by RHEED (see figure 4.23).
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Figure 4.23: a Growth condition parameters for the synthesis of corundum N-TiO2/Pt(111) b
RHEED patterns along two particular azimuths the (10)*s and the (11)*s with the corresponding
integrated profiles at 0 and 180 min. ¢ a scheme of the film deposited Pt (111). d corresponding

surface reciprocal lattices, the elementary cell (in the reciprocal space) is also shown red square.
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By comparing figures 4.23b and 4.6, it is clear that the crystallographic structure of TiO> is different.
This is even clearer on the integrated profiles of the RHEED patterns (figure 4.23b). The disappear-
ance of the lines specific to rutile TiO2 and the appearance of a different integrated profile instead of
the expected rutile phase suggest that the film undergoes a transition to a different crystal structure,
which is identified as corundum Ti2Os. It is similar to Fe>O3/Pt(111) reported earlier [80-Magnan
2012]. Corundum refers to a crystal structure characterized by a hexagonal close-packed arrangement

of oxygen ions with metal ions occupying the interstitial sites.
4.3.6.2 Investigation of the right crystallographic structure: EXAFS measurement

To support this observation EXAFS spectra were recorded in normal and grazing incidences at room
temperature, on the SAMBA beamline at synchrotron SOLEIL. EXAFS data were analyzed accord-
ing to the approach detailed in 3.3.2. Figure 4.24 gives the experimental k®(k) EXAFS oscillations
spectra for N-TiO2 corundum. In an attempt to analyze the EXAFS spectra of our TiO> film, two
models were employed: a corundum structure and a rutile structure. The fitting results, depicted in
figure 4.28 and the parameter of fit indicated in table 7, reveal that the quality of fit was not satisfac-

tory. However, both models could adequately describe the observed structure.

Although, RHEED patterns clearly indicate the presence of a corundum-like structure strengthening

this interpretation.
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Figure 4.24: Raw (salmon lines) Ti K-edge k3¢(k) EXAFS data N-TiO2 corundum/Pt(111) (I-L-Ke¢) in

normal incidence (upper panel) and in grazing incidence (bottom panel) and fit of the data by FEFF

calculation assuming the rutile (100) structure with the bulk lattice parameter (gray lines) and co-

rundum (0001) with the bulk lattice parameter (black lines), with parameters indicated in Table 7

(best fit, black line).

The XANES and the pre-edge regions for the N-TiO2 corundum (I-L-Ke), are compared with undoped
TiO2 and N-TiOz rutile (I-H-Ke) on figure 4.25. The overall XANES shapes are different, meaning

that the synthesis at 550°C modifies the oxynitride structure and the overall titanium valence state.
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Figure 4.25: Experimental XANES spectra of three films; TiO2 rutie , N-TiO2 at I-H-Ke deposited at
450°C and N-TiO2 at I-L-Ke nitriding conditions deposited at 550°C, all samples are deposited on Pt
(112).

As a comparaison with the undoped TiOz film, we can see a shift of the XANES spectra toward lower
photon energies of about 0.7eV for the N-TiO2 ruile and an even larger one for the N-TiO2 corundum
(1.8eV). This result evidence that the valence state of titanium is not only Ti**, but also a mix of Ti**

and Ti%*, which is consistent with the XPS observations of the last section.

Sample Rfactor Oequatorial Oaxial Ti a (%) B (%)
Rutile 0.307 1.970 2.001 3.149 +0.3 -3.1
Corundum 0.324 1.977 2.013 2.705 +2 -6.1

Table 7: Structural Parameters (Distance, Dilatation Factors) obtained by EXAFS for N-TiO; at I-
L-Ke nitriding conditions deposited on Pt (111) at 550°C using rutile (100) and corundum (0001)

structures.
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4.3.6.3 Electronic environment

XPS spectra recorded on N-TiO2 corundum are shown in figure 4.26. The Ti3* feature, i.e. shoulder
among the Ti** peak (~457eV) is clearly more important in the N-TiOz corundum then in the N-TiO>
rutile. We estimate at 28% the Ti** ratio content in the film. Moreover, a second shoulder peak appears
at ~455eV and is attributed to a Ti%* contribution. From another side, the elevated temperature may
enhance the desorption of nitrogen atoms from the film, resulting in a reduction in the nitrogen doping
level at 2.46% and the XPS spectra, is now composed of only interstitial component (399eV). From

the valence band sprectrum, we can deduce the valence band edge: 2.14 eV.
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Figure 4.26: a Ti2p, b Ols, ¢ N1s,and d VB XPS spectra of nitrogen doped TiO2 corundum phase
deposed on Pt (111)
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4.3.6.4 Photoelectrochemical properties

Photocurrent results are represented in figure 4.27 considering the concentration of Ti** centers in all
synthetized samples. The optimal oxygen vacancies concentration (9%) from the photocurrent point
of view is reached for a temperature of 450°C for which the photocurrent is almost multiplied by two
with respect to the pure r-TiO, sample. For a higher growth temperature the photocurrent decreases,
which can be explained by a too large Ti** concentration which lowers the photocurrent (in the same

way than we noticed previously in 4.20) by introducing recombination centers in the structure.

1,6 L) l L) I L) l L) I L) l L) I L) l L) I L) l L) l L) l L) l L) l L) l
B Rutile phase Corundum phase i
() ° oo
141 o &0 ¢’ o (0ol — o .
o 0O O o oY% oo o
I © 00 00 O o Q@ O ]
12 | o . ° °© 000 g0 g0 o |
o 000 © Do o
£ - © 0000 © @ 0P el P o
S o ©°
q: 10 | °®°? (-] oo 6& oo° o® -
£ I o oo % e o O |
‘*—/> »-o OQ{,@ o0 o
%0’8 [ ° o® oﬂ%& ooo 7
S [ ® o 1
= 06 [ 4
o | x2 ]
e
o 04+ 4
£
(a o
0,2 —TIOZRutiIe/ Pt(111) -
0’0 1 | i | 1 | 1 | 1 1 | 1 | 1 | 1 | i | 1 l I | 1 '_
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Ti** (%)
Figure 4.27: Photocurrent density at 0.4V for as a function of the content of Ti* in the lattice of
studied samples
4.3.6.5 Discussion and conclusion

At high growth temperatures, a corundum-like Ti.Oz3 crystal phase is identified by RHEED suggesting
the presence of the corundum Ti,O3 phase, which contain solely Ti** ions. However, XPS analysis
shows that the majority of titanium ions have a valence state of Ti** (~69%). Additionally, the shift
in the Tik edge with respect to TiOz is 1.8eV, which is lower than the value observed for pure Ti.O3
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(3eV) [81-Leitzke 2018]. Based on these findings, it is believed that the actual crystal structure is
likely a combination or mixing of rutile and Ti.Ogz rather than a pure corundum Ti2O3 phase.

However, for our specific purpose to improve solar water splitting the pure rutile phase is the more
adequate. Moreover, operating at excessively high temperature of growth can lead to additionnal is-
sues. The elevated temperatures may enhance the desorption of nitrogen atoms from the film, result-
ing in a reduction in the nitrogen doping level. This can negatively affect the desired properties and

performance of the film.

Hence, to achieve the desired nitrogen doping level while maintaining the rutile phase, it is recom-

mended to work at a temperature not higher then 450°C.
4.4.7 Influence of water reaction

In order to get insight in the role of the surface chemistry of our samples we exposed the three samples
(undoped TiO2, N-TiO2 rutile at I-H-Ke, and N-TiO2 corundum at I-L-Ke) to a plasma oxygen clean-
ing treatment (60 minutes at 350°C under O plasma at 1.5tr), the photocurrent was measured once
again in the PEC cell. After this oxidizing treatment, the results of the photocurrent measurements
before and after the treatment are displayed in figure 4.28. For the three samples, a strong modifica-

tion of the photocurrent compared to the initial experiment is obtained.
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Figure 4.28: Evolution of the photocurrent at 0.4V vs Ag/AgCI before and after plasma O cleaning

process of doped and undoped films.

Furthermore, the concentration of Ti®* species obtained from the Ti-2p core levels analysis for each

sample has been evaluated and an equalization of this ratio (at 2%) is observed at the surface of each
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film after the plasma treatment (as shown in figure 4.29). Therefore, the plasma treatment has reoxi-
dized the reduced surfaces. The N doped surfaces now exhibit similar behavior to that of pure rutile

TiO2, which is the most stable film under the treatment conditions.

Additionally, our results demonstrate the importance of the surface state of the photoanode with re-

spect to oxidation.
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Figure 4.29: Comparison of the evolution of the Ti®* contribution in the Ti-2p core levels before and

after plasma O cleaning process of doped and undoped films.

These findings highlight the significant impact of the plasma oxygen cleaning treatment on the sur-
face properties and photocurrent behavior of the TiO> films. In order to further analyze these oxidized
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samples, we choose to study their electronic structure after reaction with water (in dark and under
light).

4.3.7.1 Experimental set-up of the reactor

Water plays an obvious and important role in the development and performance of photoanodes for
solar water splitting. The stability and corrosion resistance of the photoanode material in the presence
of water are crucial for long-term performance. Some materials may undergo corrosion or degradation
in the presence of water, leading to reduced efficiency and durability of the photoanode. Therefore,
in our lab we build up a reactor connected to the UHV set-up. In this reactor, it is possible to deposit
a pure liquid water drop on the sample surface, in dark or under a light source (a 405 nm LED) (as
shown figure 4.30). The drop is then evaporated (in dark or under light), and when no water is seen
anymore on the surface, the sample is transfered in situ in the XPS chamber to investigate the elec-
tronic structure. Therefore, this set-up allows to study the post mortem surface after water deposition

The experimental protocol consists of the following steps, repeated for each sample: After completing

each step, an XPS measurement is conducted.

o Cleaning with plasma: The sample is subjected to a cleaning process using plasma.

o Deposition of one pure drop of water: A single pure drop of water is deposited onto the sample
surface.

o Cleaning with plasma: Following the water deposition, another round of cleaning with plasma
is performed.

o Deposition of one pure drop of water under light: After the second plasma cleaning, a fresh
pure drop of water is deposited on the sample surface, but this time it is done under the pres-
ence of light.

o Deposition of one pure drop of water under light (without cleaning): This step is performed

on only one sample.

4.3.7.2 Model used for post mortem surface

XPS is used to measure the adsorption of both molecular water (H20) and dissociated water (OH) on
the post mortem surfaces, by analyzing the changes in the O-1s spectra. We took example of the
Anderson et al. model developed to calculate changes in the thickness of the oxide (Ox) and hydroxyl
(OH) layers based on the intensity ratios of OH/Ox obtained from in situ O-1s spectra [82-Anderson
1965]. This model is briefly depicted in figure 4.30.
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Model of the studied situation :

Q

B I [ H 2 0

— Sample
A D

080 | o
Q?Q?Qg 1

696969 } Thin film

OOO Substrat

~_____Water Source

Figure 4.30: a picture of the reactor set-up. b simplified scheme of the model studied

In this model (figure 4.30b), the system is represented as a series of separated and homogeneous
layers stacked on top of each other. A thin film covered of hydroxyls (OH) followed by layers of
adsorbed water (H20).

The thickness of the OH layer (ton) and the H2O layer (th20) is calculated using the following equa-
tions theorized by Aschaffenburg et al. [83- Aschaffenburg 2020]:

Equation (1):

IOH AOxNOx
ton = Ao | [1+_( )]
of or 1 IOx AOHNOH

Equation (2):
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I AN —ton
tho = /1H20 In ll N H20< oH!VoH >(1 N vy )l
low \Au,0Nm,0

In these equations, Aon and Anzo represent the inelastic mean free path, N is the density of oxygen for
the respective layers (OH, Ox, or H20) and I is the XPS intensity (for example lon is the intensity of
the hydroxyl layer). The model assumes however, a uniform distribution of layers. It does not take

into account surface morphology, surface termination, or the presence of isolated pockets or islands.

In the model, Now, is assumed to be equal to the volume density of lattice oxygen in the sample,
which is 46 nm=. Similarly, for the H-O layer, the number density Nx2o can be directly determined
from the bulk density, which is 33 nm™,

In the case of the OH layer, the situation becomes more complex as there is Ti(OH)4 formed at the
surface, but its density was unknown. One assumption is that the density of the OH layer on the (100)
surface is the same than the density on the (110) surface. In their reports Predota et al. and Zhang et
al, studied water on rutile (110) and demonstrate that the first water layer is located 3.8 A above the
surface, below which there is one monolayer of hydroxide. Assuming that we estimated Non = 46
nm-3 [84-Predota 2004, 85-zhang 2004].

4.3.7.3 Results and discussion

Figure 4.31 presents an example of the fitting results of the samples analyzed post mortem using XPS

after undergoing various conditions.

The main peak corresponds to bulk oxygen (Ox) in the TiO> lattice and is used as a reference for
binding energy (BE). The asymmetry in the Ox peak is fitted with an additional peak assigned at
Ox+1.1 eV for every sample and is considered as surface OH. The adsorption of OH is present even
after plasma treatment and increases under both water and light. After a drop of water, another peak
emerges, assigned at 2.4+0x eV, which is consistent with the presence of adsorbed molecular water.
The intensities of both OH and H>O peaks decrease after plasma cleaning and raise after water only,

under both water and illumination.
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Figure 4.31: Examples of O1s XPS fitting for N-TiO2 rutite/ Pt (111) (I-H-Ke) at select situation. The

color-coding is as follows: Ox, (red); OH, (purple); H20, (blue); raw data, green lines; background

black lines and envelopes, gray lines.

This model does not include an oxygen-containing carbon species; specifically carbonate (COs)

would have been possible. Previous studies have assigned oxygen-containing carbonate species to a
binding energy at ~532.7eV. The content of carbon has been determined by the intensity of C-1s with

respect to the O and is indicated on table 8. The C1s/O1s ratio is almost equivalent for each surfaces

containing water. Its effect is thus, expected to be the same for all samples.
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Sample: N-TiOz ryiite (I-H-Ke) C1s/0O1s
Plasma cleaned 14.43
Under a drop of water 30.55
Plasma cleaned after water 7.01
Under water and light 31.25
Under water and light twice 39.94

Table 8: Evolution of the C1s/O1s ratio and the FWHM of the Ox peak under every situation
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Figure 4.32: a Thickness of monolayers OH and b H20 of three films ; undoped TiO2, N-TiO2 Rutile
at I-H-Ke conditions and N-TiO2 corundum at I-L-Ke deposited on Pt (111) as a function of each
situation; plasma cleaned, under water, cleaned again and under water light on and two times. The
values are the cumulative result of the fitting analysis from the three experiments. The data are ana-
lyzed by the multilayer model.

Figure 4.32 presents the results of the multilayer model, indicating that even in UHV conditions, in
the absence of water and after plasma cleaning; a thin layer of hydroxyl is still present on the surface
of the samples. After cleaning, the OH layer appears to be thicker in N-TiO; rutile phase compared

to the other films. This hydroxyl layer appears to be even harder to remove by plasma oxygen in case
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of nitrogen-doped samples. However, by comparing with the other samples, the corundum surface

exhibits lower water absorption.

In contrast to the photocurrent results in figure 4.27, these films display different behaviors when
exposed to water alone or water and light simultaneously. Although the three films have almost the
same thickness of water when a drop is deposited in dark, the thickness is different when the drop is
deposited with light. We note, that the films have now the same photocurrent (see figure 4.26). De-
spite having similar oxidized surfaces after plasma treatment, the volume properties associated with

doping and crystallographic structure remain unchanged.

Furthermore, it is obvious that the N-TiO> rutile phase exhibits the highest hydrophilicity among the
TiO surfaces. The absorption of water by the TiO films is influenced by light (see figure 4.32a).
When the doped surfaces are illuminated, they become more hydrophilic, indicating that light en-
hances the interaction between water molecules and the film surface. Notably, the presence of nitro-
gen in the bulk of the film enhances light absorption, particularly in the visible range and at a wave-

length of 405 nm, making light-induced modulation more effective for water absorption.

a . b

oot N-TiO,_ /Pt (111) (I-H-K) Nis
NTIO, e PL(111) (1FHK) Tizp Plasma cleaned !
Plasma cleaned
EIMAIALJLLL,_J.LJL_,A F
‘T\“TWWN'W' T
" 1 " 1 N | n 1 " 1 N 1 N " 1 1 1 1
Under water Under water
2 >
3 g
= £ i

M

Iy
My

II“I:‘;‘ \‘"‘JI\E’;"V ."u ) 1
I

Under water and light

468 466 464 462 460 458 456 454 403 402 401 400 399 398 397 396
Binding Energy (eV) Binding Energy (eV)

Figure 4.33: Ti-2p and N-1s core levels of N-TiOz rutile /Pt (111) (I1-H-Ke) during the reactivity with
water and light study

Although, based on the results obtained from the measurement of Ti-2p and N-1s core levels in each
material under the different conditions during the reactivity study under water and light. It can be
concluded that no significant changes were observed in the electronic structure of Ti and N during

the water reaction process (see figure 4.33).
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In summary, the plasma oxygen cleaning treatment led to surface oxidation, causing the surfaces to
exhibit similar behavior. The primary factor influencing the photocurrent was found to be the surface
concentration of Ti%*, rather than the volume properties associated with doping or the crystallographic
structure of the samples. Therefore, the objective was to optimize N-TiO rutile thin films with an
appropriate Ti** concentration of 9% without the need for reoxidation, in order to achieve the highest
photocurrent. Moreover, light was observed to modulate water absorption by increasing the hydro-
philicity of the surfaces.

4.4 General summary

In this chapter, at the same growth temperature, pure and nitrogen doped TiO. were found to have
the same rutile (100) crystallographic structure. However, in the Ti-2p core level XPS spectra of the
N doped samples, the presence of the Ti3* feature induced by the reduction of Ti*" into Ti*" is linked
to charge balance restoring due to oxygen vacancies. Such single crystalline samples deposited on
non-oxide substrates proved advantageous as model systems, enabling the independent study of the
effects of N-doping on the photoelectrochemical properties without the oxygen diffusion from the

substrate.

According to the experimental results obtained, the enhancement in photocurrent density is attributed
to the contributions of localized nitrogen states and oxygen vacancy (i.e. concentration of Ti** spe-
cies). Furthermore, this observation enables us to provide a comprehensive understanding of their
influences in factors related to the morphology, the crystalline structure, the intrinsic transport prop-

erties and the overall photoelectrochemical properties:

-We evidence by EXAFS that N incorporation induces a distortion of the oxygen octahedron without
significant structural modifications. Nevertheless, the high content of Ti%* in the material leads to

pronounced anisotropy that can affect the properties of the film.

- For N-doping levels outside the optimum range, specifically beyond the optimal 9% Ti®** content
(~2.38% N/Ti), we observed similar trends in various photoelectrochemical parameters. The photoe-
lectrochemical band gaps exhibit a narrowing effect when the Ti%* content was below 9%, reaching a
minimum value of 2.99 eV before increasing again with further doping. The range of wavelengths
for 'efficient absorption' expanded until the Ti%* content exceeded this optimal range. Similarly, the
flat bands and the width of the depletion zones showed the same pattern, which causes a larger band
bending at the surface. Consequently, the recombination of electron-hole pairs is hindered. This effect

can thus contribute to the improvement of photoelectrochemical properties. Nonetheless, at a certain
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point, the number of oxygen vacancies can act as recombination centers where charge carriers (elec-

trons and holes) recombine instead of participating in the desired photoelectrochemical reactions.

- In the second set of samples, we observed a phase transition from rutile to corundum at higher
temperature. Interestingly, the N doping level remained relatively constant at approximately 2.46%
with respect to Ti. However, the Ti%* content increases significantly up to 28%. The higher concen-
tration of Ti®* ions introduces a substantial number of vacancies, leading to an increase in crystallo-
graphic defects within the material. The presence of such a high number of vacancies and crystallo-
graphic defects has detrimental effects on the material's electrical conductivity. As a result, the pho-

tocurrent density of these samples was adversely affected, leading to poorer performance.

-The reactivity study conducted with our reactor setup in UHV conditions, combined with water and
controlled light illumination, highlights the stability of the pure TiO> rutile configurations compared
to doped samples against the plasma oxidation process. Therefore, further investigation focusing on
developing the optimal nitrogen doping conditions to enhance the performance of solar water splitting

while also aiming to create a stable and water-resistant structure is required.

Nitrogen doping is a very powerful degree of freedom for tuning the electrical properties of TiO>, as
well as its crystallographic structure. However, these results suggest that simply increasing the dura-
tion or quantity of nitrogen incorporation may not necessarily lead to the desired effects or improved
performance. It seem more important to carefully consider the optimal conditions and parameters for
nitrogen doping to achieve an optimal number of Ti%* centers at the surface and thus the desired

photoelectrochemical properties.
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In the realm of solar energy-driven alternative fuel production, photoelectrochemical (PEC)
technology emerges as a sustainable solution leveraging solar energy to generate clean energy
vector: hydrogen. Nonetheless, oxide-based photoanodes, particularly TiO2 and BaTiOs3, face
limitations such as limited solar photon absorption and poor charge separation, which impede
their conversion efficiency.

To address these challenges, this thesis proposed the use of oxynitrides for solar water splitting,
which theoretically exhibit stronger sensitivity to visible light and suitable band edge positions
for water redox reactions. However, the practical application of oxynitrides has been hindered
by poor photochemical activity attributed to high defect concentrations.

Herein, a novel approach consists in preparing epitaxial thin films of oxynitrides under ultra-
high vacuum conditions by molecular beam epitaxy assisted by both oxygen and nitrogen
plasma sources. This method allows the independent study of individual parameters, unlike
chemical methods that may introduce multiple factors affecting the crystalline and electronic
structure. On model samples, we explored the influence of nitrogen doping along with the
calibration of a hybrid nitrogen ECR plasma source. The calibration process involved
establishing a relationship between the nature of the species contained in the flow (atoms/ions),
the flow rate and the level of N incorporation in the films. This critical step ensured reliable and
reproducible experimental results

In a first attempt to elaborate oxynitrides epitaxial films, films were deposited on an oxide
substrate using only a nitrogen atomic plasma source, resulting in TiOxNxi epitaxial films with
a narrower band gap (3.31 eV) as compared to TiN (3.4 eV). We were also able to improve
visible light absorption of BaTiOz even with modest N doping levels (~3.8% with respect to Ti)
and improved the PEC photocurrent to up to 63% with respect to undoped BaTiOa.

In spite of the deposition technique, oxygen was always detected in the deposits. This is
attributed to titanium and barium strong affinity to oxygen. There are two primary sources
contributing to the presence of oxygen in the film. Firstly, oxygen diffuses into the film from
the SrTiO3 substrate through a self-diffusion process. Secondly, when the film is exposed to
air, oxidation can occur on its surface. The oxidation of the surface is observed only for the
TiOxNx1x film, the N doped BaTiO3z one remaining stable in air. However, for the TiOxNx1-x
film, the quantity of oxygen in the film is influenced by its thickness, and it remains uncertain
whether the distribution of oxygen is uniform across the entire film.

Subsequently, this method of deposition limits the number of nitrogen atoms that can be
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introduced in the crystal structure. Therefore, we demonstrated that the co-doping of BaTiO3
with tantalum allows to overcome the limitations of nitrogen incorporation even though the
modification leads to poor crystallinity.

In chapter 4, we found that among the various N doped TiO: phases, the rutile phase is the most
favorable phase for photoanodes. The photocurrentincreased by a factor of two after the
introduction of nitrogen and oxygen vacancies. This incorporation of N atoms is accompanied
by the creation of oxygen vacancies and conversely to Ti* species. When the concentration of
Ti®" becomes too large, the film undergoes a crystallographic structure modification (distortion
of the oxygen octahedron) and adopts a corundum structure, as it was seen by RHEED and
EXAFS.

Investigating films deposited on a non-oxide substrate of Pt(111) using both atomic oxygen and
hybrid nitrogen plasma sources made possible the study of the effects of the N-doping level
independently with the Ti®* content. We evidenced that the paramount parameter for
understanding the crystallographic structure and properties is the content of Ti**. The amount
of nitrogen doping has a lesser effect in comparison. Among the different films studied, the film
with 9% Ti®* content (and N/Ti ratio of 2.38 at.%) exhibited the best performance for
photoelectrolysis. In this film, the width of the depletion zone extended to up to 40% of the
film’s total thickness. This wider depletion zone allowed for effective charge separation and
photoelectrochemical efficiency. For higher Ti** content, the width of the depletion zone
increased up to 60% of the film thickness. Although, this increase in oxygen vacancies, act as
detrimental recombination centers, ultimately reducing the photocurrent generated by the
photoanode.

Surface reoxidation by oxygen plasma treatment alters also the photocurrent without affecting
volume properties. Pure TiO rutile demonstrated excellent resistance to plasma oxidation
process. Further investigation aiming to create a stable and water-resistant N doped structure is
desirable.

Doping is an influential parameter for tailoring the electrical properties and crystallographic
structure of N doped BaTiOs and TiO>. Since the amount of nitrogen incorporated in the lattices
remains low, we tried other methods to elaborate oxynitrides. Such as annealing TiN films
under air or forming heterojunction with double layers of, for example, both TiO. and TiN.
However, these methods produced heterogeneous films with an overall TiOxNy composition
hard to characterize.

This study focused on the use of Nb:SrTiOs and Pt (111) substrates, another path would be to
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use different substrates and different substrate orientations to provide insights about the
influence of the crystallographic structure and orientation of oxynitrides in PEC applications.
Another avenue of investigation is the use of the influence of ferroelectricity on charge carrier
dynamics and structure-performance relationships in solar energy conversion. The LNO
(Laboratoire Nano-Magnétisme et Oxydes) team has previously published research indicating
that downward polarization in BaTiOs is beneficial for photoelectrolysis applications.
However, the specific influence of charge compensation and nitrogen content on the
photoelectrochemical properties of BaTiO3z remains unknown.

Finally, to further enhance the nitrogen content in epitaxial oxynitrides, co-doping could be a
promising approach. However, achieving the desired N content in epitaxial oxynitrides through
co-doping will require additional experimental work to identify the appropriate growth

conditions.
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L'épuisement des réserves de combustibles fossiles et la pollution de I'environnement que leur
combustion provoque ont incité a une course aux ressources alternatives d'énergie verte et
renouvelable. Le fractionnement photoélectrochimique de I'eau a I'aide de semi-conducteurs est
une solution prometteuse. Ce processus exploite I'énergie solaire abondante pour fractionner les
molécules d'eau et générer de I'hydrogéne comme vecteur d'énergie propre, exempte

d'émissions de dioxyde de carbone lors de son utilisation.

Pour utiliser I'énergie solaire dans la production d'hydrogéne par photoélectrolyse, nous
utilisons dans cette étude une cellule photoélectrochimique (PEC) comprenant généralement
trois électrodes : une électrode photoactive de travail (WE) (photoanode ou photocathode,
parfois les deux) composé d’un semi-conducteur qui absorbe I'énergie solaire pour générer des
porteurs de charge photoexcités. Ces porteurs de charge peuvent ensuite se transférer vers
I'électrolyte aqueux (NaOH dans notre cas) pour entrainer des réactions chimiques, telles que
I'oxydation ou la réduction de I'eau, une contre-électrode (CE) (un matériau metallique, par
exemple), et une électrode de référence (RE) pour observer les demi-réactions dans la cellule.
En général, le réacteur de la cellule est soit transparent a la lumiére, soit comprend une fenétre
optique permettant a l'irradiation d'atteindre la photoélectrode, dans ce cas, une fenétre en quartz

perméable a la lumiére visible.

Le schéma suivant illustre le principe de base d'une cellule PEC :
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Dans la quéte d'une séparation efficace de I'eau, les films minces a base d'oxyde ont attiré
I'attention en tant que photoanodes. Nombre de ces films offrent des avantages tels que
I'abondance, la non-toxicité et le faible colt. Cependant, leurs performances sont encore

limitées en raison de divers facteurs.

Pour surmonter ces limitations, des progrés significatifs dans les performances des matériaux
photoactifs sont nécessaires. Les oxydes conventionnels sont confrontés a des défis tels qu'une
absorption limitée des photons solaires et une mauvaise séparation des charges, qui entravent
leur efficacité de conversion. Des recherches récentes ont mis en évidence certains nitrures en
tant que semi-conducteurs a faible gap avec d'excellentes propriétés d'absorption et d'émission
dans le spectre visible. Cependant, ces nitrures sont tres sensibles a la corrosion en milieu
aqueux. Pour surmonter ces limitations, l'utilisation d'oxynitrures dans le fractionnement
photoélectrochimique de l'eau est apparue comme une approche prometteuse. Ces dernieres
années, les chercheurs se sont tournés vers les oxynitrures a structure pérovskite, en particulier
des composés comme AMOsxNx (A = La, Ca, Sr, Ba ; M = Ti, Nb et Ta), comme
photoélectrodes potentielles pour la photoélectrolyse de I'eau. Ces oxynitrures présentent une
forte sensibilité a la lumiere visible et possedent des positions de bord de bande de
conduction/valence adéquates par rapport aux niveaux de redox de l'eau. Cependant,
expérimentalement, malgré leurs propriétés favorables, ces composés présentent souvent de
mauvaises activités photochimiques. Cela peut étre attribué a des concentrations élevées de
défauts et a des conditions de surface inappropriées pour les réactions de I'eau, qui restent des

défis importants dans ce domaine.

La production d’oxynitrures sous forme de films minces épitaxiés apparait ainsi, comme une
méthode prometteuse pour diminuer ces défauts. Dés lors que les méthodes traditionnelles de
chimie a I'état solide impliquent la nitruration a haute température de poudres d'oxydes, ce qui
donne des poudres oxynitrures difficiles a traiter. La nitruration est thermodynamiquement
moins favorable par rapport a I'oxydation. Dans cette thése, les films minces épitaxiés sont
préparés en utilisant [I'épitaxie par jets moléculaire et un plasma hybride d'azote
atomique/ionique pour fournir l'azote nécessaire a la croissance des films épitaxiés dopés en N.
Plus précisément, durant cette étude, nous étudions l'influence du dopage en N sur la structure
cristalline, la structure électronique et les propriétés de photoanode pour la photoélectrolyse de

I'eau.
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Tout d'abord, les premiers films ont été déposés sur un substrat oxyde en utilisant un plasma
atomique d'azote seul. Dans ces films, 1’oxygeéne provient alors du substrat et nous avons
fabriqué des films épitaxiés de TiOxNy et de BaTiOz dopés N (3.8 %). Une étude comparative
avec des films non dopés de BaTiOs d'une épaisseur identique fabriqués a l'aide d'un plasma
d'oxygeéne atomique montre que le dopage en N dans N : BaTiOs3 est auto-limitant en raison de
I'incorporation de lacunes d'oxygeéne, assurant ainsi la neutralité de charge. Malgré, des niveaux
de dopage faible, la structure électronique du matériau subit des modifications substantielles,

améliorant I'absorption du spectre lumineux.

En s'appuyant sur les résultats de I'étude précédente, ce travail présente également des résultats
préliminaires concernant le co-dopage de BaTiOz a l'aide d’atome de tantale (Ta) dans le but
d’améliorer les performances photoélectrochimiques pour la photoélectrolyse de 1'eau.

En introduisant du Ta dans le site B de N-BaTiOz (BaTaxTi1-xO3xNx) et méme en I'absence de
cristallinité, la présence de Ta dans la structure présente plusieurs effets positifs. 1l réduit les
centres Ti** en Ti%*, crée des lacunes d'oxygéne et permet un niveau de dopage en azote plus

élevé.

La seconde partie, concerne ensuite, des films épitaxiés de TiO2 dopé N, déposés sur du Pt(111)
en utilisant a la fois un plasma d’oxygéne atomique et un plasma d’azote. Nous avons montré
qu’en changeant le taux d’ions d’azote et la température du substrat, on élabore des films minces
de TiO2 dopés N (~2.5%) de deux structures cristallographiques différentes : une structure
quasi-rutile et une structure corindon. D’autre part, nous avons montré que le taux de Ti**
influencait fortement les performances en photoélectrolyse. Le meilleur résultat est obtenu pour
un film de structure quasi-rutile contenant 9 % de Ti®*, avec un photocourant deux fois plus
important que celui du TiO> rutile non dopé. La présence d'états Ti-3d, correspondant a la
réduction de Ti*" en Ti®**, conduit a la formation d'états de défauts peu profonds qui peuvent
piéger les trous benéfiques pour les processus de photoelectrolyse, et permet une meilleure
séparation de charge. Cependant, des lors que la surface est réoxidée, par exemple, par un
traitement au plasma d’oxygene, la surface adopte un comportement similaire a celle du TiO2

entrainant ainsi un photocourant différent sans toutefois, modifier les propriétés de volume.

Pour relever les défis de I'obtention d'une structure de réseau plus stable pour les réactions

d'oxydation de l'eau, des efforts supplémentaires de recherche et développement sont
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nécessaires. Ces efforts impliquent un contréle minutieux des conditions de croissance et une

optimisation de la composition des films.

En résumé, en étudiant les composés d’oxydes dopés N en couches minces épitaxiées, nous
visons a repousser les limites de la photoélectrolyse de I'eau et a rechercher des rendements de
conversion plus éleveés. Le développement de photoanodes oxynitrures efficaces et stables peut
potentiellement révolutionner le domaine des énergies renouvelables. Ces composés, avec leurs
propriétés électroniques et optiques uniques, offrent une voie pour surmonter les limites des
oxydes traditionnels en termes de stabilité chimique et de performance. En exploitant les
excellentes propriétés d'absorption de certains nitrures et en les combinant avec la stabilité et la
résistance a la corrosion des oxydes, on vise a créer des matériaux capables d'exploiter
efficacement I'énergie solaire pour le fractionnement des molécules I'eau.

Ainsi, I'objectif de cette these était d'examiner ces matériaux en étudiant un parametre a la fois,
ce qui la distingue des études traditionnelles en chimie du solide qui traitent de multiples

parametres simultanément.
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Le combat vous a été prescrit alors qu il vous est désagréable. Or, il se peut que
P q g peut q

vous ayez de ['aversion pour une chose alors qu elle vous est un bien. Et il se

peut que vous aimiez une chose alors qu ‘elle vous est mauvaise. C'est Allah qui

sait, alors gue vous ne savez pas

450 urate Al-Bagara: 21 6)'
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