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Résumé

La formation d’oxydes bidimensionels de structures quasicristallines ou approxi-
mants a été rapportée récemment. Ces phases complexes sont obtenues par ré-
duction de films de pérovskites BaTiO3 ou SrTiO3 déposés sur des monocristaux de
Pt(111). Elles représentent une nouvelle famille d’oxydes ultra-minces supportés
par des métaux, ainsi qu'une nouvelle classe de materiaux quasipériodiques, avec
potentiellement de nouvelles proprietés physico-chimiques qui restent a explorer.
Ici, nous utilisons une approche d’empilement de couches minces dans laquelle le
monocristal est remplacé par une couche tampon de Pt(111), déposée par épitaxie
par jet moléculaire (MBE) sur un substrat d’Al»03(0001). Un film ultra-mince de
SrTiO3 a ensuite été déposé par dépot laser pulsé (PLD). Lempilement de films est
entierement caractérisé par des techniques de diffraction (LEED, RHEED, XRD), de
microscopie (STM, Nano-SAM, TEM) et de spectroscopie (XPS, AES). Nous rappor-
tons la découverte de trois nouveaux approximants obtenus par réduction de ce
systeme par recuit a haute température dans des conditions de vide poussé (UHV).
Ces phases peuvent étre décrites par trois pavages différents construits avec des
éléments du pavage de Niizeki-Gédhler (NGT). Un modele atomique déterminé par
des calculs ab initio (DFT), en accord avec les observations expérimentales, est pro-
posé. Cette approche en couche mince peut étre utile pour explorer la formation de
phases d’oxyde 2D complexes dans d’autres combinaisons métal-oxyde.
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Abstract

The formation of two-dimensional oxides with quasicrystalline or approximant struc-
tures has recently been reported. These complex phases are obtained by reduction
of BaTiO3 or SrTiO3 perovskite films deposited on single crystals of Pt(111). They
represent a new family of ultra-thin oxides supported on metals, as well as a new
class of quasiperiodic materials, with potentially new physicochemical properties
that remain to be explored. Here we use a thin film stacking approach in which
the single crystal is replaced by a Pt(111) buffer layer, deposited by molecular beam
epitaxy (MBE) on an Al,03(0001) substrate. An ultra-thin film of SrTiO3 was then
deposited by pulsed laser deposition (PLD). The film stack is fully characterized by
diffraction (LEED, RHEED, XRD), microscopy (STM, TEM, Nano-SAM) and spec-
troscopy (XPS, AES) techniques. We report the discovery of three novel approxi-
mants obtained by reducing this system by annealing at high temperature under
high vacuum (UHV) conditions. These phases can be described by three different
tilings constructed with the Niizeki-Géhler tiling elements (NGT). An atomic model
studied by ab initio calculations (DFT), in agreement with the experimental obser-
vations, is proposed. This thin-film approach can be useful for exploring the for-
mation of complex 2D oxide phases in other metal-oxide combinations.
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Synthese

Cette synthese constitue un résumé étendu des travaux de theése réalisés a I'institut
Jean Lamour. Apres une breve introduction, les objectifs généraux de la thése sont
exposés ainsi que les principales méthodes expérimentales et théoriques utilisées.
Dans une deuxieme partie, nous présentons les principaux résulats obtenus tout au
long de la these. Les conclusions et perspectives feront ’objet de la derniere partie.

Introduction

Au cours des deux dernieres décennies, de grands progres ont été réalisés dans le
domaine de la fabrication, la caractérisation et la modélisation théorique de films
d’oxyde ultrafins (UTOx) supportés par des métaux. Dans la limite bidimension-
nelle (2D), les UTOx peuvent présenter des structures atomiques et électroniques
qui different de celles des oxydes massifs. La structure et les propriétés physiques
des UTOx sont fortement influencées par les interactions a l'interface oxyde/métal.
Ils peuvent présenter des propriétés remarquables comme par exemple la présence
d’'un gaz d’électron 2D confiné al'interface oxyde/meétal [1]. De nombreuses phases
d’oxydes 2D ont été élaborés sur différentes surfaces métalliques et présentent des
structures atomiques qui n'ont pas d’équivalents en volume [1, 2]. Il s’agit d'une
nouvelle classe de matériaux 2D. La compréhension des regles fondamentales gui-
dant la formation des UTOx et les relations entre leurs structures atomiques locales
et leurs propriétés physico-chimiques font toujours I'objet de recherches actives.

Ces matériaux 2D peuvent étre décrits le plus souvent a partir de motifs struc-
turaux constitués de tuiles élémentaires telles que des carrés ou des triangles, aux-
quelles sont associées une décoration chimique, par exemple MO4 et MO3 (M : un
métal, O : oxygene). Ces tuiles peuvent étre assemblées pour paver le plan de diffé-
rentes manieres formant des structures de complexité variable [1]. Pour une combi-
naison métal/oxyde donnée, différents motifs structuraux peurent étre formés avec
une stecechiométrie, des parametres de réseau, un état de charge et des relations épi-
taxiales particulieres avec le substrat [1].

Parmi ces oxydes 2D dont la structure n’a pas d’équivalent en volume, la dé-
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Synthese

couverte d’oxydes quasicristallins (OQC) bidimensionnels en 2013 par Forster et al.
représente certainement une forme de complexité ultime [3]. Ces nouvelles phases
quasicristalline se forment a partir de films minces d’oxydes ternaires épitaxiées sur
un substrat métallique d’orientation (111). Leurs structures peuvent étre décrites
par un assemblage de tuiles élémentaires comprenant des carrés, des triangles et
des losanges d’angle au sommet égal a 30°. En 2013, Forster et. al. ont observé la
formation d’'un OQC 2D a partir d'un film mince de BaTiO3 déposés par épitaxie
sur un substrat monocristallin de Pt(111) [3]. Quatre ans plus tard, Schenk et. al. ont
reporté la formation d'un OQC al'interface d'un film mince de SrTiO3 épitaxié éga-
lement sur un substrat de Pt orienté (111) [4], démontrant que la formation d’OQC
pouvait étre étendue a différentes combinaisons oxydes/métaux. Ces découvertes
ont fait émerger un nouveau champ de recherche, a 'interface entre le domaine
des matériaux apériodiques et celui des oxydes ultraminces. Les OQC de symétrie
dodécagonale observés coexistent fréquemment avec des phases périodiques dites
"approximantes", c’est-a-dire des phases a grande maille présentant un ordre local
similaire a celui présent dans les phases quasicristallines [5]. Lexistence de phases
approximantes est intéressante, car la périodicité retrouvée permet d’utiliser les ou-
tils de la physique des solides. En particulier, il est possible d’effectuer des calculs
ab initio a partir de modeles de structure atomique, ce qui est une étape importante
vers la compréhension de toutes les structures observées [6, 7]. Jusqu’'a présent, ces
structures ont été trouvées a partir de deux pérovskites elaborées sur un substrat de
Pt. De plus, au début de cette thése, seules deux combinaisons oxyde/métal avaient
été explorées : BaTiO3/Pt(111) et SrTiO3/Pt(111). Au cours des trois dernieres an-
nées, des approximants OQC ont été trouvés dans d’autres systémes, tels que
BaTiO3/Ru(0001) et BaTiO3/Pd(111) [8, 9]. Il existe un grand nombre de combinai-
sons d’oxydes ternaires supportés sur des métaux et force est de constaté que seul
un tres petit nombre de ces combinaisons a été étudié jusqu’a présent.

Cesidées ont motivé les études de cette these dans le cadre du projet OXYQUASI,
ol ces nouveaux concepts fascinants d’oxydes apériodiques a la limite 2D sont étu-
diés. OXYQUASI poursuit trois grands objectifs généraux. Tout d’abord, la compré-
hension des phénomenes impliqués lors de la croissance de couches minces d’oxydes
sur les métaux (i.e. étude de la liaison chimique et des contraintes aux interfaces)
qui favorisent I'apparition de la quasicristallinité. Deuxiémement, la synthese d'un
ensemble de nouveaux OQC avec des propriétés adaptables en utilisant une ap-
proche d’empilement de couches minces (o1 le métal n’est pas un substrat mono-
cristallin mais une couche tampon épitaxiée) élargissant la famille des OQC. Troi-
siemement, la caractérisation des propriétés des OQC 2D (par exemple, les proprié-
tés électroniques, magnétiques, catalytiques et de mouillage, ou la possibilité de
les utiliser comme patron pour le "nanopatterning"). L'objectif principal de cette
thése est de progresser dans la synthese d'un OQC par empilement de films, com-
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binant des techniques de croissance épitaxiale et de caractérisation de surface. La
procédure générale est la suivante : d’abord, un film mince de Pt(111) est épitaxié
sur un substrat de saphire «-Al,03(0001) par épitaxie par jet moléculaire (MBE).
Par la suite, un film mince de SrTiO3 est déposé par dépot laser pulsé (PLD). Les
différentes étapes du processus de croissance sont suivies par diffraction des élec-
trons de haute énergie en incidence rasante (RHEED). La spectroscopie de photoé-
mission induite par rayon X (XPS) et la microscopie électronique a balayage Auger
(Auger Nano-SEM) sont utilisées pour caractériser la composition chimique de la
surface. Des mesures de diffraction des rayons X ont également été prises pour dé-
terminer les relations épitaxiales de '’empilement de couches De plus, des études
de microscopie électronique a transmission en haute résolution (HRTEM) ont été
réalisées en collaboration avec I'institut JoZef Stefan de Ljubljana en Slovénie pour
étudier '’empilement des couches.

Ces empilements seront ensuite étudiés au cours de cycles de traitement d’oxydo-
réduction (comme indiqué dans la réf. [10]) ou differentes phases UTOx pourront
étre formés. La complexité de ce projet réside dans les conditions expérimentales
difficiles nécessaires a la formation de structures 2D apériodiques dans ces sys-
temes, par exemple les hautes températures (>800°C) et les basses pressions (< 1078
mbar). Apres la procédure de recuit, la surface résultante est étudiée par diffraction
d’électrons a basse énergie (LEED), microscopie a effet tunnel (STM) et XPS.

Croissance de SrTiO3/(Ti)/Pt(111)//x-Al,03(0001)

La premiere étude présentée dans ce manuscrit s'intéresse a la croissance de films
minces de SrTiO3 sur une surface de Pt(111)//a-Al,03(0001) par un empilement
de couches minces. En particulier, nous souhaitons étudier les contraintes d’inter-
face qui pouvent conduire le film d’oxyde a former des structures apériodiques a
I’approche de la limite 2D [11]. Nous avons choisi une approche d’empilement de
couches minces (au lieu d’utiliser des substrats métalliques monocristallins [12, 13,
3, 4]) car elle permet I'exploration de différentes combinaisons oxyde/métal, si des
matériaux avec de petits écarts de parametres de maille sont trouvés. Ainsi, des ma-
tériaux aux propriétés adaptables pourraient étre synthétisés. Pour tester cette mé-
thode nous avons décidé de partir d'une combinaison déja étudiée : SrTiO3/Pt(111)
[4]. Ici, des couches minces (de 0,4 a 30 nm) de SrTiO3 ont été déposées par PLD sur
une couche de 10 nm de Pt(111). Dans certains cas, nous avons rajouté 1 nm de Ti
dans le but de créer une solution solide avec le Pt, avec un parametre de maille 1ége-
rement différent, et donc moduler les contraintes interfaciales. Les métaux ont été
déposés par MBE sur un substrat o-Al,O3(0001).

Les clichés RHEED enregistrés a température ambiante (RT) apresle dépotde 10
nm de Pt sur un substrat a-Al,O3(0001) a une temperature de surface de 400°C (Th:
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Synthese

température mesurée avec un thermocouple), présentent des tiges de troncature
allongées et fines indiquant une surface lisse. De plus, le méme cliché est répété
tous les 60° confirmant une symétrie de surface d’ordre six du film mince.

Les mesures de diffraction des rayons X a haute résolution (HRXRD) w—-2% du
film de 10 nm de Pt elaboré sur un substrat de a-AlpO3(0001) révelent les réflexions
du substrat ainsi que les réflexions hhh de Pt. Aucune réflexion provenant d’autres
plans n’est présente, ce qui indique que le Pt est bien orienté (111). Les oscillations
de Laue autour des pics du Pt indiquent une bonne cristallinité et une haute qualité
d’interface et de surface. Le ¢-scan du film de Pt et du substrat montrent six pics
séparés de 60° pour le substrat et le film, ce qui met en évidence la symétrie six et de
la croissance épitaxiale du Pt(111) sur le substrat. Apres la croissance de la couche
tampon, les échantillons seront exposés a des températures élevées : > 800°C lors de
la préparation du film SrTiO3 et ~ 1000°C lors du traitement thermique nécessaire a
I'obtention d'un UTOx. Les caractérisations par nano-microscopie Auger a balayage
(Nano-SAM) et spectroscopie d’électrons Auger (AES) ont montré que le recuit du
film de 10 nm Pt(111) déposé sur a-Alo03(0001) a des températures supérieures a
600°C (Tpyro : Température mesurée avec un pyrométre bichromatique) pourrait
conduire a un démouillage localisé du film, mais la majeure partie de la surface
reste couverte par la couche tampon de Pt, cela semble acceptable pour le dépot
ultérieur de films minces SrTiO3 et 'obtention de phases UTOx/métal par recuit a
haute température.

A la naissance du projet, nous avions supposé qu'’il était important de favori-
ser |'épitaxie (111) du SrTiO3 sur Pt(111) pour 'obtention de phases UTOx. Pour
cette raison, et d’apres les résultats de la littérature sur le sujet qui indiquent que
le dépot de 1 a 3 nm de Ti supplémentaire avant ou apres la croissance de Pt sur
a-Al»03(0001) favorise la croissance de films de SrTiO3 orientés (111) [14, 15], nous
avons deposé par MBE sur certains échantillons une couche d'un nm de Ti sur le
film de Pt. L'évolution chimique de la couche tampon Ti/Pt lors du recuit a été étu-
diée par XPS. Des spectres a différentes températures, de RT jusqu’a 500°C (Th) ont
été obtenus pour certain niveaux de cceur. La relation entre I'aire du pic de Ti 2p3/»
et Pt 4dg/, par rapport a la température montre qu’a des températures supérieures
a 250°C un processus d’interdiffusion de Ti dans Pt a lieu.

L'évolution structurale de la couche tampon lors du recuit a été étudiée égale-
ment par RHEED et XRD. La figure montre les clichés RHEED pris a différentes tem-
pératures pendant le recuit de RT jusqu’a 1050°C (mesure Th équivalente a 875°C
prro). Juste apres le dépot de Ti, les clichés RHEED mettent en évidence une faible
qualité de surface. Pendant le recuit, les clichés présentent des tiges de troncatures
plus fines répétées tous les 60°, confirmant une symétrie de surface d’ordre six épi-
taxié sur le film de Pt. Des tiges de diffraction supplémentaires sont présentes a des
températures comprises entre 530°C et 820°C (Th). Apres un recuit a plus haute

xvi



température, une amélioration de la cristallinité de surface de la couche Ti/Pt est
observée, conduisant a des clichés de diffraction trés nets. De plus, les réflexions
supplémentaires ne sont pas présentes apres 900°C conduisant uniquement a des
tiges situées approximativement aux mémes positions que celles du cliché de dif-
fraction du film de Pt. Ceux-ci pourraient s’expliquer par la formation possible d'un
alliage Pt-Ti lors du recuit qui modifie la structure de surface. Puis, lorsque la tem-
pérature augmente, le Ti diffuse plus profondément dans la couche de Pt pour for-
mer une solution solide, faisant a nouveau apparaitre un cliché de diffraction tres
proche du cliché initial.

Les mesures HR-XRD montrent que le parametre de maille de la couche tampon
diminue légérement apres I'ajout de Ti et recuit ultérieur sous vide. Apres recuit, le
film mince résultant présente un parametre de maille réduit par rapport a celui du
Pt(111) pur. Cela pourrait favoriser le dépot épitaxial de orientation (111) en raison
d’un plus faible désaccord paramétrique avec la surface. En conséquence, ce der-
nier est réduit de 0,4% entre SrTiO3 et Pt a 0,1% pour SrTiOg sur le film Ti/Pt recuit.

Pour obtenir plus d’informations sur 'empilement des films, des études de mi-
croscopie électronique en transmission a haute résolution (HRTEM) ont été reali-
sées.

Un empilement de couches minces composé de StTiO3(10nm)/Ti(1 nm)/Pt(111)(10
nm)//Al,03(0001) a été étudié par microscopie électronique en transmission a champ
sombre annulaire a grand angle (HAADF-STEM).

Les résultats nous amenent a conclure que le recuit de la couche tampon Ti/Pt(111)
jusqu’a 800°C (Th), ne conduit pas a la formation d'un composé de Pt- Ti mais a
une solution solide. Cet étude en complément des analyses XPS et XRD suggere que
des changements chimiques et structuraux se produisent lorsque la couche tampon
Ti/Pt est recuite. A environ 900°C (Th), le Ti diffuse dans la couche de Pt sous forme
de solution solide sans former des composés de Pt-Ti.

Des couches minces de SrTiO3 de différentes épaisseurs (de 0,4 a 30 nm) ont
été déposées sous différentes conditions de pression et de température sur la sur-
face Pt(111) ou Ti/Pt(111) par PLD. Des parametres tels que 'épaisseur du film, la
température et la pression durant le dépot, le recuit aprés dépot et le nettoyage de
la surface de la couche tampon, ont été modifiés au cours du processus PLD afin
d’améliorer la qualité de la surface du film SrTiO3. La croissance a été controlée par
RHEED.

Un dép6t d’'un film lisse ultra-mince d’environ 0,4 nm de SrTiO3 sur la surface
des couches de Pt et de Ti/Pt a été réalisé a RT, sous vide a 8x10~2 mbar. La sur-
face a ensuite été recuite a 800°C (Th, équivalente a 660°C Tpyyo) dans une atmo-
spheére d’oxygéne (1x10-°mbar) pendant quelques minutes pour recristalliser ces
films d’oxyde. Apres refroidissement a RT, des pics plus nets sont obtenus a par-
tir des tiges allongées et nettes répétées tous les 60°, qui confirment une symétrie
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de surface lisse d’ordre six épitaxiée sur la structure Pt(111). Pour le film déposé
sur la couche tampon de Ti/Pt, le cliché RHEED obtenu était pointé, indiquant une
surface plus rugueuse de SrTiO3. Par conséquent la surface résultante pourrait étre
couverte par des ilots SrTiO3 principalement orientés (111).

Un film de 0,8 nm de SrTiO3 a été déposé a 800°C (Th, équivalent a 665°C Tpyro)
dans une atmosphére d’oxygene (1x10™°mbar). Les clichés RHEED pointés prove-

nant du film SrTiO3 a RT apres refroidissement, indiquent que le film ultra mince
présente des ilots de surface et des orientations possiblement différentes du (111).

Afin deréaliser des études de structure, telles que XRD ou TEM, des films d’oxyde
plus épais ont été déposés. Pour préserver I'orientation (111) du film d’oxyde, des
films de SrTiO3 de 10 nm, 5 nm et 2 nm ont été déposés sur des couches de Ti/Pt(111).
Avant le dépot d’oxyde, les surfaces métalliques ont été recuites. Les clichés RHEED
correspondant a des films de 20 A et 50 A (déposés a RT sous ultra vide (10~ 9mbar)
puis recuits en 102 mbar d’oxygene a 750°C (Th)) ont tendance a étre pointés et
flous, ce qui signifie que ces surfaces présentent une plus grande rugosité et sont
moins bien orientées que les films de 0,4 nm de StTiOg

Phases 2D obtenues a partir de SrTiO3 déposées sur Pt(111)//A1,05(0001)

Depuis la découverte des OQC, quatre structures approximantes ont été rapportées
dans la littérature. Ces phases sont : I'approximant de phase o, obtenu a partir des
systemes épitaxiés BaTiO3 sur Pt(111) [6] et Ru(0001) [8]; un approximant monocli-
nique, dérivé du systeme SrTiO3/Pt(111) [4]; un approximant hexagonal, dérivé du
systeme BaTiO3/Pt(111) [16], et une variante de la phase o, trouvée dans le systeme
BaTiO3/Pd(111) [9].

La deuxieme étude de ce travail de thése concerne la formation de nouvelles
phases 2D complexes apres réduction du film de SrTiO3/(Ti/)Pt(111)//Al,03(0001)
synthétisé en utilisant I’approche d’empilement de couches minces présentée dans
la section précedente. Cette méthode a été employée avec succes en tant que moyen
possible d’explorer différentes combinaisons d'UTOx élaborés sur des métaux (111)
et de rechercher de nouveaux types d’OQC. Au total, nous avons identifié, grace au
LEED et au STM, trois approximants OQC et d’autres structures hexagonales com-
plexes. Les différentes phases se forment en fonction des conditions de préparation.

Nous avons appliqué des cycles d’oxydo-réduction au film mince de SrTiO3 dé-
posé sur Pt(111) (ou Ti/Pt(111)) deposé sur a-AlpO3(0001). Un premier recuit sous
1 x 1075 mbar de 0, 2 630°C (Tpyro) a été réalisé pour éliminer la contamination de
la surface (vérifié par XPS et LEED). (Toutes les températures rapportées dans cette
partie sont des mesures Tpyro)-
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Approximant carré géant : Cette phase a été trouvée pour les échantillons sui-
vants : ((A) (0.8 nm) SrTiO3/(10 nm) Pt(111)//Al,03(0001) et (B) (2 nm) SrTiO3/(1
nm)Ti/(10 nm) Pt(111)//Al,03(0001).

Une fois la surface de I’échantillon dégazée, un recuit ultérieur a 850°C sous
vide (10~ mbar) a été effectué. Aprés recuit, une nouvelle structure avec une sy-
métrie dodécagonale apparente a été formée observée et caractérisée par LEED et
STM. Les clichés LEED a 20 eV présentent 12 taches de diffraction. A des énergies
de faisceau plus élevées, des taches de diffraction d’ordre supérieur sont observées,
conduisant a un cliché LEED tres similaire a celui rapporté précédemment pour
I'0QC [4].

La structure de I'espace réel et les arrangements atomiques locaux ont été dé-
terminés a partir d’'images STM résolues atomiquement prises a température am-
biante. Bien que le LEED montre un cliché dodécagonal apparent typique d'un OQC,
la transformée de Fourier (FFT) de 'image de |'’espace réel révele un réseau pério-
dique presque carré, indiquant qu'un approximant s’est formé au lieu d'un OQC
[17,18].LaFFT a été utilisée pour déterminer les parametres du réseau dansle plan:
42,2+ 0,6 Ax 43,2 + 0,6 A, et un angle entre les bords de 89,7 + 0,4°. Les protubé-
rances brillantes observées sur les images STM se trouvent aux nceuds des mémes
éléments de pavage Niizeki-Gdhler (NGT) utilisés pour décrire les structures do-
décagonales [19]. Ces éléments de pavage sont disposés de telle sorte que la maille
élémentaire contienne 72 tuiles, a savoir 48 triangles, 18 carrés et 6 losanges avec un
rapport d’éléments de pavage de 2,66 :1 :0,33. C’est le double du nombre de tuiles
nécessaires pour décrire I'approximant monoclinique précédemment rapporté de-
rivé du SrTiO3/Pt(111) [4], mais le rapport reste le méme. En outre, elle est juste 1ége-
rement différente de la structure NGT idéale de la phase dodécagonale QC donnée
par2,73:1:0,37. Lamaille élémentaire contient 47 atomes aux sommets, correspon-
dant a une densité de surface de 2,20 nm2, inférieure aux valeurs rapportées pour
la phase OQC (2,46 nm™2). A partir de I'image STM, une distance moyenne de 6,4
+ 0,3 A entre les points brillants est déduite. La longueur des éléments de pavage
déduite de la maille élémentaire élémentaire idéale est de 6,53 A, pour I'axe verti-
cal, et de 6,68 A, pour I'axe horizontal. Un axe de la maille unitaire approximative
est parallele a la direction [123] de la couche tampon hexagonale de Pt.

Approximant hexagonal: Cette phase a été trouvé pour les échantillons (A) et (B)
décrits au début du paragraphe précedent.

Avec 'augmentation du nombre de cycles d’oxydo-réduction dans les mémes
conditions expérimentales que celles décrites précédemment, une nouvelle phase
UTOx a été observée avec une grande maille élémentaire hexagonale. Cette struc-
ture a été mis en évidence dans les images STM a haute résolution, ainsi que la
décoration en pavage dodécagonal. Les dimensions de la maille élémentaire sont
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27.8 £ 0.6 Ax 28.1 £ 0.6 A. Cette maille élémentaire hexagonale peut étre décorée
avec les mémes éléments NGT. Il contient 29 tuiles, soit 20 triangles, 6 carrés et 3
losanges. Une longueur d’aréte commune de 6,7 + 0,2 A est déduite de la distance
moyenne entre les points brillants. Des motifs dodécagonaux constitués de 6 carrés
et de 12 triangles décorent les sommet de la maille élémentaire. Il manque géné-
ralement une protubérance a chaque nceud de la maille élémentaire hexagonale.
Dans d’autres zones de la surface, ce site est occupé et apparait comme un point
brillant, suggérant la présence d’atomes légérement surélevés par rapport au plan
moyen. La maille élémentaire contient 19 ou 18 protrusions visibles dans les images
STM, correspondant a une densité de surface comprise entre 2,65 et 2,80 nm™2, si-
gnificativement plus grande que celle de I’'OQC idéal ou I'approximant carré. Les
ratios d’éléments de pavage de la phase hexagonale sont de 3,33 :1 :0,5, ce qui dif-
fere considérablement de 'OQC idéal ou de 'approximant carré. L'évolution struc-
turelle du film UTOx, de I'approximant carré a I’approximant hexagonal, pourrait
étre liée a un changement de la steechiométrie avec le nombre de cycles de recuit.
Le cliché LEED de la phase hexagonale montre I'existence de quatre domaines rota-
tionnels non équivalents, qui sont tournés par rapport a la direction [110]p; de 15°,
27°, 34° et 45° respectivement.

Approximantc: Cette phase a été trouvé pour un échantillon C: (5 nm) SrTiOz/(1
nm) Ti/(10 nm) Pt(111)//Al,03(0001).

La phase approximant ¢ (également connu sous le nom de 32.4.3.4 pavage
d’Archimede ou pavage carré) [6] a été obtenue apres deux cycles lors d'un recuit
sous vide (10~®mbar) 4 900°C pendant 15 min. Nous rapportons ici pour la premiére
fois 'observation de cette phase dans le systéme SrTiO3/Pt(111). Les clichés LEED
montrent 12 taches intenses de diffraction caractéristiques des clichés LEED des
structures OQC rapportées.

Des images STM a la résolution atomique mettent en évidence un arrangement

périodique. Les FFT correspondantes confirment un réseau presque carré avec un
parametre de réseau réciproque plus grand par rapport a 'approximant de type
carré géant décrit précédemment. A partir de 'image STM, la distance entre les
atomes de surface a été déterminée 2 6,4+0,3 A..
Cette valeur est légerement inférieure a la distance moyenne de 6,7 A entre les pro-
tubérances rapportée pour I'approximant ¢ observé dans BaTiO3/Pt(111) [6]. La
FFT a été utilisée pour déterminer les parametres de réseau dans le plan : 12,5 +
02A x12,5+0,1A également plus petit que les parametres de réseau signalés 12,9
x 13.1 A de 'approximant o derivé du BaTiO3/Pt(111) [6].

Etude théorique des approximants 2D OQC: La théorie de la fonctionnelle de la
densité (DFT) a été utilisée pour étudier des films UTOx déposés sur Pt(111). Les
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charges moyennes sur chaque atome ont été calculées en utilisant I'approche de
Bader [20]. Les propriétés structurales et électroniques des approximants 2D carré
géant et hexagonal derivés du SrTiO3/Pt(111) ont été étudiées al’aide de deux struc-
tures modeles construites sur la base des pavages complexes identifiés expérimen-
talement.

Ces modeles sont constitués de motifs structuraux (triangles équilatéraux, car-
rés et losanges d’angle au sommet égal a 30°) partageant une méme longueur de
coOté. La structure atomique de chaque type de tuiles a été implémentée en utilisant
les modeles proposés par Cockayne et al. [7]. Ainsi, la composition chimique des
triangles, carrés et losanges sont SrTiO3, SrTi4O,4 et SrTi»O», respectivement. Les
atomes de Sr sont situés aux sommets du pavage. Chaque atome de Ti est lié a trois
atomes d’oxygene (symétrie locale d’ordre 3), et chaque atome d’oxygene est situé
entre deux atomes de Ti.

Le transfert de charge se produit a I'interface Pt-UTOx, provenant des éléments
électropositifs (Sr, Ti) vers les éléments électronégatifs (Pt et O). Ainsi, les interac-
tions électrostatiques contribuent probablement a la localisation des cations de Ti
a proximité du substrat de Pt chargé négativement, tout en repoussant les atomes
négatifs d’O [7]. Ceci est encore confirmé par la déformation de densité de charge,
qui indique des différences de charges non négligeables a I'interface Pt-UTOx. Plus
généralement, les effets électroniques sont connus pour impacter le "rumpling" et
les énergies d’adhésion.

Pour les approximantes carré géant et hexagonal, des images STM ont été si-
mulées pour les polarités positives et négatives. Le contraste claire est attribué aux
atomes de Sr protubérant, tandis que les atomes de Ti et O ne sont pas visibles, en
accord avec avec la position moyenne de chaque type d’atome par rapport au plan
de surface et leur densité d’états (DOS) calculée. Dans I’ensemble, le bon accord
entre les images STM simulées et expérimentales suggere que les modeles structu-
raux considérés dans ce travail sont réalistes pour décrire les nouveaux complexe
UTOx synthétisé ici.

Phases hexagonales complexes : D’autres phases complexes d'UTOx ont égale-
ment été observées aprés augmentation du nombre de cycles de recuit. Une struc-
ture de type nid d’abeille (HC pour honeycomb en anglais) et des structures en
forme de labyrinthe ont été identifiées par LEED et STM. Elles coexistent habituel-
lement dans différentes zones de la surface, avec les phases approximantes, pro-
bablement dues a des gradients de température a la surface de I'échantillon. Les
différentes morphologies observées pour ces phases complexes sont interprétées
comme résultant de la présence d’adatomes de Sr décorant un réseau HC de Ti» O3,
avec des taux d’occupation différents.
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Conclusions et perspectives

Dans cette thése, nous avons présenté une approche "tout film mince" pour étudier
les systemes ABO3/M(111) d’'une maniere plus polyvalente et moins coliteuse qu’en
utilisant des substrats métalliques monocristallins. Lempilement multicouche consis-
tait en un film mince de SrTiO3 déposé par PLD sur une couche tampon Pt(111) épi-
taxié sur substrat de «-AloO3(0001) par MBE. Les relations épitaxiales aux interfaces
Pt//Al»,03 et SrTiO3/Pt ont été caractérisées par une combinaison de RHEED, XRD
et HRTEM. Il a été montré qu'un nm supplémentaire de Ti déposé au-dessus de la
couche de Pt puis recuit pour former une solution solide réduisait la distance in-
terplanaire et le parametre de réseau de la couche tampon, diminuant la différence
avecle parametre de maille de surface du SrTiO3 de 0,4% a0,1% . Des études HRTEM
ont révélé que Ti diffuse dans la couche de Pt formant une solution solide de Pt-Ti.
Un démouillage local et partiel de 1a couche de Pt a été observé par Nano-SAM, lors
d’un recuit a des températures supérieures a 600°C (Tpyyo). Néanmoins, des films
ultra-minces lisses et homogenes d’environ 0,4 nm, de SrTiO3 ont été déposés sur la
couche tampon de Pt. Des films d’oxyde plus épaises, de 0,8, 2 et 5 nm, ont montré
des clichés RHEED caractéristiques d'une surface plus rugueuse, suggérant que des
ilots de SrTiO3 sont formés a la surface. En fait, les phases UTOx rapportées ont été
obtenues a partir de ces surfaces d’oxyde 3D supportées sur une couche tampon de
Pt(-Ti)(111) déposée sur a-Al,03(0001).

Les phases UTOx ont été obtenues par de recuits a haute température de 'em-
pilement de couches minces. Deux nouveaux approximants OQC ont été décou-
verts : un approximant de type carré avec une maille élémentaire géante et un grand
approximant hexagonal. La phase o approximant (déja observée dans le systeme
BaTiO3/Pt(111)) a été observé pour la premiere fois dans de SrTiO3 supporté sur
Pt(111). Leurs structures ont été étudiées par STM, LEED et DFT. Les images STM a
haute résolution des trois phases montrent des points brillants situés aux au nceuds
de trois pavages différents construits avec les mémes tuiles de base carrée, triangle
et losange a 30° possédant une longueur commune d’environ 6,7 A. Le rapport de
tuile est différent pour les deux phases. Le nombre de tuiles nécessaires pour décrire
I’approximant carré est deux fois plus grand que pour I’approximant monoclinique
précédemment rapporté dans le systeme SrTiO3/Pt(111). En utilisant les pavages
déduits expérimentalement pour ces trois nouvelles phases, des modeéles de struc-
ture ont été élaborés en adoptant la décoration de tuiles proposée par Cockayne
et al. [7], dans laquelle les atomes de Sr sont situés au nceud du pavage et dans le-
quel chaque atome de Ti est lié a trois atomes d’oxygene et chaque atome d’oxygene
est situé entre deux atomes de Ti. Ainsi, les compositions chimiques des triangles,
carrés et losanges sont respectivement SrTiOs, SrTigO4 et SrTip O», et les composi-
tions globales des phases carré et hexagonal respectivement sont Srq 36TiO1 54 et
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Srp.38TiOq 56. Les approximants carrés et hexagonal ont des enthalpies de forma-
tion et des énergies d’adhésion similaires. Les deux phases subissent une relaxation
structurale importante lorsqu’elles sont supportées par de Pt (111), ce qui entraine
un corrugation de la couche d’oxyde. Le transfert de charge a lieu depuis les élé-
ments électropositifs (Sr, Ti) vers les éléments électronégatifs (Pt et O). Selon I'op-
timisation structurelle, les cations Ti se trouvent plus pres du substrat de Pt chargé
négativement que les atomes O et Sr. Les images STM simulées sont en excellent ac-
cord avec les images expérimentales, soutenant ainsi les modeles structuraux pro-
posés pour les deux nouvelles phases d’oxyde 2D. En conséquence, les atomes de
Sr sont principalement imagés par STM car ils dépassent du plan de surface moyen
des films minces UTOX, bien que la principale contribution a la DOS provienne des
atomes de Ti. Enfin, les calculs DOS suggerent que les deux nouveaux approximants
OQC ont des propriétés physiques et chimiques différentes. Des phases hexago-
nales complexes supplémentaires ont également été observées lors de 'augmenta-
tion du nombre de procédures de recuit. Un réseau HC et une structure en forme
de labyrinthe ont été observées par STM coexistant parfois avec les approximants
carré et hexagonal conduisant a des clichés LEED complexes. Nous avons mis en
évidence que le taux de couverture de Sr en surface tel que les atomes de Sr soit
adsorbés sur le réseau TiOx définit I'apparition de différentes structures.

Perspectives

Lapproche du "tout film mince" proposée ici pourra étre étendue a I’avenir a diffé-
rentes familles de ABO3/M(111) afin d’explorer le vaste paysage offert par les nom-
breuses pérovskites et supports métalliques potentiels pour la découverte de nou-
veaux matériaux UTOx 2D. Par exemple, la couche tampon de Pt pourrait étre rem-
placée par des métaux de transition qui croissent par épitaxie sur le substrat -
Al,O3(0001), comme Pd(111) [21]Ir(111) [22] ou Ru(0001) [23]. Une étude concer-
nant la croissance de ces métaux par MBE sur Al,03(0001) et le dépot ultérieur de
films ultra-minces de SrTiO3 par PLD serait nécessaire.

Dorini et al. ont exploré par des méthodes de calculs ab initio plus de 60 sys-
temes ABO3/M(111) en permutant le métal alcalin A (= Ba, Sr, ans Ca), le métal de
transition B (= Ti, V, Cr, Mn, Fe, Co, Ni) et le support métallique M (= Pt, Pd, Au)
pour la phase ¢ [24]. Les auteurs ont trouvé que BaFeO3, BaCoOg et BaNiOg sont de
bons candidats comme UTOx structurellement stable lorsqu’ils sont supportés sur
Pt ou Au. De plus, ces matériaux pourraient avoir des propriétés magnétiques inté-
ressantes. Sur la base de ce travail, la croissance d'un film ultra-mince de BaFeOs3
pourrait étre envisagée par PLD sur une couche tampon de Pt(111) développée sur
a-Al,03(0001).

Le controle expérimental de la température et de la pression doit étre amélioré
pendant les cycles de recuit. L'utilisation de plaquettes porte-échantillon non per-
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cées contribue a obtenir un recuit de surface homogene. Un meilleur systeme de
pompage pourrait aider a recuire I’échantillon a des températures supérieures a
850°C tout en maintenant une pression inférieure 2 10~9mbar, favorisant I’obten-
tion d’'OQCs et d’approximantes OQC.

Les phases UTOx étant sous stoechiométriques en Sr, une source de Sr pourrait
étre installée afin de compenser le déficit en Sr et recommencer les cycles de recuit
a partir d'un film stoechiométrique de SrTiOs.

La structure électronique pourrait étre étudiée par des techniques de photoé-
mission, en particulier par spectroscopie photoélectronique résolue en angle (ARPES).
La formation possible d'un gazd’électrons 2D (2DEG) ala surface d'un approximant
SrTiO3 pourrait également étre étudiée. La littérature a rapporté que SrTiO3 est un
systeme modeéle pour étudier les gaz d’électrons 2D [25]. Des états conducteurs 2D
ont été observés initialement a 'interface entre SrTiO3 et LaAlO3 [26]. Ensuite, il a
été découvert a la surface d'un monocristal de SrTiOg [27]. Par conséquent, I’étude
de la structure de la bande 2DEG a la surface des approximants découverts dans
cette these pourrait étre intéressante.

Jusqu’a présent, les approximants obtenus dans cette these ont été détermi-
nés comme étant constitué d'une seule couche d’épaisseur atteignant la limite 2D.
Nous pourrions envisager de ne reprise d’épitaxie en redéposant une couche mince
d’oxyde sur les phases d’oxydes 2D obtenues par réduction d'un premier dépot.
Létude des propriétés électroniques locales de nos échantillons al’aide de la micro-
scopie/spectroscopie a effet tunnel a balayage a basse température (LT-STM/STS)
pourrait étre également envisagée pour accéder a la densité d’états locale avec une
grande résolution spatiale. De telles mesures pourraient fournir la structure électro-
nique des approximants avec une résolution atomique. A titre d’exemple, une com-
paraison directe entre les propriétés électroniques des différentes phases pourrait
ainsi étre obtenue.

Certaines de ces phases d’oxydes 2D pourraient étre utilisées comme patron
pour former des nanostructures. Par exemple, les défauts de surface ordonnés ob-
servés dans I'approximant OQC hexagonal (attribués a une lacune d’atomes de Sr)
peuvent agir comme des centres de nucléation pour les métaux déposés sur la sur-
face de I'approximant, ce qui pourrait conduire a la formation d'un réseau ordonné
de nano-ilots métalliques [28].

D’autres propriétés de ces phases complexes, telles que les propriétés cataly-
tiques, pourraient étre explorées expérimentalement et théoriquement. Les sites
d’adsorption les plus favorables des phases approximantes pourraient étre déter-
minés au moyen de calculs ab initio, par exemple. Les oxydes ternaires ABO3 sont
des matériaux qui contiennent des métaux de transition ayant des propriétés cata-
lytiques. K. Kovnir et al. ont introduit le concept d’isolation du site actif en catalyse.
Les films d’oxyde 2D pourraint remplir ces conditions, en présentant des sites ato-
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miques de métaux actifs bien isolés géométriquement les uns des autres et stabilisés
par le réseau d’oxyde. [29].
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Introduction

In the last two decades great advances have been reported in the fabrication, char-
acterization, and computational modelling of ultra-thin oxide films (UTOx) sup-
ported on metals. In the 2D limit, UTOx present atomic and electronic structures
that are quite different from bulk oxides. They can also exhibit electron confine-
ment at the metal-oxide interface and are influenced strongly by the UTOx/support
interaction [1]. For example, several morphologies at atomic level of oxides grown
on (111)-metals have been observed whose structures have no equivalent in bulk
form [1, 2]. The understanding of the fundamental rules guiding the formation of
UTOx and the relationships between their local atomic structures and their physic-
ochemical properties is still a subject of active research.

These 2D materials can be described most often from structural motifs consist-
ing in elementary tiles such as squares and triangles defined by its stoichiometry
MO4 (M: a metal) and MO3 respectively (MO», MOs,... structural motifs can be de-
fined as well). These tiles can be assembled together to pave the plane in different
ways forming structures of varying complexities [1]. For a given metal/oxide combi-
nation different structural motifs could be formed with a particular stoichiometry;,
lattice parameters, charge state and epitaxial relationships with the substrate [1].

In particular, dodecagonal oxide quasicrystals (OQC) are 2D UTOx structures
derived from ternary oxide thinfilms grown epitaxially on a well oriented (111)-
metal which can be described in terms of the structural motifs such as squares,
equilateral triangles and 30° rhombs. In 2013 Forster ef.al. observed the forma-
tion of a 2D OQC from a BaTiOs3 thinfilm grown epitaxially on a 3-fold single crystal
substrate of Pt(111)[3]. Four years later, Schenk, et.al. reported the formation of an
OQC at the interface of a thinfilm of SrTiO3 grown as well on a (111)-oriented Pt
substrate [4], demonstrating that OQC formation could be extended to a different
ternary oxides/metals combinations. These discoveries gave rise to a new class of
quasicrystalline materials and moreover to an additional facet of atomic-level phe-
nomena in complex ternary oxides.

Dodecagonal OQCs have been observed frequently coexisting with periodic ap-
proximant phases [5] allowing to perform ab initio calculations that try to find a
structure model, which is an important step towards the comprehension of all ob-

1



Introduction

served structures [6, 7]. So far, these structures have been found starting from only
these two mentioned perovskites grown on a Pt substrate. Moreover, at the begin-
ning of this thesis there were only two oxide/metal combinations that had been
explored: BaTiO3/Pt(111) and SrTiO3/Pt(111). During the last three years, OQC ap-
proximants were found in other systems, such as BaTiO3/Ru(0001) and
BaTiO3/Pd(111) [8, 9]. Still, there are only few combinations of ternary oxides sup-
ported on (111)-metals that have been investigated up to now.

These ideas motivated the creation of the OXYQUASI project, where these new
fascinating concepts of aperiodic oxides at the 2D limit are investigated. OXYQUASI
has three main general objectives. First, the understanding of the phenomena in-
volved during the thinfilms growth of oxides on metals (i.e., study of the chemical
bonding and frustration at the interfaces) that favour the appearance of quasicrys-
tallinity. Second, the synthesis of a set of new OQCs with tunable properties using
a thinfilm stacking approach (where the metal is not a single crystal substrate but
an epitaxial buffer layer) expanding the OQC family. Third, the characterization of
possible 2D OQCs properties (e.g. electronic, magnetic, catalytic and wetting prop-
erties, or the possibility to use them as templates for nanopatterning).

The present thesis has been developed in the frame of the OXYQUASI project.
Here, the main objective is to progress in the synthesis of an OQC by film stacking,
combining epitaxial growth and surface characterization techniques. The general
procedure is as follows: First, a thin film of Pt(111) is epitaxially grown on
a-Al»03(0001) substrate by Molecular Beam Epitaxy (MBE) (in collaboration with
Stéphane Andrieu, Karine Dumesnil from the Spintronic and Nanomagnetism Team
and Ludovic Pasquier from the Daum platform at the IJL). Subsequently, a thin
film of SrTiOj3 is deposited by Pulsed Laser Deposition (PLD) (in collaboration with
Olivier Copie from the Spintronic and Nanomagnetism Team at the 1JL). The dif-
ferent stages of the growth process are followed by RHEED. X-Ray photoemission
(XPS) and Auger nano Scanning electron microscopy (Auger nano-SEM) are used
to characterize the chemical composition of the surface. Epitaxially of the Pt layer
and lattices parameters are verified by X-Ray Diffraction. Once the sample is ready;,
the next step is to obtain an UTOx through an annealing procedure as reported in
ref. [10]. The complexity of this project lies in the challenging experimental condi-
tions needed to the formation of aperiodic 2D structures in these systems, for in-
stance high temperatures (>800°C) while keeping low pressures (<10 8mbar). Af-
ter annealing procedure, the resulted surface is investigated by low energy electron
diffraction (LEED), scanning tunnelling microscopy (STM) and XPS. The thinfilm
stacking was investigated as well by means of high resolution transmission electron
microscopy (HRTEM) by Saso Sturm and Sorour Semsari Parapari in collaboration
with the JoZef Stefan Institute in Slovenia.

The present manuscriptis divided into four main parts detailed as follows: Chap-
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ter 1 starts with a description of important concepts and current status of UTOx
supported on metals. Then, the reader will find a review of the fundamental con-
cepts of aperiodic order with a special focus in the state of the art of OQCs and OQC
approximants.

Chapter 2 gives a description of the experimental methods used during the dif-
ferent stages of this project. The first part of this chapter is dedicated to the thin-
film growth techniques. The second one, focusses on surface characterization tech-
niques.

Chapter 3 is dedicated to the sample fabrication by thinfilm stacking. Each stage
of the SrTiO3/Pt(111)//Al,03(0001) stacking is described. The results of the struc-
tural and chemical characterizations are discussed.

Chapter 4 presents the main results of this work: the observation and charac-
terization of different complex phases derived from ultra-thin films of SrTiO3 sup-
ported on Pt(111)//Al,03(0001). In this chapter the reader can find the description
of two new OQC approximant phases, in addition to the first report of the observa-
tion of the o-phase approximant derived from SrTiO3/Pt system. Ab initio calcula-
tions were performed (by Thiago T. Dorini and Emilie Gaudry) leading to a structure
model and STM simulations for these OQC approximant phases. Interfacial prop-
erties were calculated as well. Other complex 2D hexagonal phases were found in
this system depending on the preparation conditions. They are discussed here as
well.

At the end of this manuscript the reader can find general conclusions and future
perspectives.
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Chapter 1. Introduction to 2D oxide materials: from perovskites to quasicrystals

When approaching the 2D limit, the structure and properties of ultra-thin ox-
ide films (UTOx) can differ drastically from the related bulk material. In particular,
completely new 2D structures with aperiodic order could be formed (depending on
the preparation conditions) when UTOx are grown on metal surfaces, representing
promising materials in view of fundamental science and technological applications.
This is the subject of discussion of the present chapter. This chapter is divided as
follows: a description of the 2D oxide-metal hybrid systems will be given in the first
section. The structure of ternary oxides supported on metals will be discussed along
with the observed structural motifs at the oxide surface in the 2D limit. In the sec-
ond section a review of the investigations related to aperiodic order in UTOx will be
given. Quasiperiodic and approximant structures will be discussed as first, in order
to introduced to the reader quasicristallinity in 2D ternary oxides and their related
approximant phases.

1.1 The oxide-metal hybrid system

UTOx are considered as a new class of materials with properties different from their
bulk counterpart [1]. Although they present structural and electronic phenomena
reminiscent of the bulk oxides, studies on this kind of systems realized that due to
effects of 2D confinement and the interactions with the substrate, novel emergent
phenomena appeared [2] (for instance, ferromagnetism at the interface of antifer-
romagnetic materials [3]; high mobility 2D electron gas at the interface between
insulating SrTiO3 and LaAlOs3 [4] that can also be superconducting and magnetic).
The film thickness at which deviations from the bulk behaviour occurs may depend
on the particular material and its diverse physical or chemical properties [1]. On the
other hand, metal surfaces were the first material surfaces to be rigorously studied
[2]. Thus, nowadays the surface science of metal single crystals is well established
and its preparation is relatively easy [1]. Using metal surfaces as support for oxides
growth may be advantageous. For instance, as metals are chemically different from
oxides, the analysis of the composition or the identification of possible defects of
the thin film could be easier to perform. In addition, the metallic conductivity al-
lows the investigation of the UTOx by electron-based techniques [5].

For oxides at the 2D limit, the behaviour of the oxide-metal hybrid system is
largely determined by the interactions at the interface. Several degrees of freedom
(structural, electronic, chemical and magnetic) contribute to the interfacial interac-
tions [1]. Although they are intimately coupled, here in this chapter, we will concen-
trate on the aspects mainly associated with the atomic structure and the chemistry
at the interface. The interplay and the balance between parameters such as the lat-
tice mismatch and symmetry, the mixing of the electronic energy levels as well as
the chemical affinities and bonding at the interface, determine the atomic geome-
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1.1. The oxide-metal hybrid system

try of the 2D oxide layer. Besides, phenomena such as polarity compensation, strain
release, charge transfer and the finite size effects could be completely different from
the bulk oxide structure [1]. Therefore, the chemical bonding at the interface is a re-
sult of the local epitaxial relationship summed to the influence of the surface and
adhesion energy of the overlayer in the total energy of the system [1]. These could
lead to the formation of various geometries and phases as will be discussed in the
following sections.

1.1.1 Generalities on oxide structures

Bulk oxide structures could be visualized from two different perspectives: as a stack-
ing sequence oflayers alternating, for instance, hexagonal planes of oxygen (anions)
and metal atoms (cations); or as the combination of metal-oxygen polyhedral coor-
dination blocks, connected and nested via shared corners, edges and planes of the
polyhedra. If the metal surface is intended to provide mainly a rigid support for the
2D oxide layer, noble metal surfaces of group VIII or Ib are typically chosen [1].

1.1.1.1 Binary oxide structures

Some structure examples of binary oxides MO, MOy, M>0O3 where M=metal, are
presented in Fig.1.1. The most common are (a) the rock salt, (b) the wurzite, (c)
the fluorite, (d) the rutile and (e) the corundum (an example for each structure is
presented as well). A wide range of structures and properties are intrinsic to these
materials [6].

Tio,

a-Al,O,

Figure 1.1 - Common binary oxide crystal structures: (a) rocksalt, (b) wurzite, (c)
fluorite, (d) rutile, and (e) corundum (reproduced from [6]).

Nowadays, 2D systems from different binary oxides (i.e., oxides in Fig.1.1) are
being studied for a variety of potential applications. Among them, the most popular
are microelectronics (for instance, ultrathin SiO, films grown on Si have been the
basis of metal-oxide field effect transistors [1]) and catalysis (MgO films grown on
Mo or Au) [7].
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1.1.1.2 Increasing complexity: ternary oxide structures

Ternary oxides present complex structures which lead to interesting properties highly
desirable for technological applications. For example piezoelectricity (i.e., FeTiOg
which has an ilmenite structure), large band gap insulators, superconductivity (i.e.,
MgAl, O3 with a spinel structure), among others [6]. Fig.1.2 shows common ternary
oxide crystal structures including the (a) ilmentite, (b) the spinel, (c) the perovskite
structure and derivatives such as (d) the Ruddlensden-Popper series and (e) lay-
ered perovskites. By far the most interesting aspect of complex oxides is the ability
to engineer or tune their physical properties. This can be very well done in oxides
with perovskite structure [6]. In the following, special focus will be given on ternary
oxides with perovskite structure.

3

(a) lImentite (FeTiO;) (b) Spinel (CoFe;0,) (c) Perovskite (CaTiO;) ~

(CO Ruddlesden-PoPPer Series {Sl’n+1Run03+1) YBach:,O;; Sf5Nb50ﬂ

Figure 1.2 - Common ternary oxide crystal structures: (a) ilmentite, (b) the spinel,
(c) the perovskite structure and perovskite derivatives: (d) the Ruddlensden-Popper
series and (e) layered perovskites (reproduced from [6]).

Perovskite oxides are represented by the formula ABO3, where A and B are two
different types of cations. Cation A carries a charge of 2+ or 3+ while cation B carries
a charge of 4+ or 3+. Together with three 0% anions, they form a cubic (or pseu-
docubic) structure as presented in Fig.1.3 (top) [5]. This structure can accommo-
date almost 30 different elements on the A site and over half of the periodic table
on the B site as shown in Fig.1.3 [8]. The characteristic features of these materi-
als are, on the one hand, strong electron correlations that consist in the interac-
tion of the charge, orbital and spin degrees of freedom, and on there other hand,
ordered phases resulting from symmetry lowering transition accompanied by the
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1.1. The oxide-metal hybrid system

spontaneous development of order parameters like, e.g. elastic strain, electric po-
larization and/or magnetization. These are the key building blocks giving rise to
a wealth of functionalities such as metal-insulator transition, colossal magnetore-
sistance, high transition temperature (T.) superconductivity and the emergence of
ferric phases (e.g.,ferroelectricity, ferromagnetism). Furthermore, transition metal
oxides are also very sensitive to small stimulation yielding a strong response to elec-
tric, magnetic or strain field applications.

AB

IA Nobl
‘ He

A A IVA VA VIA VIIA
Be B|C|N Ne
Si|P Ar

1B IVB VB VIB VIIB_—VIIB— 1B B

As Kr
Te Xe
¥ Re|Os Pt |Au Po|At|Rn

Fr|Ra| § |Rf|Ha|Sg|Ns|Hs|Mt

La Cé Pr .\(Im.\'m Eu Gd Th Dy Ho Ex Tm YD Lu

Ac LB IR CTEVICm| B | Cl | Es [Fm{Md|No| Lr

Figure 1.3 — The perovskite crystal structure. The possible elements that can occupy
the three sites (A, B, and X) are indicated in green, blue and yellow on the periodic
table respectively (reproduced from [8]).

1.1.2 Ternary oxides supported on metals

Ultra-thin films of ternary oxides have been prepared on metal substrates by dif-
ferent methods as summarized in Table 1.1. Several surface characterization tech-
niques have been used as well to investigate the variety of structures that emerge at
the surface with no counterpart in the respective bulk systems [9].

As an example of monolayers (ML) of ternary oxides prepared on metal sub-
strates, tungstenates containing Fe or Cu were fabricated by solid state chemical
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UTOx/M substrate Film thickness Preparation method Investigated by Ref
SITiO3/Pt(111) 4A MBE AES, SPALEED, STM [10]
BaTiO3/Pt(111), Pd(001) SubML-1nm RF magnetron sputtering STM, LEED, XPS [11,12]
BaTiO3/Fe(001), Pd(001), Pt(001) 1,2,3uc PLD SXRD [13, 14]
BaTiO3 and SrTiO3/Pt(001) 0-8 uc PLD LEED,MEED, stress [15]
CaMo0,/Mo(001) 1ML MBE STM, LEED, AES [16]
BaTiO3/Au(111) 1ML MBE STM, Monte Carlo [17]
CuWOQ,/Cu(110) 1ML MOCVD LEED,STM, XPS, NEXAFS, HREELS, DFT [18]
FeWQ3/Cu(111) 1ML MOCVD LEED,STM, XPS, TPD, DFT [19]

Table 1.1 - Summary of studies on ultrathin ternary oxide films supported on metal
substrates (ML=Monolayer and uc=unit cell. Adapted from[9]).

reactions at the surface. First, clusters of (WO3)3 are deposited at low tempera-
tures on Cu(001) or ona ML of FeO(111)/Pt(111) [18, 19]. Upon annealing, a surface
chemical reaction is initiated leading to the formation of FeWOy at the Pt surface.
Annealingat 900°C in UHV produces a buckled 2D honeycomb (HC) lattice, consist-
ing in intermixed Fe?* and W** ions terminated by oxygen atoms in Fe-W bridging
positions as shown in Fig.1.4 [19]. This system is the first ternary compound known
to form a 2D HC lattice, which is of special interest since the 2D HC geometry is the
origin of many of the fascinating properties found in 2D materials, as is the case of
graphene [19].

A1 A,y A WAL N
o e

RS

Figure 1.4 — Structure model of the (2 x 2)-FeWOg3 phase on Pt(111): (a) Top and (b)
side views derived from density functional theory (DFT) calculations (reproduced
from [19]).

The HC structure has been used as well as a template for the deposition of Ba
atoms. A TipO3 HC lattice was grown commensurately on Au(111) where low con-
centrations of Ba atoms were evaporated onto this film. The UTOx consisting in
BayTinO3/Au(111) display flexible structural and electronic characteristics which
can be tuned by controlling the Ba coverage x [17]. Fig.1.5 (a) shows an STM image
of the clean (2x2) Tip O3 lattice, where the Ti atoms are assigned to the bright protru-
sions forming a HC pattern. O atoms sit on the bridge sites between neighbouring
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1.1. The oxide-metal hybrid system

Ti atoms. Fig.1.5 (b) shows an STM image of a single Ba adatom occupying the hol-
low site of the HC lattice. Ab initio calculations (Fig. 1.5(c)) confirm that the Ba
atom located in the hollow site of the HC lattice is the energetically most favourable
atomic arrangement. Six Ba-O bonds are formed with the neighbouring anions. The
Ba-O bond length is close to those formed for bulk BaO in the rock-salt structure,
meaning that upon adsorption a real ternary compound is formed. Depending on
the Ba coverage x, the Ba,TioO3 UTOx presented several ordered phases as well as a
disordered labyrinth-like phase as evidenced in the STM images in Fig.1.5(d). This
structural evolution was modelled by Monte Carlo simulations showing an excellent
agreement with the STM images for all coverages 0 <x < 0.62[17]. The charge trans-
fer occurring between the electropositive Ba atoms and the highly electronegative
support gives rise to interfacial dipole moments resulting in dipole-dipole Ba-Ba
interactions, which is a key factor in understanding the Ba ordering. In this way a
reduction in the work function of the system is lowered affecting significantly the
reactivity of the UTOx [17].

Q"QQQO...OQC

..b

Figure 1.5- (a) STM image of the bare TioO3 HC lattice on Au(111) (2.9x2.9 nm?; Vg=
0.98 V; 1=0.2 nA). (b) STM image of a Ba atom adsorbed on the HC lattice (2.9x2.9
nm?; Vg=0.72 V; 1= 0.2 nA). (c) Side view of a representation of the Ba atom (green)
on the top of the Ti»O3 HC lattice/Au(111). O, Ti, Au atoms are represented by red,
blue and yellow balls respectively. (d) (fop) STM images (10x10 nm?; Vs from 0.35
to 1V; Ifrom 0.18 to 0.28 nA) and (bottom) Monte Carlo simulation for different Ba
coverages indicated at the left top corner. Only the adsorption sites are represented
(yellow when occupied and dark red when empty) (reproduced from [17]).

The fabrication of ternary oxide layers is commonly done via pulsed laser depo-
sition (PLD), magnetron sputtering or molecular beam epitaxy (MBE).

11



Chapter 1. Introduction to 2D oxide materials: from perovskites to quasicrystals

When growing perovskite thin films, the metal substrate needs to satisfy three
important conditions: first, the lattice mismatch between the oxide and the metal
must be small to facilitate an epitaxial layer-by-layer growth. Second, the metal has
to be stable at high temperatures. Third, the metal has to be stable against high
oxygen partial pressures, which is required for the growth of stoichiometric oxide
films [5].

So far ultra-thin films of BaTiO3 have been grown on Pt(111), Pt(001), Ru(0001),
Pd(001) and Fe(001), [12, 13, 14, 15, 11, 20]. BaTiO3 grown on Pt has been highly
investigated by Forster et al.. Frequently they grow the oxide film in two steps: (i)
BaTiOs is deposited by RF magnetron sputtering at room temperature (RT) followed
by (ii) a subsequent annealing up to temperatures between 627°C and 777°C in O,
partial pressures up to 10~ mbar [12, 11]. The annealing step is important to initi-
ate diffusion and to achieve long-range ordering in the first amorphous deposited
material [5]. As a result, epitaxial BaTiO3 films of bulk-like composition are formed.
Upon further annealing at higher temperatures (around 850°C), the continuous ox-
ide film turns into separated oxide islands on Pt, leading bare zones of the metal
surface. This process is known as dewetting transition. Furthermore, similar an-
nealing under UHV conditions produces a rewetting of the full metal surface by a 2D
reduced oxide film [21]. In this wetting layer, various complex structures with large
unit cells have been observed depending on the preparation conditions [22, 21].
One of the most interesting observations on these 2D UTOx system is that not only
periodic structures with no equivalent in the bulk form have been found, but even
aperiodic arrangements were discovered as will be discussed later in this chapter.

These periodic and aperiodic structures share common structural motifs which
allow to study the particular surface geometry of each observed UTOx phase and its
resulted properties and possible applications. This will be discussed in detail in the
following section.

1.1.3 Structural motifs

In the 2D limit, UTOx presented structural and electronic phenomena quite differ-
ent from the bulk oxides as discussed so far, due to the effects of 2D confinement
and the UTOx/support interaction[2]. For example, several morphologies at atomic
level of oxides grown on (111)-metals have been observed whose structures have no
equivalent in bulk form [23, 24, 17]. The understanding of the fundamental nature
of the formation of UTOx and the relationships between its local atomic structures
and its physicochemical properties is still a subject of active research.

The combination of surface science characterizations and theoretical methods
has provided to researchers in the UTOx field a database of UTOx with novel struc-
tural concepts and complex phases with atomic details (see e.g. Refs[17, 25, 26, 27,

12



1.1. The oxide-metal hybrid system

by W ". Infinite 2D
") % ‘*';‘tessellation

Figure 1.6 — Left: hexagonal TiOx(9x9)phase in which MOg bricks and deformed
MOy bricks are marked in red. Right: tessellation of the plane by the MOz and MOy4
bricks (reproduced from [2]).

28]). Defining structural motifs is useful since it allows to classify and to describe a
given UTOx phase. Computational modelling has played an important role in the
study of UTOx supported on metals. As an example, Barcaro et al. derived build-
ing principles of pseudomorphic UTOx grown on (111) metal surfaces by studying
TiOy/Pt(111) phases reported in ref. [23]. The authors explain the interplay of the
morphology and the stoichiometry in these phases through a combination of exper-
imental and theoretical analysis. Spin-unpolarized density functional calculations
allowed to designed and predict new phases confirmed experimentally [23].

Fig.1.6 shows the decomposition of a given TiOx/Pt(111) UTOx phase into its
constituent structural motifs indicated by the red circles. These motifs are defined
as a MOj triangular brick and a MOy square brick, here deformed in a rectangular
(rect-) brick. They are then replicated to cover the 2D plane (tessellation or tiling).
Thus, these bricks are actually the structural motifs defined by their stoichiome-
try (MO, MOs3, MQy, etc.) and by their epitaxial relationship with the underlying
surface [2].

By combining bricks, sharing their vertex or their edges, one can obtained mul-
tiple of experimentally observed UTOx phases as presented in Fig.1.7 where some
reported phases have been decorated with the MO3 and the MOy bricks.

This procedure can be generalized to ternary UTOx, where multilayer phases
could appeared due to the metal segregation in different layers [2]. Fig.1.8 shows
the special case of the tessellation of a UTOx quasicrystalline phase derived from
reduced BaTiO3/Pt(111) [22] as mentioned at the end of the precedent subsection.
With this example we introduce the topic of the next section, where aperiodic 2D
films derived from reduced perovskite layers, supported on hexagonal metal sur-
faces are discussed as a particular phenomena of UTOx at the 2D limit.
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Tessellation of Tessellation of Tessellation of MO, bricks  Tessellation of MO,/MO,
MO, bricks MO, bricks bricks

R

Zn0O/Ag(111)

A = MO, brick D = square-MO, brick

Figure 1.7 — Examples of single-layer UTOx phases and their 2D-tessellation using
MOsg bricks, MOy bricks and a combination of both (reproduced from [2]).

Figure 1.8 — Example of the tessellation of a ternary UTOx quasicrystalline phase,
observed in BaTiO3/Pt(111) (reproduced from [2]).

1.2 Aperiodic order in UTOx supported on metals

In 2013, Forster et al. observed for the first time an aperiodic structure formed in
reduced wetting layers derived from BaTiO3/Pt(111) [22], as previously mentioned
in Sec.1.1.2.

This discovery was astounding for two major reasons: first, this was the very first
report of aperiodic, quasicrystal (QC) phases developed in oxide materials. Second,
these oxide QC (OQC) are the first example of spontaneous formation of QC-crystal
heteroepitaxy [9].

14



1.2. Aperiodic order in UTOx supported on metals

But, what is exactly a quasicrystalline structure? Before going further, we will
discussed in the following subsection, the generalities of QCs and some of the most
important contributions to this field.

1.2.1 Quasiperiodic structures

Dan Shechtman et al. discovered an icosahedral alloy in 1984 [29], generating ex-
citement as well as confusion in the scientific community (see Fig.1.9 (a), where
Shechtman and his colleges were discussing about quasicrystallinity at the National
Institut of Standards and Technology (NIST)). The authors reported the existence of
a metallic solid which diffracts electrons like a single crystal but has a point group
symmetry m 35, which corresponds to an icosahedral structure inconsistent with
lattice translations [29]. Fig.1.9(b) shows the famous electron diffraction pattern ob-
served by Shechtman, where an icosahedral phase is characterized by sharp diffrac-
tion spots (comparable with a diffraction pattern of a high quality crystal). How-
ever, they were located in a pentagonal geometric construction given by inflation
of a basis pentagon by the golden mean number: T = (1 + +/5)/2, which is incom-
patible with a periodic distribution of atoms. Grains up to 2 um in size with this
structure were observed in rapidly cooled alloys of Al with 10-14 at.% Mn [29]. Orig-
inally, it was called 'icosahedral phase’ by the authors. Then, just after one month of
Shechtman’s publication, Levine and Steinhardt introduced the term 'quasicrystals’
to named structures with near-neighbour orientational order and similar properties
of a crystal but with quasiperiodic rather than periodic translational order [30]. In
other words, QC may be defined as structures with long-range aperiodic order and
crystallographically forbidden rotational symmetries (e.g., fivefold, eightfold, ten-
fold and twelvefold rotation axes)[31]. Quasiperiodicity is actually a very ancient
concept. The famous Fibonacci sequence dates from 1202 [32], as well as the math-
ematical study of quasiperiodic functions has been the subject of study since last
century (e.g., refs: [33, 34, 35, 36, 37]). Shechtman’s discovery was the first exper-
imental proof of quasiperiodic structures. His discovery challenged the following
principles of crystallography: (i) In 1784 René-Just Hatiy postulated that all crystals
were made up of clusters of atoms repeated periodically in three dimensions (imply-
ing that only one-, two-, three-, four- and six-fold rotations axes, 14 Bravais lattices,
32 point groups, 51 crystal forms and 230 space groups are possible to describe any
crystal in the universe)[38] For 200 years all studied crystals fulfilled this condition.
Thus, periodicity became the definition of a crystal and an axiom of crystallography
[39]. (ii) It was well known since the beginning of the 20th century that diffraction
patterns with sharp spots arrayed on the nodes of a reciprocal lattice could only
come from a periodic object [39]. At the beginning, these structural aspects caused
rejection and criticism by the crystallography community. Nevertheless, other stud-
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Chapter 1. Introduction to 2D oxide materials: from perovskites to quasicrystals

ies (e.g., Tsai et al. work [40, 41]) found the formation of several stable icosahedral
and decagonal QCs in Al-based intermetallic systems in agreement with the first re-
sults. Since then, a vast literature on quasicrystals started to be created. Only in the
beginning of the 90’s there were several review articles and collections summarizing
the developments and issues in this field [42, 43, 31]. This revolutionary discovery
even caused the rethought of the most basic concepts in crystallography. In 1991
the International Union of Crystallography (IUCr) changed the definition of crys-
tal accepting the term "aperiodic crystal’: "In the following by 'crystal’ we mean any
solid having an essentially discrete diffraction diagram, and by ‘aperiodic crystal’ we
mean any crystal in which three dimensional lattice periodicity can be considered to
be absent. As an extension, the latter term will also include those crystals in which
three-dimensional periodicity is too weak to describe significant correlations in the
atomic configuration, but which can be properly described by crystallographic meth-
ods developed for actual aperiodic crystals" [44].

Figure 1.9 — (a) The research group on quasicrystals in early 1985 at NIST discussing
about quasicrystalinity in AlgMn (from left to right, Dan Shechtman, Frank Bian-
caniello, Denis Gratias, John Cahn, Leonid Bendersky, and Robert Schaefer) [39]
(b) The electron diffraction pattern observed by Dan Shechtman of the icosahe-
dral phase in AlgMn comparable to those in high-quality crystals, but distributed
according to an overall pentagonal symmetry constructed by the inflation of an el-
ementary pentagon by T, the golden mean (reproduced from [39]).

Nowadays, thermodynamically stable QC are known not only in intermetallic
systems, but also in self-assembled colloidal systems [45], binary systems of nanopar-
ticles [46], polymers [47], smectic phases [48] and more recently in oxides [22]. Natu-
rally formed QCs have been observed in minerals stable under geological conditions[49]
and accidentally synthesized in the first atomic bomb test [50].

Itwas onlyin 2011 (27 years after publishing his first results), that Dr. Shechtman
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1.2. Aperiodic order in UTOx supported on metals

was recognized with the Nobel Prize in Chemistry "for the discovery of quasicrystals"
[44].

1.2.2 Approximant structures

The lack of periodicity of QCs represents a problem for many ideas and methods
used to describe the structure and properties of ordered solids. The concept of 'unit
cell’ is lost (as well as the 'Brillouin zone’), therefore calculations of electronic and
vibrational properties by methods based on the periodicity of the lattice (Phonons
and Bloch waves) can not be performed [31]. Nevertheless, atomic motifs or clus-
ters with periodic arrangements are typically found to be formed along with the QC
phase. These periodic structures are called approximants. They are built from the
same structural units or building blocks as their parent QC, but arranged in a pe-
riodic way. Besides, approximants of various orders can exist. Low order approxi-
mants have a moderate unit cell size. With increasing order the unit cell dimensions
also increase and the local order mimics that formed in the parent QC on a larger
scale [31, 51].

Approximants are of special interest for the study of quasycristallinity. Since
they resemble to the related QC and they are periodic, then the Bloch theorem can
be applied and all the standard methods of solid-state physics can be used.

In the following we will describe the specific case of QCs and approximants re-
cently found in ternary oxides supported on metals.

1.2.3 Quasicrystals and their Approximants in 2D Ternary Oxides

1.2.3.1 The discovery of 2D oxide QC

As mentioned at the beginning of this section, completely unexpected structures
were found to be formed in the reduced wetting layers derived from perovskite ox-
ides grown on hexagonal metal surfaces. These consist in long-range ordered struc-
tures with a sharp diffraction pattern with a 12-fold symmetry and no translational
symmetry. They are known then as dodecagonal oxide QC (OQC) [9].

Fig.1.10 shows the data of the first OQC reported in 2013 by Forster ef al. de-
rived from an UTOx of BaTiO3 grown on a single-crystal of Pt(111) [22]. The low en-
ergy electron diffraction (LEED) pattern presented in Fig.1.10 (a) reveals a 12-fold
pattern (see the theoretical dodecagonal diffraction pattern in Fig.1.11 (b)) super-
imposed on the spots of the hexagonal substrate (marked by the black hexagons).
To describe a dodecagonal structure, four lattice vectors are needed as indicated by
the red arrows. This is due to the fact that dodecagonal patterns are produced by a
projection from a four dimensional hyper-hexagonal lattice. Thus, using this four
vectors the full diffraction pattern can be indexed [52]. Only one single domain of

17



Chapter 1. Introduction to 2D oxide materials: from perovskites to quasicrystals

(a) : > OPt(111)
o
9)’-9 s *&\@‘
- : .
O' ; : 2 - '.
0% ; w o)
% " . X
- - " y
® o}
1A

Figure 1.10 — (a) LEED pattern (at 140 eV) and (b) STM image (14x14 nm?; 30 pA)
of the 2D dodecagonal OQC derived from the BaTiO3/Pt(111) system. The do-
decagons are highlighted in yellow. They can be described in terms of squares, tri-
angles and 30° rhombs motifs (reproduced from [9]).

the OQC exist, demonstrating that the OQC grows in an epitaxial alignment along
the high symmetry direction of the Pt substrate [9]. The atomically resolved STM
image in Fig.1.10 (b) shows the local aperiodic geometry. Authors claimed that the
image contrast is given by the Ti sublattice. The Ti atoms are arranged in three dif-
ferent building blocks: squares, equilateral triangles, and 30° rhombs, sharing an
edge length of 6.85 A [9] . These building blocks are actually the characteristic mo-
tifs of an ideal dodecagonal tiling as described mathematically by Gélher [52] and
Niizeki et al. [36]. This ideal tiling is known as NGT or Stampfli-Géhler tiling where
a 12-fold structure can be generated from the tessellation of the mentioned motifs
with a specific composition 2.73: 1: 0.37 (the number of triangles relative to the
number of squares and of rhombuses) as shown in Fig.1.11 (a) [52]. The calculated
diffraction pattern is shown as well in Fig.1.11 (b) generated by the four basis vectors
discussed above.

Moreover, the atomic arrangement in Fig.1.10 (b) can be generated also by the
recursion rule, where deflation steps generate self-similar tilings that scale with
(2 + v/3) as exposed in Fig.1.12. The subsequent application of the recursion rule
lead to the formation of characteristic dodecagons of the NGT (Fig.1.12 (b) right).
By connecting the centers of these dodecagons, a triangle-square-rhomb tiling is
formed on next-larger scale as emphasized in black [51].

Almost a perfect match between the OQC tiling element ratios found after the
analysis of the STM images (see Fig.1.10 (b)) and the ideal NGT was observed by the
authors. Ratios of 2.75:1:0.36 (for 8100 vertices positions determined from a large-
scale STM image) and 2.73:1:0.37 (for 20000 vertices. An even larger dataset) were
found in agreement with the NGT ratio of 2.73:1:0.37 [51]. A complete statistical

18



1.2. Aperiodic order in UTOx supported on metals

o]
(a) (b) s ¢ m® g
o} Oooooooo o
o o
OOOO o ? o Oooo
-] ° © o
o ODOOOO°O o o
(o] (o] o
o0 O°o o] O«o o Ko
& © O°OOOO°O o 4
o ° P ° o
0%°0 © 0 © 6°%
o o
o oOOOOoO [o]
o 4 (o] o ©
o

Figure 1.11 - (a) Constructed tiling using the three motifs: squares, triangles and
30° rhombs (reproduced from [52]). (b) Calculated dodecagonal diffraction pattern
(reproduced from [52]).
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Figure 1.12 — Recursion rules for the dodecagonal NGT: (a) First recursion step.
The shaded areas in the rhombs and the squares indicate a given orientation of
these tiles that needs to be respected. (b) Second recursion step for the square ele-
ment. After multiple interactions, a self-similar tiling is generated scaled by (2++/3).
Higher hierarchical tiling forms the characteristic NGT dodecagons (marked in
black) (reproduced from [51]).

analysis has been done by the authors in ref. [51] and references therein.

Surface X-ray diffraction (SXRD) has been used to obtain a reciprocal space map
of the BaTiO3-derived OQC [51]. This data contributed to establish a structural
model of the OQC. On the other hand theoretical models based in ab initio calcu-
lations have been proposed by Cockayne et al. [53] where the NGT is formed by the
Ba atoms as will be shown later in this section.

In 2017 Schenk et al. reported the observation of a 2D OQC derived from SrTiOg
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grown on Pt(111) [10]. This was the second observation of quasicrystallinity in ox-
ides. Fig.1.13(a) shows the diffraction pattern measured by Spot Profile Analysis
LEED (SPALEED) of the SrTiO3 UTOx after annealing at 727°C in UHV. A dodecago-
nal diffraction pattern appeared suggesting the formation of an SrTiO3-derived OQC.
Thelocal atomic arrangement of the SrTiO3-derived OQC is shown in the atomically
resolved STM image in Fig.1.13 (b). The Fourier transform (FT) of the STM image
shows twelve equidistant sharp spots separated every 30° indicating the presence
of a dodecagonal structure. The authors identified that two structures were formed
in the wetting layer of reduced SrTiO3/Pt(111): a well-ordered OQC and an approx-
imant structure (identified in Fig.1.13(b) by the black squares as region 2 and 1 re-
spectively). This STM image demonstrates that these structures (OQC and approx-
imant) could coexist at the UTOx surface.

Patches of the well-ordered OQC (as in region 2 in Fig.1.13(b)) can be found lo-
cally in the STM images, allowing to identify the same dodecagonal arrangement
built by the NGT motifs (squares, triangles and 30° rhombs) when bonding the bright
protrusions. The measured edge length is 6.73 A [10]. This OQC has strong similar-
ities with the BaTiOz-derived OQC. For instance, the same inflation rules can be
applied and the tiling elements ratio given by: 2.79:1:0.36, close to the ideal NGT
ratio [10].

Figure 1.13 — (a) Diffraction pattern (measured by SPALEED) of the SrTiO3/Pt(111)-
derived OQC. First, second and third order OQC spots are marked in red, blue and
magenta respectively. (b) atomically resolved large scale STM image (75x50 nm?;
-0.1V; 20 pA) of the 2D OQC derived from the SrTiO3/Pt(111) system. The regions
1 and 2 mark by black squares indicate a zone with an approximant structure coex-
isting with a zone where atoms arranged in a QC ordering respectively. The FT of
the STM image is shown in the top-right side (reproduced from [10]).
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1.2.3.2 Preparation and stability

For the preparation of OQCs, less than 1 nm of a ternary oxide needs to be depos-
tited on the hexagonal substrate [51]. The preparation of BaTiO3 on Pt(111) and its
structural surface transformations have been studied in detail [11, 5, 21].

By annealing the oxide layer at temperatures above 627°C, long-ranged BaTiO3(111)
structure develops. Upon annealing to higher temperatures under oxidative condi-
tions (10~ mbar of O,), the oxide film tends to reduce the interfacial contact with
Pt, resulting in the formation of 3D islands. At higher oxygen concentrations, all
BaTiO3 segregates in islands with bare Pt(111) in between the islands. Under re-
ducing conditions (in UHV), the annealing of a periodic or amorphous BaTiO3 layer
produces a rewetting of the Pt(111) surface starting at 747°C. This process starts at
the step edges of the substrate, connecting the local patches with an homogeneous
layer with time. At 747°C the layer is amorphous, covering completely the Pt sub-
strate [51]. Upon higher annealing temperatures, a long-range structure is formed
in the wetting layer. The OQC is typically found after annealing at temperatures be-
tween 800°C and 900°C (and pressures under 10-8mbar)[21, 22, 51, 54]. At higher
temperatures, the film rearanges into periodic approximant structures [51].

This wetting process can be reversed by re-oxidation as was evidenced using
low-energy electron microscopy (LEEM) [21]. The complete process is shown in
Fig.1.14. The OQC layer (in blue at the bottom right in Fig.1.14) is stable against
dosing 10-%mbar of molecular oxygen at 627°C [51]. However, with time the bright
contrast of the substrate becomes visible and the wetting layer transforms into tiny
islands of BaTiO3 as shown in Fig.1.14 (bottom left). Moreover, by annealing further
under oxygen the island density is reduced due to ripening and coalescence. In this
way, the oxidation-reduction cycle is closed, fully reversible. For the case of BaTiO3
on Pt(111), even upon multiple cycling, no Ba or Ti is lost by re-evaporation from
the surface or diffusion into the Pt bulk [51].

For the preparation of OQC films, no special deposition technique is needed.
Surface roughening as a consequence of sputter deposition or PLD and will not
hinder the OQC formation. In fact, surface defects will be healed out during the
high temperature treatment involved in the OQC formation process. However, the
authors claimed that the highest level of precision in the preparation of OQC mono-
layers has been reached using MBE [51].

1.2.3.3 0QC approximants

As discussed previously, approximant structures frequently coexist with the QC phases.
Fig.1.15 (a) illustrates the relationship between QC and their associated approxi-
mants. The highlighted motifs are the building blocks of the OQC tiling which could
form periodic structures of different cell dimensions as shown in Fig.1.15 (b) and (c).
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Figure 1.14 — in situ LEEM observation of the wetting and dewetting process of an
UTOx of BaTiO3 on Pt(111). At 747°C (1020 K) under UHV, BaTiOj3 islands (in blue)
start to wet the bare Pt (top left) encapsulating the metal surface (top right). This
oxide layer is a 2D film which continuously grows with time until full coverage of
the Pt substrate. At 850°C (+100 K) still under UHV this wetting layer develops in an
homogeneous OQC (bottom right). For high oxygen chemical potentials, the OQC
decays into small BaTiO3 islands (bottom left) when annealed at 627°C (900 K). At
777°C(+150 K) the small islands grow by coalescence closing the cycle (reproduced
from [21]).

The small unit cell approximant in Fig.1.15 (b) has been observed in the BaTiO3/Pt
[55,56] and in the BaTiO3/Ru(0001) [20] systems. This square-triangle tiling is called
o-phase approximant, which include six tiling elements (two squares and four tri-
angles) as was found for the BaTiO3-derived OQC. It was first described 400 years
ago by Kepler [57] and is also known as 32.4.3.4 Archimedean tiling (formed by reg-
ular polygons with n edges. Thus, 3 denotes an equilateral triangle, 4 a square, 5 a
pentagon, etc. There are many possibilities of edge-to-edge tilings of the plane de-
pending on the disposition of the polygons around a vertex. Therefore, a nomen-
clature based on the type and number of polygons around the vertex in cyclic order
is used) [58] or snub-square tiling.

Taking advantage of the periodicity of this structure, DFT calculations have been
performed as a complement to the experimental data in order to construct a com-
plete structure model as mentioned above. Fig.1.16(a) shows the relaxed surface
structure of the o-phase approximant derived from DFT calculations where Ti atoms
form the snub-square tiling observed by STM [55]. This model was in agreement
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Figure 1.15 — (a) Scheme of the OQC tiling. The highlighted motifs are the building
blocks of the OQC tiling which form periodic structures (approximants) of different
unit cell dimentions. (b) The tessellation of the smaller approximant (on the right)
in (a). (c) The tessellation of the larger approximant (on the left) in (a). The unit vec-
tors of the periodic structures are indicated by the black arrows (reproduced from
[51].

with previous SXRD measurements where the structure analysis confirmed that Ti
atoms are at the vertices of the dodecagonal motifs. The square-triangle tiling is
strongly distorted, nevertheless it is in agreement with the SXRD-derived charge
density plot. The total stoichiometry of the structure can be written as BasTizO1
per unit cell. The side view of the structure, show that Ti atoms reside in a plane
relaxing towards the Pt surface. Ba atoms relax outwards and O lead to two species
with different degree of hybridization [55]. A second structural model was proposed
by Cockayne et. al where a specific stoichiometry was assigned to each ideal NGT
element as shown in Fig.1.16(b) top. In this model Ba atoms occupy the vertices
of the tiles. By assuming that the bright protrusions observed in the STM images
are the Ba atoms instead of the Ti atoms, and that the Ti and O atoms form a Ti-O
network with threefold coordinated Ti, the authors constructed structure models

23



Chapter 1. Introduction to 2D oxide materials: from perovskites to quasicrystals

for several OQC approximants [53]. Fig.1.16(b) shows one of the structure model
where the snub-square tiling is generated by the ideal NGT decorated with Ba, Ti
and O atoms as building blocks for each tiling element, with edge lengths of 6.85 A
[53].

The existence of detailed structure models for the OQC approximants would
contribute to the understanding of the fundamental concepts of quasicrystallinity
in UTOx. For instance, how the QC structure of Ba-Ti-O is stabilized relative to ap-
proximant and other non-approximant arrangements [53]. Although the models
presented here differ, they represent advances in the construction of a unique struc-
tural model which can be used for better understanding of OQCs.
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Figure 1.16 — Relaxed structures of the Ba-Ti-O o-phase approximant structure on
Pt(111) from DFT calculations (a) where Ti atoms are at the node of each tiling el-
ement (top and side views) (reproduced from [55]) and (b) where Ba atoms are at
the node of the tiling elements. An specific decoration for the motifs is proposed as
well (reproduced from [53]).

The large unit cell approximant illustrated in Fig.1.15(c) has been observed in
the SrTiO3/Pt(111) system [10]. The region 1 in Fig.1.13(b) marked a local zone
where this approximant structure was found. What is special from this approximant
phase is that its unit cell includes all the necessary motifs to describe the OQC tiling.
Moreover, the characteristic dodecagonal motif is part of the monoclinic unit cell.
The unit cell contains 36 tiling elements including nine squares, twenty four trian-
gles, and three rhombs. The length of the shorter axis of the monoclinic rectangle
is 25.1 A . This value corresponds to the diameter of the dodecagonal unit, which is
(2++/3) times the fundamental length of the OQC [10]. The long axis of the unit cell
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has an angle of 95° with respect the short one, and a length of 37.7 A . The short axis
is aligned to the < 110 > direction of Pt [10]. Similar to the 5-phase approximant,
this large unit cell monoclinic approximant forms a commensurate superstructure

9 16

In addition to the discussed approximants, other approximant structures have
been reported in other combinations of BaTiO3 grown on metal surfaces. A wagon-
wheel structure was found in the BaTiO3/Pt(111) system as shown in the atomically
resolved STM image in Fig.1.17 (a). A full dodecagon is contained in the hexago-
nal unit cell, called Wiegner-Seitz cell (WSC) [60]. The dense packing of the tiling
results in a triangular cavity at the corners of the WSC as marked by the red circle.
This cavities can be occupied by an additional atom as marked by the blue circle.
The WSC is decorated by the NGT as follows: five squares, twelve triangles and two
rhombs [60].

on the Pt(111) substrate given by the matrix (9 0 ) [59].

Figure 1.17 — STM images of (a)the wagon-wheel structure derived from
BaTiO3/Pt(111). The WSC is highlighted by the blue hexagons containing a char-
acteristic dodecagon as indicated in white. The corner positions of the WSC can be
either occupied or empty (blue and red circles) (24 x12nm?; 0.1 V; 0.5 nA. Repro-
duced from [60]. (b) The o-phase approximant structure with incorporated row of
rhombs (5x6 nm?; 2V; 40 pA) (reproduced from [61]).

BaTiO3 was deposited as well on Pd(111). After annealing under oxidation con-
ditions, the ternary oxide tends to form 3D islands dewetting the Pd(111) surface,
and then after annealing under reducing conditions a reduced 2D UTOx layer is
formed between the islands. This behaviour is typical for ultrathin ternary oxide
films on metal supports as was previously described for the case of BaTiO3/Pt(111)
(more details in the next section). On the reduced Ba-Ti-O film a o-phase approxi-
mant structure was observed, but with local modifications in comparison with Ba-
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Ti-O reduced films on other substrates. In this system, three different characteristic
tiling motifs occur. These are the o-phase, a triangle- rhombs patch, and a triangle-
square-rhombs patch. The atomically resolved STM image in Fig. 1.17 (b) shows
well organized rows of the 5-phase (in red and yellow) which an additional triangle-
square-rhombs structure (in white) also well ordered leading to rows of vertically
stacked rhombs inclined 30° and 150°. The o-phases in two rows are shifted verti-
cally by half of a unit cell. In fact, this phase shift in addition to the incorporated
rhombs reveals the presence of 1D antiphase domain boundaries [61].

In summary, the field of aperiodic UTOx in the 2D limit has developed into a
broad research area. The combination of different ternary oxides/metals is still an
open possibility to continue exploring the structure and properties of OQCs. In-
vestigations towards an understanding of the driving forces for the transition from
periodic to aperiodic order are still in progress. The high level of control provided
by the state-of-the-art surface science experiments and the reduced dimensionality
of the OQCs, which reduces the complexity of this type of quasicrystal dramatically
as compared to intermetallic or soft-matter systems, makes OQCs a perfect model
system for addressing the question of the origin of aperiodic structure formation in
general [9].
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Chapter 2. Experimental methods

In this thesis, a thin film stacking configuration was developed to fabricate UTOx
supported on Pt(111). This sample architecture was achieved thanks to an ensem-
ble of epitaxial growth techniques such as MBE and PLD. Every deposition process
is monitored by Reflection High Energy Electron Diffraction (RHEED). Other sur-
face characterization techniques such as X-ray Photoelectron Spectroscopy (XPS),
Scanning electron microscopy (SEM) and Scanning Auger microscopy (SAM), scan-
ning tunnelling microscopy (STM) or low Energy Electron Diffraction (LEED) were
performed as well to characterize the evolution of the chemistry and the structure
at the surface. These growth and characterization techniques require UHV condi-
tions to minimize the contaminants adsorption on the substrate prior to epitaxial
growth, the incorporation during the growth of the thin films and the final adsorp-
tion on the resulting surface after growth of the oxide.

This chapter presents a description of the UHV techniques used in this work.
The first section is dedicated to the presentation of the large UHV facility available
at the Jean Lamour Institute (IJL) known as the TUBE, where the samples were fab-
ricated and characterized in situ. The second section explains the basic principles
of the growth techniques used. Finally, the third section exposes the surface char-
acterization techniques used to study the structure, the composition and the mor-
phology of the obtained films.

2.1 Thin film growth methods

Understanding the surface of materials has been an important challenge for hu-
manity since ancient times. For instance, solid materials found in the everyday life
objects have different characteristics at their external side (such as polishing or bril-
liance) [1]. Nevertheless, it is only in the past decades that an improved understand-
ing of surfaces has been developed and a complete branch of materials science has
been dedicated to the study of the properties and possible technological applica-
tions of surfaces [2]. But why are they so interesting? And moreover, what is the
definition of a surface?

With the development of condensed matter physics, it was better understood
that the properties of a material depend completely on its atomic structure and
chemistry. The amount of atoms located at the surface of a material could be neg-
ligible with respect to the number of atoms in the bulk material. Nevertheless, the
surface effects are not negligible at all. The surface is the exchange place between
the material and its environment. Besides, the translational symmetry of the bulk is
broken at the surface, which means that its atomic and electronic structures differ
from those of the volume leading to the possibility of finding completely different
properties.

For these reasons, one of the primary aims of surface science and engineering is

34



2.1. Thin film growth methods

to create structures or components at the nanoscale where surface properties have
a higher relevance (for instance, consider a cube of 1cm3 and on the other hand a
cubic arrangement of 103 atoms. The ratio between surface atoms and bulk atoms
is on the order of 1078 for the former cube while it is equal to 0.6 for the latter case!)
[1].

Thin film engineering at the nanoscale has been developed in the last decades,
allowing the synthesis of a wide range of materials, from simple metals to more
complex intermetallics as well as functional oxides. This is the case of UTOx grown
on metal surfaces. In particular, when approaching the 2D limit, the structure of an
UTOx grown on (111) metal surfaces changes, leading, for example, to the forma-
tion of quasicrystaline structures as mentioned in the previous Chapter [3, 4, 5].

2.1.1 Description of the film stacking

For this project, a thin film of SrTiO3(111) was epitaxially grown on a 10 nm thick
Pt(111) buffer layer following the sample architecture presented in Fig. 2.1. We
chose to use a thin film of a (111)-oriented metal grown by MBE rather than a com-
mercial single crystal. This approach may be more versatile to explore various per-
ovskites on metal substrates, allowing the investigation of physico-chemical prop-
erties of new complex 2D oxide phases. In addition, the use of the metal as thin
film reduces costs in the sample fabrication. As we are interested in the interaction
of the Pt topmost layer with the UTOx, we believe that 10 nm could be an optimal
thickness for the buffer layer, since it is thick enough to avoid any contribution of
the Pt/a-Al,03(0001) interaction at the surface.

<lnm| |

Figure 2.1 — Schematic of the sample architecture.

10 nm‘

In the following, a description of the different growth techniques will be given,
followed by a description of the surface characterization methods used in the de-
velopment of this work.
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Chapter 2. Experimental methods

2.1.2 TheTUBE

In 2016, IJLinaugurated alarge UHV platform unique in Europe known as the TUBE.
This acronym comes from the given name "inTerconnection under Ultra-high vac-
uum of chamBers for Elaboration and characterization for novel material" which
describes perfectly the purpose of this equipment created in response to the need
of integrate diverse thin films growth systems and in sifu analysis. Figure 2.2 shows
a picture of this exceptional set of UHV tools. It is composed by 28 UHV instru-
ments (24 deposition or/and analysis chambers plus 4 introduction load-locks) in-
terconnected along a 70 meters long UHV tube. In total 14 chambers are dedicated
to the thin films elaboration (7 MBE, 1 PLD, 3 sputtering, 1 atomic layer deposi-
tion (ALD) system, 1 lithography and 1 semi industrial physical vapour deposition
(PVD)) and 10 chambers are available for structural (STM, AFM, SEM, RHEED and
LEED), chemical (XPS, Auger, Nano-SAM) and physical characterization (such as
Angle-resolved photoemission spectroscopy (ARPES), Magnetic optical Kerr effect
microscopy or ellipsometry) [6]. 40 metres of the TUBE are dedicated to research

Figure 2.2 — The TUBE: A large UHV facility for the fabrication and characterisation
of novel nanomaterials at I[JL. ©Hubert Raguet - IJL - CNRS

work performed at the institute. The remaining 30 meters are available for industri-
ally oriented research and the development of new technologies. This large facility
is open to the international scientific community as well as to collaboration with
private companies [6].
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2.1. Thin film growth methods

Figure 2.3 shows a schematic of the various chambers assembled along the TUBE.
The circles highlight the different chambers (and techniques) employed during the
development of this thesis. In fact, this project tested the functionality of this im-
pressive platform by using in total eight different UHV chambers. For the sam-
ple fabrication, two MBE systems plus a chamber used for substrate preparation
(the Auger analysis chamber) and a PLD system were used (see red circles in Fig-
ure 2.3). For chemical and structural surface characterization, two XPS and Auger
spectroscopy systems (Surface 1 and 2), a STM and a SEM and Nano Auger assembly
(SCAN) were used (as marked in Figure 2.3 by the blue circles). The transfer between
chambers is possible thanks to an automatic mobile plate which travels along the
UHYV tube transporting a trolley containing up to twelve samples. A good control
of the vacuum in the platform is ensured due to the segmentation of the Tube in
several zones delimited by 16 valves which are opened and closed when the trolley
is crossing. Besides, UHV conditions inside the chambers are controlled by a set of
valves located at the intersection of the transfer rods and the chambers entrance
as well as in between the pumps and the chambers. In total, more than 60 valves
and 40 pressure gauges across the TUBE guarantee good UHV everywhere along the
platform. Figure 2.4 (left) shows one of the zones of the Tube with a zoom (right) to
the inside allowing to see the trolley attached to the mobile plate by the magnets.
The TUBE is equipped with eight trolleys in total, each one with a capacity to carry
twelve sample holders. This instrument is managed by the competence centre of
the IJL called CC Davm (acronym from the French "Dépo6t et Analyse sous Ultravide
de nanoMatériaux").

MBE+CS

MPGA ) recherche
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Figure 2.3 — Schematic of the 24 instruments and 4 introduction load-locks con-
nected to the 70 m UHV TUBE. In blue and red circles are highlighted the 8 cham-
bers used during this thesis.
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Rail Magnets

Mobile plate
for trolley transfer

Trolley Sample

Sample holder

Figure 2.4 — Left: The mobile plate transporting the samples through the TUBE.
Right: view inside the TUBE of one of the trolleys carrying the samples.

In Fig.2.4 (right) the samples holders used during the sample fabrication inside
the TUBE are visible. These are made of Inconel (a nickel-chromium superalloy),
cooper or tantalum, with a very precise shape allowing the transfer in the different
systems interconnected to the TUBE. For this project, substrates were fixed to the
sample holders using silver paint with subsequent annealing at around 100°C for 1
hour (as described in Chap.3).

2.1.3 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is an UHV epitaxial growth technique based on the
interaction of a crystalline substrate and the species adsorbed from a molecular
beam of thermal energy coming from a high purity material. The development of
this technique started at the end of the 1960’s from the convergence of studies on
the deposition by thermal evaporation of compounds from the III-IV group and the
improvement of techniques operating under UHV conditions [7]. Molecular beams
are generated by the evaporation of the desired material contained in a crucible in-
side the effusion cells heated (in the case of our MBE system) by an electron beam.
The substrate is located at a distance d of the crucible as presented in Fig.2.5. If the
substrate is perpendicular to the beam, the flux per unit surface and time is given

by:
-(25) Gans )1/2 1)
Pbeam ={ ~ 2 J\ 21MkgT '

Where P is the pressure in the cell, Nj is Avogadro’s number, M is the molecular
weight of the element, A is the aperture area of the cell and T is the absolute tem-
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Figure 2.5 — Schematic of a MBE chamber (reproduced from [7]).

perature. UHV conditions are required to minimize the incorporation of contami-
nants at the growth surface and in the epitaxial layer. In order to obtain an efficient
growth rate, the cells are constituted by large-aperture crucibles resulting in rates
of tenths of several nanometres per second. The flux generated depends on several
parameters such as the cell geometry and its position with respect to the substrate.
In order to guarantee a homogeneous flux on the substrate, it is usually azimuthally
rotated during the growth [7].

One of the MBE systems connected to the TUBE is shown in Fig. 2.6. The cham-
ber is equipped with a RHEED set-up allowing to monitor in situ the growth pro-
cess, providing a real-time feedback on the influence of the growth conditions on
the structure of the epitaxial layers. The flux is controlled during the growth by a
quartz crystal microbalance (QCM). However, as this QCM is located close to the
electron beam gun and about 30 cm under the sample (bottom left in Fig.2.6), the
recorded value would be higher than the real flux arriving to the substrate surface.
To correct this issue, a second QCM (top right) can be inserted almost at the sam-
ple position, allowing to calibrate the electron beam power (recorded with the first
QCM) needed to obtain the desire flux in the second QCM.

This MBE system is equipped with two electron guns connected to two groups
of cells containing crucibles with different metals (such as Ni, Co, and Mg). A set
of turbo-molecular, ionic and titanium sublimation and primary pumps, allows to
obtain a base pressure in the chamber of about 5 x 10~ 'mbar.

For this project two independent MBE set ups connected to the TUBE (see Fig.2.3)
were used for the growth of the metal buffer layer (see Fig.2.1). Pt and Ti/Pt bilayer
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Figure 2.6 —- The MBE chamber connected to the TUBE.

were selected as the supported metals for the SrTiOg thin films. Since Ti was not
available in the same MBE system where Pt was grown, Ti deposition was performed
in another MBE system.

2.1.4 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is today a well known technique for the growth of
complex oxides thin films due to its success in growing in situ epitaxial high tem-
perature superconducting films [8]. This technique was developed in the late 1980’s
after studies in the applicability of lasers (discovered in the early 1960’s) as a directed
energy source for evaporation of a desired material. Nowadays, this technique is
used in the deposition of insulators , semiconductors, superconductors, metals,
polymers and even biological materials [9, 10, 11, 12, 13]. PLD is a physical vapour
deposition process carried out under vacuum conditions. Here, a pulsed laser is fo-
cussed onto a target. If the laser energy is sufficiently high, a small amount of ma-
terial is vaporized and ejected away from the target’s surface. This vapour is made
of atoms, molecules, ions and electrons which constitute a plasma called plume.
This stage is known as ablation. The ablated material is ejected from the targetin a
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highly forward-directed plume. This ablation plume provides the material flux for
film growth. PLD is a very attractive method for the growth of complex oxides since
it guarantees a nearly stoichiometric transfer of material from the target to the sub-
strate. Besides it can be operated either in UHV environment or in the presence of
a background gas, such as oxygen which is commonly used when depositing oxides
to fully oxygenate the deposited films [8]. This process is schematically shown in
Fig.2.7.
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Figure 2.7 — Top: Schema of the inside of the PLD chamber connected to the TUBE.
Bottom: Sequence of the PLD process (adapted from ref [8]).
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Typically, the deposition rate ranges from 0.001 to 1 A per laser pulse [8], allow-
ing a controlled deposition process in multilayer systems with good interface prop-
erties. This degree of control can be achieved using RHEED as a surface technique
that helps to determine the crystallinity and smoothness of the grown film. The
oscillations in the intensity of diffraction pattern during the film growth are corre-
lated to the layer-by-layer growth as detailed in the next section. Fig. 2.8 shows the
PLD system connected to the TUBE, which possess a KrF excrimer laser (248 nm),
a RHEED instrument and a radio frequency (RF) O, plasma source. The pumps as-
serrébly guarantees a base pressure inside the deposition chamber on the order of
10~ mbar.

RHEED screen
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lonic pump

Figure 2.8 — The PLD chamber connected to the TUBE.

2.2 Surface characterization methods

After sample fabrication, different surface characterization methods were used to
obtain information about the structure, the chemical composition and the topog-
raphy of the final surface. Besides, quasicrystallinity in oxides is the result of an-
nealing at high temperatures under very specific conditions. Which means that, all
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changes (structural, compositional and in morphology) at the surface need to be
monitored and analysed.

In this section, a description of the many different surface characterization tech-
niques that were used during this project will be given. Several characterizations
were performed in situ at the TUBE, while others were done on a stand-alone UHV
system called ASURE platform, which is briefly described here as well.

2.2.1 ASURE platform

The formation of an UTOx requires exigent experimental conditions, such as high
annealing temperature (> 1000 K or 730 °C) and low pressure (< 1078 mbar).

For the present work, ensuring these conditions was essential. After sample fab-
rication, the specimens were transferred from the TUBE to a second UHV system
called platform ASURE from its acronym in French: Alliage SUrface et REactivite.
In particular, this system possess a special chamber dedicated to high tempera-
ture annealing (up to 1110°C depending on the sample mounting) under various
gases, called reactivity chamber. Fig. 2.9 shows the ASURE platform, consisting in
three UHV interconnected chambers: the reactivity chamber, equipped with an e-
beam heater and a mass spectrometer, a LEED system and an ion bombardment
gun; a preparation chamber, equipped with a resistive heater, a mass spectrometer,
a LEED system and evaporation sources for metallic and molecular deposition; and
an analysis chamber, equipped with a X-ray and UV photoemission system with an
hemispheric analyser and a variable temperature Omicron STM.

The base pressure inside the preparation, the analysis and the reactivity cham-
bers are in the order of 10711, 1 x 10719 and 5 x 10 1%mbar respectively. These low
pressures are possible thanks to the pumping assembly consisting in ionic, turbo,
Ti sublimation and primary pumps as shown in Fig. 2.9. The temperature in the
chambers is controlled by thermocouples located on the heater close (but not con-
nected) to the sample holders. Besides, a bichromatic pyrometer was used as well
to directly measure the temperature on the sample surface.

Samples coming from the TUBE after fabrication were detached from the sam-
ple holder in order to be fixed on an Omicron Ta plate compatible with the ASURE
platform. The silver painting was carefully removed from the back of the sample
before fixing it with Ta wires by spot welding. Fig. 2.10(a) shows one of the samples
used in this project, fixed with three Ta wires inside the reactivity chambers of the
ASURE platform. The sample plates used for samples A and B reported in Chap.4
had a rectangular window as shown in Fig. 2.10(b), allowing to achieve higher an-
nealing temperatures at the surface of the sample, since the electron beam impinge
directly on the back side of the sample and not on the Ta plate (as it is the case when
using a normal plate).
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Figure 2.9 — ASURE platform composed by three interconnected UHV chambers.
(rigth) A reactivity chamber, (middle) a preparation chamber and (left) an analysis
chamber.
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Figure 2.10 - (a) Sample of 5x5 mm? inside the reactivity chamber, fixed by three Ta
wires on an Omicron plate. (b) Ta plate with a rectangular 7x 4 mm? window.
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2.2.2 Surface structure characterization

2.2.2.1 Reflection high-energy electron diffraction

Reflection high energy electron diffraction (RHEED) is a highly used technique to
analyse the structure of crystal surfaces. Although RHEED is a surface characteri-
zation method, it is a tool of great importance used to monitor in situ the growth
of thin films. Surface reconstruction and surface roughness can be followed during
MBE or PLD deposition, for example. RHEED instruments use a finely collimated
electron beam of 10-100 keV which impinges the sample surface at a grazing angle
producing a forward scattered diffraction pattern [14]. This pattern corresponds to
a projection of the 2D reciprocal lattice of the sample surface. Numerous are the
structural informations that can be obtained by analysing the RHEED patterns. For
instance:

 Surface periodicity. The real space lattice can be established.

Flatness of the surface.

Epitaxial relationships between the grown films or islands with respect to the
substrate.

Sizes of grains or domains of the grown surface.

Growth mode of the thin films and number of grown atomic layers

Fig. 2.11 shows the scheme of a RHEED apparatus. An electron beam is pro-
duced generally from a tungsten filament and then accelerated toward the sample
surface by a voltage. The electron beam passes through a small aperture to be fo-
cused on the sample by magnetic focusing lens. The beam will irradiate the sample
surface with a grazing angle g between 0.5° and 6°, after being deflected by the
deflection coils 1 and 2. The size of the irradiated zone is about 1-3 mm along the
beam, which means that the final RHEED pattern will give an average information
of the macroscopic radiated area. The RHEED pattern is observed on the fluores-
cent screen and can be recorded by a CCD camera from the outside of the UHV
setup [14].
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Figure 2.11 — Schematic of a RHEED system (reproduced from [14]).

Formation of a RHEED pattern

Fig. 2.12 represents the geometric configuration of a diffraction experiment in the
real (or direct) space and its construction in the reciprocal space. If the electron
beam arrives parallel to the sample (described by a vector k;j), it will be diffracted
(vector k¢) with an angle o with respect the direction of the incident beam. If we
restrict the diffraction phenomena to only elastic scattering, for a wave-vector k;
coming from the incident electron wave the diffracted waves, for instance kg, will
have the same magnitude as k;. Therefore, when these vectors are drawn from a
common origin, as illustrated in Fig. 2.12 (right), their end points will be on a sphere
with radius |k;| given by:

|ki| = v2mE/h (2.2)

where mis the mass of an electron, Eis the energy of the electron, and h is the Planck
constant divided by 2r. This sphere is known as the Ewald sphere. Here, both the
elastic scattering and the diffraction conditions are fulfilled simultaneously. Conse-
quently, the RHEED patterns observed on the fluorescence screen, come from the
intersection between the reciprocal lattice planes and the Ewald sphere.

From Fig. 2.12(left), one can write:

e(hkl)
D

where e(hkl) is the distance on the screen between the incident beam and the
point corresponding to the plane (hkl) and D is the distance between the detection
screen and the spot given by the incident and the diffracted beams. If we take a vec-
tor in the reciprocal space G (hkl) which satisfies the Bragg condition 2d(hkl) sin{ =
A, where d(hkl) is the interplanar distance and A is the wavelength coming from the
incident beam. With 20 = o (as in Fig. 2.12(right)), this vector can be expressed by:

tano =

G (hkD)| = (2.3)

d(hkl)
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Figure 2.12 — Schematic of a diffraction experiment in the real (left) and in the re-
ciprocal (right) space (adapted from [1]).

By simple application of trigonometry relations, one can obtain the relation be-
tween the order of magnitude of the real and reciprocal space:

14 ( = )2 _ ! (2.4)
e (hkl) _( A )2(1_( ) )2) '
dhkD 2dhkl
Moreover, if A < d, which is the case in RHEED, then Eq. 2.4 simplifies in:
e(hkl) A
= 2.5
D dhkD (2:5)

Eq.2.5 has important consequences for geometric considerations. Considering
that the typical size of a fluorescence screen is about 10 cm and the distance be-
tween atoms is in the order of 0.2 nm, then, A will constraint the distance between
the sample and the screen. From Eq.2.2 one can calculate A knowing that A = 2n/k
and E = eV with V the voltage used to accelerate the electrons (which could vary
from 10 to 40 kV). Therefore, for A = 0.01nm, for example, D is 20 times larger than
e(hkl)

This means that in a RHEED set-up, the electron gun and the screen can be
spaced far apart from the sample, leaving the front of the sample open for deposi-
tion sources. This implies that RHEED can be used as an in situ technique to control
the structure of the growing surface directly during the growth process.

Possible RHEED patterns

As mentioned above, the observed RHEED patterns come from the intersection be-
tween the reciprocal lattice planes and the Ewald sphere. For an ideal case, where
the surface is perfectly flat (2D), the reciprocal space is a 2D lattice formed by thin
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lines, perpendicular to the real surface. The intersection of this streaks with the
Ewald sphere forms a pattern made up of a set of diffraction spots on concentric
circles (also observed) called Laue zones as illustrated in Fig.2.13(a). The left col-
umn represents the real surface morphology, the middle column the corresponding
pattern in reciprocal space and in the right column the observed RHEED pattern.
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Figure 2.13 — Schematic of different imperfect surfaces and their corresponding pat-
tern in reciprocal space and in RHEED measurements (reproduced from [14)).

Nevertheless, real samples are not always ideal. Fig.2.13(b-f) represents RHEED
patterns observed for surfaces with imperfections (such as domains, steps, vicinal
surfaces and islands). In practice, the observed RHEED pattern of a flat surface will
frequently be a set of streaks as presented in Fig. 2.13(b). This is due to the fact that,
as the surface is never ideally 2D, the reciprocal space is no longer a thin line, but
a rod with a finite diameter as exemplify in Fig. 2.14(a). Thus, the intersection of
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these rods with the Ewald sphere is no longer a spot, instead the Ewald sphere will
have a certain thickness given by an uncertainty A¥. Besides, in reality, the electron
beam penetrates more than the first atomic layer, which means that the intensity
will be modulated along the reciprocal rods. Then, a surface with small out of phase
domains (smaller than the coherence length of the beam), will produce a RHEED
pattern formed by elongated diffraction streaks.

Reciprocal space Observed pattern

(a) (B) fncident azimuth [110] of STO

Reciprocal latice
b* s

Laue
1st zone

[121] of STO 1

Real |atice

Reciprocal lattice

Figure 2.14 - (a) Schematic of the formation of a RHEED pattern by the intersec-
tion of the Ewal sphere and the reciprocal rods coming from a real surface (adapted
from [15]). (b) RHEED pattern of a Pt film grown on SrTiO3(111). The observed pat-
tern gives information of the reciprocal lattice, which can be transformed in the real
lattice parameters (adapted from [16]).

Another practical aspect of this method (more related to the surface structure
analysis), is that a reciprocal lattice map can be obtained from the RHEED patterns
as presented in Fig.2.14(b) for the case of a Pt film grown on SrTiO3(111) where the
diffraction patterns go up to the 2nd Laue zone indicating good crystallinity. Note
that the pattern consist in streaks rather than spots. The separation of the streaks
for the [110] direction corresponds to the reciprocal lattice parameters. Then, the
reciprocal vectors a* and b* can be determined, which means that the real space
vectors aand b can be deduced along with the real space unit cell parameters along
the three dimension space directions X, ¥,Z. For the hexagonal case, the reciprocal
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lattice vectors are given by the relations:

N 271) V3%+§
= = 2.6
“ ( a V3 (2.6
2m) 2y
b*:(_)— 27
a3 @7
¢ =cZ (2.8)

In this way, the periodicity or unit cell of the surface reconstruction is known simply
from the arrangement of the superlattice spots in RHEED pattern.

RHEED oscillations

In the case of a layer-by-layer growth, RHEED can be also used as an excellent tool
to determine the growth rate of a monolayer. By measuring the changes in the in-
tensity of a specular spot, one can relate the period of the oscillations to the time
that is necessary to deposit one monolayer.

Fig. 2.15 shows a layer-by-layer growth where atomic layer grows by making 2D
islands at different places on the surface, then the islands grow and eventually con-
nect each other to complete the new atomic layer. Consequently, the surface tem-
porally becomes a stepped surface during the growth. During this process the in-
tensity of a specular spot oscillates as shown in the right of Fig. 2.15. The period of
the oscillation corresponds to the completion of a single atomic layer, therefore it is
possible to determine the number of atomic layers grown by counting the number
of intensity oscillations of the specular spot in RHEED. This measurement could be
done in the course of a PLD growth, for example.
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Figure 2.15 — RHEED oscillations at the different stages of a film growth. (left)
Growth is initiated and the coverage rate 1 increases. The intensity of a specular
reflection (rigth) is proportional to the surface roughness (reproduced from [17]).

2.2.2.2 Low energy electron diffraction

One of the most powerful techniques available for surface structural analysis is low
energy electron diffraction (LEED). This technique is widely used in materials sci-
ence research to study surface structure. It has many similarities to X-ray and neu-
tron diffraction but due to the short mean free path oflow energy electrons in solids,
itis highly surface sensitive [2]. Upon penetrating the crystal, primary electrons will
lose kinetic energy, due to inelastic scattering processes, leading to a decay com-
monly treated as an exponential function. Thus, the decay of the primary electron
beam intensity I in the direction of the propagation is given by:

1(d) = [pe V/A® (2.9)

where d is the penetration depth and A(E) is the inelastic mean free path, defined as
the average distance that an electron with a given energy travels between successive
inelastic collisions. The mean free path is minimal (5-10A) in the energy range of
LEED measurements, where the electron beam is directed onto a single-crystalline
surface with energies typically in the range of 10 to 500 eV.
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Fig.2.16 illustrates a LEED set-up where the electrons are generated by a cath-
ode filament (tungsten or LaBg crystal) with energies in the range of 0 to 1000 eV.
The effective diameter of the electron beam is about 1 mm and the angular spread is
typically about 0.5 °. This implies that steps and surface imperfections are not gen-
erally visible but can manifest themselves as background noise. More sophisticated
techniques, such as the Spot Profile Analysis of electron diffraction (SPA-LEED) al-
low to obtain the surface roughness and average terrace size.
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Figure 2.16 — Scheme of a typical LEED system (reproduced from [2]).

Electrons are accelerated through a potential difference V, then they impinge
on the surface, where they are diffracted. The elastically backscattered electrons
travel to the grid G1. A small negative voltage between G1 and G2 rejects most of
the inelastically scattered electrons while the elastically scattered electrons reach
G3. A large positive voltage between G3 and the fluorescent screen accelerates the
electrons producing fluorescence when they impact on the screen, leading to bright
spots forming the LEED pattern which can be collected by a CCD camera. In con-
trast to X-ray diffraction in which the wavelength is usually held fixed, in LEED there
is this extra degree of freedom of changing the electron wavelength via changing the
energy (see Eq.2.2). Different software allow to record the LEED patterns at different
energies, allowing to determine the structure of the surface.

If we consider Eq.2.5 this time for a LEED experiment, as the energy of the elec-
trons is lower than for the RHEED method, a typical value for A could be between
0.2 and 0.006 nm (for a potential between 50V and 40 kV). This lead to a distance D
about the order of magnitude of e (hkl) typically in the order of 0.2 nm. This is one
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| Energy A (nm) Beam diameter D
LEED 10-500 eV 0.2 0.2-1 mm in the order of e
RHEED | 10-40kV  0.01 50-100 um almost 20 times e

Table 2.1 — Comparison between the characteristics of the electron diffraction tech-
niques discussed in this chapter (adapted from [2, 1]).

of the greatest differences between RHEED and LEED techniques. In a LEED set-up
itis not possible to monitor the growth of a material. The detector needs to be close
to the sample [1].

Table 2.1 summarizes the main characteristics of both electron diffraction tech-
niques discussed so far, exposing their differences in the incident beam energy and
its consequences in terms of wavelength A, beam diameter and the distance be-
tween the sample and the fluorescent screen D.

Formation of a LEED pattern

The distance between the sample and the screen represents a limitation for this
technique. Nevertheless this problem was smartly solved by a set-up, as previously
described above, where electrons are send perpendicular to the sample surface as
shown in Fig. 2.16 (in contrast with RHEED) and the backscattered electrons are re-
covered on an hemispherical fluorescent screen. In this case, the diffraction rods are
parallel to the incoming beam (k;) as shown schematically in Fig. 2.17. Therefore,
the intersection between these rods and the Ewald sphere is directly the reciprocal
lattice as represented by the green dots in Fig. 2.17 [1].

Fig. 2.18 presents examples of LEED patterns from different phases of SrTiO3.
Fig. 2.18(a) shows the diffraction pattern of a (111)-oriented SrTiO3 surface. Crys-
tal symmetry and lattice dimensions can be obtained using the proper calibration
of the instrument. Fig.2.18(b) shows a surface reconstruction of SrTiO3, where the
reciprocal lattice is six times smaller than the SrTiO3(111) lattice. Therefore, in real
space, following the relations given by Eq. 2.10, this LEED pattern corresponds to a
surface reconstruction where SrTiO3(111) lattice parameters are six times larger (a
(6 x 6) surface reconstruction)

1

a=—— (2.10)
a* sin 60°
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Ewald sphere

27t /d(hkl)

Reciprocal lattice

Figure 2.17 — Schematics of the LEED pattern construction from the intersection of
the Ewald sphere and the reciprocal lattice rods. k;j is the wave vector of the incident
beam perpendicular to the sample, and k¢ represents the possible vectors of the the
backscattered electrons. A LEED pattern image directly the reciprocal lattice (green
spots) (adapted from [1]).

SrTiO5(111)
(@) SrTiO5(111) (b) (6x6) reconstruction

E=45 eV'i=25°C

Figure 2.18 — LEED patterns of (a) SrTiO3(111)(1 x 1) (reproduced from [18]) (b) Re-
constructed (6x6)SrTiO3(111) (reproduced from [19]).

2.2.3 Chemical analysis

Chemical analysis of solid materials with electron spectroscopy is based on energy
analysis of secondary electrons emitted as a result of excitation of the surface by
photons, electrons, ions, or neutrons.

The most important methods that are employed in commercial surface analyti-
cal instruments are X-ray photoelectron spectroscopy (XPS), also known as electron
spectroscopy for chemical analysis (ESCA), and Auger electron spectroscopy (AES).
These techniques are highly important in surface science since they allow to:

* Detectall elements present at the surface of a specimen (except hydrogen and
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helium)
* Detect chemical bonding states
e Obtain information depth in the nanometre region (up to 10 nm)

The reason for the surface specificity of electron spectroscopy is the small infor-
mation depth of typically some nanometers due to the inelastic mean free path of
electrons of energy between typically 40 and 2500 eV [20].

2.2.3.1 X-ray photoelectron spectroscopy

Based on the photoelectric effect, XPS uses photons to irradiate the surface of a
sample producing the emission of electrons, which can be detected and the atomic
core level binding energy E;, can be determined. When an X-ray of a known energy
hv, generally Mg Ko (1253.6 eV) or Al Ko (1486.6 €V), interacts with an atom, excited
states are created and electrons, called photoelectrons, are emitted with a kinetic
energy Ey given by:

EkZhV—Eb—q)S (2.11)

where, ¢ is the work function of the spectrometer (typically 4 to 5 eV). Fig. 2.19
shows the schematics of the photoemission process. In addition to photoelectrons,
Auger electrons may be emitted because of the relaxation of the excited ions re-
maining after photoemission. This Auger electron emission occurs approximately
10714 seconds after the photoelectric event (this is the subject of the next section)
[20, 21].

In an XPS experiment, the Ey is measured, thus it is possible (by Eq.2.11) to ob-
tain the binding energies of various core electrons, as well as those of the outer (or
valence) electrons that are involved in chemical bonding [22]. This information can
be used to identify all the elements of the periodic table (except H and He) and the
chemical environments of the atom of interest.

Fig. 2.20 shows the work principle of an XPS apparatus, where the sample can be
rotated and photoelectrons are detected by the electron energy analyser according
to their Ey. The analyser is usually set with a pass energy Epass Which is an energy
window that accepts only those electrons with an energy in the range of this window.
To maintain a constant energy resolution the Epass is fixed and a positive bias is
apply to slow the incoming photoelectrons. In this way, they are adjusted to the
Epass at the entrance of the analyser. Electrons are detected as discrete events, the
number of counts for a given detection time and energy is stored and displayed as
an energy spectra [21].

As an example, Fig.2.20 (right bottom) shows typical XPS survey spectra for Rh,
Ag, Ir and Pt. This spectra is a plot of the number of electrons detected at a specific
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Figure 2.19 — Schematics of the photoelectron emission. An Auger electron may also
be emitted after relaxation (reproduced from [23]).
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Figure 2.20 — Schematics of the XPS system (reproduced from [24])

binding energy. As most elements produce more than one peak in XPS, correspond-
ing to the electron configuration of the electrons within the atoms (e.g., 1s, 2s, 2p,
3s, etc.), it is convenient to obtain a survey spectrum from 0 eV (the Fermi level) to
binding energies around 1200 eV (~the source energy when using Al Ko or Mg Ko
X-rays). This is a good starting point, allowing to set up subsequent high resolution
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XPS measurements in the range of binding energies corresponding to peaks of the
core levels of interest [25].

In this thesis, XPS measurements were performed in three different UHV cham-
bers. Two of them connected to the TUBE and a third one belonging to the ASURE
platform presented before. Fig. 2.21 shows one of the XPS systems connected to the
TUBE where most of the measurements reported here were performed. This system
consists in a CMA unit (Cylindrical Mirror Analyser) with an integrated electron gun
with a beam energy from 20 eV to 5 keV. A beam diameter < 100um at 5 keV and a
maximum beam current of 20uA. The X-ray source is a DAR400 with an energy res-
olution of 0.6 eV for Mg K, and 0.8 eV for Al K,. The XPS system connected to the
analysis chamber of the ASURE platform (Fig. 2.9) has an Omicron hemispherical
electron analyser EA125. The detected signal is amplified using a 7-channel elec-
tron multipliers also called channeltron.

X-Ray source

Analyzer

sample

Sample
manipulator
+
Heater

lonic pump
Figure 2.21 — XPS system connected to the TUBE

The software CasaXPS was used in this thesis to treat all the XPS measurements.
XPS quantification in terms of peak intensities is performed by measuring the peak
areas of specific core lines (I) and by applying appropriate relative sensitivity factors
(RSF) [26]. The CasaXPS software provides a library where the RSF and peak posi-
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tions from standard samples are considered (along with other corrections to the raw
peak area) allowing to determine the atomic concentration (C) of an element X in a

sample given by:

Ix/RSF
Cy= Ix/RSEx. 2.12)
Z I;/RSF;

Peak areas are determined after removal of background (BG) corrections across
the binding energy range of the peak of interest. The most common BG used are

[27]:
» Simple straight line or linear BG.

e Shirley BG, where the BG intensity goes up in proportion to the total number
of secondary photoelectrons below its binding energy position

» Tougaard BG, which offers practical BG computation based on electron en-
ergy losses with more control over the BG shape.

The spin-orbit coupling of the orbital and spin angular momentum are detected
by XPS, since all orbital levels (except the s level) give rise to an energy doublet.
This doublet corresponds to the two possible states given by the principal quantum
number nj; (where 1 is the angular momentum quantum number, s is the spin an-
gular momentum (+1/2) and j =1+s). Fig. 2.22 illustrates the splitting of the energy
levels where, instead of a single energy level for a final state, the final state splits into
two states producing a XPS spectra as doublet pairs [26]. The peaks will also have
specific area ratios based on the degeneracy of each spin state. For example, for the
2p spectra, where nis 2 and 1l is 1, j will be 1/2 and 3/2. The area ratio for the two
spin orbit peaks (2p1/2:2p3/2) will be 1:2 (corresponding to 2 electrons in the 2p1/2
level and 4 electrons in the 2p3/2 level). These ratios must be taken into account
when analysing spectra of the p, d and f core levels. Spin-orbit splitting values (eV)
can be found in a variety of databases (such as NIST Database [28] or XPS Reference
Pages [25]). These values will be needed when fitting spectra in order to properly
identify the species present.

2.2.3.2 Auger electron spectroscopy

Presented schematically in Fig. 2.19, XPS involves the removal of a single core elec-
tron, while Auger electron spectroscopy (AES) is a two-electron process subsequent
to the removal of the core electron, with the Auger electron ejected following reor-
ganisation within the atom [2]. The kinetic energy of the emitted electron is equal to
the measured Auger electron energy, Eywxy, and is given by the difference between
the binding energies of electron levels W, X, Y, given by

Ewxy = Ew—-Ex—-Ey—®4 (2.13)
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Figure 2.22 — Spin-orbit doublet for a p-orbital (reproduced from [26]).

where @y is the analyser work function (a small correction as in the XPS measure-
ment). Eq.2.13 neglects the ionization and relaxation effects which accompany any
Auger transition. In general, Ey and Ex are the binding energies for the single ion-
ized atom, and Ey is that of the doubled ionized state. In fact, two electrons have left
the atom. Eywxy can be determined from X-ray tables of electron energies Eyy, Ex, Ey.
All possible Auger transitions can be calculated, thus the direct identification of the
species in a multi-element sample can be done by using tabulated energies. In ad-
dition, an energy spectra is recorded where the intensity of the main peak related
to a specific element, is accompanied by neighbouring peaks resulting in a charac-
teristic pattern of a specified “family” of transitions (KLL, LMM, and MNN) [20].

In a typical AES experiment, the sample is irradiated with a focused beam of
primary electrons of sufficiently high energy (1-20 keV). Auger electrons possess
characteristic energies of the analysed elements. Their inelastic mean free path is
strongly dependent on the Auger electron energy, typically between 0.3 and 3 nm.
Auger electrons are superimposed on a large and smoothly varying background
consisting of inelastically scattered primary and secondary electrons. Because of
this fact, Auger spectra are usually presented in the differentiated mode d(N(E)/dE)
where N(E) is the counts per second as a function of the kinetic energy E [20].

XPS is more popular in chemical analysis whereas the foremost feature of AES is
its highly focused electron beam that allows spatially resolved investigations sim-
ilar to scanning electron microscopy and is therefore often called scanning Auger
microscopy (SAM).

Most of the AES instruments operate in a pulse counting mode which directly
acquires the intensity (counts per second), N, as a function of the kinetic energy
N(E). Frequently, the first derivative of the direct spectra, d(N(E))/dE is measured
or obtained from the N(E) data [20]. Fig.2.23 shows as an example the derivate AES
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spectra in the of Al in Al,O3 obtained at an excitation energy of 3 keV. The strongest
Al peaks are at 35 eV, 51 eV and 1378 eV. At 500 eV the oxygen peaks can be identified
as well.

8 41 x4

dN
dE

1378

(0]

L L4 1 1 1
500 F 1100 1200 1300 1400 1500
ELECTRON ENERGY, eV
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0 100 200 300

Figure 2.23 — AES spectra of Al in Al,O3 at an excitation energy of 3 keV (reproduced
from [29]).

2.2.4 Microscopy techniques

2.2.4.1 SCAN platform

During this thesis, AES and Nano-Scanning Auger Microscopy (Nano-SAM) charac-
terizations were performed at the Structural and Chemical Analysis at the Nanoscale
(SCAN) platform connected to the TUBE presented in Fig. 2.24. This platform al-
lows the structural and chemical analysis of surfaces down to the nanometre scale
with high spatial resolution. The chambers are equipped with an electronic micro-
scope adapted to UHV conditions (Gemini electron column), two secondary elec-
trons detectors, an hemispherical multichannel analyser for Auger microscopy and
a Electron backscattered diffraction (EBSD) detector. The spatial resolution of the
electronic microscope is 3 nm and 6 nm for Auger microscopy. In addition, samples
can be annealed in situ up to 477°C. The preparation chamber is equipped with an
evaporation source allowing in situ thin films deposition and sample cleaning fa-
cility by ion bombardment or simple annealing with an e-beam heater. The pumps
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assembly guarantees a base pressure inside the chambers of about 5x10~!'mbar.

Gemini
column —_
(e- source) '\

SEM
+ sl-gl8
nano-SAM

Figure 2.24 — SCAN platform connected to the TUBE.

2.2.4.2 Nano-Scanning Auger Microscopy

Scanning Auger microscopy (SAM) is a powerful technique in surface analysis, which
combines physical imaging of the surface as in Scanning electron microscopy (SEM),
with chemical analysis of individual areas coming from the Auger spectroscopy el-

ement identification. In the following, a brief presentation of SEM will be given

followed by the description of the SAM technique.

Scanning electron microscopy: One of the ways in which surface images can be
obtained using electron beams is through a scanning electron microscope (SEM).
This is one of the most versatile instruments that is available for the examination
and analysis of the microstructure morphology and chemical composition of a sur-
face [30]. Due to the very narrow electron beam, SEM micrographs have a great
depth of field to obtain a characteristic three dimensional appearance useful to
study the surface structure of different kind of specimens. In a typical SEM, as pre-
sented in Fig. 2.25, the electron beam is produced by an electron gun (W or LaBg)
and then, it is accelerated through high voltage (up to 30 kV). After passing through
the condensator and the objective lens, the beam is focussed on the sample sur-
face for a specific working distance. Afterwards, the beam scans the specimen sur-
face using the (x,y) deflection coils. Various signals are produced from the electron
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beam-surface interaction [2, 30]. The backscattered (BSE) and secondary electrons
(SE) that are emitted from the specimen are collected by a detector. Information
such as topography, composition (if an EDX detector is available), crystal orienta-
tion, electrical fields and even magnetic field can be obtained from the detected

signals.
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Figure 2.25 — Schematics of a SEM system (reproduced from [31]).

x

Scanning Auger microscopy: Beyond the surface morphology, a surface compo-
sitional map can be obtained by performing AES in the scanning mode. In this
mode, the electron beam rasters over a selected area of the surface. By tuning the
analyser to detect Auger electrons from the elements of interest a compositional
map of the surface elemental concentrations can be obtained [2].

The special feature of the SAM system present at the SCAN platform, is that
it counts with a NanoSAM lab system. In contrast with conventional Auger mi-
croscopy systems, Nano-SAM has an extremely good spatial resolution. The UHV
Gemini electron column achieves the highest resolution available for UHV opera-
tion. It has the smallest e-beam spot size (< 10 nm) [32]. The NanoSAM lab enables
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the direct acquisition of a AES spectra at the live SEM image, which results in a mi-
croscopic image of the chemistry of a surface. Fig. 2.26 gives an example of how a
NanoSAM spectra can be obtain from a specific region on the sample surface pre-
viously imaged by SEM. The NanoSEM spectra corresponds to a Mgg 75Zng 25Al>
O4:Tb surface coming from various positions on the rough surface as indicated on
the inset SEM image.

dN(E)/dE

Mg ZnAl

20 40 60 80 100 120 140 160 180 200 220
Energy (eV)

Figure 2.26 — High resolution NanoSAM spectra of the low energy region of a thin

film of Mg 75Zng.25Al> O4:Tb. The inset shows a SEM image of the surface indi-

cating the regions on the rough surface where the electron beam was scanned to

collect the NanoSAM spectra (reproduced from [33]).

2.2.4.3 Scanning tunnelling microscopy

The final aim of nanotechnology is the control of matter at the atomic and molecu-
lar levels. Scanning tunneling microscopy (STM) has proven to be the "eyes and fin-
gers" of nanotechnology (along with other scanning probe microscopy techniques).
STM shows impressive performance resolving structures with sub-nanometer de-
tails [34]. This technique was introduced in 1982 by Binning and Rohrer, who based
on vacuum tunnelling, developed a microscope capable to obtain the topography
of surfaces in real space with a lateral resolution in the sub-A range and a depth
resolution of a ~ 10 pm [35].

An STM consist essentially in a sharp metallic tip which scans the surface of an
electrically conducting sample. The tip acts like one of the electrodes of a tunnel
junction, while the surface of the sample acts like the second electrode. Fig 2.27
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shows the working principle of STM. Both tip-sample separation and lateral posi-
tion can be varied with sub-A precision by means of a piezoelectric scanner. The
tunnel current Jt is a sensitive function of the gap width s as expressed Eq. 2.14:

J1 o< Vapp exp (-Ad /%) (2.14)

Where ¢ is the average barrier high and A=1if ® is measured in eV and s in A . With
® of some eV, J1 changes by an order of magnitude for every A of s. When a negative
bias voltage is applied to the sample, electrons in occupied states of the sample will
tunnel through the vacuum barrier to empty states of the tip, resulting in a mea-
surable tunnel current [35]. If a positive bias voltage is applied, electrons will tun-
nel from the tip to the sample. In a constant-current mode, the tunnelling current
is kept constant while the tip scans the surface, giving a contour of the density of
states (DOS), which in the case of homogeneous elemental metals, corresponds to
the topography of the sample surface. If the local DOS varies spatially, the resulting
image contains a mixture of DOS and topographic information. With the appropri-
ate tunnelling parameters, however, the contribution of the topography dominates
the image [36].

STM can also measure the sample DOS as a function of energy, up to several eV
from the Fermi level ¢p in occupied and unoccupied states. This is usually done by
sweeping the bias voltage and measuring the tunnelling current JT while maintain-
ing constant tip-sample separation s.
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Barrier
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Figure 2.27 - left A magnified view of a STM probe. rigth: A schematic of the work
principle of a STM. e is the elementary charge, V,pp is the applied bias voltage, eg
is the Fermi level and { is the electron wave function (reproduced from [37]).

STM has been used successfully to the study of oxide ultra-thin films. Specially,
STM measurements have been crucial in the identification of quasicrystalline order
or labyrinth phases in ultra-thin ternary oxide films [38]. In this thesis, STM mea-
surements were performed in the ASURE platform (Fig. 2.9), where STM images
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were obtained at constant-current mode, at room temperature and at low temper-
ature (~ 20 K). The tip used consists in a tungsten wire with a sharp tip formed by
chemical etching. Omicron Matrix SPM control system was used for the image ac-
quisition. The images obtained were treated with the software WxSM solutions [34].
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Figure 2.28 — High resolution STM images of a (6 x 6) and (4 x 4) surface reconstruc-
tions of SrTiO3. Left image corresponds to the LEED pattern showed in Fig2.18(b)
from a (6 x 6) reconstruction. Right image show how both reconstructions coexist
with each other. Unit cells are marked in blue an red respectively. A line profile
along the line AB is shown above, indicating the size of the step (reproduced from
[19)]).

Fig. 2.28 shows examples of atomic resolution STM images from two SrTiO3(111)
surface reconstructions. The image on the left is the corresponding STM image of
the LEED pattern previously presented in Fig. 2.18(b) [19]. Here one can see how
these two techniques are complementary and of great importance for determining
the atomic surface structure. Furthermore, profiles can be traced (as in the right
image), in order to measure the heigh of the steps present at the surface.
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Chapter 3. Growth of SrTiOs on Pt(111)/ a-Alp O3(0001)

The growth of multilayer systems is a very active field in material science, spe-

cially attractive for functional oxides in perovskite systems (e.g., see ref. [1] and
references therein). The goal is to combine different thin film materials with dif-
ferent thickness and strain dependence with physical properties to create new het-
erostructures with novel properties [2].
In the present work, a thin film stacking was used to investigate the structural and
chemical changes of ultrathin films of SrTiO3 grown on a metal surface. In partic-
ular, we would like to study the interface frustration that might drive the oxide film
to form aperiodic structures when approaching the 2D limit [2]. We chose a film-
stacking approach (instead of using single crystal metal substrates [3, 4, 5, 6]) since
it allows the exploration of different oxide/metal combinations, if materials with
small deviations in the lattice parameter are found. Thus, materials with tunable
properties could be synthesized. To test this method we decided to start with an al-
ready studied combination: SrTiO3/Pt(111) [6]. Here, thin films (< 30 nm) of SrTiO3
were deposited by PLD on a 10 nm layer of Pt(111) with or without an additional nm
of Ti. The metals were deposited by MBE on an «-Al,03(0001) substrate.

This chapter is divided in five sections. The first one gives an explanation of the
temperature measurement methods used during the sample fabrication and char-
acterizations. The second and the third ones, expose the epitaxial growth of Pt(111)
and Ti/Pt(111) on Al,03(0001) by MBE. The forth one is dedicated to the results of
the deposition of SrTiO3 thin films by PLD. The structural characterizations of the
surface by means of RHEED and X-ray diffraction are discussed here, as well as the
chemical characterization performed by XPS, AES and Nano-SEM. Finally, the fifth
section is committed to the results of the transmission electron microscopy (TEM)
studies of the film stacking performed in collaboration with the JoZef Stefan Insti-
tute in Slovenia.

3.1 Measurements of the sample temperatures

Two instruments were used to measure the temperature of the samples: Thermo-
couples (Th), installed inside the UHV chambers, and a bichromatic pyrometer
(Tpyro). As various UHV systems were used to grow and characterize the samples,
temperature measurements could vary since the thermocouples are placed differ-
ently with respect the sample’s position in the different chambers. For instance, in
the PLD, XPS and MBE chambers the thermocouple is located in the back of the
sample holder, almost in contact with it, while in the SCAN platform it is located on
the manipulator next to the e-beam heater and the sample plate, therefore it is nor-
mal to measure lower temperature values. On the other hand, the bichromatic py-
rometer can be pointed directly on the sample surface, thus the temperature mea-
surement could be higher than for the one rerecorded with the thermocouple in the
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SCAN chamber, or lower than the one rerecorded when the thermocouple is closer
to the sample holder. A considerable shift (even about 200°C) could be present be-
tween the thermocouple and the pyrometer measurements.

To avoid discrepancies in temperature measurements across the different cham-
bers, we chose to rely on the temperature measured by the bichromatic pyrome-
ter. Nevertheless, not always was possible to obtain a temperature reading with
this instrument (due to geometric constrains or availability of the pyrometer, for
instance). Therefore, the reader will find throughout this chapter a clarification of
the instrument used to measured the reported temperature (Th or Tpyyo).

3.2 Pt(111) grown on «-Al,03(0001): state of the art

The growth of Pt thin films is of considerable interest in different fields of science
and technology due to its remarkable physicochemical properties such as low re-
sistivity, high thermal stability, and high stability in oxygen environments at high
temperatures [7, 8]. The main disadvantage of using Pt is related to its high cost due
to its rarity. Therefore, applications where Pt is used as a thin film are preferable.
One of the most common substrates for Pt films is «-AloO3(0001) since the lattice
mismatch between these two materials is small, only 0.9% [9, 10]. Bulk Pt has a fcc
crystal structure (space group: Fm3m) while the bulk crystal structure of a-Al,O3
is a corundum, which has rhombohedral symmetry (space group: R3c) [11]. The
crystal structure of Pt is presented in Fig.3.1(a) consisting on a fcc cell with a lat-
tice parameter of 3.98 A [12]. In the (111) plane (highlighted in red and reproduced
in Fig. 3.1(b)), the in-plane lattice parameter is 2.81 A. Fig.3.1 (c) shows the crystal
structure of a-Al,O3, which is formed by AI3* and 0% ions. If the O%" anions are
depicted as balls, the crystal lattice takes the form of their closest hexagonal pack-
ing. The AI3* cations are located in a crystalline field that has no symmetry centre
(due to crystal lattice distortions). These cations lie in the octahedral hollows be-
tween the closely packed 0%~ ions, filling two thirds of these hollows [13]. Fig.3.1(d)
illustrates the Al,03(0001) basal plane, with an hexagonal structure described by an
in-plane lattice parameter of 4.75 A . The positions of the Al and the O atoms from
the outermost layer to the 6th layer are indicated.

During the last decades various authors have studied the growth of Pt(111) on
Al,03(0001) by different fabrication methods such as evaporation [14, 15], metalor-
ganic chemical vapour deposition (MOCVD )[15], sputtering[10, 16,8, 17,7, 18] and
molecular beam epitaxy (MBE) [19, 9]. These studies show mainly by means of XRD
and electron diffraction, that the growth of Pt on Al,O3(0001) is well (111)-oriented
for every growth technique at temperatures close to 600°C.

For Pt films grown by MBE, Farrow et al. showed that for thickness of 15 A and
30 A deposited at a substrate temperature of 600°C [9], the films presented RHEED

71



Chapter 3. Growth of SrTiOs on Pt(111)/ a-Alp O3(0001)

iigol biid
(zndi\ e Eillzd
(a) Pt () froid] - '""'\( AR ‘\ -=- >3 -fiod]
_ d L
< ALO, b i
o -
) B 2
e [io10) — <—i-'\; - -/ >:- [ioid)
[100p—1010] nzo]” D= “\ \\léuo]
(b) ©000O0OO (d) Bl g Bod
o 0 0 0 O 475 A
o 0 0 0 0 O } : | QOistiayer ai
Pt(11l) © © © ©0 ©O gzm layer O
\ 3rd layer Al
©000O0O e ©° o Ot
o 0 0 0 O @ 5th layer O
© 00 O o AL05(0001) P ° ° S
Q 0 O 2TT0] —a
i o o o oo N\ 210

be——ocC

(—
2.81A

Figure 3.1 - (a) Schematics of the Pt fcc crystal structure. The (111) plane is high-
lighted inred. (b) The [111]-oriented Ptlayer. (c) The Al,O3 hexagonal crystal struc-
ture. Black and white dots represent the AI3* ions and the octahedral hollows be-
tween two layers of O2 respectively. Aj, A, and Az are the < 1120 > translational
vectors of the hexagonal cell for the basal plane. A; and A, are highlighted in green
(reproduced from [13]). (d) The top view of the hexagonal atomic arrangement of
the Al,03(0001). The stacking of the Al and O atoms are indicated from the surface
to the 6th layer (reproduced from [11])

patterns replicated on a 60° rotation of the substrate, which means that Pt growth
axis is [111] preserving a 6-fold symmetry. The thicker film presented sharp elon-
gated RHEED streaks, while the thinner one showed a tendency to form shorter and
diffuse streaks with a distribution typical of island growth [9]. Besides, RHEED and
X-ray photoelectron diffraction (XPD) results suggest that twinning occurs at the
initial island nucleation stage. The reported epitaxial relationships determined by
LEED are: Pt[111]||Al,03[0001] and Pt(110)||Al,03(1010).

Growth temperatures above and below 600°C were also explored by the authors. It
was found that for substrate temperatures 2 650°C films of 30 A were not contin-
uous. For temperatures < 550°C it was observed that films were continuous but
the RHEED streaks became significantly more diffuse when temperature was de-
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creased, indicating reduced in-plane coherence [9].

Films of 14 nm were deposited by Zhou et al. at substrate temperatures between
550°C and 730°C. RHEED patterns taken at different deposition times showed how
a change from a three dimensional growth mode into a two dimensional growth
mode after the nucleation stage occurs [19]. To know the in-plane structural infor-
mation, XRD measurements were performed along with TEM measurements. The
epitaxial relationships are: Pt(111)||Al,03(0001) and Pt[011]||Al,03[1010];
Pt[121]|Al,03(1120).

These relationships are illustrated schematically in Fig. 3.2(a) where the basal
hexagonal plane of a-Al»03(0001) and the arrangement of the Pt atoms in Pt(111)
in the real space, are represented by white and blue circles respectively. The unit
cell vectors, a1 and ay, of the o-Al,O3(0001) lattice are indicated by green arrows.
Using the Egs.2.6-2.8 introduced in Chap.2, one can construct the reciprocal lattice
which is also hexagonal but with a rotation about the Z axis by an angle of 30° as
represented in Fig. 3.2(b). The reciprocal lattice vectors, @} and a’, are marked in
green as well. Fig. 3.2(c) represents, in the reciprocal space, the diffraction nodes
for the initial «-Al»O3 substrate (green rods) and the expected variation after the Pt
deposition (magenta rods). Along the same directions in (a), epitaxial Pt(111)//a-
Al,03(0001) leads to rods appearing one out of three in the Pt<121> direction, while
in the Pt<011> direction they appear at the same position of the a-Al,O3 rods.

In summary, literature shows that epitaxial thin films of Pt(111) are grown by
MBE on a-Al»03(0001) in a 2D mode resulting in a smooth surface, for tempera-
tures between 550°C and 650°C. The growth is (111)-oriented for every reported
deposition technique.
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Figure 3.2 - (a) Schematic diagram of the epitaxial relationships between
Pt(111)(blue circles and doted lines) and the basal plane of «-Al,O3 (white circles
and full lines) in the real space. The unit cell vectors of «-Al,O3 a; and ay are in-
dicated by the green arrows. (b) Schematic representation of the reciprocal space
construction of the a-Al»O3(0001) and the Pt(111) hexagonal lattices. The reciprocal
lattice vectors a} and & are indicated by the green arrows. (c) The diffraction nodes
of the a-Al, 03 in the Pt[121] and the Pt[011] directions shown by the green rods. Af-
ter Pt deposition, the rods in the Pt[121] direction are expected to appear one out of
three Al,O3 rods, while in the Pt[011] direction they are expected to appear at the
same position of the Al,03 rods, as pointed by the magenta rods.

3.2.1 Substrate preparation

First, a-Al»03(0001) substrates (SurfaceNet GmbH) were cleaned in an ultrasonic
bath in acetone for 5 minutes followed by a second ultrasonic bath in ethanol for 5
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minutes. Then, the substrates were pasted on the sample holders using silver paint
and subsequently annealed at around 100°C for 1 hour. Substrates with dimensions
either 5 x5 mm? or 10 x 10 mm? where used, with a thickness of 1 mm or 0.5 mm.
Samples were also fabricated with substrates cut from a «-Al,O3(0001) wafer with
a thickness of 0.3 mm. After the substrates were mounted, they were annealed at
900°C (Tp) under UHV for 15 minutes in the analysis chamber interconnected to
the MBE system by the TUBE (see Chap. 2 for more details concerning the TUBE).
Once the substrates were degassed, they were transferred under UHV to the MBE
chamber where the Pt growth was performed.

3.2.2 10nm of Pt(111) grown on Al,03(0001) by MBE

Considering the literature results discussed in the previous section, we used
a-Alp03(0001) as a substrate for the growth of 10 nm of Pt by MBE. Our objective at
this stage is to obtain a smooth, well oriented Pt(111) layer with a high crystalline
quality.

The Pt deposition was performed at substrate temperature of 400°C (T},) atarate
of 0.1 A/s under a typical pressure of about 10~ mbar. Although literature reports
higher substrate temperatures as mentioned above, it was determined by previous
experiments preformed in our MBE system, that 400°C is the ideal measured tem-
perature to growth smooth layers of Pt on Al,O3(0001) substrates. The discrepancy
with the literature is probably due to the fact that the T}, measured is possibly lower
than the actual sample temperature.

The film structure was probed in situ during the different stages of the sample
fabrication by RHEED. Fig.3.3 (a) presents the RHEED patterns along the Al,O3[1010]
and Al,03[1120] directions, starting with the diffraction pattern of the clean sub-
strate. After Pt growth and cooling, the RHEED patterns recorded at room temper-
ature (RT) exhibit sharp elongated streaks indicating a smooth surface. Besides,
the same pattern is repeated every 60° confirming a 6-fold surface symmetry of the
thin film. As shown above in Fig.3.2(c), if the growth is epitaxial, additional diffrac-
tion streaks are expected to be observed in the RHEED patterns taken along the
Al,03[1120] direction with respect the Pt[121] direction, while diffraction streaks in
the patterns taken along the Al,03[1010] and the Pt[011] directions should be ob-
served at the same positions. Fig.3.3 (b) shows the line profiles of the RHEED pat-
terns in (a) in the Al,03[1010] (bottom) and Al,03[1120] (top) directions, confirm-
ing the expected positions of the diffraction streaks of the clean substrate (red curve)
and after the Pt(111) deposition (black curve). In the Pt[011] direction, Pt peaks are
present one out of three of the Al,03(0001) peaks. In the Pt[121] direction, Pt peaks
are at the same positions of the Al;03(0001) peaks, reflecting epitaxial growth of the
Pt film. The profile is measured along the yellow path. Here and in all the following
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RHEED patterns the path consists of a single line segment whose width is indicated
by the top and bottom yellow lines.
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Figure 3.3 — (a) Schematic of the 10 nm Pt(111) buffer layer grown on the «-
Al»,03(0001) substrate. (b) RHEED patterns of the Al,O3(0001) substrate (top) and
the 10 nm Pt(111) buffer layer (bottom) after deposition and subsequent cooling. (c)
Corresponding line profiles taken along the yellow lines in (b), showing an epitaxial
growth of Pt (111) on the Al,03(0001) substrate.

High resolution X-ray diffraction (HRXRD) - 2% measurements of the 10 nm
Pt film grown on an Al»O3 (0001) substrate are shown in Fig.3.4. XRD characteri-
zations were performed with a MRD X'Pert Pro diffractometer in a Bragg-Brentano
configuration, by using Cu Ky, radiation (. = 1.54056 A ). The substrate reflections
are clearly observed along with the hhh reflections of Pt. No reflections from other
planes are present indicating that Ptis well (111)-oriented. Laue oscillations around
the Pt Bragg’s peaks indicate good crystallinity and high interface and surface qual-
ity. The upper graph in Fig 3.4 shows the ¢-scan of the Pt film and substrate mea-
sured using the reflection planes {220} and {119} respectively. Six peaks separated
by 60° for both, substrate and film, are evidence of the six-fold symmetry and more-
over the epitaxial growth of Pt(111) on the o-Al,O3 (0001) substrate. These results
confirm the epitaxial relationships:

Pt(111)||Al;O3(0001)
Pt[011]||Al,03[1010] and Pt[121]||Al,03[1120]
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Figure 3.4 - HRXRD 21 - scan of the 10 nm Pt layer grown on Al,03(0001) and the
XRD ¢-scans (inset) along the the reflection planes {220} (in blue) and {119} (inred)
of the Pt film and the substrate respectively.

Evolution of the buffer layer surface upon annealing: XPS, Auger and nano-SEM
characterization

After the buffer layer growth, the samples will be exposed to high temperatures: >
800°C during the preparation of the SrTiO3 film (see section 3.4) and ~ 1000°C dur-
ing the heat treatment necessary to obtain an UTOx (see Chap.1). Therefore, a study
of the behaviour of the buffer layer at high annealing temperatures seemed perti-
nent. Specifically, we would like to see if a dewetting of the buffer layer occurs when
annealing at high temperatures. Guaranteeing an homogeneous buffer layer, com-
pletely covering the substrate surface is important in order to provide a continuous
metal film where the oxide will be deposited afterwards. Nano SAM and AES charac-
terizations were performed (in the SCAN platform. See Chap.2) in order to identify
the possible chemical changes on the surface when annealing. If the Pt buffer layer
dewets, O peaks and Al peaks coming from the Al,O3 substrate should be observed
in the spectra recorded after annealing.

One sample was removed from UHV, detached from the sample holder, then
cleaned from the excess of silver paint and afterwards fixed on an Omicron plate
using Ta wires. Samples were introduced in the preparation chamber of the SCAN
platform under a pressure of about 1x10~1%mbar.

Fig.3.5 shows from bottom to top, the SEM images of the Pt/a-Al,03(0001) sur-
face in the as loaded state and after annealing at various temperatures up to 690°C
(Tpyro)- The beam energy and current used for each image is indicated, as well as
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the magnification factor. Blue arrows specify the zone where the subsequent im-
age comes from. Red images at 600°C and at 690°C, correspond to the SEM images
where Auger spectra were obtained. Two close areas where selected (denoted by
the blues squares Al, A2, A3 and A4) in order to compare the chemical composi-
tion inside and outside an observed defect. Images and AES measurements were
performed at an initial pressure of 4.2x10"mbar and at 3x10™mbar for higher
temperatures.

600°C

400°C

RT
as loaded

Figure 3.5 — SEM images of the Pt layer growth on a-Alp03(0001) at different tem-
peratures. Electron beam energy and current are indicated followed by the magni-
fication power in each image. Blue arrows specify the zone of magnification of the
subsequent image. Red images correspond to the SEM images where AES was per-
formed. Blue squares mark the area of AES measurement denoted by Al (inside a
defect), A2(outside a defect), A3(inside a defect) and A4 (outside a defect).

SEM images at lower magnification were taken on different, random zones on
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the surface (only one representative image is presented here). At RT, measurements
reveal an homogeneous topography of the surface with some defects evidenced in
lighter grey. When annealing at 400°C, surface morphology remains smooth and
homogeneous. A few defects can be detected. At higher annealing temperatures,
the defect density increases slightly. A few examples are shown in Fig. 3.5. At higher
annealing temperatures (690°C) the number of defects increase on the surface, al-
though they seem concentrated in clusters surrounded by smooth zones. Defaults
adopt a special morphology evidenced at higher magnification as shown in Fig. 3.5.

Surface element composition at RT, and after annealing at 400°C, 600°C and
690°C corresponding to the SEM characterization in Fig. 3.5 is presented in the
AES spectra in Fig. 3.6. Measurements at RT and after annealing at 400°C were per-
formed on a surface averaged mode. On the other hand, spectra at 600°C and 690°C
were obtained from measurements on two specific zones (Al and A2 at 600°C; A3
and A4 at 690°C) as mentioned previously.

At RT, a peak at 69 eV evidences the presence of Pt on the surface. A strong peak
of C at 273 eV is also observed coming from surface contamination through the air
transfer. At400°C Ptand C peaks are identified with a shift of 9 eVand 7 eV to smaller
energies respectively due to charge effects. A small peak around 505 eV can be ob-
served attributed to O. After annealing at 600°C AES on zones specified as Al and A2
in Fig.3.5 show different composition. Inside the defect, Al in Fig.3.5, there is a clear
presence of O and C. No peak of Pt is detected (expected at 68 eV [20]) while a less
intense peak detected at 55 eV could be attributed to oxidized Al (which is expected
at51 eV for Alin Al,O3 [20]). Outside the defect, A2 in Fig.3.5, no peak of O is visible,
instead the Pt peak at 60 eV is clear along with a smaller C peak meaning that at
600°C C is not completely desorbed. These differences in both spectra is a signal of
a dewetting of Pt at a particular zone of the surface. At 690°C AES inside the feature,
A3 in Fig.3.5, shows still the presence of C on the surface accompanying the Pt peak
at 70 eV. Outside the feature, A4 in Fig.3.5, no C peak is detected at all, while an O
peak is present at 507 eV along with a modified Pt peak at 70 eV. Shapes of peaks at
lower energies change, possible due to the detection of less intense Al peaks (at 51
eV and 35 eV for Al in Al,O3 [20]) that could overlap the main Pt peak coming from
remaining Pt on that specific zone. The presence of O for certain zones in addition
to the absence or modified Pt peak could correspond to bare zones of Al,O3, where
Pt dewetted partially the substrate.

In summary, annealing the 10 nm Pt(111) film deposited on «-Al,03(0001) at
temperatures above 600°C (Tpyyo) could lead to a localized dewetting of the film,
but most of the surface area remains covered by the Pt buffer layer which we believe
is acceptable for the subsequent deposition of SrTiO3 thin films and the obtention
of UTOx/metal phases by high temperature annealing.
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Figure 3.6 — Auger spectra of the Pt(111)/«-Al,03(0001) as loaded and after anneal-
ing at the indicated intermediate temperatures up to 960°C (bichromatic measure-
ment). Spectra at 600° and 690°C were performed on specific areas Al, A2, A3 and
A4 marked in Fig.3.5. Excitation energy: 3 keV
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3.3 Growth of Ti/Pt(111) buffer layer on «-Al,03(0001)

One of the goals at this stage of the project, as it was mentioned previously, was
to grow an ultra-thin, smooth, well (111)-oriented SrTiO3 film on Pt(111). Our first
attempts lead to a rough oxide film with a mixture of orientations, as it will be dis-
cuss in the next section (Sec. 3.4). For that reason we looked for a way to favour the
(111)-orientation of SrTiOg thin films. Literature shows that an additional Ti layer
between 1 and 3 nm before or after Pt growth on «-Al»O3(0001), promotes (111)-
orientated SrTiOg3 films when grown on Pt(111) by dc sputtering [21] or by ion beam
sputter deposition (IBSD) method [22]. It has been suggested that either the forma-
tion of a Pt-Ti intermetallic or a TiO, on the Pt surface provide a templating layer
for (111) epitaxial perovskite growth [21, 22, 23].

Fig.3.7 shows the schematics of the Ti hexagonal close package crystal struc-
ture. The distance between atoms on the basal plane is 2.95 A (only 4.7% larger
than Pt(111) in plane lattice parameter).

Figure 3.7 — Schematics of the hcp crystal structure of Ti

3.3.1 1nm of Ti grown on Pt(111)/Al,03(0001) by MBE

After epitaxial growth of Pt(111) on the Al,O3(0001) substrate, the sample was trans-
ferred under vacuum (~ 10~1%mbar) to a second MBE system interconnected to the
TUBE (see Chap.2). 1 nm of Ti was deposited at RT under UHV conditions. Two
batches of samples were made depending on the availability of Ti in the MBE cham-
bers connected to the TUBE. For the first batch, Pt and Ti were grown in two dis-
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tinct chambers meaning a UHV transfer was necessary. For the second batch, Pt
and Ti were deposited subsequently in the same chamber. Both were grown with a
pressure of 10~9mbar during deposition. Fig.3.8 shows the RHEED patterns of the
Al,03(0001) substrate at RT in the Al,03[1120] and Al,O3[1010] directions after de-
gassing, followed by the RHEED patterns in the Pt{121] and Pt[011] directions of the
Pt film after cooling at RT and the Ti just after deposition at RT as well. These last
show a blurred streaky pattern, reflecting lower surface quality and more roughness
than the as-grown Pt layer. In addition, intermediate diffraction rods in the Pt[121]
direction are observed as marked by the blue arrows.

(a) [1010]

1nm|

) nm’
Al,0,(0001)

Figure 3.8 — (a) Schematics of the film stacking with the additional 1 nm of Ti. (b)
RHEED patterns of the Al,O3(0001) substrate (top), the 10 nm Pt(111) buffer layer
(middle) and the 1 nm additional Ti layer as-deposited at RT (bottom). The blue
and magenta arrows indicate the expected and the extra diffraction streaks after Ti
deposition respectively. All patterns were taken at RT

As mentioned previously, samples will be exposed to high temperatures (> 800°C
during the preparation of the SrTiO3 and ~ 1000°C (Tpyy,) during the heat treatment
necessary to obtain an UTOx), therefore, we performed a study of the compositional
and structural changes of the Ti/Pt(111) buffer layer when temperature increases.
Specifically, we would like to know if the interdiffusion of Ti into the Pt layer leads to
the formation of an intermetallic phase [23, 24]. The next sections of this chapter are
dedicated to the study of the chemical and the structure evolution of the Ti/Pt(111)
buffer layer upon annealing.
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3.3.1.1 Chemical evolution of the buffer layer upon annealing
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Figure 3.9 — XPS survey spectra (Mg K,) at RT (in blue) and after annealing at 500°C
(Th measured, in red) of the Ti/Pt buffer layer.

Samples were transferred to the XPS chamber connected to the TUBE where
they were annealed and characterized in situ. Fig.3.9 shows the XPS survey spectra
(Mg K, source) of the Ti(1 nm)/Pt(10 nm) buffer layer before and after annealing at
500°C (Tpp) in UHV (the highest temperature that can be achieved in the XPS cham-
ber). At RT a small C 1s is present, along with O 1s indicating contamination on the
sample surface. This could be explained by the fact that the sample was stored for a
couple of days at a pressure of 4 x 10~9mbar. This delay before XPS characterization
can be justified by the unavailability of the instrument just after sample prepara-
tion. Characteristic peaks from Ti and Pt are well identified. After annealing, Pt
peaks are more intense compared with the Ti peaks. This indicates intermixing be-
tween the Tilayer and the Pt buffer. C 1s peak is more visible, along with Ag 3d peaks
coming from the silver paint residuals surrounding the sample. No O peak was de-
tected. The reduction in the intensity of the Ti 2p and the O 1s peaks, as well as the
increasing of the Pt 4d peaks will be discussed as follows.

The binding energies of Ti 2p, Pt 4d and O 1s+Pt 4p3/, core levels were mea-
sured in situ by XPS before and after annealing at 500°C. Fig.3.10 (a) shows the Ti
2p XPS spectra before annealing. A peak at 454.1 eV, assigned to Ti 2p3 /5, with its
spin doublet at 460.1 eV, assigned to Ti 2py /», separated by 6 eV, indicates that Ti is
in a metallic phase [25]. The Pt 4d spin doublet is shown as well in Fig.3.10 (b). The
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Figure 3.10 — XPS spectra at RT for (a) Ti 2p, (b) Pt 4d and (c) O 1s + Pt 4p3/, core
levels of the Ti/Pt buffer layer after growth.

Pt 4d3/, and Pt 4ds5,, peaks are detected at 330.5 eV and at 313.6 eV respectively.
This values are shifted by around 2 eV to lower binding energies with respect the
values reported in ref. [26] for metallic Pt. Typical O 1s peak [26] at 531 eV is de-
tected next to the Pt 4p3/, peak at 518.8 eV respectively. As the binding energy of
TiO» is 531 eV and Ti is still in metallic state, we can conclude that oxygen comes
from contamination and adsorbs on the surface.

Fig.3.11 shows the XPS spectra at different temperatures, from RT up to 500°C
(Ttp) for the previously described core levels. Fig.3.11(a) reveals no considerable
shift in the binding energies of the Ti 2p3/, and the Ti 2p; /, peaks after annealing,
suggesting that Ti remains in a metallic state. Nevertheless, the peaks intensity has
considerably decreased during annealing, along with the intensity of the O 1s peak
presented in Fig.3.11(c). At 450°C almost no oxygen is present at the surface, indi-
cating that oxygen desorbs the surface upon annealing. On the other hand, the in-
tensity of Pt 4d (Fig.3.11(b)) and the Pt 4p3/, has increased with annealing. Fig3.12
displays the relation between the peak area of Ti 2p3/, and Pt 4d3/, with respect
temperature. At temperatures higher than 250°C an interdiffusion process of Ti in
Ptis evident.

Our results are in agreement with the literature, where interdiffusion of Ti in
Pt has been observed at temperatures close to 400°C [27]. Moreover, other studies
have shown that annealing a Ti/Pt film at temperatures up to 500°C (and higher),
a formation of a Pt3Ti or PtgTi alloy could occur evidenced by a shift in the Ti 2p
peaks to higher binding energies (of about 1.3 eV [24, 28] or 0.4 and 0.5 eV [29]).
Fig. 3.11 exhibit small shifts to higher binding energies after annealing for the Ti 2p,
Pt4d and Pt 4p3/, core levels. However, the resolution of our data does not allow us
to determine a exact value of the shift or a fit where the formation of a Ti-Pt surface
alloy could be evidenced.
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Figure 3.11 — XPS spectra at different annealing temperatures of the (a) Ti 2p, (b) Pt
4d and (c) O 1s + Pt 4p3/, core levels.

To verify the idea of a possible formation of a Ti-Pt alloy after annealing other
studies were performed as it will be discussed in the following of this chapter.

3.3.1.2 Structural evolution of the buffer layer upon annealing

RHEED patterns along the Pt{121] and Pt[011] directions were taken during anneal-
ing of the Ti/Pt buffer layer (sample architecture presented in Fig.3.13 (b)(top)). Fig.
3.13 (a) shows the diffraction patterns from the Pt layer at RT (top) followed by the
patterns corresponding to the as-grown Ti film at RT, and after annealing at different
temperatures up to 1050°C (T}, equivalent to 875°C Tpyyo). RHEED patterns just
after Ti deposition evidence low surface quality (blurred pattern and unsharpened
streaks), specially in the Pt[121] direction. The position of the Pt diffraction streaks
are indicated by the blue arrows. During annealing, patterns exhibit sharper elon-
gated streaks repeated every 60° confirming a 6-fold surface symmetry of the epitax-
ial Pt thin film. Additional diffraction streaks are present (indicated by the magenta
arrows) as confirmed by the line profiles in Fig.3.13 (b) (bottom) clearly visible in
both directions at temperatures between 530°C and 820°C. After further annealing
an improvement of the surface crystallinity of the Ti/Pt layer is observed, leading
to very sharp diffraction patterns. Besides, the additional diffraction streaks are not
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Figure 3.12 - Peak area of the Ti 2p3/, (blue) and Pt 4d3/, (red) in function of the
annealing temperature.

present after 900°C leading only streaks at the same position of the initial Pt surface
diffraction pattern as indicated by the blue arrows. These could be explained by
the possible formation of a Pt-Ti alloy during annealing which modifies the surface
structure. Then, when the temperature increases, Ti interdiffuses deeper into the
Pt layer in a solid solution, showing up again a diffraction pattern very close to the
initial one (confirmed by the line patterns in red in Fig. 3.13 (b)).
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0 pt[121]

y

Figure 3.13 — (a) RHEED patterns of the (Inm)Ti/Pt(111)(10 nm) buffer layer as
a function of the annealing temperature. The blue arrows indicate the expected
diffraction streaks following the Pt diffraction pattern. The magenta arrows indi-
cate the additional streaks observed after Ti deposition at RT and during annealing
up to 900°C. (b) The line profiles of the RHEED patterns in (a) along the yellow line.
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HRXRD 21 scan presented in Fig.3.14 shows the strong (111) and (222) reflec-
tions of Pt along with the substrate 000m reflections. The Laue oscillations are
clearly observed on both sides of the Pt (111) peak indicating high crystallinity after
the deposition and subsequent annealing of the Ti/Pt(111) buffer layer. Inside the
circle in blue, the fit function of the Pt(111) peak is shown. The fit was done using
a pseudo-Voigt function considering the Laue oscillations. This fit help us to deter-
mine the diffraction angle of the scanned buffer layers. Thus, the spacing between
the planes (dy;1) can be calculated from the Bragg’s law :

nA =2dsiny (3.1)

where n is the diffraction order, 2 is the X-ray wavelength (1.54 A Cu K, radiation),
d is the inter-plane spacing and 1 is the diffraction angle. Therefore, the lattice pa-
rameter (a) can be deduced from the spacing relation of a cubic system, given by:

a
dhyi = ————
Vh?+k2 + 12

where hkl are the Miller index. Then, the structure information of the Pt and the
Ti/Pt buffer layer can be obtained and compared as summarized in Table 3.1. The
lattice parameter of the buffer layer slightly decreases after the Ti addition on Pt
and its subsequent annealing in UHV (about 0.23% and 1.26%) respectively. After
annealing, the resulting thin film exhibits reduced lattice parameter in comparison
with the one of pure Pt(111). This could favour the SrTiO3(111) epitaxial deposition
due to a smaller lattice mismatch. As a result, the 0.4% lattice mismatch between
SrTiO3 and Pt reduces to 0.1% for SrTiO3 on the annealed Ti/Pt film.

(3.2)

ALO,(00012)

o
20 (deg)

A1,0,(0003)

ALO,(0009)

N Inten‘sity (a.‘u.)

20 40 80

60
20 (deg)

Figure 3.14 — HRXRD 20 - w scan of the Ti(1 nm)/Pt(10 nm) buffer layer grown on
Al,03(0001) after annealing at 630°C. The Pt(111) peak fit considering the Laue os-
cillations is highlighted in blue (inset figure).
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A shift to higher diffraction angles is observed after the deposition of 1 nm of
Ti and its subsequent annealing as shown in the HRXRD scans in Fig.3.15. Three
different samples were prepared under the same conditions (Pt and Ti growth at
400°C and RT respectively). From bottom to top, the diffractograms in Fig. 3.15
show the structure evolution of the buffer layer starting with the scan corresponding
to the Pt film (in blue), then the scan of the Ti/Pt film (in green) and finally,the scan
of the Ti/Pt film annealed at 600°C (T},) in UHV. The strong Pt(111) reflections are
clear along with the (0006) reflections of the substrate. Comparing the Pt(111) peaks
of the three samples, a shift of about 0.1° and 0.5° to higher diffraction angles is
observed for the Ti/Pt and the Ti/Pt annealed film respectively, comparing with the
Pt film. These shifts could indicate the formation of a Ti/Pt alloy as reported by
Weng et al. [29)]. Besides, Chen er al. found a lattice parameter of 3.906 A for a
Pt3Ti alloy [30], very close to our deduced lattice parameter value after annealing of
3.908+0.0002 A (see Table 3.1) suggesting as well, the possible formation of a Pt-Ti
alloy.

TT | TTTTTTTTT I TTT
Ti/Pt/Al,04(0001)
+ annealing

Pt(1]1){

Intensity (a.u.)

PH/AI,O,4(0001)

II36IIII IIII38IIII I“I40“H IIII42IIII IIII44III
20 (deg)

Figure 3.15 - HRXRD 20 - scans of the 10 nm Pt(111) buffer layer (blue); the buffer
layer with an additional nm of Ti (green); and the Ti/Pt(111) buffer layer annealed
at 630°C (Ty) in UHV (red).
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Structure information of the Ti/Pt buffer layer

20 [°] diip [A] alA] thickness [A]
Pt 39.39740.0046 | 2.285+4.54 x 10~ | 3.958+7.86 x 10~ | 105.123+0.002
Ti/Pt 39.489+0.005 2.280+£0.001 3.9494+0.002 102.607+0.040
Ti/Pt annealed || 39.925+0.0002 2.256+0.0001 3.908+0.0002 115.069+0.006

Table 3.1 — Structure information of the Ti/Pt buffer layer based on HRXRD mea-
surements of Fig.3.15.

3.4 SrTiOj thin films deposited on Pt(111) by PLD

3.4.1 Crystal structure and epitaxial relationships:state of the art

Figure 3.16 — (a) Schematic representation of the SrTiO3 cubic perovskite crystal
structure. (b) The SrTiO3 unit cell [111]-oriented. (c) Top view of the (111) plane.
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3.4. SrTiOs thin films deposited on Pt(111) by PLD

SrTiOj is a ternary complex oxide with a cubic perovskite crystal structure with
a lattice parameter of 3.905 A as represented in Fig.3.16 (a). Fig.3.16(b) represents
the SrTiO3 unit cell [111]-oriented, showing the stacking of the (SrO3)*~ and the Ti**
planes. The adjacent (SrO3)*~ or Ti** planes are separated by a distance of 2.25A.
Fig. 3.16(c) shows the top view of the SrTiO3(111) with the in-plane hexagonal lat-
tice parameter of 5.52A .

As mentioned before, epitaxial SrTiO3(111) films are expected to form on Pt(111)
surfaces due to their small lattice mismatch (only 0.4% at RT) [21, 22]. However, the
growth mechanism of thin films of SrTiO3 on Pt(111) involves complex phenom-
ena such as in- and out-of-plane strains or surface and interface surface energy
anisotropies, producing a thin film growth in random orientations instead of the
expected (111) orientation [18, 22, 31, 32, 33]. This mixture of orientations have
been observed in deposition methods such as radio-frequency sputtering [18, 22,
21, 32, 34] metal organic deposition [35], sol-gel process [36] and PLD (deposited on
MgO(001) substrates) [37].

® o o o o o o o
. L+ o (111)
. Ti o o

o
o o o o
@ o ° °°@ 2 @O@ g @O, 2
O Pt 2nd layer O

Pt 1st layer

Figure 3.17 — Schematics of SrTiO3 (111) on Pt(111). A Srog_ layer is located on the
first Pt layer (gray spots contoured in yellow). The hexagonal unit cell is indicated
in black formed by the Sr atoms posed on the Pt atoms.

Fig. 3.17 shows the schematics of a (111)-oriented SrTiOj3 film on a Pt(111) sur-
face. For most of the perovskite oxides, the (111) plane has the highest surface en-
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ergy in comparison with the (100) and (110) planes [32, 38], implying that (111)-
oriented films (with thickness in the nm order) are difficult to grow, even though
(111)-oriented SrTiO3 has a good lattice match with Pt(111). The Pt{011] and Pt[101]
directions are indicated in the figure as well as the in-plane Sr atoms. These ones
form a structure with 3-fold symmetry with a distance between atoms of 5.52A fol-
lowing the 3-fold symmetry of the Pt buffer layer (with a smaller in-plane atom sep-
aration of 2.81 A ). The reported epitaxial relations are: SrTiO3(111)||[Pt(111) and
SrTiO3[011]||Pt{011][21].

3.4.2 Thin films of SrTiO3 on (Ti/)Pt(111) by PLD results

SrTiO3 thin films of several thickness (from 4 to 300 A) were deposited under dif-
ferent pressure and temperature conditions on the Pt(111) or Ti/Pt(111) surface by
PLD. SrTiOg target was ablated using a KrF excimer laser (248 nm) at 1Hz pulse repe-
tition and fluency of 0.4 J/cm?. As a reminder for the reader, OQCs are 2D structures
derived from UTOx films supported on metals [5, 6]. Therefore, the aim at this stage
of the sample fabrication, is to deposit a smooth, homogeneous ultra-thin film (few
atomic planes) of SrTiO3 on Pt(111).

Parameters such as thickness of the film, deposition temperature and pressure,
annealing after deposition and cleaning of the buffer layer surface, were modified
during the PLD process in order to improve the quality of the SrTiO3 film surface.
The growth was monitored by RHEED.

Fig. 3.18 shows the deposition of a smooth, ultra-thin film of about 4 A of SrTiO;
on the Pt and the Ti/Ptlayers surface. The deposition was performed for both cases
at RT, under vacuum at 8x10~2 mbar. The surface was then annealed (10°C /min)
at 800°C (Tp, equivalent to 660°C Tpy;, measurement) in an oxygen atmosphere
(1x10%mbar) for few minutes to recrystallize these oxide films. Fig. 3.18 (a) corre-
sponds to the RHEED patterns of 4 A of SrTiO3 deposited on Pt(111) starting with
the Pt pattern along the Pt{011] and Pt[121] directions. After SrTiO3 deposition and
during annealing, the observed pattern is more blurry. The corresponding line pro-
files presented in Fig 3.18 (b) show less defined peaks during these stages. After
cooling to RT sharper peaks are obtained coming from the elongated and sharp
streaks repeated every 60°, which confirm a 6-fold smooth surface symmetry fol-
lowing epitaxially the Pt(111) structure. Ultra-thin films of 4 A of SrTiO3 were de-
posited on the Ti/Pt(111) buffer layer as well under the same conditions previously
mentioned. Fig.3.18 (c) shows the characteristic RHEED pattern of the oxide film,
on the Ti/Ptlayer, at RT after cooling. The spotty pattern indicates that SrTiO3 grows
in a 3D mode. Besides additional streaks appear as highlighted by the magenta ar-
rows (blue arrows indicate the main diffraction streaks in agreement with the film
deposited on the Pt layer). This could be an insight that the resulted surface is cov-
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ered by SrTiOj islands mainly (111)-oriented.
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Figure 3.18 — (a) RHEED patterns of the 4R of SrTiO3 film deposited on Pt(111)/a-
Al,03(0001). (b) Line profiles of the RHEED patterns along the yellow lines in (a).
(c) RHEED patterns of 4A of SrTiO3 film deposited on Ti/Pt(111)/a-Al,O3(0001).
Blue arrows indicate the streaks in agreement with a (111)-oriented film; magenta
arrows indicate additional observed streaks.

In order to perform structure studies, such as XRD or TEM, thicker oxide films
were deposited. As mentioned previously, to preserve the (111)-orientation of SrTiO3
on Pt(111) could be difficult. In addition, it was thought that the (111)-orientation of
the oxide surface was important to obtain an OQC. Therefore, to favour the desired
orientation, SrTiO3 films of 100 A, 20 A, and 50 A, were deposited on Ti/Pt(111) lay-
ers. Before the oxide deposition, the metal surfaces were annealed and monitored
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by RHEED. At 600°C (Ttp,) a smooth surface was obtained as evidenced by the sharp
streaks in Fig. 3.19(a). Fig. 3.19(b) and (c) show the RHEED patterns (along a ran-
dom, representative direction) of the 20 A and 50 A films of SrTiO3 deposited at RT
in UHV (109mbar) subsequent annealed in 10~ mbar of oxygen at 750°C (Tyy,).
Both RHEED patterns tend to be spotty and blurry, which means that these sur-
faces present larger roughness and are less well oriented than the 4 A SrTiO3 films
in Fig.3.18 (a).

(a) + 2nm STO

annealed

-

Ti/Pt [121]

0.'.

Ti/Pt [011]
+ 5nm STO RT

annealed

I "

Figure 3.19 — (a) RHEED patterns of the Ti/Pt(111) /a-Al,O3(0001) surface, after an-
nealing at 600°C (Tpp) in UHV. A smooth surface is evidenced by the sharp streaks.
RHEED patterns of (b) 20 A and (c) 50 A SrTiO3 film deposited on Ti/Pt(111).

At that point in time, thanks to a careful reading of the literature on the subject
and the fruitful communications with professor Widdra’s team, we learnt that (111)
orientation of SrTiO3 is not a prerequisite to obtain an OQC. Therefore, we decided
to remove the Tilayer from the film stacking to make it as simple as possible. Never-
theless, the study on the Ti/Pt growth will probably be useful in the future. Indeed,
the change of surface composition and the lattice parameter reduction may be used
to epitaxially grow other oxides with a smaller in plane lattice parameter as a start-
ing point for new OQCs. The following RHEED patterns correspond to a SrTiO3
film of 8 A grown on Pt(111) under different conditions of the samples reported so
far in this section. 8 A of SrTiO3 were deposited at 800°C (Th measured, equiva-
lent to 665°C Tpyro) in an oxygen atmosphere (1x 10°mbar). Fig. 3.20 shows the
RHEED patterns of the clean substrate (top), after Pt growth (middle), the RHEED
pattern exhibits sharp elongated streaks repeated every 60° confirming a 6-fold sur-
face symmetry of the epitaxial Pt thin film. Blue arrows indicate the matching of the
streaks after the films deposition. The spotty pattern coming from the SrTiO3 film
after deposition at 800°C and at RT after cooling, indicates that the ultra thin film
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presents surface islands when grown on the Pt(111) surface and possible orienta-
tions different from the (111). Additional rods are observed at approximately half
of the spacing of the Pt pattern, which correspond to the larger SrTiO3(111) lattice
parameter. Line profiles of the RHEED images help to see the change in the surface
structure. A reduction in the separation of the streaks in the Pt[121] direction are
evident even after cooling probably due to a mixture of orientations.
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Figure 3.20 — (a) RHEED patterns of the full film stacking (from top to bottom): the
clean substrate, after the deposition of 10 nm of Pt, after deposition of 8A of SrTiO3
at 800°C and of the SrTiO3 film at RT. Blue arrows indicate the six-fold symmetry
diffraction pattern of the Pt layer. (b) Line profiles of the RHEED patterns in (a)
along the yellow lines.
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In summary, we succeed in the deposition of smooth ultra-thin films of 4 A of
SrTiO3 on (Ti/)Pt(111)/Al,03(0001) (see Fig. 3.18). For thickness higher than 8A the
growth was observed to become 3D and probably with different orientations (not
only SrTiO3(111)). In the next chapter, the reader will notice that approximants and
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other UTOx complex phases were observed on samples with an oxide film of 8 A 20
A and 50 A (whose RHEED patterns were presented here in this section).

Besides, different oxide preparation conditions were tested, demonstrating that
deposition performed at RT under UHV or at high temperature under O», could lead
to exploitable SrTiOg surfaces where complex 2D structures could be formed.

3.5 TEM investigations

To obtain further information of the film stacking, high resolution transmission
electron microscopy (HRTEM) investigations were performed in collaboration with
the JoZef Stefan Institute in Slovenia.

Schmidt ez al. investigated the interface atomic structure of epitaxial SrTiO3(111)
grown on Pt electrodes grown on Al,03(0001) by atomic resolution high-angle an-
nular dark field (HAADF) imaging in scanning transmission electron microscopy
[21]. HAADF images showed an atomically abrupt SrTiO3 /Pt interface with no in-
terfacial layers. The SrTiO3 films contained two twin variants that were related by a
180° rotation about the [111] surface normal [21]. With respect to the role of Ti pro-
moting epitaxial [111] growth, the images did not show any evidence for templating
by either an interfacial TiO, or a Pt-Ti intermetallic layer [21].

Fig.3.21 shows a high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of a thin film stacking made up of SrTiO3 (10
nm)/Ti (1nm)/Pt(111) (10 nm)//Al,O3 (0001). The focus ion beam (FIB) lamella
was cut perpendicular to the Al;03[1010] direction. The measured thickness of the
buffer layer is about 12 nm and that of the SrTiOg film is 10 nm, in agreement with
expected values for this particular sample. The interfaces at both Pt/Al,O3 and
Pt/SrTiO3 are relatively sharp. Due to the slight thickness difference of the projected
layers along the viewing direction and the resulting variation in corresponding fo-
cal planes, the atomic structure of each layer could not be observed simultaneously
in one image. Instead, atomically resolved average background subtraction filter-
ing (ABSF-filtered) HAADF-STEM images are shown as insets on the raw image at
their corresponding zone axes Al,03[1010], Pt[110] and SrTiO3[110] respectively. As
can be seen in the raw image, various crystalline grains are present in the SrTiOg
layer, whose average grain size lies at around 15 nm. For determining the orienta-
tion relationship between the Pt and SrTiO3 layers and inspecting the interface at a
higher end, the STEM imaging was carried out at the interfacial region at an atomic
resolution. Fig. 3.22(a) presents an atomically-resolved HAADF-STEM image of the
Pt/SrTiO3 interfacial region. The Pt and SrTiO3 layers are viewed along the Pt[110]
and SrTiO3[110] zone axes, respectively. The corresponding superimposed struc-
tural models of Pt and SrTiO3 are in good agreement with the underlying atomic-
resolution STEM image. The atomically-sharp interface is present between the Pt
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Figure 3.21 - HAADF-STEM image showing the thin film stacking consisting of
Al»03(0001) substrate, approx. 12 nm of Ti/Pt buffer layer and 10 nm of SrTiO3. The
matching atomically-resolved HAADF-STEM images are shown as inserts on the
raw image at their corresponding zone axes of Al,03[210], Pt[110] and SrTiO3[110]
respectively.

layer and the SrTiO3 thin film in agreement with the investigations performed by
Schmidt et al.[21]. The fast-Fourier transform (FFT) pattern formed from the dot-
ted marked region on the HAADF-STEM image is shown in Fig.3.22(b). Some of the
spots on the FFT pattern are assigned to the Pt and SrTiO3 atomic planes. The anal-
ysis confirms that the Pt(111) lattice planes are parallel to (111)SrTiO3 planes. The
orientation relationship deduced from the FFT patternis Pt(111) Pt[110] || StTiO3(111)
SrTiO3[110].

Fig. 3.23 presents an STEM-HAADF image presenting three layers (Al,O3, Pt
and SrTiOs3), and the corresponding energy dispersive X-ray spectroscopy in STEM
mode (EDXS) elemental maps of Al, O, Pt, Ti and Sr. There is a 2 nm thick Ti-rich
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Figure 3.22 — (a) Atomically resolved ABSF-filtered HAADF-STEM image of the
Pt/SrTiO3 interfacial region with the superimposed structural models viewed in the
Pt[110]and SrTiO3[110] zone axes, respectively. Pt, Sr and Ti atoms are shown in red,
green and blue, respectively. (b) The corresponding FFT pattern obtained from the
marked area at (a).

layer present at the interface between Pt buffer layer and SrTiOg3 thin film. This Ti-
rich layer is clearly distinguishable from the SrTiO3 layer, since there is no Sr present
at this layer, as shown by the EDXS maps. Note that the sample prepared for TEM
analysis has a 10 nm Pt buffer enriched with 1 nm Ti layer on top indicating that the
Ti/Pt buffer layer after annealing, forms a Pt-Ti solid solution with slightly modified
lattice parameter compared to pure Pt. The observation of the Ti-rich layer indi-
cates that this additional Ti did not intermixed homogeneously with the Pt over the
whole buffer thickness. No Ti-Pt alloy is formed in agreement with Schmidt et al.
as mentioned above [21]. As seen in the EDXS maps, the Ti-rich layer has a sharp
interface with the Sr layer, which is in an agreement with the atomically-resolved
HAADEF-STEM image of the Pt-SrTiO3 interface (Fig. 3.22 (a)).

These results lead us to conclude that annealing the Ti/Pt(111) buffer layer up
to 800°C (Tp) during the deposition of SrTiOg films, does not lead to the forma-
tion of a Pt-Ti compound but to a solid solution!. Nevertheless, XPS and XRD mea-
surements suggested that chemical and structural changes occur when the Ti/Pt
buffer layer was annealed, indicating the possible formation of a Pt3Ti alloy (see
Secs.3.3.1.1 and 3.3.1.2). In fact, as mentioned previously, the annealing temper-
ature in the XPS chamber was a limitation since it is lower than the temperatures
achieved in the PLD chamber. Thus, a possible explanation could be that at tem-
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3.5. TEM investigations

Figure 3.23 - top left: STEM-HAADF image presenting all three layers (AlO3, Pt and
SrTiO3), and EDS elemental maps of Al, O, Pt, Ti and Sr.

peratures above 250°C Ti starts to interdiffuse the Pt layer. At around 500°C a Pt-Ti
alloy is formed, but at further annealing, around 900°C (Ty,), Ti interdifuses the Pt
layer as a solid solution. This could be as well, the explanation of the variation of the
RHEED patterns observed for the Ti/Pt(111) buffer layer upon annealing at 1050°C
presented in Fig.3.13. The additional diffraction streaks (indicated by the magenta
arrows) between 530°C and 820°C could be the consequence of the formation of
a transient Pt-Ti alloy. At 900°C they disappear leading a diffraction pattern with
sharp streaks at the same position as the Pt pattern as expected for a solid solution.

In conclusion, ultra-thin films of SrTiO3 were deposited by PLD on epitaxial
Pt(111) grown on «-Al,03(0001) by MBE. Some samples had an additional nanome-
tre of Ti deposited on the top of the Pt(111) buffer layer. The film stacking was fully
characterized by a combination of RHEED, XRD, XPS and HRTEM revealing that
the final SrTiO3 surface is rough for films with thickness > 8A. Concerning the be-
haviour of the buffer layer at high temperature, we observe that Pt dewets locally the
substrate at temperatures higher than 600°C (Tpyyo). Besides, for the Ti/Pt buffer
layers it was found that Ti interdiffuses the 10 nm Pt layer in a solid solution when
annealed at temperatures above 800°C (Tpyyo).
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Chapter4. Complex 2D oxide phases in reduced SrTiOs grown on Pt(111)/Al, O3(0001)

Dodecagonal oxide quasicrystals (OQCs) and related approximants are 2D struc-
tures derived from ternary ultra-thin oxide films supported on metals (UTOx) grown
epitaxially on a well oriented (111)-metal as mentioned previously in Chap.1. As a
remainder for the reader, the first OQCs were observed at the 2D interface of BaTiOg
and SrTiO3 deposited on a Pt(111) single crystal. Since the discovery of OQCs, four
OQC approximant structures have been reported in the literature.

These phases are: the o-phase approximant, found in the BaTiO3/Pt(111) [1] and
in the BaTiO3/Ru(0001) [2] systems; a monoclinic approximant, derived from the
SrTiO3/Pt(111) system [3]; a hexagonal approximant, derived from the BaTiO3/Pt(111)
[4] system, and a variant of the o-phase approximant, found in the BaTiO3/Pd(111)
system [5] (see Chap.1, Sec.1.2.3). Here, we report the formation of new complex 2D
phases after reduction of SrTiO3/(Ti/)Pt(111)/Al,03(0001) synthesized using the
thin film stacking approach presented in Chap.3. This method has been success-
fully tested as a possible way to explore different combinations of UTOx supported
on (111)-metals, and search for new types of OQCs. In total we identified by means
of LEED and STM three OQC approximants and other complex hexagonal struc-
tures. The different phases are formed depending the preparation conditions.

This chapter is organized in six sections as follows: A description of the cleaning
and annealing procedures is given in the first part. Second and third sections are
dedicated to the giant square-like approximant and the large hexagonal approxi-
mant. These OQC approximant phases have not been reported before in the lit-
erature. Section four is dedicated to the o-phase approximant, reported here for
the first time in the SrTiO3/Pt(111) system. Section number five, presents the DFT
calculations performed on the giant square-like and the large hexagonal OQC ap-
proximants (done by T.T. Dorini and E. Gaudry). A comparison between theoretical
results and experimental observations is discussed here. Finally, the sixth section
evidences the complex hexagonal phases observed after increasing the number of
annealing procedures. A honeycomb (HC) structure, formed by the TiOyx network
was identified, along with a labyrinth-like structure formed by the Sr atoms located
at the hollow sites of the HC structure.

4.1 Cleaning and annealing procedure

Annealing the oxide film at temperatures above 630°C (900 K) could induce a rear-
rangement of the material leading to the possible formation of a 2D OQC or a va-
riety of approximant structures [6]. OQC derived from BaTiO3 on Pt(111) has been
studied in great detail by Forster et.al [7]. In particular, it was demonstrated that
reduction-oxidation annealing cycles lead to a reversible process of OQC formation
and decay [8] (see Chap. 1 for more details).

Here, we applied oxidation-reduction cycles to the SrTiO3 thin film deposited on
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Figure 4.1 — Schematic of the experimental procedure. The sample was transferred
after fabrication through air to a second UHV system (ASURE). First, sample surface
was cleaned in an oxygen atmosphere. Second, the sample was annealed under
vacuum at high temperature. The state of the surface after annealing was monitored
by LEED and eventually by STM and XPS. Then, an annealing under oxygen at lower
temperature was performed. Again, LEED patterns were taken. This procedure was
repeated several times observing the changes in the surface structure.

Pt(111) (or Ti/Pt(111)) grown on a-Al»O3(0001) as represented in Fig.4.1 (in collabo-
ration with Julian Ledieu, responsible of the ASURE platform). The SrTiOg films are
stable under ambient conditions, which allowed sample transfer through air from
the TUBE to the ASURE platform (see Chap.2 for more details) where high tempera-
ture annealing and subsequent in situ surface characterizations such as LEED, STM
and XPS were performed.

After re-entering the sample in UHV, an annealing in 1x 1078 mbar of O, at 630°C
was performed to remove surface contamination induced by the transfer as illus-
trated in Fig.4.1 step 1. All temperatures reported here in this chapter were mea-
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sured with a bichromatic pyrometer (prro).

The cleanliness of the sample after step 1 was checked by XPS and LEED. The
XPS spectra (not shown here) did not show any C 1s core level peak. In addition,
LEED patterns such as the one presented in Fig. 4.2, exhibit spots related toa (111)-
oriented SrTiOg3 surface.

The surface lattice parameter of SrTiOg is twice as large as that of the Pt(111).
Then, by annealing the surface at higher temperatures (> 850°C or 1123 K) in UHV
(108 mbar), step 2 in Fig.4.1, new structures with an apparent dodecagonal sym-
metry were formed as observed by LEED and STM at room temperature (step 3 in
Fig.4.1).

Pt (111) >0eV

Figure 4.2 - LEED pattern of the SrTiO3 surface (8A deposited on
Pt(111)/Al,035(0001)) after cleaning in oxygen. The blue circles mark the Pt(111)
six-fold diffraction pattern and orange circles mark the first order diffraction
pattern of SrTiO3(111).

The results reported here were observed in the following three samples, named
from now on as:

A (0.8 nm) SrTiO3/(10 nm) Pt(111)/Al,05(0001)
B (2 nm) SrTiO3/(1 nm)Ti/(10 nm) Pt(111)/Al,03(0001)
C (5nm) SrTiO3/(1 nm) Ti/(10 nm) Pt(111)/Al,05(0001)

Samples with thinner SrTiO3 films (0.4 nm) were tested as well with no signifi-
cant results. It was found for several samples that after few annealing cycles the Sr
signal in XPS was very small, the LEED patterns overall the surface were weak, and
the surface was extremely difficult to scan by STM.

This could be explained by a critical thickness. As we will see in the next para-
graphs, re-arrangements and depletion of certain species occurs upon high tem-
peratures annealing. Therefore, a reservoir (coming from an initial surface with 3D
SrTiO3(111) islands) could be necessary for the formation of complex 2D structures.
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4.2 Giant square-like approximant

Once the sample surface was degassed, a subsequent annealing at 850°C (1123 K) in
vacuum (10~8mbar) was performed as indicated in the step 2 in Fig.4.1 (this, for the
three samples A, B and C). After annealing, a new structure with an apparent do-
decagonal symmetry was formed as observed by LEED and STM. This is illustrated
in the LEED pattern at 20 eV with 12 intense diffraction spots as can be seen in Fig-
ure 4.3 (b). At higher beam energies (see Fig.4.3 (c)), higher order diffraction spots
are observed leading to a LEED pattern very similar to the one reported previously
for the OQC [3]. The 6-fold diffraction spots from the Pt buffer layer are marked by
the blue circles.

(a) ” (c)

Hh

20 eV "o 50eV : 110 eV

Figure 4.3 - LEED pattern of the approximant formed on Pt(111) at (a) 20 eV, (b) at 50
eV, and at (c) 110 eV. The blue circles in (b) and (c) mark the Pt(111) first order diffrac-
tion pattern. First, second and third order diffraction spots of the approximant are
marked in red, green and magenta circles respectively. These LEED patterns were
obtained from sample A.

The real space structure and the local atomic arrangements were determined
from atomically resolved STM images taken at room temperature (figure 4.4 (a)).
Although the LEED pattern shows an apparent dodecagonal pattern typical of an
0QC, the fast Fourier transform (FFT) of the real space image reveals a periodical
almost square lattice, indicating that an approximant was formed instead of an OQC
[9, 10]. The FFT was used to determine the lattice parameters. Figure 4.4 (b) gives a
more detailed view of the identified approximant unit cell, with the in-plane mea-
sured lattice parameters of: 42.2+ 0.6 Ax 43.2 + 0.6 A, and angle between edges
of 89.7 & 0.4°. The bright protrusions seen in the STM images are at the nodes of
the same Niizeki—Géhler tiling elements (NGT) used to describe dodecagonal struc-
tures [11]. These tiling elements are arranged such that the unit cell contains 72
tiles, namely 48 triangles, 18 squares and 6 rhombus with a tiling element ratio of
2.66:1:0.33. This is twice the number of tiles needed to describe the previously re-
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ported monoclinic approximant [3], but the ratio remains the same. Besides, it is
just slightly different from the ideal NGT structure of the dodecagonal QC phase
given by 2.73:1:0.37. The unit cell contains 47 vertex atoms, corresponding to an
area density of 2.20 nm2, smaller than the values reported for the OQC phase (2.46
nm~2). From the STM image, an average distance of 6.4 + 0.3 A between the bright
protrusions is deduced. The edge length of the tiling elements deduced from the
ideal unit cell is 42.2 A/(3 + 2 v/3) = 6.53 A, for the vertical axis, and 43.2 A/(3 + 2
v/3) =6.68 A, for the horizontal axis. One axis of the approximant unit cell is parallel
to the [123] direction of the hexagonal Pt buffer layer. From the idealized unit cell
model, itis possible to obtain a FT of the structure, as shown in the left side of Fig.4.4
(c) where the near 12-fold first order, second order and third order diffraction spots
are present as part of a square lattice indicated in green. The calculated FT pattern
perfectly matches the FFT of the experimental STM image (right side Fig. 4.4 (c)).
The tiling decoration is shown in Fig. 4.4 (d).

The unit cell of the approximant can be expressed as a superstructure with re-
0
18
when the dimensions of the unit cell are slightly modified to 44.87 Ax 43.75 A, with
an angle between edges of 89.7° and the Pt(111) unit cell is fixed to 2.79 A. Six rota-
tional domains of the approximant, with three unique subpatterns, exist from the
square-like structure on the hexagonal lattice of the Pt(111) buffer layer. As a result,
some of the diffraction spots in the LEED pattern are split into three reflexes as can
be seen at low primary beam energies (Fig. 4.3(b)). The square lattice is not clearly
visible in the diffraction pattern (Fig. 4.3), probably due to the fact that many of the
diffraction spots may have a weak intensity and the LEED patterns are dominated
by the most intense spots.

This approximant phase was found in the samples A and B mentioned in the
previous section. For the sample A the dodecagonal pattern was observed after the
first UHV annealing. For the sample B it was obtained only after the fifth annealing
cycle.

: o o 16
spect to the Pt(111) lattice, resulting in a commensurate matrix given by 9
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-
14 x 14 nm?, 0.1 nA, -1V

Figure 4.4 - (a) Atomically resolved STM image of the SrTiO3 derived giant square
approximant formed on Pt(111). (b) Idealized unit cell of the giant square approx-
imant decorated by the dodecagonal tiling elements: squares, triangles and rhom-
buses superimposed on the real STM image. (c) Left: calculated FT of the idealized
tiling. Right: FFT of the STM image in (a). The square unit cell is marked in green.
(d) Tiling decoration of the square unit cell.
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4.3 Large hexagonal approximant

With increasing numbers of oxidation-reduction cycles under the same experimen-
tal conditions as described earlier, another new UTOx phase was observed with a
large hexagonal unit cell. Figure 4.5 (a) and (b) show high resolution STM images of
this structure, as well as the tiling decoration. The FT calculated from this tiling dec-
oration as well as the FFT calculated from the experimental STM image are shown in
Fig. 4.5 (c). Itis also possible to observe more intense higher-order spots in the cal-
culated FT which form a pseudododecagonal ring which is included in the hexago-
nal lattice. It reflects the presence of local dodecagonal motifs. The dimensions of
the unit cell are 27.8 + 0.6 Ax 28.1 + 0.6 A. This hexagonal unit cell can be decorated
with the same NGT elements. It contains 29 tiles, namely 20 triangles, 6 squares and
3 rhombus as shown in Fig.4.5(c). A common edge length of 6.7 £ 0.2 A is deduced
from the average distance between the bright protrusions. Dodecagonal rings con-
sisting of 6 squares and 12 triangles decorate the node of the unit cell. A protrusion
is usually missing at each node of the hexagonal unit cell (ie. at the center of the do-
decagonal rings) in the images shown in Fig. 4.5(a) and (b). In other patches of the
surface, this site is occupied and appears as a bright dot, suggesting the presence
of slightly protruding atoms. The unit cell contains either 19 or 18 vertex, corre-
sponding to an area density between 2.65 and 2.80 nm™2, significantly larger than
that of the ideal OQC or its square approximant. The tiling elements ratios of the
hexagonal phase is 3.33:1:0.5, which differ considerably from the ideal OQC or the
square approximant. The structural evolution of the UTO film, from square-like to
hexagonal approximant, could be related to a change in the stoichiometry with the
number of annealing cycles.

The LEED pattern of the hexagonal phase is shown in Fig. 4.6. Four non-equivalent
domains can be identified, which are rotated with respect to the [110]p; direction by
15°, 27°, 34° and 45°. We tentatively ascribed these domains to the following four
commensurate structures with matrices given by (g ﬁ) and (2 1(13) for the do-
mains presented in green in Fig. 4.6, when the lattice parameter of the hexagonal
phase is 26.61 A and the Pt(111) unit cell is fixed to 2.79 A and (g ﬁ) and (2 I?)
for the domains marked in pink in Fig. 4.6 when the lattice parameter of the hexag-
onal phase is 27.48 A and the Pt(111) unit cell is fixed to 2.79 A.
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(b)

2,0.2nA, 1.5V

20 x 20 nm

15x15nm? 0.2 nA, 1.5V

(d)

113

Figure 4.5 — (a) Atomically resolved STM image of the SrTiO5 large hexagonal phase
triangles and rhombus superposed

formed on Pt(111). (b) Idealized unit cell of the large hexagonal phase decorated

by the dodecagonal tiling elements: squares,
on the real STM image. (c) Left: FT of the pattern from the tiling using the idealized

tiling unit cell. Right: FFT of the STM image in (a). The hexagonal unit cell is marked

in green



Chapter4. Complex 2D oxide phases in reduced SrTiOs grown on Pt(111)/Al, O3(0001)

Pt(111)

17 eV 85 eV

Figure 4.6 — LEED pattern of the large hexagonal phase of SrTiO3/Pt(111). (a) At
17 eV, four non-equivalent domains are identified. Green circles correspond to the
diffraction spots of the domains turned by 27° and 34° with respect the [110]p; di-
rection. Pink circles mark the diffraction spots corresponding to the domains at 15°
and 45° with respect the [110]p; direction. (b) At 50 eV higher diffraction order spots
are visible and (c) at 85 eV, Pt buffer layer first order diffraction spots are evident.
These are highlighted in blue

This approximant phase was first observed in the sample B (see Sec.4.1) after
the first annealing in UHV. It was found as well in the sample A but only after sixth
UHYV annealing. Fig.4.7(a) shows the atomically resolved STM image of the hexago-
nal approximant observed in sample B, where a region with all hollows in Fig.4.5(a)
are filled. The hexagonal unit cell decorated with the dodecagonal tiling elements
is superimposed on the STM image. Fig.4.7(b) evidences a step with a measured
high of 4.5 A as indicated by the profile in Fig.4.7(c). Although there are not enough
images of the terraces to do a statistically measurement of the step high, the ob-
tained profile indicate a high of the step corresponding well to two planes of the
of the annealed Ti/Pt(111) (in agreement with the measured interatomic distance
dy11, reported in table3.1 in Chap.3).

It is noteworthy that the giant square-like and the hexagonal approximant were
both found for samples with Pt(111) and Ti/P(111) buffer layers. It suggest that, as
discussed in Chap.3, the addition of 1 nm of Ti does not affect the ultrathin films of
SrTiO3 deposited on Pt(111) as it interdiffuses into the Pt forming a solid solution.
The Ti layer helps to promote the (111)-orientation of thicker layers (> 5 nm) of
SrTiO3 on Pt(111).
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Figure 4.7 — (a) Atomically resolved STM image of the SrTiO5 large hexagonal phase
formed on Ti/Pt(111) decorated with the dodecagonal tiling elements.The unit cell
vectors are indicated by the white arrows (b) A step. (c) A high histogram of the step
high: 4.5 A.

4.4 o-phase approximant

For sample C (see Sec 4.1), the o-phase approximant (also known as 32.4.3.4
Archimedean tiling or snub-square tiling) [1] was found after two cycles when an-
nealing in vacuum (10-8mbar) at 900°C for 15 min. Here we report for the first time
the observation of this approximant phase in the SrTiO3/Pt(111) system. Fig.4.8(a)
shows the LEED pattern at 20 eV where 12 intense diffraction spots are visible. At
higher beam energies, higher order diffraction spots appeared leading to LEED pat-
terns close to the reported OQC structures, as was the case for the giant square-like
approximant. These patterns are evidenced in Fig. 4.8(b) and (c). The 6-fold diffrac-
tion spots from the Pt buffer layer are marked by the blue circles.

Fig.4.9(a) shows the atomic resolution STM image with a periodic arrangement
confirmed by the FFT (right side in Fig. 4.9(c)) which reveals an almost square lattice
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20 eV | 50 eV 110 eV

Figure 4.8 - LEED pattern observed after two annealing cycles on sampple Cat20eV,
(b) at 50 eV and (c) at 110 eV. The blue circles mark the Pt(111) first order diffraction
pattern.

with a larger reciprocal lattice parameter when compared with the previously de-
scribed giant square-like approximant. From the STM image, the distance between
the surface atoms was determined as 6.440.3 A . This value is slightly smaller than
the average distance of 6.7 A between protrusions reported for the c-phase approx-
imant observed in BaTiO3/Pt(111)[1]. The FFT was used to determine the in plane
lattice parameters: 12.5+ 0.2 A x 12.5+ 0.1 A also smaller than the reported lattice
parameters 12.9 x 13.1 A of the BaTiO3/Pt(111) o-phase approximant [1]. Fig.4.9(b)
gives a more detailed view of the identified unit cell, with the superposed tiling dec-
oration which includes only two squares and four triangles. The FFT is presented
on the right side of Fig.4.9 which matches very well with the FT, on the left, coming
from the ideal tiling decoration of the o-phase structure presented in Fig.4.9(d).

STM image in Fig.4.9(a) presents contrast variations between adjacent unit cells
creating a sort of corrugation. A closer view to the FFT of Fig.4.9(a), allow us to
see the diffraction pattern of a moiré structure as indicated by the blue circles in
Fig.4.10(a). The subsequent STM image was obtained from filtering the diffraction
spots of the moiré structure. We determined from the FFT a periodicity of 2.89%0.05
nm, in agreement with the directly measured value (from the STM filtered image in
Fig.4.10(a)) of 2.83 nm as evidenced in the profile in Fig.4.10(b), taken along the blue
line in (a). This contrast variations were observed as well in the o-phase approxi-
mant derived from BaTiO3/Pt(111), where a 2.8 nm periodic moiré structure was
identified from the large length scale STM images [1].
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0.2 nA, 1.5V

Figure 4.9 - (a) Atomically resolved STM image of the c-Approximant formed on
SrTiO3/Ti/Pt(111). (b) Idealized unit cell of the o-Approximant phase decorated by
the dodecagonal tiling elements: squares, triangles and rhombus superposed on
the real STM image. (c) left: FT of the pattern from the tiling using the idealized
tiling unit cell. right: FFT of the STM image in (a). The square unit cell is marked in
green (d) Tiling decoration of the o-Approximant

4.5 Theoretical investigation of the 2D OQC approxi-
mants

Density Functional Theory (DFT) calculations were performed using the Vienna ab
initio simulation package (VASP) [12, 13, 14] combined with the Atomic Simulation
Environment (ASE) [15]. Spin-polarised calculations were performed with plane-
wave basis set and projector-augmented wave (PAW) method [16, 14], using the
optPBE functional [17, 18]. The following electrons were treated explicitly:

4525p%6s2 (Sr), 2s22p* (0), 3s23p®4s23d* (Ti), 5d6s! (Pt). The strong on-site Coulomb
interaction of localized electrons was treated through the GGA+U approach, [19]
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Figure 4.10 — (a) STM filtered image of the moiré periodicity present in the STM
image in Fig.4.9. (b) Profile taken along the blue line in (a). The average separation
between two pics is about 2.83 nm

using U(Ti) = 1.0 eV[20, 21]. This value has been chosen because it provides a good
agreement with theoretical quantities calculated using the hybrid HSE03 exchange
correlation potential, as demonstrated recently in the case of an oxide layer with
the honeycomb (HC) structure supported on a metal substrate [20, 22]. The one-
electron Kohn-Sham orbitals were expanded in a plane-wave basis set with a kinetic
energy cutoff of 500 eV. Total energies were minimised until the energy differences
were less than 10™ eV between two electronic cycles. The reciprocal space inte-
gration was sampled at the I'-point for total energy calculations. A thinner k-point
grid (2x2x1) was used for the DOS (Density of States) calculations for the hexag-
onal structure (surface cell 28.20 A x 28.20 A). This set-up gives cohesive energies
and lattice parameters of bulk systems in good agreement with the experimental
data [23].

UTOx films supported on Pt(111) have been built using 4-layer thick asymmetric
slabs for the giant square-like and the large hexa the o-phase approximants. They
consisted of three Pt(111) layers and one oxide-layer respectively. The outmost bot-
tom layer of the Pt substrate was kept fixed, while all other layers were allowed to
fully relax in all directions, using the Conjugate Gradient Algorithm, until all forces
were less than 0.1 eV/A. Adjacent slabs (along the surface normal direction) were
separated by a 15 A thick vacuum layer and a dipole correction was applied to can-
cel the artificial electric field that develops due to imposed periodic boundary con-
ditions in surface normal direction. The average charges on each atom were cal-
culated using the Bader approach,[24] using the code distributed by the Henkel-
man group [25, 26, 27, 28]. The STM images were calculated using the Tersoff-
Hamman approximation [29, 30]. Charge deformations were calculated by the dif-
ference pyto/pt — PPt —PUTO, Where pyro/pr, Pt and pyto are the charge densities
of the UTOx/Pt(111) slab, Pt(111) slab and UTOx free standing layer, respectively.
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Structures and STM images were plotted using the VESTA and p4vasp softwares,
respectively [31]. The formation enthalpies are given by

Z
AHj= E(PlyStyTiyOz) ~WEcoh (PO ~XEcon (S1) - YEcoh (T ~ S0, 4.1)

where E and E,, are total and cohesive energies, respectively and ), is the chem-
ical potential of dioxygen. Adhesion energies are calculated using

Eaqnh =E(UTO/Pt)-E(UTO) -E(Pt) (4.2)

where E(UTO/Pt), E(UTO) and E(Pt) are the total energies of the supported UTOXx,
the ideal freestanding UTOx and the Pt(111) substrate, respectively.

The structural and electronic properties of the giant square-like, the hexago-
nal and the o-phase 2D SrTiO3/Pt(111) UTOx approximants are investigated using
three model structures presented in Fig. 4.11, Fig.4.12 and Fig.??, based on the com-
plex tilings identified experimentally. They are made of structural motifs — equilat-
eral triangles, squares and 30° rhombuses - sharing a common side length. The
atomic structure of each type of tiles has been implemented using the models pro-
posed by Cockayne et al. [32]. Thus, the chemical compositions of the triangles,
squares and rhombuses are SrTiO3, SrTigO4 and SrTi»O2, respectively. The Sr atoms
are located at the vertices of the tiling. Each Ti atom is bound to three oxygen atoms
(local 3-fold symmetry), and each oxygen atom is located between two Ti atoms.
The square and rhombus motifs share common sides with the triangular tiles, while
the square and rhombus motifs are connected through the vertices.

The giant square-like and the hexagonal approximant present similar forma-
tion enthalpies: -1.03 eV/A? and -1.08 eV/A? respectively. They also present similar
adhesion energies: -0.28 eV/A2 and -0.30 eV/A? for the giant square-like and the
hexagonal approximants respectively. They are much stronger than the one calcu-
lated by Dorini et al. for the 5-phase (considering the Ti atoms at the vertices of the
tiling) (-0.075 eV/A?) [23], likely because the atomic surface density is larger for the
three former phases than for the latter. They are weaker than the one calculated
for the HC structure (-0.403 eV/A?) [23] suggesting that the presence of common
symmetries between the substrate and the adlayer lead to a stronger interaction.

When supported on Pt(111), UTOx display significant structural relaxations in
the z direction, i.e. the surface normal direction. Such corrugation can alleviate the
elastic strain due to the size-mismatch between the unsupported and supported
films [23, 20]. It is quantified by the vertical separation between the average z-
position of the anions (z”) and cations (z1). The rumpling R = 7zt -7 is negative for
the three complex systems (Tab. 4.1). Indeed, the mean vertical distance between
the topmost Pt atoms and the Ti atoms is much smaller (2.3 A) than the one between
topmost Pt atoms and the oxygen or strontium atoms (3.1 A and 3.2 A, respectively),
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— Top and side views of the relaxed approximant structure, along with

Figure 4.11

the three types of tiles used to build it. Sr, Ti, O and Pt atoms are shown in green,

blue, red and silver respectively.
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Figure 4.12 — Top and side view of the relaxed hexagonal approximant. Sr, Ti, O and
Pt atoms are shown in green, blue, red and silver respectively.

in agreement with the values obtained by Cockayne et al. for BaTiO3[32]. The rum-
pling is found to be: RGSauare — _( 41 A and RHeXa = _0 47 A for the giant square and
the hexagonal approximants respectively.

These structural results can be rationalized by a Bader charge analysis. Charge
transfer is found to occur at the Pt-UTOx interface, from most electropositive ele-
ments (Sr, Ti) to most electronegative elements (Pt and O). Thus, electrostatic inter-
actions likely contributes to the location of Ti cations close to the negatively charged
Pt substrate, while repelling the negative O atoms [32]. This is further confirmed by
the charge density deformation, which indicates non negligible charge differences
at the Pt-UTOx interface. More generally, electronic effects are known to impact
the rumpling and the adhesion energies. Using the o-phase approximant [23], a
correlation has been evidenced between the Bader charge carried by the transition
metal atoms (Qppp) and both R and E,4;,. Overall, a larger Q1) leads to a stronger
adhesion of the film and a larger R [23]. The same trends are observed in this work.

For each approximant phase (Figs.4.11 and 4.12), STM images were simulated
for both positive and negative biases as shown in Fig.4.13 and Fig.4.14. The bright
contrast is attributed to the protruding Sr atoms, while the Ti and O atoms are not
visible, in agreement with the average z-positions of Sr, Ti and O described previ-
ously. Overall, the good agreement between the simulated and experimental STM
images (Figs. 4.4-4.5) suggest that the UTOx structural models considered in this
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Giant Sq Approx Hexa Approx

| Freestanding UTOx
QT (e) 1.46 1.40
Qgr (e) 1.51 1.51
Qo (e) -1.29 -1.27

| Supported UTOx
RA) -0.41 -0.47
QT () 2.04 2.07
Qg; (e) 1.48 1.41
Qp¢ (€) -0.11 —0.11
Qo (e) -1.22 -1.17
Eqqn (eV/A2) -0.28 -0.30
AHg (eV/at) -1.03 -1.08

Table 4.1 — Bader charges on ions, rumpling and the adhesion energies for the giant
square-like and the hexagonal approximants.

work are realistic models for the new complex UTOx synthesized here.

Figure 4.13 — Simulated STM image of the square approximant (Vpjas =-1V, isosur-
face with charge density equal to 0.1 e nm™3). A fraction of the experimental STM
image (Fig.4.4) is shown in the upper left corner.
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Figure 4.14 — Simulated STM images of the complex hexagonal phase, with (a) and
without (b) the central protrusion at the cell nodes (a) Vpizs =-1V, isosurface with
charge density equal to 0.2 e nm™3, (b) Vpjas = +1.5 V, isosurface with charge density
equal to 0.1 enm™3. A fraction of the experimental STM image is shown in the upper
left corner.

Density of states calculations have been performed using the two complex UTOx
structures (Fig. 4.15). In both cases, the contribution of Sr atoms to the DOS is weak
below the Fermi level, while the main contribution to the DOS at the Fermi level
originates from Ti atoms. A strong hybridization between Pt-, O- and Ti-states is
also visible, between -6 eV and -2 eV for the approximant UTOx, and between -7
eV and -3 eV for the complex hexagonal UTOx. Surprisingly, a sharp pseudogap
close to the Fermi level, is noticeable in the DOS of the hexagonal phase, while it
seems to be absent in the square UTOXx, at least using the I"-point only calculation
performed here. This different electronic feature suggests different chemical and
physical properties for the two UTOx.
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Figure 4.15 - Density of states of the square approximant (left) and of the complex
hexagonal phase (right).
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4.6 Complex hexagonal phases

Literature reports that when UTOx films of no more than one or two atomic layers
are grown on metallic supports, depending on the preparation conditions, may dis-
play structures, stoichiometries and properties that are not seen in the bulk crystals
[33, 22](see Chap.1).

Here, we report the observation of different morphologies when increasing the
number of annealing cycles. A spontaneous 2D ordering of the oxide species oc-
curred, giving rise to a (2 x 2) TiOx HC ultrathin film [34], where Sr atoms occupy
the hollow sites of the HC structure. Depending on the number of Sr adatoms cov-
ering the surface, different structures are formed as evidenced by STM.

Labyrinth and honeycomb structures

The phases reported in this section were found in the sample A (see Sec.4.1) after
seven annealing cycles (the giant square-like and the hexagonal approximants were
observed previously on this sample). LEED patterns recorded after annealing un-
der UHV and at different positions on the sample are presented in Fig. 4.16. These
patterns reveal the inhomogeneity of the structural arrangements. At 20 eV first
diffraction order spots allow to have a first idea of the structure. At higher ener-
gies, Pt diffraction spots (blue circles) are visible along with higher order diffraction
spots revealing the complexity of the surface structures formed. Position 1 shows
a diffraction pattern with a dodecagonal symmetry at 20 eV. This dodecagonal pat-
tern is less intense for position 2 and 4. Position 2 shows an hexagonal pattern with
spots grouped in three. Position 3 in Fig. 4.16 exhibits a LEED pattern very close
to the one observed for the hexagonal approximant. At position 4 and at 20 eV, the
LEED pattern looks similar to the one observed at position 2. However, LEED pat-
terns differed at higher energies (50 eV, 110 eV) reveal another complex strucre.
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Position 1 Position 2 Position 3 Position 4

110 eV

Figure 4.16 — LEED patterns obtained after seven annealing cycles on the sample A

at different positions for a given electron energy. Blue circles highlight the Pt(111)
diffraction pattern.
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Atomic resolved STM images taken at certain position show a disordered labyrinth-
like structure as presented in Fig. 4.17. Wu et. al observed similar morphologies on
samples where different concentration of Ba atoms were deposited on a TiOx ultra-
thin film grown on Au(111) [33]. When increasing the Ba concentration a disordered
labyrinth-like phase was observed. This labyrinth morphology has been found as
well in 2D magnetic structures such as Ni nanowires [35] and in ferromagnetic gar-
net thin films where magnetic domains take labyrinth-like patterns [36].

Fév2e A3 ™ 111
-1.5V; 0.2 nA

Figure 4.17 — High resolution STM image of the labyrinth phase

On different zones of the surface, more than one structure was found. Fig. 4.18
displays the atomic resolved STM images of four scanned zones and their corre-
sponding FFT, confirming the coexistence of various phases as LEED patterns in Fig.
4.16 suggested. Fig. 4.18 (a) shows the atomic resolved STM image of the labyrinth
structure, where the corresponding FFT exposes at least three different hexagonal
patterns indicated by the white, pink and green vectors. In another area of the sur-
face, the square-like approximant structure was found as shown in the STM image
in Fig. 4.18 (b). The corresponding FFT shows clearly the square periodic lattice
where the most intense diffraction spots form a dodecagonal pattern. Exploring a
different zone, the hexagonal approximant was observed as well. Fig. 4.18 (c) shows
the STM image of the hexagonal approximant structure next to the corresponding
FFT which evidences the hexagonal periodic lattice. Fig. 4.18 (d) shows the border
between the hexagonal approximant and the labyrinth phase. The corresponding
FFT help us to identify the hexagonal lattice (in white) and the vectors observed in
the FFT of Fig.4.18 (a). The green spots mark the hexagonal lattice coming from the
honeycomb like structure, which will be discussed in the following.
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Figure 4.18 — STM images at different zones of the surface after seven redox cycles
of the (a) Labyrinth phase, (b) Square-like approx, (c) Hexagonal approx and (c) in-
tlezréface between two phases. The observed phases coexist together.



4.6. Complex hexagonal phases

After eleven annealing cycles, the surface morphology seems to present still some
changes. The high resolution STM image in Fig. 4.19 (a) shows bright protrusions
located on the top of a HC-like lattice. Based on the studies performed by Wu et. al.
[34, 33] where a TipO3(2x2) HC network was grown on Au(111) substrates, and then
low concentrations of Ba atoms were evaporated onto the film, we assign the bright
protrusions to Sr adatoms which are localized at the hollows of the tentative TiOy
HC lattice.

Fig. 4.19 (b) shows the FFT of (a), where two hexagonal patterns can be identi-
fied. The green vectors indicate the reciprocal lattice vectors a* of the honeycomb
structure and the green circles mark the first order diffraction spots. White vec-
tors indicate a second structure with a reciprocal lattice vector half of the length
of a*. The in plane measured lattice parameters are 5.51+0.08 A for the HC and
10.72+0.56 A for the second structure. Fig. 4.19 (c) is a filtered image, where only
the HC lattice is visible. The unit cell is marked in green. Fig. 4.19 (d) shows the pro-
file taken along the blue line in Fig. 4.19 (c) giving a lattice parameter of 5.57 £0.01 A
confirming the previous measure (profiles along different directions rotated by 60°
with respect the blue line in (c) were considered as well). This values are in agree-
ment with the reported lattice parameter of the TiOy HC network (5.9+ 0.3A [34])
supporting our first statement where we assigned the HC structure to a TiOy lattice
with Sr adatoms. Here, this Sr atoms are located (mostly) on one of each two hol-
lows sites of the HC lattice (forming an hexagonal structure with the double of the
HC lattice parameter).

Besides, in Fig. 4.18(a) three hexagonal lattices were identified as mentioned

previously.
The length of the green, white and pink vectors is 5.50+0.10A , 10.14+0.22A and
14.94+0.35A respectively. This is twice and triple of the length of the HC lattice
parameter. Therefore, the labyrinth structure is just the result of the combination
of Sr adamtoms located on the top of the HC network with two different occupation
rates.
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Figure 4.19 — (a) High resolution STM image of the TiOx honeycomb structure par-
tially covered by Sr atoms (bright protrusions). (b) FFT of (a). Diffraction spots from
the honeycomb are marked in green. White vectors indicate the hexagonal pattern
coming from the Sr atoms localized on the honeycomb lattice at half of the recip-
rocal vector of the honeycomb a*. (c) The Honeycomb structure obtained from fil-
tering the green spots marked in (b). The unit cell is indicated in green. (d) Profile

taken along the blue line in (c).
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4.6. Complex hexagonal phases

This chapter deals with the fabrication of ultra-thin complex phases obtained
from SrTiO3 grown on Pt(111) /Al 03(0001). Although the initial target to grow OQCs
has not been reached yet, two novel 2D oxide approximants and a new phase has
been observed making these results precursor in the field of the OQCs. Besides, the
o-phase approximant was observed for the first time in this system. These struc-
tures were obtained after high temperature annealing under high vacuum of the
thin film stacking presented in Chap.3. They have been investigated by STM, LEED
and DFT. High resolution STM images show bright protrusions located at the node
of three different tilings constructed with the same basic square, triangle and 30°
rhombus tiles possessing a common edge length of about 6.7 A. The tile ratio is dif-
ferent for the three phases. The number of tiles needed to describe the square-like
approximant is twice as large as for the previously reported monoclinic approxi-
mant in the SrTiO3/Pt(111) system. Using the experimentally derived tilings for
these three new phases, structure models have been elaborated by adopting the
tile decoration proposed by Cockayne et al. [32], in which the Sr atoms are located
at the node of the tiling and in which each Ti atom is bound to three oxygen atoms
and each oxygen atom is located between two Ti atoms. Thus, the chemical com-
positions of the triangles, squares and rhombuses are SrTiO3, SrTi4O4 and SrTi2 O,
respectively, and the global compositions of the square and hexagonal phases are
Srp.36TiO1. 54 and Sr( 38TiOq 56 respectively. The three phases have similar atom
densities, formation enthalpies and adhesion energies. Both undergo significant
structural relaxation when supported on Pt(111) leading to some buckling of the
oxide layer. Charge transfer occurs from most electropositive elements (Sr, Ti) to
most electronegative elements (Pt and O). According to the structural optimization,
Ti cations lie more closely to the negatively charged Pt substrate compared to O and
Sr atoms. Simulated STM images are found in excellent agreement with the exper-
imental ones, thus giving support to the structural models proposed for the two
new 2D oxide phases. Accordingly, mainly the Sr atoms are imaged by STM as they
are protruding above the mean surface plane of the UTOx thin films, although the
main contribution to the DOS originates from Ti atoms. Finally, the DOS calcula-
tions for the giant square-like and the hexagonal approximants suggest that the two
new UTOx may have different physical and chemical properties.

Other UTOx complex phases were observed as well after increasing the number
of annealing cycles. A HC and a labyrinth-like structures were identified by LEED
and STM. They appeared normally coexisting at different zones of the surface, along
with the approximant phases probably due to an inhomogeneous annealing of the
sample surface. The different morphologies observed for these complex phases are
assigned Sr adamtoms located on the top of the HC network with two different oc-
cupation rates.

As a perspective, it would be necessary to optimize the control of the pressure
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and temperature during annealing in order to obtain a unique phase. From the the-
oretical point of view, the existence of a detailed structure model for OQC approxi-
mants, as the one proposed here, is the first step towards a better understanding of

quasicrystallinity in UTOx.
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Conclusions and perspectives

In this thesis, I reported an all thin film approach to investigate perovskite oxides
sported on metals (ABO3/M(111)) in amore versatile and less expensive way than by
using single crystal metal substrates. The multilayer stacking consisted in a SrTiO3
thin film deposited by PLD on a Pt(111) buffer epitaxialy grown on Al,03(0001) sub-
strate by MBE. The epitaxial relationships at both the Pt/Al,O3 and SrTiO3/Pt in-
terfaces have been characterized by a combination of RHEED, XRD and HRTEM as
presented in Chapter 3. It was shown that an additional nm of Ti deposited on top of
the Ptlayer reduced the interplanar distance and the lattice parameter of the buffer
layer reducing the lattice mismatch with the SrTiO3 from 0.4% to 0.1%. HRTEM
studies revealed that Ti interdiffuses the Ptlayer forming a Pt-Ti solid solution. A lo-
cal, partial dewetting of the Pt layer was observed by Nano-SAM, when annealing at
temperatures above 600°C (Tpyro)- Nevertheless, smooth and homogeneous ultra-
thin films of about 4 A of SrTiO3 were deposited on the Pt buffer layer. Thicker oxide
films of 8, 20 and 50 A showed RHEED patterns characteristic of a rough surface,
suggesting that SrTiO3 islands are formed at the surface. In fact, the UTOx phases
reported in Chapter 4 were obtained from these 3D oxide surfaces supported on a
Pt(-Ti)(111) buffer layer grown on Al»O3(0001).

Chapter 4 presents the ultra-thin films of oxides (UTOx) phases found at the wet-
ting layer obtained by high temperature annealing of the thin film stacking. Two
novel OQC approximants have been discovered: a square-like approximant with
a giant unit cell and a large hexagonal approximant. The o-phase OQC approxi-
mant (already found in the BaTiO3/Pt(111) system) was observed for the first time in
SrTiO3 supported on Pt(111). Their structures have been investigated by STM, LEED
and DFT. High resolution STM images of the three phases show bright protrusions
located at the node of three different tilings constructed with the same basic square,
triangle and 30° rhombus tiles possessing a common edge length of about 6.7 A. The
tile ratio is different for the three phases. The number of tiles needed to describe the
square approximant is twice as large as for the previously reported monoclinic ap-
proximant in the SrTiO3/Pt(111) system. Using the experimentally derived tilings
for these three new phases, structure models have been elaborated by adopting the
tile decoration proposed by Cockayne et al. [1], in which the Sr atoms are located
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at the node of the tiling and in which each Ti atom is bound to three oxygen atoms
and each oxygen atom is located between two Ti atoms. Thus, the chemical com-
positions of the triangles, squares and rhombuses are SrTiO3, SrTi4O4 and SrTi» O,
respectively, and the global compositions of the square and hexagonal OQC ap-
proximants are Srg 361101 54 and Sr( 38TiOq 56 respectively. The square and hexag-
onal approximants have similar formation enthalpies and adhesion energies. Both
phases undergo significant structural relaxation when supported on Pt(111) leading
to some buckling of the oxide layer. Charge transfer occurs from most electroposi-
tive elements (Sr, Ti) to most electronegative elements (Pt and O). According to the
structural optimization, Ti cations lie more closely to the negatively charged Pt sub-
strate compared to O and Sr atoms. Simulated STM images are found in excellent
agreement with the experimental ones, thus giving support to the structural mod-
els proposed for the two new 2D oxide phases. Accordingly, mainly the Sr atoms are
imaged by STM as they are protruding above the mean surface plane of the UTOx
thin films, although the main contribution to the DOS originates from Ti atoms. Fi-
nally, the DOS calculations suggest that the two new OQC approximants may have
different physical and chemical properties. Additional complex hexagonal phases
were observed as well when increasing the number of annealing procedures. A HC
lattice and a labyrinth-like structure were observed by STM sometimes coexisting
with the square and the hexagonal approximants leading to complex LEED patterns.
Depending on the Sr coverage (assigned to the STM bright protrusions) on the top
of the TiO4 network different morphologies were formed.

Perspectives

This work represents the first results of the OXYQUASI project. The all-thin-film ap-
proach proposed here may be expanded in the future to different families of
ABO3/M(111) systems in order to explore the vast landscape offered by the numer-
ous potential perovskites and metal supports for the discovery of new UTOx 2D ma-
terials. For instance, the Pt buffer layer could be replaced by transition metals which
grow epitaxially on the o-AlpO3(0001) substrate, such as Pd(111) [2] Ir(111) [3] or
Ru(0001) [4]. A study concerning the growth of these metals by MBE on Al,O3(0001)
and the subsequent deposition of ultra-thin films of SrTiO3 by PLD would be needed.

Dorini et al. explored computationally more than 60 ABO3/M(111) systems by
permuting the alkali metal A (= Ba, Sr, ans Ca), the transition metal B (= Tj, V, Cr,
Mn, Fe, Co, Ni) and the metal support M (= Pt, Pd, Au) for the o phase [5]. The au-
thors found that BaFeO3, BaCoO3 and BaNiO3 are good candidates for structurally
stable UTOx when supported on Pt or Au. Besides, these materials could have inter-
esting magnetic properties. Based in this work an ultra-thin film of BaFeO3 could
be deposited by PLD on a Pt(111) buffer layer grown on Al,03(0001).

The experimental control of temperature and pressure needs to be improved
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during the annealing cycles since several phases were found coexisting at the sur-
face making characterization of a particular UTOx phase difficult. The use of sam-
ple plates with no windows contribute to achieve an homogeneous surface anneal-
ing. A better pumping system could help to anneal the sample at temperatures
above 850°C while maintaining a pressure below 10~?mbar, favouring the obten-
tion of OQCs and OQC approximants.

As the UTOx phases are under stoichiometric in Sr, a Sr source could be installed
in order to compensate the Sr deficiency and start over the annealing cycles from a
stoichiometric SrTiO3 film.

The electronic structure can be studied by photoelectron emission techniques,
in particular angle-resolved photoelectron spectroscopy (ARPES). The possible for-
mation of a 2D electron gas (2DEG) at the surface of an SrTiO3 approximant could
be investigated as well. Literature reported that SrTiOs is the preferred template to
create a 2D electron gas [6]. 2D conducting states were observed initially at the in-
terface between SrTiO3 and LaAlOg [7]. Then, it was discovered at the surface of a
bare SrTiO3 single crystal [8]. Therefore, investigation of the 2DEG band structure
at the surface of the aproximants discovered in this thesis could be interesting.

So far, the approximants obtained in this thesis have been determined to be one-
single layer thick reaching the ultimate 2D limit. We could envisage to regrow on
top of such phases thin oxide films as an attempt to obtain thicker approximant or
OQCs. if possible, we could therefore study the variation of electronic properties as
a function of the thickness of the oxide film.

In addition, a short-term study could be the investigation of the local electronic
properties of our samples using low-temperature scanning tunneling microscopy/
spectroscopy (LT-STM/STS). LT-STS gives access to the local density of states with
a very low spatial resolution as a function of energy. Such measurements could
provide the electronic structure of the approximants with atomic resolution. As
an example, a direct comparison between the electronic properties of the different
phases could be thus obtain.

These dodecagonal structures could be used as well in nanopatterning. The or-
dered surface defects observed in the hexagonal OQC approximant (attributed to a
vacancy of Sr atoms) may act as nucleation centres for metals deposited on the ap-
proximant surface which could lead to the formation of an ordered array of metal
nanodots [9].

Other properties of these complex phases, such as catalytic properties could be
explored experimentally and theoretically. The most favourable adsorption sites of
the approximant phases could be determined by means of ab initio calculations,
for instance. ABOj3 ternary oxides are materials which contain a transition metal
which are well known to be good catalyst. K. Kovnir ez al. introduced the concept of
active-site isolation [10]. Using this approach well defined, stable and site-isolated
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catalyst were identified in an intermetallic compound. Using this concept applied
for metals in an oxide, could be a beginning to find high selective and stable sites in
an OQC approximant.
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Résumé La formation d’oxyde quasicristallins dodécagonaux 2D (OQC), ainsi
que celle de phases approximantes associées ont été récemment rapportées dans
des films minces dérivés des pérovskites BaTiO3 ou SrTiO3, déposés sur des mono-
cristaux de Pt orientés (111). Ces structures 2D ajoutent de nouvelles fonctionnali-
tés aux films ultra-minces d’oxydes ternaires supportés sur des métaux a I'approche
de la limite 2D. Ici, nous utilisons une approche d’empilement de couches minces
dans laquelle le monocristal est remplacé par une couche tampon de Pt(111), dé-
posée par MBE sur un substrat d’Al,03(0001). Un film ultra-mince de StTiO3 a en-
suite été déposé par PLD. Lempilement de films est entierement caractérisé par des
techniques de diffraction (LEED, RHEED, XRD), de microscopie (STM, Nano-SAM,
TEM) et de spectroscopie (XPS, AES). Nous rapportons la découverte de trois nou-
veaux approximants obtenus par réduction de ce systeme par recuit a haute tem-
pérature dans des conditions de vide poussé. Ces phases peuvent étre décrites par
trois pavages différents construits avec des éléments du pavage NGT. Un modele
atomique determiné par DFT, en accord avec les observations expérimentales, est
proposé pour chaque approximant. Cette approche en couche mince peut étre utile
pour explorer la formation de phases d’oxyde 2D complexes dans d’autres combi-
naisons métal-oxyde.

Mots-clés : Oxydes 2D, approximants d’oxydes quasicristallins, empilement de cou-
ches minces, croissance épitaxiale, LEED, STM.

Abstract The formation of 2D dodecagonal quasicrystalline oxides (OQC), as re-
lated approximant phases were recently reported in thin films derived from BaTiO3
or SrTiO3 perovskites deposited on (111)-oriented Pt single crystal. These 2D struc-
tures add novel functionalities to the ultra-thin films of ternary oxides supported on
metals when approaching the 2D limit. Here, we use a thin film stacking approach
in which the single crystal is replaced by a Pt (111) buffer layer, deposited by MBE on
an AlpO3(0001) substrate. An ultra-thin film of SrTiO3 was subsequently deposited
by PLD. The film stacking is fully characterized by diffraction (LEED, RHEED, XRD),
microscopy (STM, TEM, Nano-SAM) and spectroscopy (XPS, AES) techniques. We
report the discovery of three OQC approximants obtained by reducing this system
by annealing at high temperature under vacuum conditions. These phases can
be described by three different tilings constructed with NGT elements. An atomic
model determined by DFT, in agreement with the experimental observations, is
proposed for each approximant. This thin-film approach can be useful for explor-
ing the formation of complex 2D oxide phases in other metal-oxide combinations.

Keywords: 2D oxides, Oxide quasicrystal approximants, Thin film stacking, epi-
taxial growth, LEED, STM.
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