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Abstract

Metal oxides show a wide range of physicochemical properties, and play a major role in
emerging and developing technologies. In all applications, surfaces are critically impor-
tant: Devices are often driven by reactions and by interactions occurring at the materi-
als’ surfaces. One well-suited approach to explore and exploit the manifold of properties
of metal oxides, and to model their interaction with the environment, is to work with
single-crystalline samples in ultra-high vacuum (UHV). This surface science approach
provides tight control over sample composition, environment, and surface structures,
thus meeting the needs of computational modeling, which, in turn, can offer interpreta-
tion and guidance to experimental work.

Bulk-like epitaxial thin films are a sound alternative to single crystals, especially
when these are impure, too small, too expensive, or simply not available. Such ideal
films can in principle be realized by various deposition techniques, among others pulsed
laser deposition (PLD). However, numerous works from the literature testify to the chal-
lenges intrinsic to controlling the growth of metal oxide films by PLD: Films with rough
morphologies, pronounced nonstoichiometry, and unexpected properties are produced
more often than desired. This is largely because many growth parameters, e.g., the laser
energy density, the oxygen background pressure, and the substrate temperature, have
direct consequences on the film thickness, composition, crystallinity, morphology, and
all the related properties. Moreover, non-idealities become more pronounced as the film
thickness increases, making it hard to realize bulk-like samples of a few tens of nanome-
ters. Multicomponent oxides are most severely affected, since their different cations
suffer, e.g., from preferential ablation at the target, preferential scattering with the back-
ground gas, and preferential sticking at the substrate. The challenges in producing ideal,
bulk-like oxide films are exacerbated by the difficulties in reproducing PLD parameters
in different setups: Every PLD chamber is designed uniquely, and the relevant parame-
ters can be measured in various ways. As a result, tools are needed to identify and tune
the relevant growth parameters and achieve the desired film properties.

This Thesis collects various studies on metal-oxide films, which have been produced
and characterized with a combined PLD and surface science approach. In all cases, the
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aim was to produce single-crystalline films with fully characterized surfaces, suited to
address the fundamentals of the surface reactions of interest. Surface science tools, most
prominently scanning tunneling microscopy (STM), were used to explore the fundamen-
tals behind the strongly parameter-dependent growth of In2O3(111)—a transparent con-
ductive oxide used in various catalytic and gas-sensing applications—and of SrTiO3(110)
and La1−xSrxMnO3(110), both perovskite oxides used as catalysts in solid-oxide fuel
cells. In the case of In2O3, it was found that the oxygen stoichiometry of the deposited
species, affected by the deposition conditions, strongly influences the surface diffusiv-
ity and, as a result, the film morphology. On the other hand, the studies on SrTiO3 and
La1−xSrxMnO3, both characterized by composition-related surface reconstructions, have
demonstrated that nonstoichiometries introduced under non-optimal growth conditions
tend to accumulate at the films’ surfaces, forcing a change in the surface atomic struc-
ture. These changes are the potential cause for undesired morphology alterations, and
may be a more general trait of perovskite oxides. It is shown how the newly developed
relations between nonstoichiometry, surface morphology, and surface structure can be
used to optimize film growth, and obtain stoichiometric, bulk-like, atomically flat films.

A variety of surface science techniques has been used to thoroughly characterize the
surface atomic details of the optimized films, with emphasis on La1−xSrxMnO3(110): Its
surface reconstructions are presented here for the first time, and organized in a two-
dimensional experimental surface phase diagram as a function of the oxygen chemical
potential and the cation composition. The same tools have been used to characterize the
surfaces of the more easily grown TiO2(001) anatase and Ti-doped Fe2O3(11̄02), both in-
teresting for their potential as catalysts for photoelectrochemical water splitting. In the
case of Ti-doped Fe2O3(11̄02) and La1−xSrxMnO3(110), the experimental surface char-
acterization has been complemented by ab-initio theoretical calculations performed by
collaborators.

The importance of building model systems in the form of well-characterized single-
crystalline surfaces to investigate given chemical reactions is exemplified by the studies
on the oxygen incorporation on SrTiO3(110) and La1−xSrxMnO3(110) surfaces. Oxygen
incorporation is a key process in solid-oxide fuel cells, but little is known on the exact
mechanisms driving it. Using such well-defined model systems has enabled to shed
light on the process, at the same time highlighting the critical role of surface atomic
coordination and arrangement.
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Kurzfassung

Metalloxide weisen eine extrem weite Bandbreite an physikalisch-chemischen Eigen-
schaften auf und spielen daher bei der Entwicklung neuer Technologien eine oft tragen-
de Rolle. Die Oberflächen dieser Materialien sind bei jenen Anwendungen von entschei-
dender Bedeutung, die auf chemischen Reaktionen oder anderen Oberflächenprozessen
aufbauen. Für die grundlegende Erforschung und etwaige Nutzung solcher Prozesse bie-
tet die Oberflächenphysik einen vielversprechenden Ansatz: einkristalline Proben und
Experimente im Ultrahochvakuum (UHV) erlauben die Untersuchung der Eigenschaften
von Metalloxiden und die exakte Modellierung der Wechselwirkung mit ihrer Umge-
bung. Da bei diesem Ansatz eine akkurate Kontrolle sowohl der Zusammensetzung und
Struktur der Probenoberfläche als auch ihrer Umgebung vorliegt, eignen sich solche Ex-
perimente besonders gut für die enge Wechselwirkung mit theoretischer Modellierung.
Dies führt nicht nur zu wesentlichen Einsichten, sondern kann auch die Interpretation
von experimentellen Resultaten erleichtern und beim Design geeigneter Experimente
helfen.

Wenn die erforderlichen Einkristalle oft zu klein, zu teuer oder ganz einfach nicht
verfügbar sind, sind epitaktisch gewachsene Schichten eine gute Alternative. Für die
Synthese komplexer epitaktischer Oxidschichten hat sich in den letzten Jahren die ge-
pulste Laserabscheidung (Pulsed Laser Deposition, PLD) als Standardmethode heraus-
kristallisiert. Zahlreiche Arbeiten aus der Literatur weisen jedoch auf die Herausfor-
derungen hin, die der Kontrolle des Wachstums von Metalloxidfilmen durch PLD in-
newohnen: oft entstehen Filme mit hoher Rauigkeit, ausgeprägter Nichtstöchiometrie
oder anderen unerwünschten Eigenschaften. Dies liegt hauptsächlich daran, dass viele
Wachstumsparameter, z. b. die Laserenergiedichte, der Sauerstoffpartialdruck oder die
Substrattemperatur, direkte und starke Auswirkungen auf die Filmdicke, Zusammen-
setzung, Kristallinität, Morphologie und alle damit verbundenen Eigenschaften haben.
Darüber hinaus werden solche Nichtidealitäten mit Schichtdicke zunehmender ausge-
prägter. Dies erschwert es oft, Dünnschichtproben mit einer Stärke von einigen zehn
Nanometern zu realisieren, was aber notwendig ist, um ihre Eigenschaften an die von
Volumseinkristallen anzugleichen. VielkomponentigeOxide sind davon am stärksten be-
troffen, da ihre unterschiedlichen Kationen eine bevorzugte Ablation am Target, eine
bevorzugte Streuung mit dem Hintergrundgas oder eine bevorzugte Abscheidung am
Substrat erleiden können. Die Herausforderungen für die Herstellung idealer, volumen-
artiger Oxidfilme werden noch durch eine weitere Schwierigkeit verschärft, nämlich der
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Reproduzierbarkeit von PLD-Parametern in unterschiedlichen experimentelle Aufbau-
ten: Fast jede PLD Kammer ist anders ausgelegt, und die relevanten Parameter können
auf verschiedene Arten gemessen werden. Daher werden Untersuchungsmethoden be-
nötigt, die es ermöglichen, die relevanten Wachstumsparameter zu identifizieren und
genau einzustellen um somit die gewünschten Schichteigenschaften zu erzielen.

Diese Arbeit beschreibt eingehende Studien zuMetalloxidfilmen, die mit einem kom-
binierten PLD- und oberflächenwissenschaftlichen Ansatz hergestellt und charakteri-
siert wurden. In den betrachteten Fällen bestand das Ziel jeweils darin, einkristalline
Filme mit vollständig charakterisierten Oberflächen zu synthetisieren, die sich in weite-
rer Folge für grundlegende oberflächenphysikalische und -chemische Untersuchungen
eignen.

Oberflächenwissenschaftliche Analysemethoden, insbesondere die Rastertunnelmi-
kroskopie (Scanning Tunneling Microscopy—STM), wurden verwendet, um die Ursa-
chen für das stark parameterabhängige Wachstum von In2O3 (111) zu untersuchen—
einem transparenten leitfähigen Oxid, das in der Katalyse und Gassensorik zum Ein-
satz kommt—sowie von SrTiO3(110) und La1−xSrxMnO3(110), beides Perowskitmateria-
lien, die als Katalysatoren in Festoxidbrennstoffzellen verwendet werden. Im Fall von
In2O3 wurde festgestellt, dass die durch die Wachstumsbedingungen beeinflusste Sauer-
stoffstöchiometrie der abgeschiedenen Spezies die Oberflächendiffusion und damit die
Schichtmorphologie stark beeinflusst. Sowohl SrTiO3 als auch La1−xSrxMnO3 zeichnen
sich durch eine Vielzahl von Oberflächenrekonstruktionen aus, welche wiederum direkt
von der chemischen Zusammensetzung abhängen. Für beide Systeme zeigte sich, dass
sich die unter suboptimalenWachstumsbedingungen eingeführten Nichtstöchiometrien
an den Oberflächen der Schichten akkumulieren und es somit zu einer änderung der
Oberflächenstruktur kommt. Diese Veränderungen stellten sich als die Ursache für die
Ausformung unerwünschter Schichtmorphologien heraus; es wird vermutet dass dies
allgemein für Perowskitoxide gilt. Es wird gezeigt, wie die in dieser Arbeit hergeleiteten
Beziehungen zwischen Nichtstöchiometrie, Oberflächenmorphologie und Oberflächen-
struktur verwendet werden können, um das Filmwachstum zu optimieren und somit
stöchiometrische, volumsartige und atomar flache Filme zu erzielen.

Eine Vielzahl komplementärer oberflächensensitiver Methoden wurde verwendet,
um die atomare Oberflächendetails der optimierten Filme eingehend zu charakterisie-
ren. Der Schwerpunkt lag hier auf La1−xSrxMnO3(110): Die Oberflächenrekonstruktio-
nen diesesMaterials wurden hier zum erstenMal beschrieben und in zwei Gruppen kate-
gorisiert. Ein experimentelles Oberflächenphasendiagramm, zweidimensional als Funk-
tion des chemischen Potentials von Sauerstoff und der Kationenzusammensetzung, wur-
de erstellt. Derselbe Ansatz wurde verwendet, um die Oberflächen des leichter zu zie-
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henden TiO2(001)-Anatas und von Ti-dotiertem Fe2O3(11̄02) zu charakterisieren. Die-
se beiden Systeme sind als Katalysatoren für die fotoelektrochemische Wasserspaltung
interessant. Im Fall von Ti-dotiertem Fe2O3(11̄02) und La1−xSrxMnO3(110) wurden die
experimentellen Messergebnisse durch—von Kollegen durchgeführte—ab-initio Compu-
termodellierungen ergänzt.

Die Bedeutung der Synthese und Untersuchung von Modellsystemen in Form wohl-
charakterisierter einkristalliner Oberflächen zum Verständnis chemischer Reaktionen
wurde durch Versuche zum Sauerstoffeinbau auf den Oberflächen von SrTiO3(110) und
La1−xSrxMnO3(110) veranschaulicht. Obwohl dieser Einbau von Sauerstoff als Schlüssel-
prozess in Festoxid-Brennstoffzellen betrachtet wird, sind die genauen Mechanismen,
welche diesem zu Grunde liegen, nur wenig bekannt. Die Verwendung von wohldefi-
nierten Modellsystemen hat es ermöglicht, diesen Prozess genauer zu beleuchten und
zugleich die entscheidende Rolle der Konfiguration und Koordination von Oberflächen-
atomen hervorzuheben.
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xii

Materials TMO Transition Metal Oxide

YSZ Yttrium-Stabilized Zirconia

LSMO La1−xSrxMnO3, lanthanum–strontium manganite

ITO Tin-doped In2O3

Other RT Room Temperature

PEC PhotoElectroChemical

pO2
Oxygen pressure

µO Oxygen chemical potential

VO Oxygen vacancy

ML Monolayer

APDB AntiPhase Domain Boundary

SOFC Solid-Oxide Fuel Cell
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1. Introduction

Metal oxides, their surfaces, and the promises of PLD

Metal oxides are a rightly popular class of materials. Not only are they ubiquitous in
everyday life,1 they also show a staggering range of tunable physicochemical proper-
ties, both, in their bulk, and at their surfaces and interfaces. It is an understatement that
some of the most interesting electronic, magnetic, optical, and catalytic properties are
found in this class of materials.2 The class of transition metal oxides (TMOs), largely
explored within this Thesis, is particularly intriguing: TMOs can be metallic, insulat-
ing, (anti)ferro/paramagnetic, ferroelectric, piezoelectric, high-temperature supercon-
ductors, multiferroic, topological insulators, catalytically active or completely inert, and
they can exhibit colossal magnetoresistance and metal-to-insulator transitions depend-
ing on their exact stoichiometry and/or the environmental conditions. Such properties
are being used in a diverse range of integrated technologies, in heterogeneous catalysis,
and clean-energy production.3–6

The surface properties of metal oxides are crucial for most applications: It is at sur-
faces that the most relevant reactions, processes, and interactions that largely drive ap-
plications take place. The so-called surface science approach is well-suited to model
these surface processes. It relies on single-crystalline materials with well-defined phys-
ical properties and atomically controlled surfaces, which are explored in ultra-high vac-
uum (UHV). Surface science studies over the last decades have shown that the atomic-
scale properties of surfaces can differ greatly from those of the bulk. Because of the sym-
metries broken by the surface,7 surface atoms typically rearrange in so-called surface
reconstructions, which are characterized by specific arrangement, coordination, elec-
tronic and/or magnetic structure of the surface atoms. Metal oxides tend to exhibit a
variety of complex surface reconstructions, which may be affected by both, the cation,
and the oxygen composition. Additionally, metal oxides tend to show point defects (e.g.,
oxygen vacancies or cation interstitials) whose concentration depends strongly on the
preparation conditions.8 The specific details of the surface reconstructions and of point
defects influences greatly surface processes.9–11 Hence, the precise control over the sur-

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

2 1. Introduction

face properties offered by surface science is of extreme value for modeling surface pro-
cesses reliably.

While surface science relies on single-crystalline samples, these are not always avail-
able, and they can be otherwise impure, too small, insulating, or too expensive. In such
cases, bulk-like epitaxial thin films offer a sound alternative. Pulsed laser deposition
(PLD) stands out among the available deposition techniques capable of producing these
films. In PLD, a ultra-violet (UV) laser focused down to a high energy density ‘vaporizes’
a small portion of a target. The ablated material, containing a variety of atomic, molecu-
lar, and excited species, travels through a background gas (O2, for oxides) in the form of
a plasma plume, and finally condenses on a heated substrate. Under optimal conditions
and appropriate lattice matching, the deposited species follow the crystalline template
of the substrate: Epitaxial films are grown. PLD has key advantages for the growth of
controlled oxide films. Provided that a target is available, arbitrarily complex, multi-
element materials can be grown; an array of deposition parameters can be used to tune
the physicochemical properties of the films; it provides a shot-to-shot (sub-monolayer)
control over deposition; thanks to its high instantaneous fluxes, kinetically limited 2D
growth is favored even for those systems that would grow in a 3D fashion at close-to-
equilibrium conditions. These factors, in principle, allow complex materials to be grown
in the form of single-crystalline films with atomically controlled surfaces that are suited
for surface science investigations.

Oxide PLD in the literature

The many advantages of PLD have attracted interest from various research fields be-
sides surface science. Remarkably, PLD has been employed to realize atomically con-
trolled thin-film heterostructures of complex, multi-element metal oxides. These stud-
ies have been motivated by the exotic properties that can arise by coupling strongly
correlated materials at atomically precise interfaces,6,12–14 and by the ever-growing de-
mand of downscaling devices. Numerous properties unseen in bulk oxides have been
discovered at oxide interfaces fabricated by PLD—among others, novel electronic,15–21

magnetic,13,22–25 ferroic,26,27, and ionic properties.28 Transmission electron microscopy
(TEM) images13 have testified to the remarkable quality of some of these heterostruc-
tures, which is becoming comparable to that of semiconductor superlattices.

The atomic-scale control achieved in theworks discussed above ismore the exception
than the rule in the vast community of oxide PLD.Most commonly, oxide PLD focuses on
the optimization of technologically relevant processes, by using films with thicknesses
of a few tens of nanometers and ill-defined morphologies. Often, the PLD parameters
are modified until the desired outputs are achieved, generally following a trial-and-error
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1. Introduction 3

approach. This approach is taken to the extreme by combinatorial methods, typically ap-
plied to multi-element materials with doping-dependent phase diagrams. By fabricating
so-called composition spreads,29 i.e., oxide films of continuously varying composition,
these methods yield high-throughput exploration30 of composition-dependent material
properties. To this end, one can either alternate between two targets with doping lev-
els at the opposite ends, or exploit the dependence of the film’s properties on the PLD
parameters that is discussed below. Among others, composition spreads of Mott insula-
tors,29 magneto-electric composites,31 dielectrics for microwave applications,32 and fer-
roelectrics33 have been fabricated. These approaches are best suited to quickly provide
composition–property maps, and push new technologies in the right direction. They do
not focus on understanding the physics of the PLD processes, or achieving the degree of
perfection needed for fundamental investigations.

The importance of the PLD parameters

Extending the degree of control that is now mastered for ultra-thin-film heterostruc-
tures to bulk-like oxide films of a few tens of nanometers would enable many funda-
mental, surface science studies on previously unexplored systems. As argued above, a
tight control over the sample composition and of the surface atomic properties is es-
sential for reliable computational modeling of the surface processes of interest. So far,
however, the control over the PLD process and PLD parameters has been insufficient to
achieve this goal. This is largely because many of the film’s properties depend strongly
on many deposition parameters. These parameters include, but are not limited to, the
deposition geometry, the laser energy density, the oxygen background pressure, and
the substrate temperature, which have been found to affect the physicochemical prop-
erties of the films through induced changes in thickness, composition, crystal struc-
tures, crystallinity, morphology, and even surface reconstructions.34 Because all non-
idealities become more pronounced with increasing thickness, bulk-like films of a few
tens of nanometers are hard to realize. The challenge is greatest for multi-element ox-
ides, whose different cations suffer from preferential ablation at the target (determined
by the value of the laser fluence) and preferential scattering with the background gas.34

However, also binary oxides, particularly their oxygen stoichiometry, can be influenced
by the deposition parameters.35 Controlling the films’ properties is made even harder by
the difficulties in reproducing PLD parameters in different setups: Every PLD chamber
is designed uniquely, and the relevant parameters can be measured in various ways.36

Given the challenges listed above, it is clear that the desired bulk-like-quality oxide
films can be achieved only upon establishing a precise correlation between PLD pa-
rameters and film properties. In fact, this has been already attempted by several tech-
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4 1. Introduction

niques. For instance, ex-situ techniques such as X-ray diffraction (XRD), Rutherford
back-scattering (RBS), and TEM have been used to investigate the properties of the films
as a function of the growth parameters, specifically their crystal structure and compo-
sition. XRD studies on the PLD reference system, the perovskite oxide SrTiO3, have re-
vealed that nonstoichiometry can be systematically introduced in the film by tuning the
laser fluence, which causes detectable and correlated lattice expansions.37–40 RBS analy-
sis on other perovskite oxides have confirmed that there exists a very narrow window of
parameters yielding stoichiometric transfer.41 While insightful, these techniques suffer
from a few limitations: In XRD, significant uncertainties exist in establishing a univer-
sal relation between nonstoichiometry and lattice expansion.38 Both RBS and TEM are
destructive. Moreover, RBS relies on appropriate modeling of the measured spectra,42

while sample preparation in TEM can affect significantly themeasured compositions.43,44

Finally, the compositional detection limit of all these techniques is in the order of a few
percent,34 far above the needs of computational modeling.

The correlation between PLD parameters and film properties has also been sought af-
ter by a few in-situ techniques, which have proven useful to better control the growth it-
self. One prominent example is reflection high-energy electron diffraction (RHEED). Not
only can RHEED spectra yield qualitative information about the crystallinity of the sur-
face of the growing film (2D vs. 3D character).45 Quantitative information can be drawn
by monitoring the intensity of the specular RHEED reflection, particularly within the
layer-by-layer growth regime—where a new layer develops only after the completion of
the previous one. This growth regime allows accurate measurements of deposition rates,
and lends itself to theoretical modeling, which can be used to derive diffusion barriers,
step densities, and information about nucleation of the deposited material.45,46 RHEED
can also be used to monitor changes in the surface reconstruction during growth. Stud-
ies on the homoepitaxial growth of SrTiO3(001) have revealed that its reconstructions
can exhibit significant changes, even within the optimum growth window previously
established by XRD,47 and that such changes can be used as a sensitive measure of the
film stoichiometry.47,48

Other in-situ techniques, such as ion probes,49 mass spectrometry,50,51 time and space
resolved imaging,52 and laser induced fluorescence (LIF),53,54 have been used to gain fun-
damental insights about plume effects as a function of the growth conditions, aiming
at rationalizing the best deposition conditions. This is a challenging task: The plasma
plume is characterized by a complex mix of species, including neutrals, positive, and
negative ions—all of which can be in either excited or ground states—plus diatomics and
clusters. The composition, shape, and energetics of the plasma plume results from the
interaction of its species. This is affected strongly by many PLD parameters, and will
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1. Introduction 5

largely determine the macroscopic properties of the film.34 LIF studies on SrTiO3(001)55

have demonstrated the value in building fundamental knowledge on the plasma plume.
By yielding a spatiotemporal mapping of the plasma constituents, LIF allows to trace the
underlying dynamical and chemical processes, such as the propagation and oxidation of
the most relevant plasma species, for example as a function of the oxygen background
pressure. The study has been able to link the oxidation of plasma species to the stoi-
chiometry and quality of the thin films grown, giving new inputs to modeling surface
growth.

All the techniques presented above can provide valuable information to correlate
film properties and PLD parameters. However, they all lack a crucial ability: To address
the role of the surface atomic details during growth. After all, it is at the surface that the
growth takes place. RHEED studies have already revealed that the surface reconstruc-
tions of the developing films evolve as a function of the nonstoichiometry introduced
during growth. As already known from combined molecular beam epitaxy (MBE) and
atomically resolved scanning tunneling microscopy (STM) studies on metals and binary
oxides,56 such changes in the surface atomic details can have a critical impact on the
growth itself: Nucleation during the first stages of growth, diffusion properties as a
function of the growth conditions, the atomic details of the surface reconstructions, and
surface defects can all influence greatly the final morphology. Hence, the much-needed
optimization of the PLD parameters must go hand in handwith detailed investigations of
the evolution of the surface structures and morphologies during growth. Atomic-force
microscopy (AFM) studies have repeatedly shown the strong influence that the PLD
parameters can have on the film’s morphology.57–60 However, the influence of, and/or
correlation with the atomic-scale details has not been addressed yet.

Combining PLD with surface science

As testified by the MBE studies mentioned above, scanning probe microscopies with
atomic resolution such as STM are best suited to address the role of the atomic details
of the surface on the growth. Nonetheless, PLD is rarely interfaced with STM, taken
few exceptions.61–64 This is partly because interfacing PLD with STM requires the whole
PLD process to fulfill stringent conditions on chemical purity, and this is technically
challenging. Hopefully this Thesis work shows that PLD can be successfully combined
with atomically resolved STM, and to one’s advantage. In the apparatus used within
this Thesis, the PLD chamber is connected in vacuum with a full-blown surface science
facility that includes STM, allowing the atomic-scale structure of films grown by PLD to
be investigated without air exposure. Importantly, the STM analysis is complemented
with structural and elemental studies offered by low-energy electron diffraction (LEED),
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6 1. Introduction

X-ray photoelectron spectroscopy (XPS) and low-energy ion scattering (LEIS) present in
the same system. When combined together, these techniques offer a unique and power-
ful opportunity to study and establish the atomic-scale mechanisms behind oxide growth
by PLD. As this Thesis shows, such studies have revealed that changes in stoichiometry,
surface structures, and surface morphology in oxide films grown by PLD are correlated.
These changes are informative about the effect of the growth parameters, and predic-
tive of the film’s evolution. The knowledge built with surface science is functional to
tweak the PLD parameters in the right direction, and obtain high-quality metal-oxide
films with the desired properties. Once these ideal films are fully characterized, they
can be used as model systems to shed light on important surface processes.

1.0.1 Outline of the Thesis
This Thesis elaborates on the aspects above. Before jumping to the results, the experi-
mental setups and techniques will be introduced in more detail in Chapter 2. This Chap-
ter also assesses the influence of various experimental parameters on PLD growth, with
emphasis on how to control them while meeting UHV surface science needs. Chapter 2
also describes a newly designed holder for a movable quartz-crystal microbalance (pub-
lished in ref. 65), which can be used to precisely measure cation doses deposited in PLD
from oxidic targets.

The Chapters to follow, to be shortly introduced, focus on the growth and the atomic-
scale surface characterization of a variety of oxide films. In many instances, aims were
to produce single-crystalline films as a replacement for bulk single crystals, and to es-
tablish a model for their surface structures with support from density functional theory
(DFT). The final goal, realized for some of the systems, was to use the films as model
systems to investigate technologically relevant processes and reactions at a fundamen-
tal level. Along the way, the Thesis addresses the dependence of the films’ properties
(mainly their composition, morphology, and surface structures) on the PLD parameters
and on the evolving properties of the films themselves, and shows how STM can be used
to exactly measure these changes and tweak the PLD parameters in the right direction.
Because each oxide material has unique properties and areas of application, a short in-
troduction about the system and the study is presented at the beginning of each Chapter.
In many cases, it is also outlined whether and how members of the TUWien surface sci-
ence group and/or external collaborators have used the films for their individual lines
of research. The final Chapter 11 complements the studies on oxide growth by PLD, ad-
dressing the crucial role of the oxygen chemical potential on oxide surface diffusion and
film morphology, based on collected results from a few systems presented in this Thesis.
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1. Introduction 7

With each Chapter, the level of complexity is gradually built. The first Chapters 3–5
deal with the ‘simple’ class of binary oxides, generally less sensitive to the PLD param-
eters than multicomponent ones.34 Chapter 3 starts simplest, showing how the growth
of high-quality anatase TiO2 films on SrTiO3(001) single crystals was reproduced, using
already optimized growth parameters.

Next, Chapter 4 addresses the growth of Ti-doped hematite (Fe2O3) films with (11̄02)
orientation. It discusses how dopants can be introduced and tuned finely during an
otherwise-trivial growth experiment, and showcases the prowess of combining PLDwith
surface science to build a reliable model system for fundamental investigations. These
results have been published in ref. 66.

Chapter 5 focuses on the growth of In2O3. Despite In2O3 being a binary oxide, like
the previous ones, and despite the good lattice match of the unit cell of In2O3 with the
substrate used [(111)-oriented yttria-stabilized zirconia (YSZ)], achieving films of single-
crystalline quality proved not to be as easy. The reason lies in the (strong) effect that
the growth conditions have on the oxygen stoichiometry and diffusion of the surface
indium species. The results, published in ref. 67, show that under no conditions can
atomically flat films be achieved, unless two different sets of parameters yielding, re-
spectively, kinetically limited and close-to-equilibrium growth are combined in the same
growth recipe.

If the case of In2O3 already shows the potentially dramatic effect of the growth pa-
rameters on the surface morphology of oxide films, Chapter 6 does nothing but rein-
forcing the message. Focused on SrTiO3, it kicks off a cascade of Chapters on perovskite
oxides (for their relevance in this Thesis and elsewhere, the structural family of per-
ovskite oxides is briefly introduced in Chapter 6). The deceivingly trivial homoepitaxial
growth of SrTiO3(110) is discussed, which showcases the intrinsic challenges in achiev-
ing ideal film stoichiometries and morphologies in complex multicomponent materials.
The results, published in ref. 68, demonstrate that changes in the film composition and
in the surface morphology are correlated, the link being the atomic details of the surface
itself, or, more specifically, its sticking properties. One key message is that atomically
flat films can only be achieved if a correlation between growth parameters and changes
in the surface structures is established, such that the surface structures are controlled at
each stage of the growth. Chapter 7 shows a newly developed method to do so, which
has been published in ref. 69. By looking at the surface structures with STM, and by cor-
relating their change to a change in composition from the known surface phase diagram
of SrTiO3(110), it is possible to deduce tiny (below 0.1%) nonstoichiometries introduced
during growth, and adjust the growth parameters accordingly. It is argued that with this
method, complex oxide materials can be reproducibly prepared with exceptionally small
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8 1. Introduction

cation concentrations.
The knowledge and the methods built up for the ‘simple’ case of SrTiO3(110) ho-

moepitaxy were then applied to a more complex perovskite oxide: La1−xSrxMnO3, or
LSMO. Chapters 8 and 9 reveal the many commonalities between (110)-oriented LSMO
and SrTiO3. Also LSMO(110) displays various composition-related surface reconstruc-
tions, and these appear with different growth parameters and affect the growth. Chap-
ter 8 presents a systematic investigation of the surface reconstructions, which are sum-
marized in a quantitative surface phase diagram as a function of both, the cation com-
position, and the oxygen chemical potential, µO. Built on this knowledge are the growth
studies presented in Chapter 9, which investigate the correlation between nonstoichiom-
etry, surfacemorphology, and atomic-scale structure of LSMOfilms grown on SrTiO3(110),
the goal being to produce stoichiometric and atomically flat films. These are obtained by
applying the STM-based method developed for SrTiO3(110) in Chapter 7. These results
are collected in ref. 70 and other manuscripts in preparation.

Optimizing the growth parameters for, and characterizing the surfaces of, LSMO
films has not been only functional to showcase the role of the PLD parameters on the
growth of complex perovskite oxides. Bulk-like LSMO films with single-crystalline,
well-characterized surfaces are the perfect system to gain a fundamental understanding
of technologically relevant reactions occurring at LSMO surfaces. Chapter 10 addresses
one such reaction, i.e., the incorporation of oxygen at the LSMO surface, in the context
of better understanding the functioning, and optimizing the operation, of solid-oxide
fuel cells. Before approaching the problem on LSMO, we have focused on its less com-
plex (and more established) relative, SrTiO3, investigating both Nb-doped and undoped
single-crystals with exactly controlled surface terminations (these works are published
in ref. 71, and are being prepared for submission, respectively). In all cases, it is shown
that the details of the surface reconstructions matter, and, to one’s surprise, they matter
even more than commonly accepted factors such as the availability of oxygen vacancies
or electrons.

The full list of publications (both published and in preparation) that have arisen from
this Thesis is reported at the end of the Thesis.
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2. Experimental methods

This technical Chapter describes the setups, techniques, procedures, and experimental
details that underlie the experiments presented in this Thesis. First, the UHV apparatus
that has hosted most experiments is introduced. Figure 2.1 shows that it is composed
by two main parts that are connected in UHV: The so-called SPECS setup (from the
company name, SPECS GmbH), with a plethora of surface science techniques that were
used to prepared and characterize the samples, and the PLD chamber, mainly used to
grow the films. These two parts are the focus of Sections 2.1 and 2.2, respectively. Sec-
tion 2.3 gives then an overview of the most notable PLD parameters, highlighting some
technical aspects that enable to interface PLD with surface science. Section 2.4 pro-
vides details about sample mounting and how insulating samples were contacted, while
Section 2.5 presents a newly developed design for a movable holder for a quartz-crystal
microbalance (QCM), which enables precise measurements of PLD growth rates without
breaking vacuum. The final Section 2.6 briefly describes the ex-situ techniques that have
been employed to characterize the films.

2.1 Surface analysis setup
The SPECS setup is a surface science UHV apparatus composed from two interconnected
chambers: The preparation chamber, to clean the samples (via sputtering and annealing)
and tune the surface composition (by molecular beam epitaxy, MBE), and the analysis
chamber, used to characterize samples. The base pressure in the chambers after bake
out is below 5 × 10−11 mbar. Both chambers are equipped with residual gas analy-
sis (quadrupole mass-spectrometer RGA SRS100), and electron beam annealing (up to
1 000 ◦C, with 900 V, 15 mA), with a pyrometer (Impac IGA5) to monitor the sample
temperature.

Samples are introduced into the preparation system through a loadlock, and are
cleaned through cycles of Ar+ sputtering and annealing. Annealing can be performed
in O2, via leak valves for gas dosing (up to 10−4 mbar). Sr and Ti metal evaporators are
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10 2. Experimental methods

substratetarget

plume

UV laser
(248 nm)

IR heating
(980 nm)

RHEED
(up to 1 m

bar)

5.5 cm O2

(1 × 10−10 mbar < p < 1 mbar)

Sputtering &

O
2 
annealing, MBE

STM, XPS,

LEIS, LEED

PLD setup

Analysis Preparation

Surface analysis, 'SPECS' setup

(a)

(b)

 (p < 5 × 10−11 mbar)

Transfer

Sample

storage

 (p < 5 × 10−11 mbar)

Figure 2.1. (a) Photograph of the experimental setup, composed of a PLD facility connected in vacuum
via a transfer chamber to a surface science facility, comprising an analysis and a preparation chamber. (b)
Schematic view of the experimental setup, highlighting the sample preparation and analysis techniques.

used to tune the surface reconstructions of SrTiO3 substrates (details in Chapter 6). Ti
metal is deposited from an electron-beam evaporator (EFM 3, FOCUS GmbH), while Sr
metal is deposited from a low temperature effusion cell at 420 ◦C (LTC-40-10-284-WK-
SHM, CreaTec Fischer & Co. GmbH). In all cases, material evaporated in UHV expands
from the source and condenses on the substrate, held at RT. The flux is calibrated via a
home-built QCM mounted on a linear feedthrough, positioned in close proximity of the
sample, and operated at elevated temperature (90–100 ◦C).

The analysis chamber is equippedwith LEED fromOmicron (SpectaLEED), LEIS from
SPECS (IQE 12/38 ion sourcewithWien filter, scattering angle 132◦), STM (SPECSAarhus
150 STM, operated at RT and in constant current mode), and XPS.The XPS setup consists
of an X-ray source (Omicron DAR400) with dual anode (Mg an Al), producing Kα lines
at, respectively, 1253.60 eV and 1486.61 eV for Mg and Al (300 W, 15 kV, sample cur-
rent ≈120 nA), and a SPECS Phoibos 100 hemispherical analyzer (HSA) with 5-channel
detector. Details about the LEIS and XPS settings are reported in Appendix A.
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2. Experimental methods 11

2.2 PLD setup

 

exit

window

laser

mask

 

entrance

window

target

attenuator

 

optical

mirrors

 

energy

meter

 

lens

 

optical

mirrors

5
0
 m

m

33 32 31 30 29 28

1.696 × 0.719 = 1.219 mm2

(a) Optical elements

(b) Alignment of the UV laser on the optical elements (c) Focusing series on the Cu target

Figure 2.2. (a) Sketch of the optical elements of the UV laser system, including a series of optical mirrors,
a lens for focusing on the target, a mask to cut the inhomogeneous part of the beam, and a programmable
attenuator to change the pulse energy. An energy meter is placed outside of the exit window, to measure
the pulse energy. (b) UV laser spots as imprinted on thermal paper placed in front of the optical elements.
The spots are always centered with respect to the corresponding optical element. The mask lets through
the central (and homogeneous) part of the beam. (c) Focusing series performed on the Cu target in vacuum:
Each spot corresponds to a different lens position (reported on top of the spots). The lens position was set
to the one giving the most uniform and regular spot (highlighted by the red rectangle), whose dimensions
are reported on top.

The PLD system, combined with reflection high-energy electron diffraction (RHEED)
analysis, is from Twente Solid State Technology B.V., and it is mainly controlled by a
software from TSST B.V. on a PC, combining all input and output signals, and operational
features such as growth recipes and signal logging.

A sketch of the UV laser system is reported in Fig. 2.2(a). The UV laser light [Coher-
ent COMPexPro 205F, wavelength 248 nm (KrF excimer laser), pulse duration 20–50 ns,
pulse-to-pulse standard deviation of the beam energy better than 0.6%] bounces through
a series of optical mirrors and is focused onto the targets through a lens. An attenuator
module (Coherent MicroLas) allows to set the beam energy. The energy density on the
target is set by measuring the energy of the UV beam in front of the exit window of
the PLD chamber (outside of vacuum, with a Coherent EnergyMax USB meter), taking
into account the attenuation of the UV light by the lens and the entrance window (both
situated before the targets), and of the exit window (the total attenuation by the lens,
entrance and exit window amounts to≈23.6% when no material is deposited on the win-
dows). A mask placed before the attenuator, and in the central part of the beam, cuts
its inhomogeneous part and creates a top-hat beam profile. The distance of the mask
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12 2. Experimental methods

to the focusing lens determines the demagnification of the UV beam (factor of ∼10).
Up to five targets can be mounted on the detachable target carousel, and the target-to-
substrate distance is fixed to ≈55 mm. The targets can be automatically scanned in the
laser beam, such that their full area is ablated.

An infra-red (IR) laser is used to heat the samples. It shines directly onto the back
of the sample through a hole in the sample plate. Gases (O2, Ar, N2) can be introduced
into the PLD chamber through a gas line. The accessible and regulated pressure range
extends from low 10−6 mbar up to 5 mbar. Mass flow controllers (Brooks instruments)
allow for pressure regulation (upstream control, at p < 0.1 mbar). Filters (Swagelok)
protect the mass flow controllers from small particles (minimum 500 nm diameter). Gas
purifiers (SaesGetters) deliver gases with the following nominal purity: < 100 ppt for
H2O and CO2, < 1 ppt for volatile acids, organics, and refractory compounds, < 5 ppt for
volatile basis.

RHEED was used for real-time monitoring of thin film growth. In case of layer-
by-layer growth, real time RHEED oscillations allow one to determine the amount of
deposited material, as one oscillation corresponds to the deposition of one monolayer.
A differentially pumped TorrRHEED gun allows to study RHEED oscillations in up to
1 mbar O2 pressure. RHEED oscillations are measured by tracking the intensity of the
specular RHEED spot with a kSA400 acquisition system (camera integration time 16 ms).
Prior to each deposition, the intensity of the specular spot is maximized by adjusting the
tilt of the substrate with respect to the incident RHEED beam. This procedure results
in the in-phase condition of diffraction, where beams from neighboring terraces con-
structively interfere, and the modulation of the specular RHEED spot is dominated by
the scattering of electrons by surface steps, i.e., its intensity relates to the step density
within the coherence length of the electron beam. The resulting RHEED geometry is
in the order of 0.6◦ grazing incidence of the electron beam. It is worth mentioning that
the RHEED gun is surrounded by a home-designed µ-metal housing, to screen external
magnetic fields, which would modify electron trajectories.

The PLD chamber is connected in UHV to the analysis system via a transfer chamber,
which also hosts a sample storage system. The transfer between the PLD and the analysis
chamber is very rapid—about 30 s—and allows to analyze freshly grown samples, which
are always kept in a controlled environment. The PLD and the transfer chamber base
pressures were respectively below 1 × 10−10 mbar and 5 × 10−11 mbar after bake-out.
It should be mentioned that the base pressure of the deposition chamber after repeated
growth in up to 1 mbar O2 background pressure rises to about 1× 10−9 mbar, with H2,
H2O, O2, and CO2 being the main components of the residual gas.

In October 2018, the vessel of the PLD chamber was replaced with a home-designed

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

2. Experimental methods 13

µ-metal chamber, to better screen electromagnetic fields that disturb the RHEED mea-
surements, and to implement a few improvements (details in Appendix C).

2.3 PLD parameters and procedures
As alluded to in Chapter 1, the instantaneous deposition by PLD is controlled by many
parameters. Some of these are the background pressure and composition, UV laser pulse
duration and beam divergence, ablation area on the target, target-to-substrate distance
and alignment, substrate temperature, ablation target and preablation. Each of these
can affect the growth mode, the composition, and the morphology of the films. The
picture gets further complicated because of the intrinsic challenges in reproducing PLD
parameters in different setups: Every PLD chamber is designed uniquely, and the rele-
vant parameters can be measured in various ways. Nevertheless, this Thesis shows that
once the relevant parameters are identified, they can be tuned precisely to achieve the
desired film properties, even down to the atomic scale. The following Sections present a
detailed overview of the parameters that play an important role in PLD. Emphasis is put
on how to control them while trying to interface pulsed laser deposition of oxide films
with UHV surface science needs.

2.3.1 Background gas
By tuning the value of the pressure of the background gas introduced in the PLD cham-
ber during the growth, one can moderate the energy of the ablated species via scatter-
ing events72 and tweak the film composition.73 The following (simplistic) model depicts
correctly qualitative trends of the film composition with the oxygen pressure:41,52,74 At
sufficiently low pressures, the ablated material is transferred congruently to the sub-
strate, because the mean free path of the plasma species is larger than the target-to-
substrate distance. In some intermediate range of pressures, the ejected species inter-
act differently with the background gas molecules depending on their mass: Lighter
species are scattered more than heavier ones, with non-trivial interactions between the
ionized species in the plasma plume. Within this intermediate regime, the film will be
enriched with the heavier species as the pressure increases.41 At very high pressures,
in the so-called shock-wave regime, all species are slowed down equally and kept con-
fined, and are transferred congruently from target to substrate. Notice that these three
pressure regimes cannot be identified with the value of the oxygen pressure alone, as
the target-to-substrate distance (D) can also affect the transfer of material from target
to substrate.58 For the deposition of LSMO films within our apparatus (D = 55 mm), the

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

14 2. Experimental methods

low-, intermediate, and high-pressure regimes are found at pO2
≤ 5 × 10−3 mbar, 5 ×

10−3 ≤ pO2
≤ 0.2 mbar, and above 0.2 mbar, respectively (more details in Chapter 9).

For oxides, O2 is used as the background gas. This helps to achieve the correct oxy-
gen stoichiometry in the film, by compensating the preferential sputtering of surface
oxygen atoms from the energetic impinging cations.72 Chapters 5 and 9 will show how
the oxygen background pressure affects the growth of In2O3 and LSMO films, respec-
tively. In the case of In2O3, the value of the oxygen pressure determines the oxidation
state (hence the diffusivity) of the indium species that land and diffuse on the growing
film. For a multicomponent oxide such as LSMO, the oxygen background pressures af-
fects not only the oxygen, but also the cation stoichiometry. It will be shown how the
film morphology is affected in both cases.

2.3.2 Laser pulse properties
The properties of the laser pulses (duration, beam divergence, pulse energy and energy
density, pulse-to-pulse standard error, absorption at the target surface, repetition rate)
are crucial for PLD. To achieve an efficient ablation of the target, the nonequilibrium
excitation of the ablated volumemust occur at temperatureswell above the ones required
for evaporation. This generally requires the laser pulse to be short in duration (100 fs–
100 ns), high in energy density (0.5–20 J/cm2), and highly absorbed by the targetmaterial.
The apparatus used within this Thesis allows for pulse durations and energy densities in
the ranges of 20–50 ns and 1.0–4.0 J/cm2, respectively.

Laser fluence

The laser energy density, or laser fluence, is an especially critical parameter for mul-
tielement compounds: One element or another in the compound may be ablated pref-
erentially depending on the value of the laser fluence, yielding a film correspondingly
enriched in one component. Chapters 6 and 7 will show that stoichiometric transfer of
a multicomponent oxide such as SrTiO3 is only achieved upon finely tuning the laser
fluence (together with the other parameters discussed in this Section). This effect is not
present for binary oxides: Their composition is largely unaffected by the value of the
laser fluence. Besides influencing the composition of the film via preferential ablation,
the laser fluence also determines the amount of material deposited per pulse, and the
energy of the ablated species.34 Both effects may influence the growth, but they have
not been investigated systematically within this Thesis.

The laser fluence on the target is determined by the pulse energy and by the ablation
spot area on the target. The pulse energy can be adjusted in two ways: (i) changing
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2. Experimental methods 15

the discharge voltage of the laser, which causes a change in beam divergence and pulse
duration, in turn leading to a change in the effective fluence at the target (for the same
measured fluence); (ii) passing the beam through a programmable attenuator [as in this
Thesis, see Fig. 2.2(a)]. The second option has the advantage of changing the pulse energy
without affecting beam divergence and pulse duration.

The pulse energy on the target is measured with an energy meter, which accounts
for the optical losses that the laser encounters on its path from the meter to the target.
Within this Thesis, the pulse energy was measured in correspondence of a quartz win-
dow placed after the target [exit window, in Fig. 2.2(a)], so that the optical losses consist
of the transmittivity of the exit window. It is not desirable to measure the pulse en-
ergy at the entrance window [before the target, see Fig. 2.2(a)], unless a shutter protects
it during the deposition experiments: If a shutter is not present, the entrance window
gets covered with deposits in an unpredictable way, and the optical losses cannot be
accounted for correctly (notice that, instead, the transmittivity of the exit window is
constant over time, because too far away from the plasma plume).

Since the laser fluence is given by pulse energy divided by the ablation spot area,
the latter should be well known and controlled. Uniform and focused spots of known
area are essential for reproducible experiments. Section 2.3.3 details how the UV laser
spot was aligned and focused. The spot area is measured by directing the UV laser onto
a polished, polycrystalline Cu target held in the target carousel and placed at the same
focal distance of the other ablation targets. The spot size is measured outside vacuum
via an optical microscope (a proper grid is used to set the right scale), and then evaluated
via the software ImageJ.75 This approach is UHV friendly as opposed to the wide-spread
spot-size determination that involves firing the UV laser on a sheet of thermal paper
mounted in the chamber at the target position.

It is worth mentioning that the UV laser ages over time, both causing a progressive
decrease of the maximum pulse energy, and a higher pulse-to-pulse standard deviation.
After roughly two weeks of almost every day use, the pulse-to-pulse standard deviation
rised from ≈0.30% to above 0.60% of the average pulse energy. The material transfer is
affected: For example, for SrTiO3, an aged UV laser gas results in a Sr-richer growth (re-
fer to Chapter 6 for further details). For this reason, the laser gas was always exchanged
after two weeks of use.

Laser repetition rate

The laser repetition rate can affect the growth mode, the morphology, and even the com-
position of the films. For example, it was shown that the laser repetition rate can change
the growth mode of SrTiO3(110) from layer by layer to step flow,76 and that SrRuO3
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16 2. Experimental methods

thin films can show large Ru deficiencies with higher repetition rates, probably due to
the preferential formation of volatile RuO4.77 In most experiments described within this
Thesis, the laser repetition rate was set to 1 Hz. The influence of this parameter was not
addressed systematically.

2.3.3 Alignment and spot-focusing
The relative alignment between target, substrate, IR heating laser beam, UV laser, and
exit window of the PLD chamber is critical to the reproducibility of the growth exper-
iments. Both the substrate and the target were aligned with the IR heating laser beam
by using a visible pilot laser collinear with the IR. After aligning the laser optics, the UV
laser was centered on the target itself.

Alignment of the laser optics

To obtain the most uniform UV laser spot on the target, as a first step of the alignment
one needs to center the beam with each optical component and make sure that the mask
lets through the most uniform part. Since the UV laser used within this Thesis is not
provided with a pilot laser, the alignment is done by hand. To do so, all components
are roughly aligned by using a sheet of white paper. A fine alignment component by
component is then performed with thermal paper: At each step, a squared piece of ther-
mal paper is carefully centered with the optical element. Based on the position of the
spot, the orientation of the previous mirror is finely adjusted to center the spot with the
center of the optical element. In Fig. 2.2(b), a few of these spots are shown. It can be
seen that the mask cuts the central (and most homogeneous) part of the beam, and that
the laser spots are always centered with the optical elements.

Notice that the optics should be reasonably clean, because any particles lying on
them will be burnt by the UV laser, thus reducing the reflectivity (transmittivity, for the
lens) in a non-controllable way. For this reason, all the optics have been cleaned every
year with a special lens cleaning tissue and pure isopropanol, and then dried by using
CO2, taking care of minimizing halos.

Alignment and focusing of the UV laser on the target

The UV laser is aligned with the center of the ablation target by directing it on the very
ductile Cu target, which is held in the target carousel at the same focal distance as all
targets. Examples of imprints left on the Cu target are shown in Fig. 2.2(c). To achieve
the optimal alignment, the positions of the last mirror and of the lens are adjusted until
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2. Experimental methods 17

the imprinted feature is centered with the center of the Cu target (as seen from outside
from a window port).

Once the beam is centered with all the optics, centered on the target and passing
through the chamber to the exit window without any unexpected losses, it is optimally
focused onto the target, to get the best possible spot in terms of uniformity, sharpness
and shape. The Cu target is used once again for this purpose. The lens is moved 1 mm at
a time, and, at each step, the laser is shot onto the target. The resulting focusing series is
reported in Fig. 2.2(c). The movement of the lens corresponds to a change of the relative
position of the target with respect to the focal distance of the lens itself. The optimal
lens position is found by bringing the Cu target out of the vacuum, and analyzing the
spots with an optical microscope. The optimal spot is the smallest, sharpest and most
uniform, namely the spot labelled with 31 mm (position of the lens) in Fig. 2.2. To re-use
the Cu target, it is polished with SiC paper and sonicated in aceton and isopropanol. It
is then used for the fine alignment in accordance to the new position of the lens.

Importantly, whenever inserting a target in the vacuum through the carousel, care
was taken that the distance between the surface of the target and the center of the
carousel was unchanged, to make sure that the alignment of all the elements involved
in the PLD process was not affected. As a further check, it was always made sure be-
fore the growth that the UV laser was still centered with the last area that was scanned.
In stoichiometry-sensitive experiments, further care was taken towards small misalign-
ments possibly changing the effective ablated area: After growth, one laser pulse was
shot on a fresh surface on the used target, to measure the spot area outside vacuum, and
to compute the effective fluence used in the specific experiment.

2.3.4 Substrate preparation
Another key factor to the successful growth of high-quality films is the substrate. Not
only the lattice parameter of the substrate should nicely match the one of the growing
film, as to avoid building unwanted stress in the film. Also the flatness of the surface,
its purity, and even the atomic-scale details of the surface reconstruction matter to the
film properties. Chapters 6–9 discuss in detail the effects of the surface reconstruction
on the composition and morphology of SrTiO3(110) and LSMO(110) films.

In most cases, prior to UHV preparation, the substrates were cleaned ex situ to re-
move residuals from the polishing remains. This step often consisted in sonicating the
as-received samples in warm (≈60 ◦C) neutral detergent (3% Extran® MA02, hereafter
simply referred to as Extran) and ultrapure deionized water (milli-Q®), sometimes fol-
lowed by boiling in ultrapure water to dissolve calcium oxide contaminations. All glass-
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18 2. Experimental methods

ware used to clean the samples was previously boiled in 20% HNO3 and thoroughly
rinsed in ultrapure water. After these steps, UHV preparation followed. To limit any
effect of the details of the substrate surface, the substrates’ surface was always prepared
in the same way for each set of experiments. STM (or atomic force microscopy, AFM, for
insulating substrates), LEED, and XPS were consistently used to ensure that the surface
was atomically flat, clean, and with the desired surface reconstruction (details about the
specific substrate preparation recipes are given in the individual Sections).

2.3.5 Substrate temperature
The substrate temperature during growth is another key parameter. Put simply, high
temperatures translate in high diffusion of the landing species, which can find their en-
ergetically favorable configuration. In the best-case scenario, the growth mode is step
flow or layer by layer, and the surfaces grow flat and well ordered. However, if the
thermodynamically stable configuration is three-dimensional islands (this is the case
of In2O3, see Chapter 5), high temperatures will favour this trend. Notably, the value
of the temperature determines the oxygen chemical potential, which can affect drasti-
cally the diffusion of the deposited species, and hence, the surface morphology (details
in Chapter 11). Finally, high temperatures cause selective segregation of species with
low surface energy, potentially inducing composition gradients across the film, or ex-
cess cation segregation to the film’s surface. As a result, a fine tuning of the substrate
temperature is often needed to achieve the desired film properties.

To heat the substrates, an IR laser was shined directly on their back, as allowed by
the mounting on plates with a through hole. The direct heating ensures a very uni-
form temperature distribution on the sample (within 5 ◦C). The sample mounting avoids
any glue that would degas while heating the sample, and relies instead on clips that are
spot-welded to the sample holder (Section 2.4.1). The temperature is measured with a
pyrometer with an emissivity always set to 0.94, which was found to be optimal for epi-
polished SrTiO3 single crystals. It is worthmentioning that the IR laser spot is about 1 cm
in diameter, so that also the plate is partially directly heated by the laser. To avoid intro-
ducing contamination from the heated plate onto the sample, a high-temperature- and
high-pO2-resistant alloy was used for the plate, namely Nicrofer® 6025HT (also known
as Alloy 602 CA).

2.3.6 Ablation targets
As a minimum requirement, the ablation target should possess a high optical absorption
coefficient at the selected laser wavelength. Additionally, the target should fulfill a few
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2. Experimental methods 19

requirements regarding its density, homogeneity, composition, and purity: All these
factors can impact the film properties. Note that different target materials can have
different laser absorption properties and, as a consequence, different ablation rates.

High density and homogeneity. High density and homogeneity are required to
avoid removal of big clusters from the target during ablation. These can land as droplets
on the substrate, hindering the crystallization of a high-quality epitaxial films. Moreover,
porous targets can incorporate contaminants when taken out of vacuum: When using
an In2O3 target with 65% of the ideal density, a tendency was observed to incorporate
water and hydrocarbons upon air exposure, and this seemed to influence the growth and
the film morphology (Chapter 5).

Composition. The composition of the target is less crucial than its density. As
already anticipated, the composition of the film is affected by a multitude of factors, in-
cluding, but not limited to, the background pressure and the laser fluence. This means
that the stoichiometry of the film can be adjusted by acting on the growth parameters,
independent on the stoichiometry of the target (which, however, should not be grossly
of). Note, however, that the composition of multicomponent targets may be affected af-
ter prolonged growth: A redistribution of the elements in the upper layers caused, e.g.,
by different melting/vaporization points, was seen to cause a change in a target compo-
sition from La0.64Ca0.35Co0.95O2.95 to La0.72Ca0.28Co0.99O2.7.78 These changes might be
critical for experiments aiming at controlling stoichiometries with high precision. One
can overcome the problem (i.e., recover the initial composition) by mechanically polish-
ing the target’s surface.34

Purity. The purity of the target ultimately determines the purity of the film. This is
of special concern for STM applications, where a contamination on the order of 1% in
the film will result in a 1% coverage of unwanted species at the surface or in≈10 atomic
impurities in a 10× 10 nm2 STM image. Such impurities could easily alter the geometric
and electronic properties of the surface under scrutiny. For this reason, ablation targets
of the highest purity available were used within this Thesis (at least 99.99%).

Because of their high density and purity, homogeneous distribution of components, and
known stoichiometry, single crystals are preferred target materials. If single crystals are
not easily obtained, sintered pellets with the highest possible density and purity can be
used instead. Within this Thesis, an array of different targets obtained both from single
crystals and polycrystalline pellets were used, some of which were home-produced from
commercial, high-purity powders, as detailed in the following. They are summarized in
Table 2.1.
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20 2. Experimental methods

Synthesizing polycrystalline targets

The following Section details the synthesis procedure for home-made polycrystalline
targets starting from commercial powders. In all cases, the powder was isostatically
pressed in an oil press at 400MPa at room temperature (RT) in a cylindrical silicone mold
of appropriate dimensions (to avoid the oil getting in contact with the pellet, the mold
was protected with three sealed layers of nitrile gloves). The pellet was then sintered in
an alumina tube furnace at appropriate conditions. During the sintering, the pellet was
always put in a platinum crucible, covered in unpressed powder, and protected by a Pt
lid.

• La0.8Sr0.2MnO3. Appropriate amounts of lanthanumoxide (99.999%, from Sigma-
Aldrich), strontium carbonate (99.995%, Sigma-Aldrich), and manganese(II) ac-
etate tetrahydrate (99.999%, Alfa Aesar) were thoroughly mixed in an agate mor-
tar. The obtained powder was pyrolyzed in a Pt crucible with a bunsen burner,
yielding a brownish, dark foam. This was then ground to a fine powder in the
agate mortar, and further calcined for 1 h at 1 000 ◦C in air. X-ray diffraction
(XRD) revealed the resulting product to be phase pure LSMO-perovskite. The
powder was then pressed (dimensions of the silicone mold: 16 mm inner diam-
eter, 6 mm height, walls thickness 2 mm; 4.3 g of powder used). To maximize the
target’s density, the pressing was repeated three times, each time re-grinding the
pellet in the agate mortar and fitting more powder in the mold. The pressed pellet
was sintered for 1 h at 1450 ◦C, (ramp rates of 3 ◦C/h), and in oxygen atmosphere
(air liquide, 99.995% pure). After sintering, the target surface was ground with SiC
paper and n-Octane; the non-polar n-Octane was used instead of water or ethanol
to limit the effects connected to interaction with water. The target was also son-
icated in the solvent for a couple of minutes in order to get rid of loose particles,
then dried in air at 150 ◦C for 30 minutes, to let the solvent evaporate.

The final product was compact, shiny, and with 94.1% of the ideal density. The
best-matching XRD spectrum was La0.8Sr0.2MnO3. A slight A-site deficiency—
(La0.73Sr0.27)0.77MnO3—was measured by laser-induced inductively coupled mass
spectroscopy (ICP-MS), which also revealed a purity of 99.996%, more than one
order of magnitude better than the best commercially available products, and only
minimally worse than the precursors. After these characterizations, the target was
mounted on the target holder, cleaned by sonication in n-Octane, dried in air for
30 minutes at 150 ◦C, and then inserted into the system.

• MnO. 3.2 g of MnO powder (99.99% purity, Alfa Aesar) were isostatically pressed
(dimensions of the silicone mold: 16 mm inner diameter, 6 mm height, wall thick-
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2. Experimental methods 21

ness 2 mm), and then sintered for 2 h at 1 250 ◦C in an N2:Ar = 24:76 mixture. The
sintering parameters were decided according to the phase diagram of manganese
oxide, aiming to form only one phase (MnO) during the process. If more than one
phase is formed during sintering, the different unit cell dimensions of the different
phases might cause cracking of the target. XRD then revealed the phase to be 95%
MnO, plus 5% Mn3O4. The density was 87.9% of the theoretical density of MnO.
The target was polished with SiC paper and ultrapure water before mounting.

• 1 at.% Ti:Fe2O3. To produce a target with a Fe:Ti atom ratio of 99:1, Fe2O3 and
TiO2 powders (99.995% purity, Alfa Aesar) were carefully weighted, mixed, and
ground in an agate mortar. The powder was pressed (same mold dimensions as
for the LSMO target), and then sintered for 6 h at 1 200 ◦C and 1 bar of flowing O2

(5 ◦C/min ramp rates). To achieve a flat surface, the skewed target was cut with a
diamond wire saw and polished with SiC paper and ultrapure water.

Mounting targets

All targets (both polycrystalline and single crystals) were mounted on their holders by
means of a UHV-compatible epoxy, and cured for 2 h in air at 150 ◦C. After mounting,
the targets were cleaned through sonication with appropriate solvents. The targets were
inserted into the vacuum system via a carousel. Each target was carefully positioned
to have always the same distance between the target’s surface and the center of the
carousel.

Target preablation

Preablating the target’s surface before growth is crucial to remove unwanted adsorbants
and residues from grinding. The targets were always preablated by passing on the same
area at least 10 times. For the preablation, the same pressure and fluence were used as
later for film growth, since it was reported that different conditions may alter the com-
position and morphology of the target’s surface,79 in turn affecting the ablation process.
Note that, to avoid unwanted deposition, the pristine substrate was kept in a separate
chamber during preablation.76
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22 2. Experimental methods

Table 2.1. Summary of the PLD targets used within thisThesis. The table summarizes whether the targets
are poly- or single-crystalline, their supplier, and how they have been used within this Thesis.

Targets Details Use

Cu Polycr., home-made from an O-free
Cu gasket of an all-metal angle valve

Alignment, spot focusing

TiO2 Single cr. (various shapes), supplier
unknown; Fe contamination seen in
XPS removed by annealing at 800 ◦C
in flowing O2 for two days, fol-
lowed by removal of the segregated
Fe through mechanical polishing

Anatase/SrTiO3(001);
Ti:Fe2O3/Fe2O3(11̄02);
tune SrTiO3(110) surfaces

In2O3 Polycr., China Rare Metal Co., Ltd.
65% ideal density

In2O3/YSZ(111),
In2O3/YTO(111)

Fe3O4 Single cr. (various shapes), supplier
unknown

Ti:Fe2O3/Fe2O3(11̄02)

1 at.% Ti:Fe2O3 Polycr., home-made Ti:Fe2O3/Fe2O3(11̄02)

0.5 wt.% Nb:SrTiO3 Single cr., SurfaceNet GmbH SrTiO3/SrTiO3(110)

u:SrTiO3 Single cr., SurfaceNet GmbH SrTiO3/SrTiO3(110)

La0.8Sr0.2MnO3 Polycr., home-made LSMO/SrTiO3(110)

La2O3 Polycr., China Rare Metal Co., Ltd.
Strongly hygroscopic, always stored
in UHV

Tune LSMO(110) surfaces

MnO Polycr., home-made Tune LSMO(110) surfaces

2.3.7 Deposition procedure
A typical deposition procedure followed these steps:

1. Start the laser and monitor its laser energy. Wait until the laser energy is stable
over the time span required for the growth. Set the laser fluence.

2. Check the alignment of the UV laser by shooting in the center of the last scanned
area.

3. Preablate the target at the growth conditions, assuming a given spot size (the real
fluence is computed a posteriori bymeasuring the real spot size). In stoichiometry-
sensitive experiments (Chapters 6–9), pristine targets are used: After each depo-
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2. Experimental methods 23

sition, a single laser pulse is shot on the target, its area measured (to compute the
real fluence used during the previous growth), then the target is polished, cleaned,
dried, and put back in.

4. Insert the substrate, align it, set the desired pressure and heat it (with a typical
ramp rate of 60 ◦C/min).

5. Acquire a RHEED pattern of the pristine substrate, and align the RHEED beam
with the substrate to follow the growth in real time.

6. Reset the laser fluence to the desired value.

7. Start the deposition while recording the variations of the RHEED intensity.

8. Post-anneal the substrate and cool it down. Acquire the RHEEDpattern, and trans-
fer it to the analysis chamber.

9. Every once in a while, check if the transmittivity of the PLD system has changed
because of deposits on the windows, by measuring the energy of the UV laser
before the entrance window and after the exit window. Appendix B describes
how to clean windows covered in PLD deposits.

2.4 Sample mounting and contacting

2.4.1 Sample mounting
The experimental setup and the brittleness of some of the single-crystalline samples pose
strict requirements on the sample mounting. In all the cases described in this Thesis,
samples were mounted to their plates by spot-welding customized clips.

Nicrofer® for sample plate and clips

As mentioned above, Nicrofer® is an ideal material choice for clips and plates when
working with high temperatures and high pressures, and was the most commonly used
material during this Thesis. It is an alloy mainly consisting of nickel, chromium, and
iron, which was tested to be stable at 1 000 ◦C up to 50 mbar O2-76 However, it has the
disadvantage of losing its spring force on the sample over repeated annealing cycles.
For this reason, samples periodically become loose, and must be re-mounted and re-
cleaned. Ta and/or Mo maintain their spring force over repeated treatments better than
Nicrofer®, but are only suited for UHV-compatible conditions (volatile oxides are formed
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24 2. Experimental methods

that contaminate the sample at high pressures/temperatures). Nicrofer® parts were al-
ways cleaned by boiling them in 20% HNO3, followed by thorough rinsing in ultrapure
water.

Mounting strategies

The sample plates are machined with a pocket to fit the sample, and have a through
hole for direct heating with an electron beam or with the IR laser. The clips are fabri-
cated from 0.25 mm-thick Nicrofer® foil (their typical width is 0.7 mm). Their mounting
should fulfill several requirements: (i) Appropriate to hold the sample to the plate, to
minimize sample vibrations (detrimental for STM), while avoiding to crack the sample
during annealing; (ii) maintaining reasonably unaltered spring force after repeated an-
nealing cycles at elevated temperature; (iii) complying with the constraints of the STM
setup: Total height of plate and clips less than 2.1 mm in height, fit within the area en-
closed by the red line in Fig. 2.3; (iv) not obstructing the RHEED beam (running parallel
to the ear of the sample plate).

Figure 2.3 shows different clip designs that comply with the requirements above.
In the design of Fig. 2.3(a), two M-shaped clips are spot-welded to the sample plate on
opposing sides of the sample. The clips are shaped to achieve flat ends and three contact
points [see panel (a1)]. Note that when put on a sample, which slighlty protrudes from
the plate, one side of the clip is lifted [see red dots in panel (a2)]. When both ends of the
clip are spot-welded to the sample plate, the contact point in the middle (black arrow)
exerts force on the sample.

The design of Fig. 2.3(b) is similar to the one in panel (a), but the force on the sample
is here exerted by a spacer (black arrow), made by three Nicrofer® stripes spot-welded
together (for a standard plate pocket, i.e., sample protruding 0.25 mm from the sample
plate, the optimal thickness is given by two stripes of 0.17 mm thickness, and one of
0.25 mm). The spacer is spot-welded on a stripe that will form the clip. After filing
down the rough edges of the spacer, the stripe is shaped by using a home-designed
mold into a bridge-like shape, and adjusted to look like in panel (b1). Note that the clips
should always lie within the red curve (space allowed by the STM setup). This mounting,
compared to that in Fig. 2.3(a), has the advantage of sustaining more annealing cycles
without loosing its spring force. However, samples are more at risk of cracking during
the first annealing cycle. This mounting was used for most of the experiments discussed
in this Thesis.

If STM is not performed in the SPECS chamber, the constraint over the clip height
is relaxed, and the mounting shown in Fig. 2.3(c) is used instead, where two clips hold
the sample from the sides. This design has the advantage of allowing a simple mount-
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2. Experimental methods 25

ing and re-mounting of the sample (handy if the sample is analyzed in different setups
which require different mountings). This design was used for the In2O3 films discussed
in Chapter 5. If STM measurements are not planned in the short term, the samples are
loosely mounted to the plate with two Nicrofer clips at two opposite corners of the sam-
ple.

0.5 mm

6 mm

4 mm

4 mm

0.7 mm0.25 mm

Spacer: 2×0.17 mm + 0.25 mm

(a) (b)

Pro: Easy to (re)mount

Con: No STM in SPECS 

Pro: STM in SPECS

Con: Samples loose over time  

Pro: STM in SPECS

Con: High risk to crack samples 

(a1)

(a2)

(b1)

(c)

Figure 2.3. UHV types of sample mounting used within this Thesis. In all cases, hand-made clips tightly
hold the sample to the sample plate, and comply with the constraints posed by the system.

2.4.2 Pt contacts for insulating and/or transparent sub-
strates

Often it happens that a substrate with an ideal lattice match for heteroepitaxy is insu-
lating: Then solutions must be found to measure the film with STM. An easy one is to
mount the substrate with metallic clips on the plate. The clips will be covered in the con-
ductive film during growth, and thus provide a path for the electrons to be transported
from the film to the plate. However, this approach requires a very thick film to bridge
the gap between the ‘overhanging’ bottom edges of the clips and the film, and it is not
optimal if the sample needs to be remounted several times: Repeated remounting tends
to damage the film, with eventual loss of contact. Another possibility is to connect the
film and the plate after the growth, e.g., by a clip spot-welded on one end to the plate,
and bent so that it gently touches the film’s surface. However, this approach has a main
disadvantage: it requires to take the film outside vacuum. Moreover, it is not optimal if
the samples needs to be remounted several times.

To overcome these issues, one can used the approach sketched in Fig. 2.4. It has
been used for contacting In2O3 films on YSZ(111) (Chapter 5), as well as Ti-doped Fe2O3

films on undoped Fe2O3(11̄02) substrates (Chapter 4.1.1). In essence, Pt electrodes are
deposited on the edges of the front surface of the insulating substrate, as well as on its
sides and back; this way, the film is contacted to the plate via the front electrodes, in
turn contacted to the back and side ones (see Fig. 2.4). Besides being UHV compatible,
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Magnetron sputtering

(Ti, Pt)

  
Sides and

back electrodes
Front electrodes

Conducting film

Insulating substrate

Pt

electrode

Sample plate
e−

(a) (b)

e−

Figure 2.4. Pt electrodes for electrical contact of insulating substrates and absorption of the IR laser. (a)
Sketch of the solution used for realizing electrical contact between the film and the sample plate when
the substrate is insulating. Metallic (Pt) electrodes are deposited on the edges of the front surface of the
substrate, as well as on its sides and on its back. This offers a path for the electrons from the film to the
sample plate. The back electrode absorbs the IR laser during annealing. (b) Twomasks from PEEK are used
to deposit the front electrodes, and the side and back electrodes by magnetron sputtering. Renderings by
Jakob Hofinger. 80

this solution sustains repeated sample re-mountings. For substrates that are transparent
to the IR laser (e.g., YSZ), the presence of the back electrode serves another important
purpose: It acts as an absorbing layer for the IR laser (recall that the samples are hit
directly by the IR laser through the hole in the sample plate). Without the absorbing
layer, the IR laser would simply pass through the substrate.

The electrodes were deposited by magnetron sputtering in Ar atmosphere at the In-
stitute of Chemical Technologies and Analytics of the TU Wien. Home-designed and
-machined PEEKmasks have been used to deposit the electrodes while avoiding contam-
inating to the surface (dimensional 2D drawings are found in Appendix D). The sample
was sandwiched between the ‘front side’ and the ‘back side’ masks. The electrodes were
deposited on each side by flipping the sandwich in between. To remove the Pt, the masks
were cleaned with aqua regia, and then sonicated in Extran (2 × 30 min) and ultrapure
water (10 min). Note that Pt electrodes directly deposited on well-polished surfaces
do not survive sonication treatments (partial exfoliation). Using thin Ti interlayers pro-
motes sticking and stability of the Pt electrodes over time. A 10 nm/100 nm/10 nm/100 nm
Ti/Pt/Ti/Pt layer was found to be stable over repeated sonication treatments.

Typically, substrates are cleaned before depositing the electrodeswith two sonication
cycles in Extran (15 min, rinsing in ultrapure water in between) plus 10 min sonication
in ultrapure water. They undergo the same treatment after the electrodes are deposited,
and before mounting. This yields mesoscopically clean surfaces, as seen in AFM (not
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2. Experimental methods 27

shown).

2.5 Precise doses in PLD: Movable holder for
a quartz-crystal microbalance

This Section presents a recently developed solution for accuratelymeasuring PLD growth
rates, namely a movable holder for a quartz-crystal microbalance, or QCM.Thework has
been published in ref. 65.

This project has been pushed by a consistent need to accurately measure film thick-
nesses and growth rates. Previous to implementing the soon-to-be-described QCM de-
vice, film thicknesses were measured post mortem by profilometry. This is only one
of many techniques suited for the purpose, besides cross-sectional transmission elec-
tron microscopy (TEM), optical and diffraction measurements, and Rutherford back-
scattering (RBS). These methods are generally accurate, but entail one main disadvan-
tage: they require to break vacuum. This makes them time-consuming (they often re-
quire to grow sacrificial films), and not suited for sensitive or hygroscopic materials. For
these reasons, measuring growth rates in vacuum is desirable. However, fewer methods
exist to measure PLD growth rates in vacuum. RHEED is a favorite, but only possible
when the growthmode is layer by layer (in that case, one RHEED oscillation corresponds
to the deposition of one atomic layer). For other types of growth modes, alternative
methods are needed.

The QCM is a potentially good candidate to accurately measure PLD growth rates in
vacuum. QCMs are shear-mode resonators in which acoustic waves propagate perpen-
dicular to the surface of a single crystal (usually quartz) that is cut along a well-defined
direction and machined to a distinct geometry. A change in the mass of the crystal as
small as 10−16 kg,81 induced, e.g., by the deposition of a thin film, produces a correlated
and measurable change of its resonance frequency, from which growth rates can be de-
rived.82–84 Because they are highly accurate, easily implemented, and cheap, commercial
QCM sensors have been widely used for monitoring film growth realized by various vac-
uum deposition techniques, including molecular beam epitaxy, atomic-layer deposition,
chemical vapor deposition, and magnetron sputtering.85–88

QCM sensors have also been applied to PLD, albeit with some crucial limitations.
Because the impinging particles in PLD are highly energetic, they can produce thermal
drifts due to local changes in temperature, and surface stress due to sputter-induced
defects and ion implantation. The high sensitivity of the QCM to thermal drifts and
surface stress makes real-time measurements of the resonance frequency not reliable.
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Moreover, QCM sensors are typically solidly fixed to the PLD apparatus, often off to one
side of the substrate. This implies few disadvantages. Due to the highly directed flux of
the plume towards the substrate, the growth rate on the QCM is typically smaller than
that of the substrate.89 While the difference can be in principle quantified with appro-
priate modeling of the deposition geometry and of the angular flux distribution of the
ablation plume, in practice this is not straightforward. Additionally, the strong spatial
and angular gradients of the flux composition, and their dependence on the background
pressure and on the laser fluence, as argued within thisThesis, can lead to the deposition
of films on the QCM crystal whose composition differs from those deposited onto the
substrates. Finally, unless protected by a shutter, QCM crystals mounted in this fashion
are constantly exposed to the ablated particles, regardless of whether a measurement of
the deposited amounts is planned or not. Due to the finite lifetime of the crystals, this
makes frequent replacements necessary.

The home-designed movable holder for a QCM that is presented in the following
overcomes the aforementioned drawbacks, and has the additional advantage that it can
be easily implemented without modifying the existing UHV system. The holder is com-
patible with standard transfer arms and provides easy insertion and transfer in UHV. It
allows to place the QCM at the same position as the substrate during deposition, while
its frequency is measured before and after growth in a connected UHV chamber. The
operation of the device is demonstrated for Fe2O3 (hematite) deposition on an AT-cut,
6 MHz quartz crystal: The derived growth rates match nicely those obtained from the
RHEED oscillations observed during the homoepitaxial growth of Fe2O3(11̄02) films at
identical conditions.

2.5.1 Design and implementation
The used quartz crystals are 6 MHz AT-cut plano-convex crystals from Sycon Instru-
ments with 13.95 mm outer diameter and Au electrodes. The front electrode (≈13mm di-
ameter) covers the largest part of the quartz surface, while a double-anchor-shaped elec-
trode is used for the rear side of the crystal (fully coated in a central circle of ≈6.3 mm).
The resonance frequency of the QCM was measured before and after growth with a
PREVAC TM-14 QCM oscillator.

Figure 2.5 shows an exploded view of the holder of the QCM crystal (complete di-
mensional drawings are found in ref. 65). It is composed of two stainless steel, flag-style
sample plates (4 and 10, in Fig. 2.5) in a double-decker geometry (4.15 mm clearance).
Both plates are compatible with standard UHV manipulators, and serve two purposes:
(i) holding the crystal while maximizing the exposed area to the incoming flux and min-
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2. Experimental methods 29

(1) M1.2 Nut (×4)

(2) Polyimide Washer (×8)

(3) Polyimide Tube (×4)
(4) Top Plate

(5) QCM Crystal

(6) Spring

(7) M2 Hex Bolt

(8) M2 Thin Nut (9) Support Rod (×4)

(10) Bottom Plate

Figure 2.5. Exploded view of the movable QCM holder. Two flag-style, modified sample plates (4 and
10) in a double-decker arrangement mechanically support the QCM crystal (5) via an adjustable-spring
system (6, 7, 8). Four specially shaped rods (9), spot-welded to the bottom plate (10) and fastened (1) to
the top plate (4) provide mechanical stability to the holder and allow to position the crystal precisely.
The plates are electrically insulated from one another via polyimide spacers (2, 3), and provide separate
electrical contact to the crystal electrodes. Parts 1, 4, and 6–10 are made from AISI-316 stainless steel. See
ref. 65 for the dimensional drawing of all parts. Reprinted from ref. 65.

imizing stress on the crystal, which can affect its resonance frequency;87 (ii) providing
the needed electrical contacts to the circuitry that measures the resonance frequency of
the crystal.

The through-hole with 12 mm diameter in the top plate (4, in Fig. 2.5) leaves the
whole active area of the crystal free. The crystal is gently pushed against the top plate
by an adjustable stainless-steel spring (0.25 mm thickness; 6, in Fig. 2.5), spot-welded
onto a short M2 bolt (7, 3.8 mm total length), which is screwed to the bottom plate. The
bottom surface of the top plate is mirror-polished with 2400 grit (8 µm-diameter parti-
cles) SiC abrasive paper to minimize localized stress on the crystal, while the spring (6)
is shaped so that electrical and mechanical contact with the crystal occurs in a symmet-
ric fashion and as close to the edges as allowed by the double-anchor shape of the rear
electrode. Four stainless steel rods (9, in Fig. 2.5) not exerting any radial stress on the
crystal (clearance < 50 µm) allow its precise centering during assembling, and thus limit
the chance of imposing unevenly distributed radial stress. The same rods provide the
mechanical connection between the two plates: They are inserted in closely fitting re-
ceptacles machined in the bottom plate, and spot-welded in position; an M1.2 thread cut
on the opposite side of the rods is used for fastening the top plate. The rods and their po-
sitions are designed to leave ample clearance (> 2.9 mm on each side) for insertion of the
bottom plate in standard manipulator receptacles. To reduce mechanical stress on the
crystal, only the bottom plate (not in mechanical contact with the crystal) is used during

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

30 2. Experimental methods

transfers across vacuum. In addition, the width of the top plate is reduced (14.5 mm, as
compared to the usual width of 18 mm for this type of sample plates), so as to prevent
inadvertently inserting it into a manipulator receptacle. At the same time, this allows
storage of the holder in standard multi-slot sample carousels or racks in UHV.

To measure the resonance frequency of the QCM crystal, one electrode must be set
to ground while the other one is driven by the QCM oscillator. This requires that the two
electrodes are electrically insulated with respect to each other. The electrical contacts
in the design can be inferred from Fig. 2.5. The top and bottom electrodes of the crystal
are electrically connected to the top (direct contact) and bottom plates (via the spring;
6 in Fig. 2.5), respectively. Insulation between the top and bottom plates (top and bot-
tom electrodes of the crystal) is achieved with polyimide (Kapton®) washers cut from a
0.15 mm-thick foil and polyimide tubes (1.44 mm inner diameter, 25 µm wall thickness).
The washers (2 in Fig. 2.5) are placed between the collar of the support rods and the top
plate, and between the top plate and the fastening nuts (2, and 1 in Fig. 2.5, respectively);
the polyimide tubes (3, in Fig. 2.5) are inserted in the clearance holes of the top plate to
prevent electrical contact between the threads of the support rods and the plate itself.

The resonance frequency of the QCM crystal can be measured in any stage present
in the UHV system that meets the two essential requirements of (i) being able to host the
QCM holder and (ii) providing appropriate electrical contacts with small enough para-
sitic series impedance. For instance, one can place the QCM holder into a manipulator
with a sample slot electrically insulated from ground, and use a transfer arm, a wobble
stick, or some grounded object present in the chamber for contacting the upper plate of
the holder.

In the context of this work, the QCM holder has been placed in the sample manipu-
lator of the preparation chamber (Fig. 2.1). There, the bottom plate of the QCM is hosted
in an electrically insulated sample receptacle that can be connected to the oscillator via
an external feedthrough. The top plate is grounded by gently touching its ‘handle’ with
a Cu block mounted on a bellowed linear manipulator. Care was taken in reproducibly
establishing a well-defined electrical contact with the two plates of the holder, since
variability in contact impedances causes the measured resonance frequency to scatter
accordingly. To obtain reproducible frequency measurements, it was ensured that a
small (< 3 Ω) and reproducible resistance could be measured between the bottom plate
of the holder and the electrical feedthrough contact used to drive the crystal. (Touch-
ing or clamping the top plate with a magnetically coupled transfer rod is not ideal for
the ground connection, even if the transfer rod has steel ball bearings; the resistance
across these bearings is too large (≈1 kΩ) and poorly reproducible, probably because of
oxidized surfaces.)
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2. Experimental methods 31

All the parts of the holder, with exception of the quartz crystal, were cleaned prior to
assembling by sonication in Extran (2 × 30 min) and ultrapure water (15 min), followed
by boiling in diluted HNO3. After insertion in the UHV system, the holder and crystal
were outgassed for 30 min at 100–200 ◦C until recovery of the pressure. This removes
adsorbed water and yields more stable resonance frequency measurements.

PLD growth on the QCM

The resonance frequency of the crystal was measured before and after film deposition
in PLD. Since several deposition parameters affect the stoichiometry and the amount
of material landing on the substrate (as discussed in the following Sections), the deposi-
tion on the QCMmust be performed at the same conditions as during film growth. Some
critical parameters are the background pressure, the laser fluence, and the relative align-
ment of target and substrate. The needed O2 pressure and laser fluence were set, and the
QCM was placed in the usual substrate position (i.e., same distance between target and
the quartz surface, and same relative alignment between QCM, UV laser and targets),
as allowed by the movable design of the QCM holder and its compatibility with UHV
manipulators. Moreover, the surface of the target was preablated before deposition fol-
lowing the standard recipe (at the growth conditions, by scanning the target in the UV
laser beam, so as to hit each spot of the ablation area at least ten times, while keeping
the QCM in a separate chamber).

Quantification of growth rates

To derive the mass of material deposited on the QCM based on the shifts of its resonance
frequency, one can use different approximations.83,90 These approximations depend on
the amount of material deposited and on its elastic properties.83 When the material de-
posited is sufficiently rigid, and the total frequency shift of the QCM ∆f tot is smaller
than 3–4% of the original frequency, f q, of the new crystal, the mass deposited on the
active surface area A is well described by83,90

∆m

A
= −N qρq

f qf c
∆f, (2.1)

where ρq and N q are the mass density and the shear-mode frequency constant of the
quartz crystal, respectively (N q = νq/2, where νq is the shear-wave phase velocity), and
f c = f q+∆f is the resonance frequency after deposition. The mass deposited per unit
active area is easily derived using known values for ρq and N q (for AT-cut crystals, ρq =
2.648 g/cm3 andN q = 1.668× 105 Hz cm, respectively).83 It should be noted that Eq. (2.1)
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32 2. Experimental methods

does not take into account possible effects of stress buildup in the quartz crystal during
deposition. These contribute to a change of resonance frequency of the crystal that,
to a first approximation, depends linearly on the thickness of the deposited film.91 For
film growth, these changes are typically of the order of a few percent of the mass con-
tributions in Eq. (2.1), or less, and can be included as a possible source of error when
estimating growth rates. The relation e(r,S) = –KδSρq/ρf was used for estimating the rel-
ative error e(r,S) due to stress buildup on ∆m/A, where K = KAT = –2.75 × 10−7 cm2/N
for AT-cut quartz,91 δS = 1× 105 N/cm2 (this large stress value is used to include a worst-
case scenario error estimate),91 and ρf is the mass density of the material deposited. For
example, for the growth of hematite (Fe2O3, ρf = 5.254 g/cm3), stress build up in the film
can lead to a maximum relative error e(r,S) ≈1.4%. Additional corrections to Eq. (2.1) due
to the plano-convex geometry and the presence of the electrodes are expected to be com-
parable or smaller than the pessimistic estimated of e(r,S), and were not considered.90,92,93

In the case of large mass loads, Eq. (2.1) should be replaced by the more exact relations
that include the acoustic impedance of the deposited material.83,90

2.5.2 Performance evaluation: Hematite (Fe2O3) de-
position

At moderate temperatures (below 750 ◦C), hematite grows layer by layer with clear
RHEED oscillations (see Chapter 4), which makes this an ideal system to test the ac-
curacy of the QCM device. To this end, the procedure was as follows:

(a) Derive the mass growth rate of Fe2O3 by depositing on the QCM.

(b) Derive thickness growth rates of Fe2O3(11̄02) homoepitaxial films deposited at
the same conditions from the period of the corresponding RHEED oscillations.

(c) Convert thickness growth rates from (b) to mass growth rates via the available
structural model for the Fe2O3(11̄02) system. These can be compared to the values
measured in (a) with the QCM.

(a) Fe2O3 mass growth rates derived by the QCM

To obtain mass growth rates of Fe2O3 grown on the QCM, Fe2O3 was incrementally
deposited in the PLD chamber by firing a well-defined number of laser pulses on a single-
crystalline Fe3O4 target (0.2 mbar O2, 2.0 J/cm2, 5 Hz), while keeping the QCM holder
at RT. At these growth conditions, the thermodynamic stability phase diagrams of iron
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Figure 2.6. Performance evaluation of the QCM device. (a) Resonance frequency of the QCM crystal as a
function of the number of laser pulses shot on the iron oxide target (RT, 2× 10−2 mbar O2, 5 Hz, 2.0 J/cm2).
The decrease is linear. (b) Fe 2p XPS peak on the film of panel (a). The presence of a pronounced satellite
peak at 719 eV (indicated by the star), and the position of the Fe 2p3/2 and Fe 2p1/2 are characteristic
of the Fe2O3 hematite phase. Since the front surface of the quartz crystal (i.e., the top plate in Fig. 2.5)
was not grounded during XPS measurements, the binding energy axis in Fig. 2.6(c) has been shifted such
that the O 1s peak position corresponds to the one measured on a reference α-Fe2O3 single crystal. (c)
RHEED oscillations observed during the homoepitaxial growth of Fe2O3(11̄02) (500 ◦C, 2.0× 10−2 mbar
O2, 5 Hz, 2.0 J/cm2). Each oscillation corresponds to the deposition of a ‘bilayer’ of Fe2O3(11̄02) [see the
structural model in panel (d), adapted from ref. 66, which consists of 4 Fe atoms and 6 O atoms per unit
cell [black rectangle in the perspective view of panel (d)], or 194.0 ng/cm2. Reprinted from ref. 65.

oxides predict the formation of Fe2O3.94 The shape of the Fe 2p XPS peak measured on
the film grown on the QCM confirms that indeed Fe2O3 is formed rather than Fe3O4

[Fig. 2.6(b)]: Both the positions of Fe 2p1/2, Fe 2p3/2, and the presence of the pronounced
shake-up satellite in between them [labeled by a star in Fig. 2.6(c)] are consistent with
Fe3+-containing compounds and prior measurements of α-Fe2O3.95,96

TheQCM resonance frequency was measured after each deposition step as described
in Section 2.5.1. Figure 2.6(a) shows that the QCM resonance frequency decreases lin-
early with the number of laser pulses, i.e., with the amount of material deposited per
unit active area, as expected from Eq. (2.1). The frequency shifts in Fig. 2.6(a) correspond
to the average of at least three repeated measurements performed after each deposition
step. Error bars were determined as the half width of the 95% confidence intervals cal-
culated with a two-tailed Student’s t-distribution from the standard error of the mean of
these measurements. They are smaller than the symbol sizes in Fig. 2.6(a), and amount
to at most ± 20 Hz (largest standard error of the mean of approximately 5 Hz). These
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variations in the measured frequency are significantly smaller than the frequency shift
in the kilohertz range caused by the deposition of a few nanometers of material.

From a linear fit of the data in Fig. 2.6(a), one derives a shift in the QCM resonance
frequency per pulse of –0.084 ± 0.002 Hz/pulse (the uncertainty corresponds to the 95%
confidence interval of the slope). With Eq. (2.1), this value can be converted into a mass
growth rate ∆m/A = 1.06 ± 0.03 ng/cm2 per pulse. Notice the high sensitivity of the
QCMmeasurements to the deposited masses, which is obtained by depositing thick films
on the crystal, such that the small error bars on the single frequency shift measurements
can be neglected.

(b) Fe2O3(11̄02) thickness growth rates derived from RHEED os-
cillations

Figure 2.6(c) shows the RHEED oscillations observed during the homoepitaxial growth
of an Fe2O3(11̄02) film at 500 ◦C. One can exclude any dependence of the growth rates
on the deposition temperature: RHEED oscillations with statistically equivalent peri-
odicity (as inferred from Fourier analysis) were observed at deposition temperatures
ranging from RT to 600 ◦C. Notice that during the deposition of the first layers, the os-
cillations display a double peak that gets damped as the growth proceeds. This shoulder,
whose origin is unknown at the present stage, is more prominent at lower temperatures.
Nonetheless, its presence never alters the overall periodicity of the oscillations.

(c) Comparison of growth rates

From profilometry measurement on thicker Fe2O3(11̄02) homoepitaxial films, it was de-
rived that each RHEED oscillation, or 179.5 ± 6.6 laser pulses, corresponds to the depo-
sition of one O–Fe–O–Fe–O bilayer [see the structural model in Fig. 2.6(d)].66,96 Notice
that growth of subunits of the bilayer would make the surface polar, and therefore un-
stable. Each bilayer consists of 4 Fe atoms and 6 O atoms per (1 × 1) unit cell [black
rectangle in the perspective view of Fig. 2.6(d)], and therefore has an areal mass density
of 194.0 ng/cm2. Knowing the number of pulses needed to complete one bilayer, one
can then derive a mass growth rate of 1.08 ± 0.04 ng/cm2 per pulse. This value matches
the mass growth rate of 1.06 ± 0.02 ng/cm2 per pulse derived by growing Fe2O3 on the
QCM at the same conditions.
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2.5.3 Uses and potential improvements

Deriving thickness growth rates

The most common use of the QCM, i.e., deriving thickness growth rates, is viable in
principle, albeit with some precautions. The translation from mass to thickness growth
rates requires the correct value of the mass density of the deposited film, which might
be hard to pinpoint, especially for oxide compounds that can exhibit a variety of bulk
structures. One cannot assume a priori values of densities tabulated in the literature,
even if the composition of the film is known (e.g., by XPS), since RT deposition on the
polycrystalline surface of the QCM may or may not yield the expected bulk structures
and densities. Independent measurements of the densities are required. Even so, when
densities are measured ex situ, their value might be affected by inclusion of, e.g., water.
These considerations hold true for any QCM device.

Deriving rates ofmetal cations deposited frombinary oxide targets

Another useful quantity that can be extracted from the mass growth rates of binary ox-
ides grown by PLD is the corresponding deposition rate of metal cations. Obtaining rates
of metal cations deposited from a binary oxide compound is particularly useful in the
context of better understanding the surface properties of multicomponent oxide mate-
rials: As argued in Chapters 6–8, multicomponent oxides like SrTiO3 and LSMO tend to
exhibit a series of composition-related surface reconstructions. Establishing quantita-
tive cation differences between these reconstructions is the first necessary step to build
theoretical models of these surfaces. The QCM is the most suited method for this task.
Techniques like XPS, X-ray reflectivity, XRD, and RBS are not sensitive enough, while
RHEED intensity oscillations (if observed for the given system)will in general be affected
by the specific surface reconstruction, as argued in Chapter 6. The one sensitive-enough
technique, STM (if even available in the growth apparatus), entails one main disadvan-
tage: While the amount deposited could be inferred from the coverage of adatoms or 2D
islands deposited on a well-defined substrate, an exact quantification of the amounts of
cations relies on a precise atomic-scale understanding of the underlying substrate, the
adsorption sites of the deposits, and the structure of 2D islands. With the QCM design
presented here, one can determine growth rates of single cations with an accuracy of
fractions of an atomic layer per pulse.

Note that the composition of the binary oxide of interest may not be always known
a priori, like for TiO2 or Fe2O3, but may change according to the deposition conditions
(take for examplemanganese oxide, which exists in stable forms asMnO,Mn2O3, Mn3O4,
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and MnO2). To derive the deposition rate of metallic cations in this case, the film com-
position needs to be measured first. The movable QCM is ideal for this task: XPS (or any
other chemically sensitive technique available in the setup) can be performed on the
thick film deposited on the crystal without breaking vacuum. This is not only practical,
but also necessary for sensitive or hygroscopic materials whose composition might be
affected by exposure to air. Chapter 8 shows how the QCM has been used to determine
Mn doses needed to switch between the surface reconstructions of LSMO(110).

Improvements

So far, emphasis was laid on the use of the QCM holder for PLD. However, since the
holder can bemoved and stored as a standard sample inmost UHV systems, it can equally
be used for other deposition techniques, as well as for vacuum systems using other types
of sample holders (the sample plates of the QCMholder, currently flag-style, can bemod-
ified to fit the transfer arms of the specific setup). Possible other improvements of the
design include the use of SC-cut crystals, which are stress-compensated and therefore
more stable than AT-cut ones, albeit more expensive.84 Another possibility to improve
the reliability of frequency measurements would be to control the crystal temperature
during measurement, in order to reach an extremum of the ∆f vs. T curve, where
the resonance frequency is less sensitive to temperature fluctuations; this typically oc-
curs between 70–100 ◦C and 150–200 ◦C for AT- and SC-cut crystals, respectively.84,87

Furthermore, small modifications of the UHV setup to provide a dedicated stage where
mechanical and electrical contacts to the two plates are obtained in a more reproducible
fashion can limit possible effects of spurious impedances in the measurement circuit.
For example, rather than using an external linear manipulator, one can introduce an ad-
ditional electrically insulated connection on the stage where the frequency is measured,
such that insertion of the QCM holder into the measurement setup automatically pro-
vides solid electrical contact to both electrodes of the QCM crystal. These improvements
have the potential of reducing the uncertainty on single frequency measurements, and
could thus allow the detection of smaller doses deposited on the QCM.

Finally, to allow deposition at elevated temperatures that are common in PLD (around
and above 600 ◦C), GaPO4 crystals could be used.97 Using the same temperature during
the growth on the QCM as on the substrates will compensate for possible temperature-
dependent sticking/re-evaporation effects. In this case, modifications in the design for
withstanding the high temperatures and oxidizing environment would be limited to
the materials employed: ceramic insulating parts instead of polyimide, and a high-
temperature-compatible and oxidation-resistant material, such as Nicrofer® (or even Pt
for extreme cases), instead of stainless steel. In this case, some optimization of the ther-
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mal transport between the crystal and the plates/spring might be required to ensure a
uniform temperature distribution across the crystal surface. However, the overall de-
sign and procedures would stay unchanged: Since the resonance frequency is measured
before and after growth at close to RT, there is no need to optimize for temperature-
induced stress during frequency measurements, nor to employ expensive crystals with
small temperature coefficients at the elevated growth temperatures.

2.5.4 Conclusions
This Chapter has presented the design, and discussed the benefits, of a movable holder
for a QCM sensor which enables precise measurements of PLD growth rates without
breaking vacuum. Its compatibility with standard UHV transfer arms allows for easy
transfer across UHV chambers and makes for simple implementation into existing vac-
uum setups. Growth rates are determined from changes in the resonance frequency
of the QCM upon deposition. The frequency is measured before and after growth in a
different position than for deposition, where electrical contact to the crystal holder (in
addition to the ground contact of the other electrode) can be established. If needed, the
composition of the film grown on the movable QCM can be measured without breaking
vacuum (in the context of this work, by XPS).

The correct functioning of the device was showcased for the deposition of hematite
Fe2O3 films. The QCM frequency decreases linearly with the number of laser pulses shot
on the growth target, and the rates are in perfect agreement with those derived from the
period of the RHEED oscillations of homoepitaxial Fe2O3(11̄02) films grown at identical
conditions. The QCM device also provides accurate quantification of growth rates of
cations deposited from binary oxidic targets by PLD, which can be used to quantitatively
tune the surface composition of multicomponent oxide materials.

2.6 Ex-situ techniques

AFM

Atomic force microscopy was used to check the mesoscale morphology of both sub-
strates and films, by using an Agilent 5500 ambient AFM in intermittent contact mode
with Si tips on Si cantilevers, both in air and in dry Ar atmosphere.
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XRD

X-ray diffraction was used to inspect the crystallographic bulk properties of the grown
films, and to determine the phase of powders and sintered targets. The experiments
were performed at the TUWien X-ray Center (PANalytical Empyrean; Cu Kα1 radiation
obtained with a 2-pass Ge(220) hybrid monochromator; a GaliPIX3D area detector with
0.02 rad Soller slits was used tomeasure reciprocal-spacemaps). XRDdatawere analyzed
with the xrayutilities Python library.98 Both the acquisition of the experimental data and
their analysis was performed by Michele Riva. For this reason, thisThesis does not enter
in the details of the XRD data presented.

ICP-MS

Inductively coupled plasma mass spectrometry was used to measure the stoichiome-
try and estimate the purity of several samples, including powders, sintered targets, and
PLD-grown films. Experiments were performed in collaboration with the group of Prof.
Andreas Limbeck, at the Institute of Chemical Technologies and Analytics, TU Wien.

Both laser-ablation and solution-based ICP analyses were carried out. Laser-ablation
ICP is used directly on solid samples: a laser beam is focused on the sample surface
and ablates material from it. The ablated species are then transported to the secondary
excitation source of the ICP-MS instrument, for ionization of the sampled mass through
a plasma torch. The excited ions in the plasma torch are subsequently introduced into
a mass spectrometer detector for both elemental and isotropic analysis. One advantage
is that the sample does not need any preparation. Moreover, the solid target can be pre-
ablated roughly up to hundreds of nanometers thickness per shot, so that superficial
contaminants can be removed, and reliable bulk analysis can be performed.

Solution-based ICP is suited for powders, but can also be used for solid samples (re-
moving sacrificial layers from the samples). For each measurement, ≈0.1 g of powder
was dissolved in concentrated HCl, and heated the solution for 1 h at 80 ◦C.The solution
was then diluited with water until an HCl concentration of 1% was achieved (maximum
value permitted for the mass spectrometer analyses). The sample preparation was repli-
cated a few times to achieve reliable statistics. Note that solution-based ICP is more
accurate than laser-ablation ICP in quantifying components, since higher uncertainty
exists in the possible incongruent ablation of some of the chemical constituents in the
latter case. On the other hand, particular care should be taken while extracting a sam-
ple for solution-based ICP: There is the risk of contaminating the sampled material, e.g.,
with the scraping tool.
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2. Experimental methods 39

RBS

Rutherford back-scattering experiments were performed by René Heller at the Insti-
tute of Ion Beam Physics and Materials Research at the Helmholtz-Zentrum Dresden-
Rossendorf e.V. for determining the stoichiometry of PLD-grown LSMOfilms (Section 9.5).
All measurements were performed using a 1.7 MeV He ion beam directed under normal
incidence onto the sample. The detector was mounted under a backscattering angle of
170◦. Detector resolution was determined in advance to be 17 keV. The total acquired
charge was 10–20 µC and its actual value was determined by fitting the bulk signal for
each spectrum. The simulation code SIMNRA was used for determining areal densities
and layer compositions.
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3. TiO2 anatase films on SrTiO3(001)

3.1 Introduction
With this Chapter, focused on TiO2, starts a series that addresses the growth and the
characterization of the simplest class of oxide materials—the binary oxides. In some
ways, TiO2 can be viewed as the simplest among the simple. For one, TiO2 is the
most investigated single-crystalline system in the surface science of metal oxides.99 Sec-
ondly, the growth community has already paid great attention to the growth of single-
crystalline TiO2 films. And yet, those are exactly the reasons why the attempt to repro-
duce the growth of TiO2 (anatase) films is appropriately placed here, as the first result
of this Thesis. In its humbleness, it shows the potential of PLD to realize high-quality
oxide films, and of STM to ensure that their atomic-scale properties are those that one
seeks after.

The widespread scientific interest in TiO2 comes from its many and diverse applica-
tions. To name some, photocatalysis, gas sensing, self-cleaning surfaces, water purifica-
tion, heterogeneous catalysis, coatings, pigments, cosmetics, and bone implants.99 Part
of the success of TiO2, besides it having ideal physicochemical properties for many key
processes, lies in its long-term stability, non-toxicity, and cost-effectiveness. TiO2 exists
in three polymorphs: rutile, anatase, and brookite, all made up of differently arranged
distorted TiO6 octahedra. The crystal structure, as well as the shape and the size of the
nanoparticles, defines the area of application: Each crystalline modification has differ-
ent physicochemical properties, such as density, refractive index, and photochemical
reactivity.100 For example, the anatase polymorph, the focus of this Chapter, and whose
tetragonal unit cell is shown in Fig. 3.1(c), tends to show much higher photocatalytic
activity than both rutile and brookite.100–102 However, the photocatalytic activity does
not only depend on the structural phase of TiO2. It is also strongly affected by the
crystallite size, orientation, specific surface areas, impurity levels, oxygen stoichiome-
try, pore structure, and, of course, the atomic details of the active surfaces.99,101,103,104 To
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O
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9
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(1
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1
)

(001)(b)(a) (c)

Figure 3.1. (a) Natural anatase TiO2 single crystal, reprinted from ref. 99. (b) Calculated Wulff shape of
an anatase TiO2 crystal, adapted from ref. 105. (c) Bulk unit cell of anatase, containing four TiO2 units.
Corner-sharing, slightly distorted octahedra such as the one highlighted in gray form (001) planes; they
connect with their edges to the plane of octahedra below. Adapted from ref. 105.

gain a fundamental understanding of the relevant processes occurring, e.g., during pho-
tocatalysis, the more reliable approach is using well-defined model systems, in the form
of single crystals or single-crystalline films with controlled surface orientation, termi-
nation, amount of defects, etc. Only with such ideal model systems can all the factors
possibly participating in the reactions be disentangled.

On anatase, such well-defined studies have faced a roadblock for a while: Anatase is
a metastable phase, and sufficiently large and pure single crystals have been hard to ob-
tain up until recently. Meanwhile, scientists have worked around the issue by growing
epitaxial anatase films on suitable substrates by a variety of techniques, including MBE,
chemical vapor deposition, and PLD.104,106–110 Considerable attention has been given to
the (001) orientation, the second most stable facet of anatase [following the (101), see
Wulff shape in Fig. 3.1(b)]. It was shown that this facet is more reactive than other ma-
jority surfaces exposed in anatase nanoparticles.111 In UHV, the (001) surface is stabi-
lized by a (4× 1) reconstruction (see below), which dramatically reduces its reactivity.112

However, it was predicted that the reconstruction should be lifted in liquid.113,114 During
this Thesis, (001)-oriented films have been grown to test these theoretical predictions
experimentally, by taking advantage of an apparatus that allows dosing ultrapure liquid
water to UHV-prepared samples without air exposure.115

SrTiO3(001) and LaAlO3(001) have been successfully used as substrates for the growth
of (001)-oriented anatase, yielding high-quality filmswith atomically flat surfaces.35,106,107,116,117

This is not too surprising for LaAlO3(001), having an almost perfect lattice match with
anatase, i.e., 0.2%. It was shown that the growth of anatase on LaAlO3(001) occurs in
a layer-by-layer fashion, and works over a wide range of oxygen chemical potentials.
On the other hand, the mismatch with SrTiO3(001) is significantly worse, namely –
3.1%. It was argued106 that this tensile strain is minimized by means of Sr interdiffu-
sion during the first stages of growth, which enables the growth of a pseudomorphic
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3. TiO2 anatase films on SrTiO3(001) 43

defective SrxTiO2+y film matched with the substrate. After a critical thickness is over-
come, unstrained anatase islands nucleate on this pseudomorphic films, and eventually
merge to produce a continuous film. The resulting surface is atomically flat in STM [see
Fig. 3.2(a)], and exhibits mutually orthogonal domains with (4× 1) periodicity predicted
by theory,112 as seen in the LEED pattern of Fig. 3.2(c) [Fig. 3.2(b) shows the close-up
STM image of one of such domains]. Similar results have been reproduced on multiple
occasions.107,109,116

The following Sections discuss the successful attempt at reproducing high-quality
anatase films grown on SrTiO3(001). Most of the results presented have been collected
during the Project Work of Sebastian Moser.

(c)(a) (b)

50 nm 5 nm

Figure 3.2. TiO2 anatase film grown by PLD on SrTiO3(001) from the literature (adapted with permission
from ref. 106). (a, b) STM images, (c) LEED and (d) RHEED patterns. The data reproduce the theoretically
predicted (4 × 1) periodicity. The LEED pattern (c) shows that two mutually orthogonal domains are
present at the surface. One such domain is visible in the STM image in panel (b).

3.2 Results

3.2.1 Substrate: SrTiO3(001)
The single-crystalline SrTiO3(001) substrates were purchased from CrysTec GmbH and
theywere specified as 0.5 wt.%Nb2O5 doping, dimensions of 5× 5× 0.5mm3, andmiscut
< 0.3◦. As shown in Fig. 3.3(a), the unit cell of SrTiO3 is cubic, with a Ti atom in the center
octahedrally coordinated to oxygen atoms, and Sr atoms sitting at the corners. For small
miscuts like in this case, the (001) orientation exhibits alternating SrO and TiO2 terraces,
as seen from Fig. 3.3(b). To avoid preferential sticking effects during growth, SrTiO3(001)
substrates are commonly prepared to exclusively exhibit the TiO2 termination.118,119 For
the same purpose, a recipe inspired from ref. 119 was used, consisting in:

• Sonication in 3% Extran (2 × 30 min), and ultrapure water (30 min), to remove
residues from the mechanical polishing. As seen from Fig. 3.3(c), the surface ap-
pears clean after this treatment, but with jagged steps.
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Figure 3.3. Preparation of SrTiO3(001) substrates. (a, b): Bulk-truncated models for the (001) surface
of SrTiO3. (c–e) 2 × 2 µm2 AFM images of the SrTiO3(001) surface documenting the ex-situ cleaning
procedure. (f) 500× 280 nm2 STM image of the UHV-clean SrTiO3(001) surface. (g) Corresponding LEED
pattern; the bulk truncated, (2 × 2), and c(4 × 2) spots are highlighted in red, solid gray, and dashed gray,
respectively.

• Annealing in air at 1000 ◦C for 7 h. As it appears from Fig. 3.3(d), the steps are
smoother, but 3D clusters with diameter of 20–50 nm and height 3.0–5.5 nm ap-
pear, as well as smaller islands dispersed on the terrace (diameter 1–10 nm, height
< 1 nm). These have been previously assigned to the segregation of excess Sr from
the bulk, forming SrOx or Sr(OH)x agglomerates at the surface.120

• Sonication in ultrapurewater for 15min, to dilute SrO from the surface and achieve
a Ti-terminated surface [Fig. 3.3(e)]. The surface appears clean, with straight steps
separated by ≈4 Å, i.e., the interlayer distance between TiO2 planes [Fig. 3.3(b)].

Notice that this recipe does not make use of buffered hydrofluoric acid, which is often
employed for the same purpose, but inevitably induces undesired F contaminations.118

After the treatment outlined above, the sample was mounted as detailed in Section 2.4.1,
and inserted in the UHV system. After annealing for 1 h at 700 ◦C and 7× 10−6 mbar O2,
XPS revealed that the surface was free from typical contaminants coming from the ex-
situ treatments (C, K, Na, Ca, not shown). As seen from Fig. 3.3(f), the surface appeared
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3. TiO2 anatase films on SrTiO3(001) 45

atomically flat in STM, with terraces separated by monoatomic steps of ≈4 Å height.
The corresponding LEED pattern in Fig. 3.3(g) shows a (1 × 1) periodicity, plus faint
(2 × 2) and c(4 × 2) structures, consistent with previous reports on SrTiO3(001).121,122

The substrate preparation was deemed successful.

3.2.2 Film growth and characterization
For the anatase growth on the freshly prepared substrate, the growth parameters were
chosen based on previousworks fromRadovic et al.,106 specifically: 650 ◦C, 7× 10−6 mbar
O2, 1.5 J/cm2, 1 Hz. 10 min post-annealing at the same conditions followed the growth.
Two films of≈50 and≈100 nm thickness were successfully grown with this recipe. Fig-
ure 3.4 summarizes the results on the thinner one. Real-time RHEED monitoring of the
specular spot [Fig. 3.4(a)] shows a rapidly decaying signal with a small shoulder, fol-
lowed by a progressive recovery of the intensity. The absence of RHEED oscillations
was already reported in the literature,110 and it is consistent with a Stranski-Krastanov
growth mode.106,107 The progressive increase of the RHEED intensity could be consistent
with the merging of 3D islands generated after the wetting layer.
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Figure 3.4. UHV characterization of an anatase TiO2(001) film of ≈ 50 nm thickness. (a) Real-time
monitoring of RHEED intensity. (b) LEIS spectra after growth (black) and after four sputtering-annealing
cycles (red), showing the removal of segregated Sr. (c, d) 80 × 80 nm2 and 25 × 25 nm2 STM images of
the sputtered surface, showing the characteristic mutually orthogonal domains with (4 × 1) periodicity.
Typical dark and bright defects are indicated by black and white arrows, respectively. (f, g) Corresponding
LEED and RHEED patterns.

XPS surveys (not shown) reveal no other peak than of O and Ti, except for a small
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46 3. TiO2 anatase films on SrTiO3(001)

Sr signal. The intensity of this Sr peak increases with the thickness of the anatase film
(not shown), suggesting that Sr segregates from the SrTiO3 substrate during growth,
as already reported by other growth studies performed at similar temperatures.109,116,123

LEIS [Fig. 3.4(b)] confirms the presence of Sr at the surface after growth (the small F
signal observed in the LEIS spectra derives from a known contamination introduced by
the mass-spectrometer). A few sputtering–annealing cycles (same annealing conditions
as for the growth) are effective in removing the excess Sr, as seen in Fig. 3.4(b). This
confirms that Sr segregates to the surface during growth.

The STM images of the resulting Sr-free surface in Figs. 3.4(c, d) reveal an atomically
flat morphology with a few screw dislocations, one of which is indicated by the black
circle in panel (c). Consistent with the literature, mutually orthogonal domains with a
(4 × 1) periodicity are visible. This is seen also in the LEED pattern of Fig. 3.4(e), which
exhibits both (4 × 1) and (1 × 4) periodicities. The surface exhibits numerous atomic
defects, seen as dark and bright spots on the bright rows of the (4 × 1) reconstruction
[indicated by the dark and white arrows in Fig. 3.4(d), respectively]. They have been
assigned to TiO2 vacancies and to intercalated Ti+3, respectively, and it was shown that
their amount depends on the annealing conditions104 (the quantification of these de-
fects was beyond the scope of the planned experiments). The surface of the as-grown
film exhibits numerous bright clusters (not shown), likely associated to segregated Sr.
These clusters are removed with the sputtering treatments discussed above. For com-
pleteness, the RHEED pattern of the surface in Fig. 3.4(f) is reported, also displaying a
(4 × 1) periodicity. Similar results were obtained by growing a film twice as thick with
same parameters on top of the previous one (not shown). Thicker films commonly show
sharper LEED/RHEED features, indicating an improved crystallographic order.

3.3 Summary
The epitaxial growth of TiO2 anatase films on SrTiO3(001) was successfully reproduced.
The substrates were cleaned ex situ and prepared to exhibit the TiO2-terminated surface
with a F-free recipe inspired by ref. 119. The anatase films were grown at 650 ◦C and
7 × 10−6 mbar O2, following the recipe from ref. 106. Small amounts of Sr were found
to segregate during growth, but the excess Sr at the surface could be successfully re-
moved with a few sputtering–annealing cycles. The resulting surface is atomically flat,
exhibiting the already reported mutually orthogonal domains with a (4× 1) periodicity.

These films have been used by Jan Balajka to test the interaction of the (4 × 1)-
reconstructed (001) surface of TiO2 anatase with ultra-pure liquid water, within the ap-
paratus described in ref. 115. Preliminary results have shown that the (4 × 1) recon-
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3. TiO2 anatase films on SrTiO3(001) 47

struction is retained upon immersion in liquid water, in agreement with ref. 124, and at
odds with predictions from theoretical works.113,114
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4. Ti-doped α-Fe2O3(11̄02) films

4.1 Introduction
This Chapter deals with another notable binary oxide: α-Fe2O3, or hematite, the most
stable iron oxide at ambient conditions (see the phase diagram of iron oxides in Fig. 4.1).
The study presented here testifies to the strength of the combined PLD–surface science
approach to produce well-defined model systems for fundamental investigations. Aim-
ing to better understand the photoelectrochemical (PEC) water splitting taking place at
Ti-doped hematite surfaces, high-quality Ti-doped hematite films of (11̄02) orientation
were produced and characterized. By alternating between an iron oxide and a titanium
oxide target during the growth, the doping level of the film could be tuned at will and
with high accuracy, always retaining single-crystal-like quality. The surface atomic-
scale changes induced by Ti dopants were observed and quantified by STM, and, with
support from DFT, modeled. As argued later, the tunable and well-defined model sys-
tem that has been built offers reliable routes to shed light on the fundamental processes
governing PEC water splitting at hematite surfaces.
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Figure 4.1. Phase diagram of iron oxides. The asterisk indicates the growth parameters chosen for the
hematite films. Adapted with permission from ref. 94.
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50 4. Ti-doped α-Fe2O3(11̄02) films

Before presenting and discussing the results, a brief summary is given of the proper-
ties and the applications of α-Fe2O3 (Section 4.1.1). Section 4.1.2 addresses the promises
and the challenges connected to the use of Ti-doped α-Fe2O3 for hydrogen production
via PEC water splitting, stressing the benefits of having a well-defined and tunable sys-
tem to model the relevant processes.

4.1.1 α-Fe2O3

(a) (b)

(0001), c-cut

(1102), r-cut

1
3
.7

7
 Å

5.04 Å

c

a2a1

a3c

(0
0
0
1
)

A

B

A

B

A

Figure 4.2. (a) Bulk unit cell of α-Fe2O3 (b) Schematics showing the orientation of the (11̄02) plane (gray)
within the hexagonal unit cell of α-Fe2O3 (black).

α-Fe2O3 is a transition metal oxide. It crystallizes in the corundum structure shown
in Fig. 4.2, with O anions (empty circles) forming a hexagonal close-packed sublattice
with ABAB stacking, and Fe3+ cations (full dots) occupying two-thirds of the octahedral
interstitials and forming two sublayers [one distorted octahedron is shown in gray in
Fig. 4.2(a)].125

Besides being stable at ambient conditions, α-Fe2O3 is ubiquitous and not toxic.
These qualities, plus the specific physicochemical properties, have boosted technolog-
ical and scientific interest in α-Fe2O3 spanning many fields, including hydrogen pro-
duction via PEC water splitting (the main motivation for the studies presented in this
Chapter), as well as energy storage,126,127 gas sensing,128 catalysis (particularly relevant
is the production of styrene129), waste-water treatments,130 and geochemistry.131 In all
these applications, reactions occur at the surface of hematite, and the desire is often to
improve their activity and/or selectivity. This is a dream challenge for surface scientists:
If available, one can use a well-defined model system suited for atomic-scale investiga-
tion to unveil the role of specific surface stoichiometries, structural properties, defects,
environmental conditions, etc. on a given reaction, and has a chance of optimizing it.
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4. Ti-doped α-Fe2O3(11̄02) films 51

However, this line of research has been hampered by some technical challenges: The
available natural hematite single crystals often contain ill-defined amounts of impuri-
ties that segregate to the surface upon annealing, while STM is hindered by the 1.9–2.2
eV bandgap of the material.132 Sputtering–annealing cycles may be effective to remove
contaminations and/or achieving sufficient conductivity for STM,96 but, as shown later,
this treatment modifies the surface morphology unreliably. A viable strategy to obtain
conductive, highly crystalline surfaces that are suited for STM investigations is to grow
doped epitaxial films: For small enough doping levels, the effect of the dopants can be
deemed negligible, or at least known and controlled. Such films would be ideal systems
to study the basics of a plethora of phenomena with STM. At the same time, as argued in
just a moment, doped films with tunable doping level can be of direct interest for fields
like PEC water splitting.

4.1.2 Ti-doped α-Fe2O3 for PEC water splitting

Conductive

substrate

Counter

electrode

(I) (II)

h+

e
−

(III)

(IV)

n-type

semic.

O2

Electrolyte

(V)

charge recombination

H2 

V

Oxygen evolution reaction (OER)

(i) H2O + * -> HO* + H+ +e−

(ii) HO* -> O* + H+ + e−

(iii) H2O + O* -> HOO* + H+ + e−

(iv) HOO* -> O2 + * + H+ + e−

Hydrogen evolution reaction (HER)

th
e
o
ri
z
e
d
 s

te
p
s

Figure 4.3. Sketch of a photoelectrochemical cell. Light is absorbed at a semiconductor anode (I), pro-
ducing electron–hole pairs (II). These charges either trigger redox reactions (III, IV) at the surfaces of the
electrodes, or recombine at the anode (V).

Since its discovery roughly half a century ago,133 PEC water splitting has become a
well-attended field of research in its own right.134 The reason for the high interest is that
PEC water splitting is a sustainable, cost-effective, and eco-friendly way to produce hy-
drogen, holding promise for the development and mass-distribution of hydrogen-based
energy technologies.

The basic principle of PEC is simple: Solar energy is used to split water into molecu-
lar oxygen and hydrogen, which can be then harvested and used in energy applications.
Figure 4.3 shows the sketch of a PEC cell. Light is absorbed at a semiconductor material
supported by a conductive substrate, which acts as the working anode (I) (the next Sec-
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52 4. Ti-doped α-Fe2O3(11̄02) films

tion discusses why hematite is an ideal anode material); if the photon energy is larger
than the band-gap of the anode, electron–hole pairs form (II). Holes migrate towards the
anode/electrolyte interface and trigger the oxygen evolution reaction (OER), i.e., pro-
duction of molecular oxygen from water, or water oxidation (III). Electrons travel to the
counter electrode and enable the production of hydrogen by reducing water (hydrogen
evolution reaction, HER) (IV). Note that a fraction of the electron–hole pairs recombines
in the bulk and at the surface of the anode, thus not contributing to fuel generation (V).
Since the OER reaction (III) is one bottleneck of the overall PEC performance, many ef-
forts have been put in understanding the detailed mechanisms of this reaction, mostly
on a theoretical ground. Commonly accepted theoretical models assume the reaction
to take place via subsequent elementary steps of proton-coupled electron transfers135

(see Fig. 4.3; the star stands for the reactive site or for absorption at the reactive site).
However, these processes have not been isolated experimentally. Identifying the reac-
tive sites involved at each stage of the OER reaction with controlled experiments is a
necessary step to optimize the OER reaction and the overall PEC performance.

The anode material affects OER performances greatly. Ideal qualities are band ener-
getics that allow efficient harvest of visible light, high charge mobility and long charge
carrier diffusion length to limit charge recombination, and optimal catalytic activity for
OER. Welcomed bonuses are (electro- and photoelectro-)chemical stability in the elec-
trolyte, sustainability, cost-viability, and environmental friendliness of the material.134

α-Fe2O3 (for simplicity of notation, the α will be dropped from now on) is a promising
anode candidate because it theoretically enables a solar-to-hydrogen efficiency of 15%,
as well as for its high stability, non-toxicity, abundance, and low-cost.134,136 However, at
present, hematite anodes for PEC have only seen the light of research laboratories. The
poor kinetics for water oxidation, fast charge recombination, and low conductivity134,136

hamper the photoelectrochemical performance, and hinder commercial use.
To enhance the PEC performance of Fe2O3 anodes, both nanostructuring and incor-

poration of foreign cations (most commonly, Ti) have proven effective.137 The mecha-
nisms through which nanostructuring the anode improves the performance are rather
clear: First, there is an increased surface area that can participate to the OER. More-
over, the typical diameter of the crystallites is comparable to the hole diffusion length,
so that most of the photogenerated holes can reach a surface before recombination. On
the other hand, the correlation between increased PEC activity and introduction of Ti
dopants in Fe2O3 is less straightforward to pinpoint. In fact, many properties of hematite
can affect the OER and are possibly doping-dependent. These include the electrical con-
ductivity in the bulk and at the surface,138 the surface crystallographic orientation and
its morphology,137,139–141 its atomic-scale structure71,137,142 and the surface states that are
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4. Ti-doped α-Fe2O3(11̄02) films 53

involved in the relevant processes.143 Understanding the influence of Ti doping on the
OER process requires to disentangle these properties. However, this is tricky for most
of the commonly synthesized Ti-doped hematite electrodes, which are characterized by
complex, nanostructured morphologies that are not easily controlled nor modeled.136,137

Moreover, both their morphology and their photoelectrochemical activity are affected
by the doping level, e.g., as a result of passivation of grain boundaries by the dopants.139

To date, the question of the correlation between OER activity of Fe2O3 photoanodes and
Ti doping remains open.

Restating a mantra of this Thesis, single-crystalline samples (e.g., in the form of epi-
taxial films) may offer a solution, providing routes to establish the correlation between
Ti doping and increased OER activity of Fe2O3 photoanodes. Their atomically defined
surfaces could enable to precisely investigate and model how Ti impurities affect the
atomic-scale details of the surface, in turn allowing to disentangle contributions due
to structural, morphological, electronic, and crystallographic effects.137,142,144 Produc-
ing such well defined films is the first necessary step in this direction. In fact, single-
crystalline epitaxial films of Ti-doped hematite (Ti:Fe2O3) with the (0001) orientation
have been successfully grown by oxygen-assisted MBE.144,145 However, there has been
no investigation on the influence of Ti on the atomic-scale details of the (0001) sur-
face of these Ti-doped films, nor on the OER. The lack of atomic-scale investigations is
possibly in part due to the controversy over the atomic-scale model of the (0001) termi-
nation of Fe2O3.142,146 The less investigated (11̄02) termination (or r-cut) of hematite [see
Fig. 4.2(b)] is a more sound model system in this respect. Recently, combined surface
science and DFT studies96,147 have unveiled two relatively simple surface terminations
intrinsic to this facet that are stable under UHV conditions: The stoichiometric, bulk-
truncated (1 × 1) (Fig. 4.4), and the reduced (2 × 1) surfaces.148 Both surface structures
can be reproducibly prepared by standard sputtering–annealing cycles at appropriate
oxygen chemical potentials. Their reliable experimental realization and the availability
of confirmed, atomic-scale models make them ideal model systems to investigate how
Ti impurities affect hematite surfaces and their OER activity. In fact, this Chapter shows
that the small amounts of Ti dopants introduced (below 3 at.%) cause only a minor mod-
ification of these surfaces.

Note also that doping this system with Ti should enhance its conductivity,138,139 a
bonus for STM. As mentioned before, contaminant-free, undoped Fe2O3(11̄02) single
crystals are not conductive enough for STM, unless their bulk is reduced by repeated
(60–100) sputtering–annealing cycles to introduce oxygen vacancies.96 This treatment
roughens the surface, though, complicating STM measurements and the interpretation
of reactivity studies. Increasing the conductivity with Ti doping would cut the need
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(1 × 1) termination of Fe2O3(1102)

Figure 4.4. α-Fe2O3(11̄02) surface. Perspective (top row), and corresponding side views (bottom row,
looking along the [11̄01] direction) of the (1× 1) terminations of Fe2O3(11̄02), as calculated in ref. 96. The
direction perpendicular to the surface is labeled as (11̄02) in round brackets because there is no integer-
index vector corresponding to that direction for the (11̄02) plane. The (1× 1) structure is characterized by
zigzag rows of oxygen and iron atoms and has a unit mesh measuring 5.04× 5.44 Å2. The coordination of
Fe cations is indicated in brackets, and the first anion and cation layers are indicated. Adapted from ref.
66.

for harsh sputtering treatments, thus facilitating and stimulating more surface science
studies on this promising system.

The Sections to follow discuss the growth of epitaxial Ti-doped Fe2O3(11̄02) films
and their surface characterization andmodeling. Most of the results presented have been
published in ref. 66. The focus is set on the (1 × 1) surface of Fig. 4.4, addressing how
it is modified locally by the presence of Ti, from both an STM and a DFT point of view.
Based on the established well-defined model system, the Chapter moves on to present
an envisioned experimental strategy to investigate OER in the future. Section 4.7 shortly
outlines in which other contexts have the films been employed, while Section 4.9 shows
the successful attempt at growing a Ti-doped hematite filmwith (0001) orientation, using
the same parameters and procedures as for the (11̄02) orientation.

4.2 Methods
Growth parameters. All Ti-doped Fe2O3(11̄02) films discussed in this Thesis were
grown by PLD by alternating deposition from TiO2 and Fe3O4 single-crystalline targets.
The deposition parameters were always set to 2.0 J/cm2 laser fluence, 5 Hz, O2 pressure
of 2 × 10−2 mbar, substrate temperatures of 850 ◦C, and ramp rate of 60 ◦C/min. The
substrate temperature was ramped down to RT right after growth (no post-annealing).
More details about the rationale behind the choice of the growth parameters are given
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4. Ti-doped α-Fe2O3(11̄02) films 55

in Section 4.3.1.
Note that the strategy used here to introduce the desired doping in the hematite films

is based on alternating growth from TiO2 and iron-oxide targets. Another possibility
is to grow from a single, Ti-doped hematite target. While alternating between targets
yields high flexibility in tuning the doping level, it requires a careful calibration of the
deposited amounts: As seen throughout this Thesis, sticking effects (Chapter 6), the
oxygen chemical potential (Chapters 5 and 9) and the laser fluence (Chapter 6) can all
affect the deposition process. Section 4.8.1 discusses how the doping levels have been
determined.

The doping levels of the films discussed here have been measured to be (0.77 ±
0.06) at.% and (3.09 ± 0.24) at.%, such that 0.77 at.% doping corresponds to x = 0.0077
in the commonly used (Fe1−x)2TixO3 notation. For simplicity of notation, these doping
levels are henceforth referred to as 0.8 at.% and 3.1 at.%, or simply ‘low’ and ‘high’. The
doping levels of 0.8 at.% and 3.1 at.% were achieved by running an automated growth
recipe consisting of 120 cycles in which one (or three, for 3.1 at.%) laser pulses were shot
on the TiO2 target, followed by 500 (375) laser pulse(s) shot on the Fe3O4 target. The
low-doped films [120 cycles of (500 + 1) laser pulses] are of (91.5± 7.4) nm thickness, as
evaluated from stylus profilometer measurements (not shown). Alternation between the
targets was allowed by an automated recipe which repeatedly switched targets, scanned
the desired target, and shot a defined number of pulses before stopping the scanning,
and switch targets again. Note that the reduced magnetite (Fe3O4) was used as a target
because it was available at the moment of the experiment; the oxygen stoichiometry
of the film (desirably Fe2O3, in this case) is anyway dictated by the growth conditions,
rather than the oxygen stoichiometry of the target.

A few ultra-low-doped films (below 0.03 at.%) have also been grown by alternating de-
position from the same Fe3O4 single crystal and a home-synthesized 1 at.% Ti-doped
hematite target (details about this target are given in Section 2.3.6; the recipe consisted
in alternating 9 pulses on the 1 at.% Ti-doped Fe2O3 target with 300 pulses on the Fe3O4

target at 850 ◦C, 2× 10−2 mbar O2, 2 J/cm2, 5 Hz; the estimated 0.03 at.% doping assumes
that ablation of the 1 at.% Ti:Fe2O3 and Fe3O4 is comparable). This small doping level is
sufficient to achieve enough conductivity for STM, while the sample’s properties can be
still essentially regarded as those of the undoped ones (there is no indication of Ti at the
surface).

Substrate: Fe2O3(11̄02). Fe2O3(11̄02) single crystals were used as substrates (Sur-
faceNet GmbH, 5 × 5 × 0.5 mm3, one-side polished, < 0.3◦ miscut). Depending on
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56 4. Ti-doped α-Fe2O3(11̄02) films

the availability at the time of the experiments, either as-received crystals or crystals
previously used by colleagues in the group for UHV experiments have been used as sub-
strates. The as-received crystals were cleaned ex situ by sonicating in heated 3% Extran
(2 × 30 min) and ultrapure water (10 min), in order to remove contamination resulting
from polishing. To overcome the insulating nature of the substrates, and ensure elec-
trical contact of the conductive film to the sample plate, appropriate Pt electrodes were
deposited on the substrates, as discussed in Section 2.4.2. Because Fe2O3 absorbs the IR
radiation better than Pt, Pt deposition on the back of the sample was limited to a 0.5
mm-wide frame at the edge of the sample, rather than on the whole surface of the back.
The substrates were then mounted as discussed in Section 2.4.1, and inserted in UHV.

UHV preparation of the surface followed. To grow high-quality epitaxial films, this
preparation must yield atomically flat surfaces. In this respect, a crystal with an UHV
history is problematic: To achieve sufficient conductivity for STM, undoped Fe2O3 sin-
gle crystals typically undergo repeated (60–100) sputtering–annealing cycles in UHV,96

which results in severely roughened surfaces, as seen from Fig. 4.5(a): 2–4 nm-deep pits
surrounded by 2–4 nm-high rims are ubiquitous. It was found that ideal morphologies
can be recovered by annealing for 1 h at 900 ◦C and 1 mbar O2 [Fig. 4.5(b)], or after a
couple of sputtering–annealing cycles performed at the same conditions [Fig. 4.5(c)]. Be-
sides yielding atomically flat morphologies like the one of Fig. 4.5(c), this treatment also
removes surface contaminants, as seen from XPS (not shown): Neither typical contam-
inants coming from the ex-situ treatments (C, K, Ca, Na), nor foreign metals commonly
present in hematite natural crystals (e.g., Mn, Cr) were observed in the survey spectra
acquired with 50 eV pass energy (neither at normal nor at grazing exit). Prior to each
growth experiment, two sputtering–annealing cycles were always performed at these
conditions, both for fresh crystals and for those with an UHV history.

500 nm
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1h, 900 °C, 1 mbar 2× (sputter + 1h, 900 °C, 1 mbar)

Figure 4.5. UHV preparation of the substrates, undoped Fe2O3(11̄02) single crystals. 3 × 3 µm2 AFM
images after (a) repeated sputtering–annealing cycles in UHV aiming to make the sample conductive for
STM; (b) after annealing for 1 h at 900 ◦C and 1 mbar O2; (c) after two cycles of sputtering plus annealing
at 900 ◦C and 1 mbar O2.
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4. Ti-doped α-Fe2O3(11̄02) films 57

Evaluation of the trench coverages. The coverages (θ) of the Ti-induced trenches
(see Fig. 4.7 below) were evaluated with the processing software ImageJ.75 They cor-
respond to the fractional amount (in monolayers) of missing Fe atoms in the topmost
cation layer. The trench coverages reported were obtained by averaging the values mea-
sured on at least ten atomically resolved 50 × 50 nm2 STM images acquired at different
spots on the sample. To evaluate the number of missing Fe atoms at the surface, a skele-
tonized mask selecting only the lattice position of surface Fe atoms was overlaid to the
image (this mask was created from the maxima of the Fourier-filtered image). A thresh-
old function was then applied to the area of the image under the mask to count the ratio
of pixels of a trench with respect to the number of total pixels selected by the mask.
Regions in proximity (≈2 nm) of steps were discarded from the analysis. Error bars of
the coverages represent 90% confidence intervals calculated with a two-tailed Student’s
t-distribution from the standard error of the mean that was obtained by statistical eval-
uation of several STM images. Error bars of derived quantities are calculated assuming
statistical independence of the quantities involved.

Computational details. DFT calculations were performed by Florian Kraushofer and
Matthias Meier. They employed the Vienna ab-initio simulation package (VASP)149,150

with the projector augmented wave method151,152 describing the electron-ion interac-
tions. The Perdew, Burke, and Ernzerhof153 exchange–correlation functional was em-
ployed together with a Hubbard U (U eff = 4.0 eV, consistent with previous works)96,154

to treat the highly correlated Fe 3d electrons.155 The value U eff = 4.0 eV was shown to
best reproduce the experimental values of the bandgap and the Fe–Fe distances in the
bulk of Fe2O3.156 The same U eff was used for the Ti dopant ions so as not to artificially
bias the 3d electron occupations among different transition metal cations.157 For the best
structures, calculations were also repeated with U eff = 5.0 eV for Ti4+ as derived from
experiments and first-principle calculations,157–159 with no significant changes in the
relative stabilities of the structures. The plane-wave basis-set cut-off energy was set to
450 eV. Asymmetric slabs consisting of 20 atomic layers (i.e., four O–Fe–O–Fe–O units,
≈13 Å slab thickness) were constructed based on the previously optimized bulk struc-
ture. A vacuum gap of 16 Å was used to separate periodic images of the slab along the
direction normal to the surface.96 Supercell sizes for testing Ti dopant positions ranged
from (2 × 1) to (4 × 4), depending on the defects considered. A γ-centered k-mesh of
4 × 8 × 1 was used for the (2 × 1) cells and adjusted according to supercell size, down
to 2 × 2 × 1 for the (4 × 4) slabs. All surface models were relaxed until the resid-
ual forces acting on ions were smaller than 0.02 eV/Å. The reference energy of a free
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58 4. Ti-doped α-Fe2O3(11̄02) films

oxygen molecule in the triplet state in a 10 × 11 × 12 Å3 cell was calculated with the
same functional and potential as for the Fe2O3 slabs. The chemical potential of oxygen
was referenced to half of the energy of one oxygen molecule 1/2(EO2); in the following,
this quantity is named µO

DFT. Notice that this definition does not account for entropic
contributions, as is common in ab-initio thermodynamics.156,160

4.3 Experimental results

4.3.1 Choosing the growth parameters
Three main parameters were optimized to achieve the desired high-quality films: The
O2 background pressure, the substrate temperature, and the doping level. They were
chosen to comply with three main (intertwined) constraints: (i) stabilize the oxidized
hematite phase; (ii) achieve sufficient diffusion during growth to yield well-ordered,
single-crystalline films; (iii) ensure a dilute, uniform distribution of Ti dopants within
the film. The laser fluence and the laser repetition frequency were kept the same for all
experiments, at 2.0 J/cm2 and 5 Hz, respectively.

Stabilize the hematite phase and achieve high crystallinity

The hematite phase was always stabilized by choosing appropriate combinations of tem-
perature and pressure, in line with the stability phase diagram of iron oxides shown in
Fig. 4.1 from ref. 94, showing that changes in temperature are always linked to changes
in pressure. Temperatures enforcing a step-flow regime were aimed for, to achieve the
highest possible crystallinity. The threshold temperature for growth in step-flow mode
was established by growing homoepitaxial films of Fe2O3 at different temperatures (each
time at sufficiently oxidizing background pressure), while monitoring the real-time in-
tensity of the RHEED specular spot. RHEED oscillations consistent with a layer-by-layer
growth were observed below 750 ◦C, while no oscillations were observed above 800 ◦C,
a possible sign of step-flow growth. Interestingly, the rates of deposition during the
layer-by-layer regime (as inferred from the periodicity of the corresponding RHEED os-
cillations) is identical from room temperature to 600 ◦C, suggesting that re-evaporation
effects are negligible. This fact has been important for the proof of principle of the mov-
able QCM holder presented in Section 2.5.
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4. Ti-doped α-Fe2O3(11̄02) films 59

Diffusion of Ti with the substrate temperature

Next it was tested whether these high temperatures yield the desired uniform doping
profile across the bulk of the film. An even distribution of dopants in the film is neces-
sary for effectively contacting it to the Pt electrodes that was deposited on the pristine
substrate (see Section 2.4.2).

In principle, high temperatures should favor the diffusion of the dopants, but their
behavior is not known a priori: Irreversible migration toward the bulk of the Fe2O3 sub-
strate or severe segregation to the surface could take place. While it has been reported
both experimentally and computationally138,145 that Ti atoms substitute Fe cations in
the bulk of doped films in a random fashion, it has been also observed that Ti tends to
accumulate at the hematite surface.139 To test the behavior of the dopants with the sub-
strate temperature, a fixed amount of Ti was deposited in PLD: 10 laser pulses at RT,
and 2 × 10−2 mbar O2 on a UHV-prepared, undoped Fe2O3(11̄02) single crystal. Subse-
quently the sample was annealed for 15 min at increasingly higher temperatures. The
deposited amount was chosen to be small enough to avoid the formation of ill-defined,
Ti-rich areas, but sufficiently large to allow detection of changes in the XPS Ti 2p signal
[Section 4.8.1 shows that 10 laser pulses correspond to 0.32 ML, where 1 ML corresponds
to the number of Fe atoms in one cation layer per (1× 1) surface unit cell of Fe2O3(11̄02),
or 7.3 × 1014 at./cm2]. To ensure deposition of consistent amounts of material in all ex-
periments, the pressure during deposition was kept constant. To recover the pristine
sample, the sample was re-prepared by annealing for 30 min at 1 000 ◦C, 0.2 mbar O2

before each deposition/annealing experiment.
The corresponding XPS Ti 2p spectra are shown in Fig. 4.6(a), while their intensity,

normalized to the intensity of the peak after room-temperature deposition, is plotted
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Figure 4.6. Effect of substrate temperature on the diffusion of Ti dopants. (a) XPS Ti 2p spectra measured
on a UHV-prepared, undoped Fe2O3(11̄02) single crystal after depositing 0.32 ML Ti at RT and annealing
for 15 min at 2 × 10−2 mbar O2 and the temperatures indicated (the sample was re-prepared each time).
Increasing temperatures cause Ti diffusion to the bulk until the pristine sample is recovered at 1 000 ◦C.
(b) Intensity of peaks from panel (a), normalized to the intensity measured after each corresponding de-
position at RT. Reprinted from ref. 66.
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60 4. Ti-doped α-Fe2O3(11̄02) films

against the annealing temperature in Fig. 4.6(b). The intensity of the Ti 2p peaks was
evaluated in CasaXPS by normalizing their area to the one of the corresponding O 1s
peak, and subtracting the normalized intensity of the O 1s satellite superimposed to
this feature that originates from the Kβ line of the Al X-ray source. The intensity and
line-shape of the O 1s satellite had been previously measured on a reference, undoped
Fe2O3(11̄02) sample. All XPS peak areas were evaluated after subtracting a Shirley-type
background. The small change observed upon annealing at 800 ◦C suggests that the
dopant diffusion is largely inhibited at this temperature. On the other hand, 870 ◦C and
900 ◦C produce a 60% and a 90% decrease in the XPS signal, respectively, while at 1 000 ◦C
the Ti signal is completely lost. These results are in qualitative agreement with literature
data on iron self-diffusion in bulk hematite single crystals161–163 (while no data exist for
bulk diffusivity of Ti dopants in hematite, one can expect diffusion coefficients for Ti
of the same order of magnitude as for Fe): In 15 min, Fe cations are predicted to travel
only 0.1−0.3 nm at 800 ◦C while they can cover longer distances at higher temperatures
(0.7−3 nm at 900 ◦C, and 4−24 nm at 1 000 ◦C), consistent with the observed decrease of
the XPS intensity.

850 ◦Cwas chosen as the growth temperature, because it allows fast dopant diffusion
while avoiding complete irreversible diffusion into the bulk of the substrate. Moreover,
this temperature enforces a step-flow growth mode (see previous Section). Post-mortem
tests performed on films grown at 850 ◦C, 2 × 10−2 mbar O2 support this choice: First
and foremost, the samples can be measured in STM at RT (U sample = +2 V, I t = 0.2 nA)
after a single sputtering–annealing cycle, as opposed to undoped single crystals that
typically require reduction of the bulk via tens of cycles.96 Moreover, the amount of Ti-
induced defects (see next Sections) stays roughly unchanged upon performing several
consecutive sputtering–annealing cycles, suggesting a reasonably uniform distribution
of the dopants within the films. Post-annealing of the films was avoided to prevent
excessive diffusion of the Ti dopants in the bulk.

4.3.2 UHV-prepared films
Figure 4.7 compares how different bulk doping levels (0.8 at.% and 3.1 at.%) affect the sur-
faces of UHV-prepared Ti:Fe2O3(11̄02) films. After growth, the films’ surfaces were pre-
pared following the procedures for single-crystalline, undoped Fe2O3(11̄02) samples.96

One can either prepare a (2× 1) structure under reducing conditions (Ar+ sputtering plus
UHV annealing at 600 ◦C), or a stoichiometric, bulk-terminated (1× 1) structure (Fig. 4.4)
under slightly oxidizing conditions (Ar+ sputtering plus annealing at > 1 × 10−6 mbar
O2, 550 ◦C). Due to their strongly insulating nature, hematite surfaces of undoped crys-
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Figure 4.7. UHV-prepared surfaces of differently doped Ti:Fe2O3(11̄02) films. (a1, b1, c1): 40 × 40 nm2

STM images; (a2, b2, c2) 9 × 4.5 nm2 STM images; (a3, b3, c3): corresponding LEED patterns. Left and
middle columns: (2 × 1) and (1 × 1) terminations, respectively, obtained on the 0.8 at.% Ti-doped films
with standard sputtering–annealing cycles [anneal 20 min at 600 ◦C, UHV for the (2 × 1), and 20 min at
550 ◦C, 7 × 10−6 mbar O2 for the (1 × 1); the corresponding experimental oxygen chemical potentials
µO

exp are calculated as –1.95 eV and –1.55 eV]. Except for the dark rows, the surfaces are very similar to
those found on undoped single crystals. Right column: Defective (1 × 1) surface obtained on a 3.1 at.%-
doped film after preparation at slightly oxidizing conditions (550 ◦C, 7 × 10−6 mbar O2); a mostly (1 × 1)
surface is obtained, with additional dark rows along the [11̄01̄] direction. The (1 × 1) periodicity is seen
in the close-up STM (c2); faint streaks corresponding to an (n × 1) periodicity are observed in LEED (c3).
Preparing the 3.1 at.%-doped film at reducing conditions results in a (2× 1) reconstruction comparable to
the one shown in the left column (not shown). Reprinted from ref. 66.

tals can only be imaged in STM after sufficient reduction of the bulk, commonly achieved
with several (60–100) sputtering–annealing cycles.96 Remarkably, both Ti-doped films
are conductive in STM at U sample = 2 V, I t = 0.1 nA at RT after a single sputtering–
annealing cycle. Figures 4.7(a1–c1) show the mesoscale appearance of their surfaces
after two sputtering–annealing cycles. The 50–200 nm wide, atomically flat terraces are
separated by monoatomic steps of ≈3.5 Å height. The surface quality of these Ti-doped
films is significantly higher than that of the severely roughened surfaces typical of un-
doped crystals following the harsh sputtering treatments [Fig. 4.5(a)].

The low-doped film reproduced both the (1 × 1) and the (2 × 1) surface structures
known from undoped samples, as seen from the close-up STM images [Figs. 4.7(a2, b2)]
and the LEED patterns [Figs. 4.7(a3, b3)]. The (2 × 1) surface [Fig. 4.7(a)] shows paired
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62 4. Ti-doped α-Fe2O3(11̄02) films

rows of bright protrusions running along the [11̄01̄] direction with a 10.1 Å periodicity
along the [112̄0] direction, in agreement with STM images obtained on undoped sam-
ples.96 The (1× 1) surface [Fig. 4.7(b)] is also in line with previous experimental reports,
with zigzag lines of bright protrusions (Fe atoms) along the [11̄01̄] direction, separated
by≈5.0 Å in the [112̄0] direction [compare also with the structural model of Fig. 4.4(b)].
Note that there is no evidence for Ti impurities at the (2 × 1) surface (the observed de-
fects are also typical for undoped single crystals). On the (1× 1) surface, however, some
new features are present in the form of dark rows oriented along the [11̄01̄] direction,
as highlighted by the black oval in Fig. 4.7(b1). Below it is argued that these defects
are induced by the presence of subsurface Ti, and that they form when a zigzag row
of surface Fe atoms is missing. From an STM evaluation of the coverage of dark lines,
one can obtain the amount of Fe atoms missing at the surface (details in Section 4.2); on
the (1 × 1) surface of the 0.8 at.% film in Fig. 4.7(b1), (2.08 ± 0.39)% surface Fe sites are
missing.

On films with a four-times larger doping level, the same (2 × 1) reconstruction ap-
parently unmodified by Ti can be prepared as for the 0.8 at.% film (not shown). How-
ever, some changes are observed when the surface is exposed to oxidizing conditions
to achieve the (1 × 1) termination: While the mesoscale morphology is atomically flat
[Fig. 4.7(c1)], more dark rows along the [11̄01̄] direction appear, suggesting a correlation
between dark rows and Ti doping. Apart from the dark rows the surface still resem-
bles the (1 × 1) termination. The (1 × 1) periodicity is observed in the LEED pattern in
Fig. 4.7(c3) (together with a faint, streaky intensity in between the integer-order spots),
and the typical zigzag lines are seen in the close-up STM images of Fig. 4.7(c2). A statis-
tical evaluation reveals that the coverage of dark rows now corresponds to (18.4± 1.1)%
of surface Fe sites.

Note that the properties of the UHV-prepared films are somewhat different from the
as-grown films: As shown in Section 4.8.3, the conditions employed during growth re-
sult in a partial Ti segregation at the surface, and in ill-defined, poorly ordered, Ti-rich
phases. By removing the excess Ti with Ar+ sputtering, one can instead investigate the
effect of minor doping levels on well-controlled hematite surfaces. After this first cycle,
the amount of Ti at the surface remains unchanged even after tens of sputtering cycles
at standard, UHV-compatible preparation conditions. This is seen in XPS (no change
in the Ti 2p intensity), and in STM (coverage of dark rows at the surface), indicating a
uniform doping level throughout the film. However, a small increase of the Ti content
was observed at the surface after hundreds of cycles. This is attributed to the smaller
sputter yield for Ti than Fe (0.7 and 1.7, respectively), and to the fact that Ti atoms sit in
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4. Ti-doped α-Fe2O3(11̄02) films 63

the subsurface (see Section 4.4).

Effect of post-growth Ti deposition on trench coverages
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Figure 4.8. Deposition of sub-monolayer amounts of TiO2 on Fe2O3(11̄02). (a, b) 28 × 28 nm2

STM images showing the effect of sub-monolayer deposition of Ti on (a) a (1 × 1)-terminated 0.8 at.%
Ti:Fe2O3(11̄02) film such as in Fig. 4.7(b), and (b) on an undoped Fe2O3(11̄02) substrate. Similar results
are achieved both by PLD [(a) 0.095 ML Ti, 550 ◦C, 2 × 10−2 mbar O2, 2 J/cm2], and by MBE [(b) 0.15 ML
Ti, 500 ◦C, 5 × 10−6 mbar O2]. On the terraces, dark rows along the [11̄01̄] direction appear without
significant alteration of the remaining (1 × 1)-structured areas. Additionally, small and irregular islands
are formed. (c) LEED pattern corresponding to the surface in panel (b): An additional half-integer faint
periodicity corresponds to the closest separation between the dark rows. (d) 14.6 × 8 nm2 STM image
showing that the small islands appearing on the surface after deposition display the same (1 × 1) peri-
odicity as the underlying terrace. (e) 22 × 22 nm2 STM image of a Fe2O3(11̄02) surface after deposition
of 0.5 ML Ti by MBE. The trenches cover 50% of the surface. (f) LEED pattern of the surface in panel (e),
showing a (2 × 1) periodicity. Adapted from ref. 66.

To confirm that the dark rows are indeed associated with the Ti dopants, submono-
layer amounts of Ti were deposited by PLD (followed by O2 annealing) on the surface
of Fig. 4.7(b), i.e., on an almost defect-free (1 × 1) surface. Ti was also deposited by
MBE on an undoped Fe2O3(11̄02)-(1 × 1) sample. The results for depositions around
0.1 ML are shown in the left and center columns of Fig. 4.8. Both depositions, by PLD
and MBE, result in the formation of dark rows at the surface, confirming their correla-
tion to Ti. Additionally, small and irregular islands are formed; they exhibit the same
(1 × 1) surface structure as the underlying terrace [Fig. 4.8(d)]. In areas with a large
number of dark rows, neighboring lines assemble to form an (n × 1) periodicity, with
a local minimum spacing of n = 2 lattice units along the [112̄0] direction. This prefer-
ential local arrangement is also reflected in the LEED pattern of Fig. 4.8(c): in between
the main (1 × 1) spots, a faint horizontal streak characteristic of an (n × 1) periodicity
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64 4. Ti-doped α-Fe2O3(11̄02) films

is visible, with enhanced intensity in the region of half-integer spots. The similarity be-
tween PLD and MBE deposition allows one to exclude that the dark rows are caused by
sputter-induced damage from energetic species ablated in PLD. Notice that the nominal
amounts of Ti deposited by MBE for these experiments (calibrated by a QCM) match
those derived from the coverage of trenches measured in STM.

By depositing larger amounts of Ti, the number of the dark rows increases, until
saturation coverage is reached for deposition of ≥ 0.5 ML Ti, when the trenches cover
50% of the surface [Figs. 4.8(e, f)]. The resulting structure, discussed in more detail later,
is imaged as zigzag lines with a (2 × 1) ordering.

Effect of µO
exp on trench coverages

(1 × 1) @ μO= −1.55 eV
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Figure 4.9. Effect of µO on Ti-induced defects. The density of dark rows on the surface of a 0.8 at.%
Ti:Fe2O3(11̄02)-(1 × 1) film increases upon annealing at more oxidizing conditions: (a) annealing at
550 ◦C, 7× 10−6 mbar O2, corresponding to µO

exp = –1.55 eV; (b) annealing at 550 ◦C, 3× 10−2 mbar O2,
corresponding to µO

exp = –1.25 eV. STM images are 40 × 40 nm2 in size, and were acquired at U sample =
+2 V, I t = 0.2 nA. Reprinted from ref. 66.

The coverage of dark rows at the (1 × 1) surface can be controlled by varying the
bulk doping, as seen in Figs. 4.7(b, c), and by depositing sub-monolayer amounts of Ti
after growth (Fig. 4.8). For the low-doped film, a dependence of the coverage of dark
rows on the oxygen chemical potential µO

exp used during annealing was also observed
(Fig. 4.9). The almost pristine (1 × 1) surface of the 0.8 at.% doped films in Fig. 4.9(a)
exposes more dark rows after annealing at higher µO [Fig. 4.9(b)]. Specifically, the initial
(2.08 ± 0.39)% coverage of dark rows, observed at 550 ◦C, 7 × 10−6 mbar (µO

exp = –1.55
eV), changes to (4.57± 1.40)% after 10min at 550 ◦C, 3× 10−2 mbar (µO

exp = –1.25 eV).The
coverage of dark rows does not change upon further annealing at the same conditions: A
coverage of (4.03 ± 0.47)% was measured after 40 min. Furthermore, the process is fully
reversible: The initial coverage of dark rows is recovered by annealing again for 20 min
at 550 ◦C, 7 × 10−6 mbar. Intriguingly, this phenomenon was not observed on the high-
doped films: There, the coverage of dark rows is preserved at 550 ◦C at all O2 pressures
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4. Ti-doped α-Fe2O3(11̄02) films 65

between 7 × 10−9 mbar (µO
exp = –1.79 eV) and 3 × 10−2 mbar (µO

exp = –1.25 eV).

4.4 Theoretical results

4.4.1 Preferred sites for Ti substitution
Florian Kraushofer and Matthias Meier performed DFT calculations to find a struc-
tural model for the Ti-correlated dark lines that appear on the (1 × 1) surface of the
Ti:Fe2O3(11̄02) films. Different Ti concentrations were tested based on the model for
the (1 × 1) surface in Fig. 4.4. Since previous works have demonstrated that dilute Ti
impurities substitute Fe,138,145 the first test was only Ti substitution without introducing
additional defects. In a (2 × 2) supercell, a single, isolated Ti atom was placed in five
different positions, one in each of the first five cation layers (for this set of calculations,
asymmetric slabs with 30 atomic layers were used). The corresponding energy gains
were compared to the energy gain of one Ti ion substituting Fe in a (2 × 2 × 3) bulk
supercell [containing the same number of O, Fe and Ti ions as the (2 × 2) surface slabs,
i.e., the same distance between Ti atoms in the replicas; the supercell volume was fixed].
The results are shown in black in Fig. 4.10(a). Substituting one Fe atom for Ti in layers
deeper than C3 is comparable to substitution in the bulk, while for layers C1, C2 and
C3 there is an energy gain. Substitution in layer C2 shows the strongest energy gain
(0.29 eV gain compared to substitution in the bulk, and 0.23 eV, and 0.19 eV compared to
layers C1 and C3, respectively).

The calculations showed that introducing one Ti dopant always results in the for-
mation of an electron polaron. The polaron localizes at an Fe cation, which acquires a
charge state of 2+. For Ti substitution in layers C1, C2, and C3, the polaron preferen-
tially localizes on an Fe atom in the topmost cation layer C1. Ti substitution in layers
C4 and C5 causes the polaron to localize in layers C3 and C6, respectively. To address
how the interaction between the dopant and the polaron affects the formation energies
of Fig. 4.10(a), the same structures were calculated with one electron artificially removed
from the cell, in practice removing the polaron and its interaction with the dopant.164

This compares the substitutional energies for Ti dopants without the influence of the
polaron. The energy gain with respect to substitution in the C5 layer are plotted in red
in Fig. 4.10(a) (Ti substitution in layer C5 was used as reference in this case as this layer
is sufficiently far from the surface to be considered bulk-like; since the dopants have the
same distances in all slabs, this choice allows one to neglect charge corrections165 other
than the jellium automatically included in the VASP code). Also in this case, the C2 layer
is preferred over neighboring ones, but the energy differences are less pronounced than
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66 4. Ti-doped α-Fe2O3(11̄02) films
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Figure 4.10. (a) Black: Calculated formation energies for substituting one Fe atom by one Ti atom in a
given layer in a (2 × 2) supercell of the Fe2O3(11̄02)-(1 × 1) surface, relative to the formation energy
for substitution in the bulk. For the calculation shown in black (polaron not artificially removed), the
reference configuration is a bulk structure with a unit cell containing the same number of atoms as the
slabs with Ti in different (sub-)surface layers. Red: Calculated formation energies for the same systems,
but with one electron artificially removed, such that the polaron is not present. In this case, Ti substitution
in layer C5 was used as reference. (b, c) Calculated surface structures for 2 Ti atoms per (2 × 1) unit cell.
Ti is accumulated in layer C2, and preferentially orders in zigzag rows along the [11̄01̄] direction. (b)
(1× 1)Ti structure, stable at reducing conditions: The structure of undoped (1× 1) is retained, and surface
Fe atoms above Ti have a charge state of 2+. (c) (2 × 1) trench structure, stable at oxidizing conditions:
An equal number of Fe and O atoms is removed from the surface, allowing every remaining surface Fe to
maintain a 3+ charge state. Atoms are labeled according to their coordination to oxygen. Adapted from
ref. 66.

when the polaron is present. Moreover, substitution of isolated Ti atoms in layer C5
appears slightly more favorable than in layers closer to the surface when the polaron is
removed. Therefore, most of the energy difference between C2 and the deeper layers is
attributed to the dopant–polaron interaction.

4.4.2 Ti-induced surface modifications
It was also considered how two (or more) Ti atoms interact and thus preferentially ar-
range in the system. Rather than staying isolated, two Ti atoms in a (2 × 2) surface slab
pair in the C2 layer along the [11̄01̄] direction such that they share an O bonding partner
in the A3 layer. This results in an energy gain of 0.08 eV, or 0.04 eV per Ti. The best
arrangement for two Ti atoms per (2× 1) supercell (twice the amount of Ti) is shown in
Fig. 4.10(b) and Fig. 4.11(b), and labeled in the following as (1× 1)Ti. It is the most favor-
able arrangement of surface Ti, with 0.08 eV energy gain per Ti atom relative to isolated
Ti in a C2 site, if one allows only cation substitutions without further modifying the
composition. It consists of an infinite zigzag chain of Ti atoms in the C2 layer running
along the [11̄01̄] direction, in which each Ti shares both of its O bonding partners in layer
A3 with a neighboring Ti. The top layer appears as a structurally unmodified (1 × 1).
The calculated spin magnetic moments suggest that the surface Fe atoms directly above
the Ti rows take on an Fe2+ charge state (3.5 µB), while all other Fe atoms remain Fe3+
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4. Ti-doped α-Fe2O3(11̄02) films 67

(4 µB).166 Further increasing the Ti concentration and substituting every Fe atom in layer
C2 by Ti does not cause extra energy gain nor energy cost.

Whenmodifications in the composition are allowed, another structure is more favor-
able than the (1 × 1)Ti surface at some values of µO

DFT. This is shown in Fig. 4.10(c) and
Fig. 4.11(c). It is named trench reconstruction. The trenches are formed in the surface
layers as a result of removing two Fe and two O atoms per (2 × 1) unit cell from the
C1 and A1 layers, respectively. Because of this modification, the remaining surface Fe
returns to a 3+ charge state, while Ti remains 4+ [see Fig. 4.10(c)]. Note that the concen-
tration of Ti discussed here, i.e., two atoms per (2× 1) unit cell all over the surface, is well
above what is experimentally achieved with the doped films. For smaller concentrations,
the trench spacing along [112̄0] can be expanded [see for example Fig. 4.11(d)] and/or
short trench structures can be constructed by breaking the periodicity along [11̄01̄]. Fig-
ures 4.11(e–g) show a few examples [an additional oxygen atom per unit cell is missing
in the structures of panels (f) and (g)].

Figure 4.11(a) shows the ‘formation energies’ of the reconstructions described above
as a function ofµO

DFT, normalized to the supercell area and to the number of Ti atoms. As
detailed in ref. 66, it plots the normalized differences∆ϕ in the grand potentials of each
structure and its reference, taken as a surface with the same amount of Ti doping in the
subsurface, but without trenches. Overall, DFT predicts the Ti-induced trench defects to
be stable over a wide range of oxygen chemical potentials. The infinite trenches [black
and gray lines, perspective views in Figs. 4.11(c, d)] are more stable than the (1 × 1)-
terminated surface [red line, perspective view in Fig. 4.11(b)] when µO

DFT ≥ –2.3 eV.

Trench, infinite 

(2 × 1) cell

(b) (c)

(e) (f)

(d)

(g)

[1
1
0
1
]

[1120]

A2
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C1

C2

(1 × 1)Ti Trench, infinite 

Trench, short Trench, short, 1VO
−300
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  0
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Δ
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e
V
/u

.c
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  0
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(e)

(d)

(f) (g)

20
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−40
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Fe2+VO VO

Figure 4.11. Surface phase diagram and structures of Ti:Fe2O3(11̄02) as a function of µO
DFT. (a) For-

mation energies per Ti atom and (1 × 1) unit cell of trench structures with different spacings, relative to
surfaces with the same amount of Ti doping in the subsurface, but without trenches, i.e., a combination of
undoped (1× 1) and the (1× 1)Ti structure in panel (b). The inset shows the region around µO

DFT = –2.3 eV
in greater detail. (c, d) Perspective views of trenches indefinitely extended along the [11̄01̄] direction, with
a periodicity of two and four unit cells along the [112̄0] direction, respectively; (e–g) short trenches with
and without one additional oxygen vacancy (VO) per supercell. The dimensions of the supercells are in-
dicated in the panels. Reprinted from ref. 66.
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The spacing between the trenches does not play a major role: the black and gray lines
are degenerate within the accuracy of DFT. Similarly, it was observed that the spacing
between the trenches along [112̄0] is irrelevant for the short trenches. Figure 4.11(a) plots
the formation energy for the short trench of Fig. 4.11(e) (dotted line). It can be seen that
shortening the trench along [11̄01̄] results in a significant energy cost, likely associated
with the reduction of the coordination for atoms at the trench edges. The short trenches
can compete with the infinite ones when one oxygen atom is removed from the trench
edge [see Figs. 4.11(f, g), and the corresponding dashed lines in the phase diagram]:
In the µO

DFT region between –2.4 and –2.3 eV, the short trenches with one additional
oxygen vacancy are slightly preferred. This is because removing equal amounts of Fe
and O from the surface layers to form a trench leaves one O atom at one end of the
trench 2-fold coordinated [red circle in Fig. 4.11(e)]. Removing this weakly bound O
atom results in an overall slightly more reduced stoichiometry, with the excess charge
localizing on the neighboring Fe atom to form one Fe2+ at each end of the trench defect
[Figs. 4.11(f, g)]. One can eliminate this polaron by removing two additional FeO units
at trench edges of this structure (not shown). The formation energy of this structure is
degenerate with the one of Fig. 4.11(e), and, thus, unfavorable (not shown).

4.4.3 Experimental vs. simulated STM images
Figure 4.12 shows high resolution STM images of the trench defects imaging filled and
empty states, together with the superimposed STM simulations from the models of the
Ti-induced defect. The top row shows an isolated trench defect, while the bottom row
shows the full coverage (0.5 ML) of trenches. The isolated trench defect appears as a
dark line in both the simulated and the experimental filled-state images [negative sam-
ple bias, Fig. 4.12(b), where oxygen appears bright],96 reproducing the missing zigzag
row of oxygen in the topmost layer [Fig. 4.10(a)]. The match between theory and ex-
periment is further supported by comparing experimental and simulated empty-state
images [positive sample bias, Fig. 4.12(c)]: At these conditions, the STM tip images the
unsaturated dangling bonds of Fe, which are slightly tilted away from their topmost O
neighbors.96 In the presence of a trench, two Fe zigzag rows are replaced by a dark area
lined by isolated point features on both sides. This relates to the missing iron atoms in
the topmost layer [Fig. 4.10(a)]. The isolated points are the remains of the two zigzag
rows affected by the removal of Fe cations.

Good agreement also exists between the experimental and the simulated images of
the full coverage of trenches (bottom row), which was obtained by depositing 0.5 ML of
Ti at RT on an undoped Fe2O3(11̄02)-(1 × 1) surface, followed by 20 min annealing in
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Figure 4.12. DFT models and experimental and simulated STM images of the Ti-modified (1× 1) surface,
at both negative and positive sample biases. The top and the bottom row refer to isolated trenches and
saturation coverage of trenches, respectively. Top row: At negative sample bias, the surface reconstruction
appears as a missing zigzag row of O atoms in the surface layer along the [11̄01̄] direction. At positive
sample bias, two rows of iron are missing from the top layer, and are imaged as a dark area surrounded
on both sides by isolated point features. Bottom row: At negative sample bias, every other zigzag row is
missing due to the (2 × 1) trenches. At positive sample bias, half of every zigzag is missing, and every
zigzag line imaged on the (2 × 1) structure consists of the remaining halves of two (1 × 1) zigzag lines.
The STM simulations were performed at constant height (3 Å above the surface) on a (6 × 1) supercell,
with U sample = –2 V and +2 V in (b, e) and (c, f), respectively. Adapted from ref. 66.

UHV at 600 ◦C, plus depositing another 0.5 ML Ti at room temperature followed by 30
min annealing at 1 × 10−6 mbar O2 and 550 ◦C. Comparable results were obtained after
deposition of only 0.5 ML Ti followed by annealing at the same conditions. At negative
sample bias, every other zigzag row is missing due to the (2 × 1) trenches. At positive
sample bias, half of every zigzag is missing, and every zigzag line imaged on the (2 × 1)
structure consists of the remaining halves of two (1 × 1) zigzag lines. This essentially
corresponds to the rows of single protrusions lining the edges of a trench for isolated
trench defects [see Fig. 4.12(d)], paired with the same features in the neighboring trench.
It is worth noting that, based on the structural model, 0.5 ML Ti should be sufficient to
saturate the trench structure with a (2 × 1) periodicity; however, there is no sign of
excess Ti in the STM images in Fig. 4.12 (obtained by depositing more than 0.5 ML,
see above), suggesting that additional Ti substitution in the subsurface does not cause
further changes to the surface structure at these coverages (bulk diffusion of Ti should
be inhibited at the temperature used in this preparation, see Section 4.3.1).
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Modulation in the apparent height of the surface atoms.

It is worth noting that, below the saturation coverage of trenches, the local corrugation of
the surface is not uniform, see Fig. 4.13: some atoms within the structurally unmodified
(1 × 1) areas appear with different contrast. A modulation in the apparent height of the
surface atoms is also visible in Fig. 4.7(b2). As discussed in detail in ref. 66, the long-range
modulation in the apparent height of the surface is due to the Ti-induced modification
of the density of states for surface Fe and O atoms far away from the trench itself.

3 nm
6
1
0
  
- 

2
0
1
9
0
1
2
4
 n

o
. 

3
0

2.0 V, 0.1 nA

Figure 4.13. Modulation in the apparent height of the surface atoms of Ti:Fe2O3(11̄02) films. The STM
image is 15 × 15 nm2.

4.5 Discussion
Consistent with previous studies on Fe2O3(0001),138,145 this work shows that Ti dopants
in low concentration (below 3.1 at.%) do not tend to agglomerate to form titania phases
in Fe2O3(11̄02). On the contrary, the (2× 1) surface of slightly reduced, undoped single
crystals is fully preserved, while the stoichiometric (1× 1) surface is only slightly modi-
fied by Ti substituting Fe (leading to dark lines along the [11̄01̄] direction). The following
discussion will focus on the (1 × 1) surface and the observed Ti-induced modifications.

DFT suggests that Ti preferentially occupies the first subsurface layer [layer C2 in
Fig. 4.10(a)], independent of the Ti concentration or µO

DFT. This allows Ti to maintain a
sixfold coordination to oxygen, and a charge state of 4+ [Figs. 4.10(b, c)]. Based on the
results of Fig. 4.10(a), one can attribute the preference for the C2 layer over deeper layers
to the attractive interaction of the Ti-induced electron polaron (preferentially localizing
on an iron in layer C1) with a neighboring Ti. Purely structural effects seem to play
a minor role, as the energy differences between layer C2 and deeper layers are only
0.02–0.04 eV when the polaron is removed. The preference for the C2 layer over the
immediate surface layer C1 is likely due to the different oxygen affinities of the cations:
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4. Ti-doped α-Fe2O3(11̄02) films 71

Ti has higher oxygen affinity than Fe, and will therefore maximize its coordination with
O atoms. This is possible if Ti occupies the subsurface layer C2, while it would be fivefold
coordinated if it replaced Fe in layer C1.

4.5.1 Structural model of Ti-induced trenches
Among the structures with subsurface Ti, presented in Fig. 4.10 and Fig. 4.11, the best
model for the dark lines observed on the (1 × 1) surface of the UHV-prepared films
[Figs. 4.7(b, c)] is the Ti-induced trench structure, shown as infinitely long trenches in
Fig. 4.10(c), and Figs. 4.11(c, d), and as short trenches in Figs. 4.11(e–g). This structure is
characterized bymissing rows of surface Fe andO and substitutional Ti in the subsurface.
The charge of the two missing Fe3+O2− units per unit cell length is compensated by
replacing two subsurface Fe3+ atoms with Ti4+.

Several facts support this assignment. (i) First, the high resolution STM images of the
dark lines are in excellent agreement with the STM simulations of the trench structure
(Fig. 4.12). (ii) Moreover, deposition of Ti on a pristine (1 × 1) surface not only causes
the formation of dark lines, but also of hematite islands, as seen in Fig. 4.8. The hematite
islands likely consist of oxygen from the gas phase and Fe atoms displaced by both,
the substitutional Ti and the formation of the trenches. (iii) Finally, the predictions of
the theoretical phase diagram of Fig. 4.11 are qualitatively confirmed experimentally.
On the 3.1 at.%-doped film, long, at times bunched, trenches were observed that are
well modeled by the infinite trench structures of Figs. 4.11(c, d). These are predicted
to be preferred at all experimentally accessible values of oxygen chemical potential at
550 ◦C (this temperature was chosen because Ti diffusion is largely inhibited161–163, see
Section 4.3.1): At the lower limit of O2 partial pressure of≈1× 10−13 mbar, and at 550 ◦C,
µO

exp = –2.19 eV, which is higher than the theoretical threshold for trench formation of
µO

DFT= –2.3 eV. (In practice, since equilibrium at these low partial pressures will not be
reached in a reasonable time, the smallest experimentally accessible value ofµO

exp is even
larger.) Consistently, the coverage of the dark lines on the 3.1 at.%-doped film does not
change upon annealing over the accessible range of oxygen chemical potentials. (µO

exp

was varied from –1.80 eV to –1.25 eV by annealing at 550 ◦C for 20 min at O2 pressures
ranging from 7 × 10−9 mbar to 3 × 10−2 mbar). On the low-doped film (0.8 at.%), the
defects are shorter and sparser because of the smaller doping level, and their coverage
decreases when annealing at µO

exp ≤ –1.6 eV (Fig. 4.9). This transition is interpreted as
the evolution to the defect-free (1 × 1)Ti surface from the trench structure. Note that
the content of Ti in layer C2 stays unchanged, as suggested by the saturation of the
coverage of line defects after a few minutes of annealing (Fig. 4.9), and the fact that at
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72 4. Ti-doped α-Fe2O3(11̄02) films

the annealing temperature of 550 ◦C bulk diffusion of Ti is inhibited (see Section 4.3.1).
Hence, the transition essentially consists of filling up the trenches by Fe and O. Fe atoms
likely come from steps, as Fe diffusion in the bulk is inhibited at 550 ◦C,161–163 while O
is taken from the sample or from the gas phase. This behavior is qualitatively in line
with the prediction of DFT that the (1 × 1)Ti surface can be stabilized upon crossing a
certain threshold of µO

DFT [see inset of Fig. 4.11(a), µO
DFT ≤ –2.4 eV]. For the smaller

doping level, one should avoid making quantitative comparisons between theory and
experiments, because (i) the smallest concentration of dopants achievable with DFTwith
acceptable computational effort is significantly larger than the experimental one; (ii)
kinetic limitations that are not considered and could limit the agglomeration of short
trenches into longer ones; (iii) entropic contributions (including, e.g., mixing terms) that
are also not taken into account in the DFT results and could affect the relative formation
energies in non-trivial ways.

While for both, infinite and short trenches, a 2× periodicity in the [112̄0] direction
is predicted to be degenerate with a 4× periodicity, experiments may suggest a prefer-
ence for the 2×, especially in the vicinity of steps. In fact, a local (2 × 1) periodicity is
observed when sufficiently large amounts of Ti (around 0.1–0.2 ML) are deposited on
an Fe2O3(11̄02)-(1 × 1) surface followed by oxygen annealing [see, for example, some
of the islands in Figs. 4.8(a, b)]. The full coverage of (2 × 1)-periodic dark lines can be
obtained for Ti coverages around and above 0.5 ML [Figs. 4.8(e, f)]. The good agreement
between the experimental and simulated STM images at the saturation coverage (bottom
row of Figs. 4.12) further supports the assignment of the trench structure model for the
observed defects.

4.5.2 An experimental route for mechanistic insights
into the photocatalysis of Ti-doped hematite

As anticipated in Section 4.1.2, during photocatalytic reactions, charge carriers gener-
ated by absorbed light are transferred to adsorbed molecules that react at the surface.
The overall reactivity of the photocatalyst is determined by the combination of several
factors. Firstly, the efficiency of light absorption and charge migration to the surface,
which are influenced by the bulk electronic structure and conductivity (e.g., critical fac-
tors are recombination centers or charge traps in the bulk). Secondly, the local electronic
structure of the surface, which establishes how efficiently charge carriers are exchanged
between the reactants and the catalyst.136 Finally, the specific arrangement and the co-
ordination of the topmost atoms, defining which sites are available and preferred for ad-
sorption, dissociation, and reaction.71,124,167–170 Although the specific reaction pathways
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4. Ti-doped α-Fe2O3(11̄02) films 73

are defined by the electronic and geometric details of the surface, their role is often over-
looked. This is partly because photoelectrochemical current–voltage measurements—
commonly used to quantify the overall efficiency of a photocatalyst—lack the ability of
isolating these factors. When dopants are introduced in the system and cause an in-
crease in its photocatalytic activity, it is even harder to pinpoint the exact cause, as the
foreign elements will affect all the above ingredients.

The Ti:Fe2O3(11̄02) system should be suited to address these effects one by one.
The Ti dopants introduce excess electron carriers in the bulk, which affect the electrical
conductivity. Ti also modifies the local surface electronic structure: The distribution of
states is altered far from the trench, and, in its proximity, a new in-gap state appears
close to the valence band maximum (see ref. 66). These may modify the adsorption en-
ergy of molecules, the localization of charge carriers, and the effectiveness of charge
transfer to adsorbates. Finally, the Ti-induced modification in the surface atomic struc-
ture (trenches) makes new atoms available as possible reaction sites [Fe in layer C2, O in
layer A3, not accessible on the undoped Fe2O3(11̄02)-(1 × 1) surface], and changes the
local coordination of others (the O atoms in layer A2 at the trench edge become 3-fold
coordinated). All these effects are expected to influence reactions.

In the following, an experimental route is proposed to disentangle the role of the
efficiency of charge transport in the bulk, and of surface electronic and atomic structure
on the photocatalytic activity of the model system presented here. To this end, for each
factor suitable descriptors are identified that can be quantified experimentally. The first
descriptor is the coverage of trenches, θ, which is used to describe the effect of Ti on
the surface atomic structure. θ is expressed as the fraction of surface unit cells compos-
ing trenches, can be measured by STM or other scanning probe techniques. The second
descriptor is the near-surface concentration of the dopants (in the following, ‘surface
doping’), which is used for quantifying the Ti-induced changes on the surface electronic
structure. This quantity affects both, the local density of states of Fe and O atoms po-
tentially available as reaction sites, and the availability of electrons directly accessible
to adsorbed molecules. Consistent with the definition of the bulk doping in atomic per-
cent, one can define a surface doping as csTi = nTi/(nTi + nFe), where nTi and nFe are
the total numbers of Ti and Fe cations in layers C1 and C2. At oxidizing conditions, all
available subsurface Ti atoms produce trenches with coverage θ. It can be derived that
the surface doping equals csTi = θ/(2− θ) at these conditions (see Section 4.8.2). Hence,
the surface doping levels of the 0.8 at.%- and 3.1 at.%-doped films correspond to (2.06 ±
0.24)% and (10.1 ± 0.7)%, respectively (as derived from the corresponding θ values, see
Section 4.3.2). The ratio between these surface doping levels is 4.93 ± 0.67, close to the
ratio of the bulk doping levels of the two films. Note also that the surface doping levels

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

74 4. Ti-doped α-Fe2O3(11̄02) films

Table 4.1. Dependence of intrinsic properties of Ti:Fe2O3(11̄02) model surfaces on some experimental
parameters. A change in (i) oxygen chemical potential, (ii) amount of post-growth-deposited Ti, or (iii)
bulk doping produces discernible effects on the coverage of trenches, the surface doping, and the bulk
conductivity.

Experimental parameter Trench coverage Surf. Doping Bulk cond.

Oxygen chemical potential, µO f (µO) — —
Ti amount after growth, θTi⋆ θTi θTi/(2− θTi) —
Bulk doping, cbTi 6 cbTi⋆ 3cbTi/(1− 3cbTi) f(cbTi)

∗ At large enough Ti amounts and/or µO.

are approximately three times larger than the nominal bulk doping levels. This is likely
due to the strong preference for Ti to occupy the C2 layer over the neighboring ones,
so that C2 acts as a ‘potential well’ [Fig. 4.10(a)], attracting some Ti atoms from deeper
layers. Finally, the third descriptor is the bulk conductivity, used as a measure of the ef-
ficiency of charge separation.137 Table 4.1 summarizes how these descriptors (columns)
are affected by three independent experimental ‘handles’ (rows), i.e., the oxygen chem-
ical potential, the amount of Ti deposited after growth, and the bulk doping.
Oxygen chemical potential. As discussed above, µO can influence the coverage of
trenches at the surface. However, the surface doping is not affected, because the amount
of both subsurface Ti and surface Fe stays unchanged when trenches are formed (recall
that bulk diffusion of both Ti and Fe is inhibited at the temperatures used). In the range
of temperatures and oxygen pressures employed, the bulk conductivity is also not af-
fected.171

Amount of Ti deposited after growth. Deposition of controlled amounts of Ti by
PLD or MBE affects the coverage of trenches θ and the surface doping, but not the bulk
conductivity. θ can be expressed as a function of the amount of Ti deposited in mono-
layers, θTi. 0.5 ML of Ti, i.e., one Ti atom per (1× 1) unit cell, or two Ti atoms per (2× 1)
unit cell, correspond to the highest trench coverage of 50% [Fig. 4.10(b), Fig. 4.11(c)], i.e.,
2 Fe atoms missing per (2 × 1) unit cell, or θ = 0.5 ML. Hence, θ = θTi (up to the 0.5 ML
saturation coverage of trenches). The surface doping changes according to its relation
with θ.
Bulk doping. A change in the bulk doping, i.e., the concentration of Ti dopants in the
bulk, cbTi, tunes the bulk conductivity and the coverage of trenches θ: the STMevaluations
reveal that θ is ≈6 times larger than the bulk doping (for low Ti concentrations, this is
valid at oxidizing conditions only). The change in θ translates in a modification of the
surface doping.

To gain insights in the role of dopants on reactivity, one would normally prepare
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4. Ti-doped α-Fe2O3(11̄02) films 75

several samples with different values of bulk doping (cbTi), and evaluate how the reactivity
changes with cbTi. Most often, however, this dependence will be a combination of the
three relations in the last row of Table 4.1, as a result of the entanglement of the factors
in the top row of Table 4.1. With the two additional ‘handles’ identified here (θTi and
µO), one can modify the coverage of trenches and/or surface doping of the samples by
either depositing Ti after growth or using µO. The contributions of trenches and surface
doping can then be isolated by comparing the experimental dependences of the reactivity
on θTi and µO with the relations in Table 4.1. After the critical factors are identified,
further atomic-scale investigations, supported by theoretical calculations based on the
structural models established here, can be used to shed light on the reaction pathways
and mechanisms of interest.

4.6 Conclusions
Thework on the single-crystalline Ti-doped α-Fe2O3(11̄02) films presented in this Chap-
ter testifies to the prowess of combining PLD growth with atomic-scale characterization
to build reliable model systems for investigating surface reactions at a fundamental level.
When grown under optimized conditions, the films display atomically flat surfaces and
uniform doping distribution. For doping levels below 3 at.%, the native surface recon-
structions of undoped Fe2O3 are largely preserved, except for local trench defects that
are induced by the Ti dopants, which were modeled by DFT. The detailed characteriza-
tion and tunability of this system provides the means to model OER processes occurring
at Ti-doped hematite surfaces and improve PEC performances.

4.7 Applications of theTi-doped Fe2O3(11̄02)

films
As mentioned before, well-defined films with sufficiently low levels of doping can be
essentially regarded as undoped samples, but with the added bonuses of enough con-
ductivity for STM and LEED, absence of impurities, and atomically flat morphologies.
Such films, together with films with purposively higher doping, have been used within
the following projects, most of which are currently undergoing:

• Performing fundamental investigations on the role of single metal atoms on the
catalytic activity of Fe2O3. For this task, ultra-low-doped films (below 0.03 at.%)
films have been employed. This value of doping provides the needed conductivity
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76 4. Ti-doped α-Fe2O3(11̄02) films

for STM without substantially affecting the electronic properties of the sample,
and minimizes the amount of Ti-induced defects at the surface. Nikolaus Resch
has deposited sub-monolayer amounts of Rh on these films, aiming to stabilize
single Rh atoms (interesting for catalytic applications), and has investigated their
thermal stability.

• Validating the DFT models of the (1 × 1) and of the (2 × 1) surfaces by perform-
ing LEED-IV measurements (collaboration with Lutz Hammer from Friedrich-
Alexander Universität in Erlangen, Germany).

• Investigating the effect of doping on polaron conductivity in hematite by non-
contact q+ AFM (collaboration of Martin Setvin with Jesús Redondo from the In-
stitute of Physics of the Czech Academy of Sciences, Prague, Czech Republic).

• Investigating the interaction of the (11̄02) surface of Fe2O3 with electrolytes of
varying acidity dosed under UHV-compatible conditions, within the liquid-drop
apparatus described in ref. 115 (Florian Kraushofer).

4.8 Complementary results

4.8.1 Evaluation of the bulk doping
As mentioned before, the bulk doping level in Ti:Fe2O3(11̄02) films grown by PLD from
two different targets cannot be trivially determined by the ratio of laser pulses shot on
the iron-oxide and on the titania targets, as different absorption of the UV laser, stick-
ing effects, as well as the specific values of the oxygen chemical potential and the laser
fluence, can affect the distinct species differently. To determine the doping level in the
films, the amounts of Fe and Ti deposited per pulse were separately evaluated. This in-
formation was then translated to the relative number of shots on the two targets needed
for a specific doping level. Another approach would have been to use the movable QCM
holder described in Chapter 2, but this was not yet developed at the time of these exper-
iments.

The technique of choice for quantifying these sub-monolayer amounts was STM.
While XPS could in principle be used for the same purpose, it is more demanding, as
it requires (i) modeling the dopant distribution, (ii) knowing the relative sensitivity fac-
tors for Fe and Ti, and (iii) ensuring that photoelectron diffraction effects on the single-
crystalline samples do not alter the Ti and Fe intensities. A reliable evaluation of the
Ti amount deposited per pulse requires to precisely measure amounts around 0.1 ML.
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4. Ti-doped α-Fe2O3(11̄02) films 77

If larger amounts are deposited at once (around 1 ML), Ti-rich phases form, which can
complicate the quantification.
Amount of Ti deposited per pulse. Since conductive samples are required to perform
STM, a ‘low-doped’ filmwith an almost perfect (1× 1) terminationwas used as substrate,
as per Figs. 4.7(b1, b2). To ensure that the same amount of ablated material was reaching
the substrate, Ti was deposited at the same laser fluence and O2 pressure (2.0 J/cm2, 2×
10−2 mbar) as during growth. However, a lower sample temperature (550 ◦C) was used
to avoid segregation/interdiffusion of Ti. While the lower temperature might lead to a
slight overestimation of the amount deposited due to a possibly larger sticking at 550 ◦C
vs. 850 ◦C, the very low vapor pressure of Ti species (for Ti metal: 4 × 10−12 mbar at
850 ◦C, and 5× 10−20 mbar at 550 ◦C; possibly even lower for Ti-O species), suggests that
re-evaporation can be neglected. The amount of Ti deposited per pulse was quantified
by evaluating the coverage of dark rows that thereby developed, using the estimated
number of Ti atoms per unit cell that yield the dark rows, as inferred from the DFT
results. The reference is the trench structure with (2× 1) periodicity [Fig. 4.12(d)], which
is characterized by 50% coverage of dark rows, and corresponds to one Ti atom per
(1 × 1) surface unit cell, i.e., 0.5 ML Ti. As a baseline, the coverage of dark rows was
first evaluated on the pristine sample that was annealed for one minute at the same
conditions later used for the deposition. This reference number was subtracted from
subsequent evaluations. The same experiment was repeated by depositing first one pulse
of TiO2, then three pulses, each time re-preparing the sample in between and keeping
the annealing time within one minute. The two experiments gave consistent results, and
showed that a single laser pulse corresponds to the deposition of 3.2 × 10−2 Ti atoms
per (1 × 1) surface unit cell, or T Ti = 3.2× 10−2 ML.
Amount of Fe deposited per pulse. Since the growth mode is step flow, it is not
possible to evaluate the amount of Fe deposited per pulse from the RHEED oscillations
typically present in layer-by-layer mode. The thickness of a Ti-doped film grown with
a known number of pulses was measured with a stylus profilometer. It was found that
60 000 Fe pulses with 120 intervening Ti pulses, deposited at 850 ◦C, 2 × 10−2 mbar O2,
2.0 J/cm2, correspond to a thickness of (91.5 ± 7.4) nm, or T tot = (497± 40) ML (given
an interlayer spacing of 0.368 nm/bilayer, and that one bilayer of hematite contains four
cations per unit cell, or 2 ML). One can then derive the amount of Fe atoms deposited
per pulse as T Fe = (T tot − 120T Ti)/60 000 = (8.22 ± 0.67)× 10−3 ML.
Estimation of the doping level. With the evaluation of the amount of Ti and Fe de-
posited per pulse in units of monolayer, and knowing the relative number of pulses shot
on the two targets during growth, one can estimate the doping level. The low-doped film
has a 1:500 ratio of laser pulses on the TiO2:Fe3O4 targets; hence, the doping level can
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78 4. Ti-doped α-Fe2O3(11̄02) films

be evaluated as (1× T Ti)/(1× T Ti + 500× T Fe) = (0.77± 0.06) at.%. The high-doped
film, with a four-fold higher ratio (3:375), has then a (3.09 ± 0.24) at.% doping level. To
simplify the reading, these doping levels are referred to as 0.8 at.% and 3.1 at.%, respec-
tively. One should mention that part of the deposited Ti segregating during growth is
removed by the UHV treatments, especially for the 3.1 at.%-doped film [see Fig. 4.14(f)].
As a result, the true doping level of the bulk will likely be marginally smaller than 3.1
at.%. However, quantifying of the amount of Ti removed by these treatments from XPS
data is not trivial because the distribution of dopants at the surface of the as-grown film
is unknown.

4.8.2 Relation between surface doping, trench cover-
age, and Ti coverage

Consistent with the established definition of bulk doping in atomic percent, Section 4.5.2
has defined a ‘surface’ doping as csTi = nTi/(nTi + nFe), where nTi and nFe are the numbers
of Ti and Fe cations in layers C1 and C2. In light of the DFT models of the trench
structures, one can relate the coverage of trenches θ measured by STM and the surface
doping defined above. In this section, this relation is derived explicitly.

As shown in Section 4.4.2, a trench is formed as a result of the substitution of 2 Fe
atoms in layer C2 by 2 Ti atoms in a (2 × 1) cell, and the simultaneous removal of 2
additional Fe atoms from layer C1 in the same cell (refer to the structural models in
Fig. 4.11). θ is measured as the fraction of Fe atoms removed from layer C1 when a
trench is formed: 2 Fe atoms removed from the C1 layer in a (2 × 1) cell (that contains
four atoms), corresponds to a 50% coverage of trenches [i.e., the structure in Fig. 4.11(c)],
or θ = 0.5 ML.

Consider now that each cation layer in a (1× 1) cell of undoped Fe2O3(11̄02) contains
two atoms. Doping an (l×m) cell with k Ti atoms result in (i) replacement of k Fe atoms
in layer C2 (out of the 2lm originally present), and (ii) removal of k Fe atoms from layer
C1 (out of the 2lm originally present). Thus, the coverage of trenches amounts in this
case to θ = k/2lm, while the doping is

csTi =
nTi

nTi + nFe
=

k

k + 2(2lm− k)
=

k/2lm

2− k/2lm)
=

θ

2− θ
.

Following the definition of monolayer, the coverage of Ti is, instead, the fraction of
cations in layer C2 replaced by Ti, i.e., θTi = k/2lm = θ.

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

4. Ti-doped α-Fe2O3(11̄02) films 79

4.8.3 As-grown films
The growth conditions (850 ◦C, 2 × 10−2 mbar O2) result in partial segregation of Ti
to the surface. This is most evident from the XPS results in Fig. 4.14(f) that show the
evolution of the Ti 2p peak of a 3.1 at.% film as a function of its thickness. The increase
is not linear, suggesting that only part of the Ti segregates to the surface.

The surface of the as-grown films, both 0.8 at.% and 3.1 at.% (of 62 nm and 92 nm
thickness, respectively) appear morphologically flat in the STM and AFM images shown
in Figs. 4.14(a, d), respectively. Large parts of the surface of the 0.8 at.% film exhibit the
well-known (1× 1) structure of Fe2O3(11̄02),96 with dark rows identified as characteris-
tic Ti-induced features. However, sparse, irregular patches with no evident periodicity
co-exist with these well-ordered regions [yellow arrow in Fig. 4.14(a)]. These patches
feature roughly half the apparent height of a single step of the hematite surface (≈1.8 Å,
to be compared with 3.68 Å for one O–Fe–O–Fe–O repeat unit). The disordered nature of
these areas hinders fundamental studies at an atomic level. For this reason, the surface
was reprepared by Ar+ sputtering plus UHV-compatible O2 annealing (550 ◦C, 7× 10−6

mbar). The resulting surface, shown in Fig. 4.14(b), is an almost perfect Fe2O3(11̄02)-
(1 × 1).

The surface of the as-grown 3.1 at.% filmwas notmeasured in STM right after growth.
The ex-situ AFM image in Fig. 4.14(d) reveals the presence of round-shaped, 10–40 nm-
wide features, never observed on UHV-treated hematite surfaces. Both the unusual ap-
pearance of the surface and the 6.2-fold higher XPS Ti 2p signal with respect to the
0.8 at.%-doped film [values extracted from the spectra in Figs. 4.14(c, f)] suggest that a
new, Ti-rich phase formed at the surface. The Ti XPS increases more than in propor-
tion to the doping level. A possible explanation is that this new phase, once nucleated,
catches deposited Ti and floats up during growth. It is likely that the formation of the
Ti-rich phase is related to the rather high O2 pressures used (PLD growth was performed
at 2 × 10−2 mbar), while it is not favorable under more reducing conditions. This may
be related to the fact that substitutional Ti4+ in the Fe2O3 lattice leads to Fe2+, while
higher oxygen chemical potentials favor Fe3+, which can coexist with Ti4+ only in a
different crystal lattice such as in Fe2TiO5 (pseudobrookite). As per the low-doped film,
this higher bulk doping was investigated on a UHV-prepared surface rather than on the
as-grown film. After two sputtering–annealing cycles, the Ti 2p spectra saturate to the
one shown in Fig. 4.14(f) with red symbols. In STM, the surfaces appear as in Fig. 4.14(e),
i.e., a Fe2O3(11̄02) modified by Ti-induced line defects. These results show that, despite
the accumulation of Ti in the near-surface region that is caused by Ti segregation during
growth, one can recover well-defined hematite surfaces that are only slightly modified
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by the presence of Ti.

4.9 Growthof (0001)-orientedTi-doped Fe2O3

films
The same recipe used to grow a 0.8 at.%-doped film on the (11̄02) termination of hematite
[120× (1 pulse on TiO2 target + 500 pulses on Fe3O4 target) at 850 ◦C, 2 × 10−2 mbar
O2, 2 J/cm2, 5 Hz] was applied to grow a Ti-doped homoepitaxial film with (0001) ori-
entation. The collected results on the as-grown (0001) film are comparable to the (11̄02)
termination: the sample is conductive in LEED [above 40 eV, as for the (11̄02) oriented
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Figure 4.14. Ti segregation during the growth of Ti:Fe2O3(11̄02) films. (a) and (b) STM images of a
0.8 at.% Ti-doped film of 62 nm thickness right after growth, and after UHV preparation, respectively.
After growth, disordered areas, presumably Ti-rich phases [yellow arrow in panel (a), line profile of the
white line in the inset] coexist with (1× 1) areas with dark rows. (b) After one sputtering–annealing cycle,
a mostly (1 × 1) surface is recovered. (c) The corresponding XPS Ti 2p signals are only slightly above
the detection limit, thus it is difficult to determine whether the surface Ti concentration decreases with
sputtering. (d) 6× 6 µm2 AFM image of a 3.1 at.% Ti-doped film of 92 nm thickness after growth, showing
bright, circular features on the terraces. (e) After sputtering, the surface displays a (1× 1) periodicity with
dark rows in STM. (f) XPS of the as-grown film shows significant Ti enrichment, which increases with
thickness, but is efficiently removed by sputtering. Reprinted from ref. 66.
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4. Ti-doped α-Fe2O3(11̄02) films 81

samples], a small Ti signal is visible in XPS (not shown), and the surface morphology
appears atomically flat in ex-situ AFM (Fig. 4.15).

It was not investigated systematically how Ti modifies the atomic-scale details of the
surface, mostly because the structure of the undoped Fe2O3(0001) is still under debate.
STM and LEED-IV experiments are planned on the doped (conductive) films to unveil
details about the surface structure and Ti-induced atomic-scale modifications.

1 μm
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200 nm
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Figure 4.15. Morphology of a Ti:Fe2O3(0001) film grown at the same conditions as per the 0.8 at.%-
doped (11̄02) films [120× (1 laser pulse on the TiO2 target plus 500 pulses on the Fe3O4 target) at 850 ◦C,
2 × 10−2 mbar O2, 2 J/cm2, 5 Hz]. (a, b) 6 × 6 µm2 and 1 × 1 µm2 AFM images, respectively.
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5. In2O3 films on YSZ(111)

5.1 Introduction
This Chapter addresses the growth of another binary oxide, In2O3, which was grown
on (111)-oriented yttria-stabilized zirconia (YSZ). The focus is not as much as in the
previous Chapter on establishing the atomic-scale properties of the film: In this case,
single crystals do exist, and atomic-scale models for their surfaces have been established
already. One practical reason to grow the thin-film counterpart is because the available
single crystals are small, in fact too small for any surface science technique but local
scanning probe microscopies. Growing films with bulk-like properties on sufficiently
large substrates opens up exciting possibilities involving a multitude of area-averaging
techniques. However, this is not necessarily trivial. In fact, the case of In2O3 discussed
here shows that not all binary oxides, ‘simple’ to grow only by assumption, behave as
expected: Growing atomically smooth In2O3(111) films proves to be challenging, if not
impossible at any given set of deposition parameters.

The Chapter presents a systematic investigation of the dependence of the morphol-
ogy of In2O3 films on the growth parameters. Such knowledge was used to develop a
recipe that combines two growth regimes and yields films with the longed-for atomi-
cally smooth morphologies. Meanwhile, the role of the substrate on the first stages of
growth is also highlighted: it is shown that the matching of the unit cells of the substrate
and the growing material can induce the formation of antiphase domain boundaries that
propagate through the growing film.

Before illustrating and discussing the results (most of which have been collected dur-
ing the Master Thesis work of Jakob Hofinger, and published in ref. 67), an introduction
is given about In2O3 and the existing literature on both the atomic details of its (111)
surface and the growth of (111)-oriented thin films (Sections 5.1.1 and 5.1.2). The exper-
imental methods are presented in Section 5.2, which also gives a short overview on the
preparation of the YSZ(111) substrates. Section 5.6 summarizes the set of experiments
where the films have been employed.
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84 5. In2O3 films on YSZ(111)

5.1.1 In2O3(111)
In2O3 is a post-transition metal oxide and crystallizes in the bixbyite structure [see
Fig. 5.1(a)]. It belongs to the class of transparent conductive oxides,172 being trans-
parent in the visible regime173 while possessing a high electrical conductivity.174 These
properties are shared with tin-doped In2O3 (referred to as indium-tin oxide, or ITO),
which, together with the undoped material, is widely employed in various technolog-
ical applications such as optoelectronics,175–177 gas sensing,178–180 and catalysis for re-
verse water–gas shift reactions.181,182 Adding to its potential, In2O3 has recently shown
promises for catalytic reactions such as hydrogenation of CO2 to methanol,183,184 and
semi-hydrogenation of acetylene to ethylene.185

As it so often happens, in all applications where In2O3 is used, the relevant phys-
ical processes occur at the surfaces of the material, so that the device functionality is
tightly bound to the surface properties of In2O3. The (111) termination is particularly
relevant, as it is characterized by the lowest surface energy [see the the Wulff construc-
tion in Fig. 5.1(c)]. This facet will be predominantly exposed in In2O3 nanoparticles.
As discussed below, single-crystalline In2O3(111) samples have been used to model the
surface properties of this termination and understand the phenomena underlying the
various applications.

Figure 5.2 summarizes the STM–DFT findings on the (111) surface of In2O3 sin-
gle crystals.186 Panel (a) shows the appearance of the surface in STM after annealing
at slightly oxidizing conditions (500 ◦C, 1 × 10−6 mbar O2). It displays a threefold-
symmetric array of dark, triangular depressions. The DFT model on the left side of
Fig. 5.2(c) reveals that this termination is essentially a relaxed, bulk-terminated (1 × 1).

(a)  In2O3: Bixbyite structure

O

In

a(In2O3)= 1.0117 nm

(c) Wulff construction of In2O3(b)  YSZ: Cubic fluorite structure

a(YSZ)= 0.512 nm

O
Zr

{111}

{110}

{111}

Figure 5.1. (a) Bulk unit cell of In2O3, which crystallizes in the bixbyite structure. The cubic unit cell
contains a total of 80 atoms, with 32 atoms of In octahedrally coordinated to O, and 48 O atoms with
tetrahedral coordination to In. (b) Bulk unit cell of yttria-stabilized zirconia (renderings by Michele Riva).
(c) Calculated Wulff shape for an In2O3 single crystal, adapted with permission from ref. 172.
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5. In2O3 films on YSZ(111) 85

The unit cell, highlighted by the white rhombus both in the experimental image and in
the theoretical model, contains 12 threefold-coordinated O atoms, 4 sixfold-coordinated
In atoms, and 12 fivefold-coordinated In atoms; the dark triangles observed in STM are
located at the position of sixfold-coordinated In (blue). After annealing at reducing con-
ditions (500 ◦C, UHV), the surface appears as in Fig. 5.2(b), with bright dots sitting at
the position of the dark triangles of the oxidized surface. DFT reveals that the bright
dots correspond to In adatoms (see the right side of the DFT model): Opposed to other
well-known oxide systems, e.g., TiO2 and CeO2, exposing the surface of In2O3 to reduc-
ing conditions does not produce surface oxygen vacancies. The In-terminated surface
is stable over a wide range of oxygen chemical potentials, as the low vapor pressure of
metallic indium hinders the evaporation of In adatoms. At elevated temperatures the
In adatoms diffuse along the surface, until they reach the lowest-energy position at the
center of the dark triangles. When the surface is reoxidized, the In atoms react with
oxygen and form small, stoichiometric In2O3 islands.

Establishing a structural model for the surface terminations of In2O3(111) has al-
lowed to investigate how the surface atomic details affect many key phenomena, e.g., gas
adsorption,187,188 charge injection,180 and interaction with organic molecules.189 While

(c)

Oxidized Reduced

A
B

S
in

g
le

 c
ry

s
ta

l

(a)

In adatomIn(6c)

In(5c)

O(4c)

O(3c)

O(3c)

O(4c)

(b)

Figure 5.2. In2O3(111) surface in STM and DFT. Depending on the annealing conditions, either an oxi-
dized (a) or a reduced (b) structure can be obtained [500 ◦C, 1 × 10−6 mbar O2 for (a), and 500 ◦C, UHV
for (b)]. The reduced surface in panel (b) exhibits an ordered array of In adatoms (bright dots) sitting at
the center of the 3-fold symmetric ‘dark triangles’ of the oxidized surface in panel (a). These dark trian-
gles correspond to the positions of highly-coordinated In surface atoms. The corresponding DFT-derived
model (c) shows the oxidized In2O3 surface, with In adatoms at the right side. Atoms are colored accord-
ing to their coordination, i.e., In(6c) is blue, In(5c) green, O(4c) dark red, and O(3c) bright red; In adatoms
are yellow. Adapted with permission from ref. 186.
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exciting, these studies were limited to local techniques such as STM and AFM, because
of the small size of available single-crystals (only 1–2 mm diameter190). Area-averaging
techniques such as temperature-programmed desorption (TPD), X-ray and ultra-violet
photoelectron spectroscopies were excluded. As anticipated, to overcome the problem
one can grow single-crystalline films on sufficiently large substrates (see Fig. 5.3). This
could breach the fundamental knowledge on key catalytic processes occurring with su-
perior efficiency at In2O3 surfaces, e.g., semi-hydrogenation of acetylene to ethylene,
CO2 hydrogenation to methanol, electro-catalytic CO2 reduction reactions in liquid so-
lution, and photocatalytic reverse water–gas shift reactions.183–185 In particular, such
area-averaging investigations could shed light on the interaction between In2O3 sur-
faces and water, and its role for the above reactions.191–194

5 mm

(a) Single crystal (b) Thin film

Figure 5.3. Comparison between an In2O3 single crystal and a In2O3 thin film grown within this Thesis.
The small lateral dimension of the single crystal (a) inhibits the use of area-averaging techniques such as
TPD (compare the dimension of the crystal with the size of the TPD spot in the available TPD setup 195

highlighted in blue). The problem is overcome with thin films (b), grown on 5 × 5 mm2 substrates.

5.1.2 Epitaxial films on YSZ(111)
Epitaxial In2O3(111) and ITO(111) films have already been grown by both MBE and PLD,
mainly using YSZ as a substrate,57,196–198 thanks to the reasonably small lattice mismatch
of 1.77% between the lattice parameter of In2O3 (1.0115 nm)190 and twice the lattice pa-
rameter of YSZ (2× 0.5147 nm = 1.0294 nm). In one case, the atomic-scale structure of a
thin (12 nm) ITO/YSZ(111) film grown by MBE was resolved with STM (Fig. 5.4).196 The
surface reproduces the oxidized termination observed on single crystals [cf. Fig. 5.2(a)].
10-nm-wide orientational domains attributed to the initial nucleation of the film are
observed. Growing thicker films proves to be more challenging: The reports on the
morphology of thick epitaxial In2O3(111) films are scarce, and when present, not repro-
ducible. Growing atomically flat films at any set of parameters from the literature was
not successful.
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5. In2O3 films on YSZ(111) 87

3 nm

10 nm

Figure 5.4. 12 nm-thick ITO/YSZ(111) film from ref. 196, grown by MBE.The film reproduces the atomic-
scale details of the oxidized termination of In2O3(111) single crystals [cf. with Fig. 5.2(a)]. The surface is
‘broken’ in 10-nm-wide rotational domains.

To understand the reason, and to ultimately find a recipe to achieve the desired bulk-
like films, the growth and the morphology of In2O3 on YSZ(111) were systematically
investigated as a function of two key parameters: The oxygen background pressure and
the substrate temperature. These two parameters are already known to affect the prop-
erties of In2O3 films. A variable amount of oxygen vacancies and/or In interstitials can
form depending on the oxygen chemical potential determined by pressure and tempera-
ture, thus affecting the electrical conductivity of the film.199–201 Also, it was reported that
sufficiently reducing conditions lead to the formation of volatile In2O species, which can
cause film etching.202

The findings presented here are consistent with the literature: At reducing condi-
tions, reduced species form and diffuse quickly on the surface, producing discontinuous
films with large, mound-like islands. At more oxidizing conditions, oxidized species
form and diffuse slower on the surface, causing small islands to dominate the morphol-
ogy. To achieve ideal, flat morphologies, these two regimes are combined in a three-step
growth recipe. The resulting films are ≈81% relaxed with respect to the pseudomor-
phic case, as judged from XRD, and exhibit the same atomic-scale surface structures
as In2O3 single crystals (as determined by STM), while overcoming their size limitation
(see Fig. 5.3). However, they are more sensitive to the preparation conditions than single
crystals: When subjected to prolonged reducing treatments, they break along antiphase
domain boundaries that arise from the one-on-four lattice matching of the In2O3 and
YSZ(111) surface unit cells. The film morphology can, however, be recovered by high-
temperature annealing under oxidizing conditions.
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88 5. In2O3 films on YSZ(111)

5.2 Methods
Growth parameters. The In2O3 films (thickness between 9 and 190 nm) were grown
from a sintered target (China RareMetal Material Co., Ltd., 65% density,≥ 99.99% purity)
at 2.0 J/cm2 laser fluence, 1 Hz, with substrate temperatures varying between 700 ◦C and
900 ◦C, and O2 pressures between 7× 10−6 mbar and 0.2 mbar. For some experiments, a
set ratio of O2:Ar pressure was introduced in the chamber during growth, while keeping
the total pressure at 0.2 mbar. After growth, all films were post-annealed for 30 min at
the growth conditions.

Substrate: YSZ(111). YSZ(111) single crystals (CrysTec GmbH, 5 × 5 × 0.5 mm3,
9.5 mol% Y2O3-doped, one-side polished,< 0.3◦ miscut) were used as substrates. Striving
for atomically flat surface morphologies with straight, monoatomic steps, it was investi-
gated how different preparation procedures affect the surface morphology of YSZ(111).

The ex-situ non-contact AFM images of Fig. 5.5 show the effect of a few different
preparation procedures on as-received YSZ(111) single crystals. Sonication in Extran
(2 × 30 min) and ultrapure water (10 min) reveals jagged steps separating monoatomic
terraces [panel (a)]. The morphology improves by annealing at 1 050 ◦C in air for 3 h
[panel (b)]. However, the irregular shape of the steps and the size of the small islands
near them suggests that the diffusion of the surface species is kinetically limited. Indeed,
annealing at higher temperature (1 h at 1 350 ◦C, inside pre-cleaned alumina crucibles,
ramp rate 8 ◦C/min) yields the desired straight steps, separated by atomically flat ter-
races [panel (c)]. The exact procedure used to prepare each as-received substrate for the
growth of In2O3 has been as follows:

• Sonication in Extran (2 × 30 min) and ultrapure water (10 min), as per Fig. 5.5(a).
This step removes contamination from polishing residues.

2
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Sonication 
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[011]

(a)
30 µm
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(b) (c)

Figure 5.5. (6 × 6 µm2) AFM images of YSZ(111) substrates documenting the ex-situ treatments. (a)
2 × 30 min sonication in Extran, plus 10 min sonication in ultrapure water. (b) 3 h air annealing at
1 050 ◦C. (c) 1 h air annealing at 1 350 ◦C.

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5. In2O3 films on YSZ(111) 89

• Annealing in air for 1 h at 1 350 ◦C, as per Fig. 5.5(c).

• Deposition of a Pt film on the back of the sample, to ensure absorbtion of the IR
laser—see Section 2.4.2.

• Deposition of Pt electrodes at the corners of the front surface and at the sides of
the sample, to overcome the insulating nature of YSZ (band gap of 5.7 eV203)—see
Section 2.4.2.

• Sonication in Extran (2 × 15 min) and ultrapure water (15 min). After this step,
the surface quality was always checked with AFM, to ensure it was comparable
to that of Fig. 5.5(c). At times, this step results in partial damaging of the Pt layer,
and subsequent redeposition of Pt on the sample’s surface. Additional cleaning
cycles are performed until the needed surface quality is observed in AFM.

• Mounting [see Fig. 5.3(b) in Section 2.4.1], and insertion in the UHV system.

• Annealing for 20 min in UHV at 550 ◦C, to remove ‘adventitious’ carbon (judging
by XPS, not shown).

In2O3 target. The In2O3 target employed for the growths is relatively porous (65% of the
ideal density), and there are indications that this can affect the growth of In2O3 films un-
der certain circumstances. After inserting the target in UHV, a significant degassing was
always observed (pressure rise in the 10−7 mbar range, mainly H2O and hydrocarbons),
likely because the target acts as a ‘sponge’ when moved outside vacuum. If films are
grown shortly after insertion of the target in UHV, the resulting film morphology is sig-
nificantly worse than after prolonged use of the target in UHV: Pits of tens of nanometers
thickness are observed in the first case, as opposed to the atomically flat morphologies
obtained by growing at the same conditions after prolonged use of the target (or after the
target is heated by the IR laser). Two factors could be responsible for these changes in the
surface morphology: (i) The presence of H2O or other contaminants incorporated in the
target, which may affect the diffusion of the landing species, and thus, the surface mor-
phology; (ii) the absorption coefficient of the target that changes after prolonged use (the
target’s surface becomes black), and, as a consequence, causes a change in the amount
of material ablated per pulse. This in turn could change the thickness of the thin film
deposited during the first step of the recipe, possibly influencing the final morphology
(see Section 5.3.3). The films presented here were all grown after similar use/degassing
of the target.

Film thicknesses. The thickness of the films was evaluated from the periodicity of
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the first RHEED oscillations and further confirmed by stylus profilometer measurements
performed on the thickest, continuous films (not shown). For disconnected films, ‘equiv-
alent’ thicknesses were considered. The equivalent thickness is the thickness one would
have if all material concentrated on the disconnected islands would be uniformly dis-
tributed across the film. It was evaluated from the measured coverage of islands and
their average height.

XPS analysis. The Auger parameters (Fig. 5.14) were evaluated from the position of
In 3d5/2 and In M4N45N45 peaks. The peaks were fitted in CasaXPS with an asymmetric
Gaussian–Lorentzian line shape after subtraction of a Shirley-type background.

Definition of oxygen chemical potential, µO. For calculating the oxygen chemi-
cal potential µO(T, pO2

) = 1/2µO2
(T, pO2

) at a given growth temperature T and oxygen
partial pressure pO2

, the ideal-gas expression160 was used

µO2
(T, pO2

) = µ0
O2
(T ) + kBT ln

(

pO2

p0

)

, (5.1)

where kB is Boltzmann’s constant, p0 = 1 bar, and T is the absolute temperature in
Kelvin, while

µ0
O2
(T ) = HO2

(T, p0)−HO2
(0 K, p0)− T [SO2

(T, p0)− SO2
(0 K, p0)] (5.2)

is chosen such that µO2
(0 K, pO2

) = 0.160 The enthalpy and entropy per O2 molecule,
HO2

(T, p0) andSO2
(T, p0) are derived from thermochemical tables.204 The ideal-gas chem-

ical potential is a convenient way of incorporating in one descriptor the combined con-
tributions of growth temperature and oxygen partial pressure. Strictly speaking, µO2

determines the thermodynamic stability of InxOy species at equilibrium; nevertheless,
as long as exchange with the gas phase is fast enough, it can be also employed for non-
equilibrium processes like PLD.

5.3 Results

5.3.1 Effect of oxygen background pressure and sub-
strate temperature

Ex-situ AFM was used to investigate the influence of the O2 pressure and substrate tem-
perature on the morphology of thin In2O3(111) films grown on identically prepared YSZ
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5. In2O3 films on YSZ(111) 91

substrates (see above). Figure 5.6 summarizes the results. Pronounced differences are
observed at different sets of parameters. The effect of the O2 pressure can be appre-
ciated by comparing the morphologies of similarly thick films grown at 700 ◦C and O2

pressures ranging from 7 × 10−6 mbar to 0.2 mbar [Figs. 5.6(a–d)]. At the lowest pres-
sure [panel (a)], the film consists of large, triangularly shaped and well-separated three-
dimensional (3D) islands (up to 30 nm high, 200- to 500-nm lateral size), with flat tops
showing monoatomic terrace steps. Flat terraces separated by monoatomic steps are
present between the In2O3 mounds. Higher pressures lead to the formation of smaller,
irregular, connected 3D islands [see, e.g., the line profile at the bottom of panel (d)]. The
root-mean-square (rms) surface roughness measured on (1× 1) µm2 images steadily de-
creases with increasing pressure, from 2.7 nm, to 2 nm, an 0.7 nm, for 5× 10−3, 3× 10−2,
and 0.2 mbar, respectively. The qualitative behavior of the RHEED specular-spot inten-
sity monitored during the growth is similar at all conditions, displaying a single oscil-
lation cycle, followed by a steady decrease of the signal (not shown). This behavior is
indicative of a Stranski–Krastanov growth mode, characterized by the formation of a
flat film (in this case of one layer thickness) followed by 3D island growth. Thus, the
monoatomic steps observed between the islands in panel (a) are most likely YSZ steps
covered by a single In2O3 layer.

In2O3 films grown in an O2–Ar mixture [Figs. 5.6(f–h)], always with a total pressure
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Figure 5.6. Morphology of In2O3 thin films: Effect of O2 pressure and temperature. AFM images
(1 × 1 µm2) of In2O3/YSZ(111) thin films are shown in the main panels. Films grown at 700 ◦C in (a–d)
an O2 environment, and (f–h) an Ar–O2 mixture, with a total pressure of 0.2 mbar, and the O2 partial
pressure pO2

corresponding to the films in panels (a–c). Increasing the substrate temperature from (d)
700 ◦C to (e) 900 ◦C while keeping pO2

at 0.2 mbar produces a morphology similar to that of panel (a).
The changes in morphology are assigned to the differences in µO (reported at the bottom left of each AFM
image). All films are 9 nm thick, except for the one in panel (d) that is 15 nm thick. Due to the large
height of the islands in panels (a), (e), and (f), these images have been differentiated, and are shown as
illuminated from the left. Line profiles extracted along the white arrows are reported in the bottom part
of panels (d) and (e). Adapted from ref. 67.
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of 0.2 mbar, but with pO2
equal to those employed for the films in Figs. 5.6(a–c), highly

resemble the films grown with O2 only: At the lowest pO2
, large, triangular, flat-topped,

separated islands are observed, while, on increasing pO2
, the surfaces evolve to continu-

ous films consisting of smaller islands with steadily decreasing surface roughness. These
comparisons show that, at fixed temperature, only the oxygen partial pressure is respon-
sible for the diffusivity of the surface species: The large islands formed at low pO2

can be
attributed to surface energy minimization (near thermodynamic equilibrium), i.e., fast
surface diffusion. Instead, the smaller islands formed a high pO2

are a sign of growth
limited by diffusion. The total pressure in the chamber does not significantly affect the
growth mechanism. The small differences in the island shapes obtained at the lowest
oxygen pressure could be partly caused by the experimental difficulty in precisely con-
trolling the oxygen flow at high Ar pressures and/or by a dependence of the relative
surface energies of different In2O3 facets on the atmosphere: Since Ar and O2 are intro-
duced via the same gas line, the actual oxygen pressure employed for the O2–Ar mixture
growth of Fig. 5.6(f) might be slightly lower than for Fig. 5.6(a).

Increasing the growth temperature from 700 ◦C to 900 ◦C at 0.2 mbar O2 results in
large, flat-topped, well-separated islands, as seen from Figs. 5.6(d, e). They are up to
22 nm high and 100 to 200 nm wide, as seen from the line profile at the bottom of
Fig. 5.6(e), similar to those observed when growing at 700 ◦C, 7× 10−6 mbar [Fig. 5.6(a)].

For convenience, the bottom-left corner of each figure panel reports the value of the
chemical potential of oxygen µO, which combines the effects of substrate temperature
and oxygen partial pressure (see Section 5.2 for the definition of µO). Notice that com-
parable µOs yield remarkably similar growth morphologies.

5.3.2 Effect of film thickness
It is apparent from Fig. 5.6 that none of the In2O3 thin films grown with a single set of
parameters (substrate temperature and pO2

) displays the desired, atomically flat surface:
The films consist of either large and separated mounds or small, interconnected islands
that result in a relatively large rms surface roughness. Increasing the film thickness is not
beneficial at any set of growth parameters. For instance, when thick films (up to 10 times
thicker than the films discussed above, i.e., around 80 nm) are grown at the same condi-
tions of the thin films in Figs. 5.6(b–d), the surface undergoes a significant roughening
(not shown): The pre-existing islands remain disconnected, and the surface roughness
significantly increases (rms value up to 5 times larger). When, instead, thicker films are
grown at close-to-equilibrium conditions (900 ◦C, 0.2 mbar O2, see Fig. 5.7), the large,
well-separated, flat-topped In2O3 islands of Fig. 5.7(a) progressively merge, growing in

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

5. In2O3 films on YSZ(111) 93

Time (s)
50 100 150

1st layer
Thick film

IslandsT
y
p
ic

a
l 
R
H

E
E
D

in
te

n
s
it
y
 e

v
o
lu

ti
o
n

B
3
 1

7
0
7
2
5

B
3
 1

7
0
7
2
6

B
3
 1

7
0
8
1
6

d

0
.2

 m
b
a
r,

 9
0
0
°
C

9 nm 90 nm 180 nm

1 μm

Position (μm)

H
e
ig

h
t 

(n
m

)

20

15

10

5

0
0 1 2

0

(a) (b) (c)

(e)

Position (μm)
0 1 2

Position (μm)
0 1 2

20

15

10

5

0

Time (s)

9 nm film

[
−
110]

[11
−
2]

[111] 180 nm film

B
3
 1

7
0
7
2
7

B
3
 1

7
0
7
2
5

5 10 150

E
6
 1

7
1
0
1
1

B
1
 1

7
0
8
3
0

(d)

Figure 5.7. Morphology of In2O3 thin films: Effect of film thickness. (a–c) AFM images and associated
line profiles of In2O3(111)/YSZ grown at 900 ◦C, 0.2 mbar O2. Starting from disconnected islands (a),
a progressive merging is observed (b), but the thick film retains 20 nm-deep pits (c). (d, e) Real-time
monitoring of the RHEED specular spot intensity. A Stranski–Krastanov growth mode (d) is followed by
step-flow (e), when the film completely wets the surface. Inset: RHEED patterns of the thin and the thick
film. The initially 3D-like surface evolves towards a more 2D-like character. Reprinted from ref. 67.

both height and lateral dimension and forming a continuous film [Fig. 5.7(b)]. However,
numerous pits, as deep as 20 nm, are visible on the surface, and the initial roughness
is essentially preserved. Further increasing the thickness [Fig. 5.7(c)] partially helps in
reducing the number of pits and delivers a surface with atomically flat regions in be-
tween the pits (measurable in STM, not shown); however, the overall surface roughness
is preserved [4.2 nm rms for the film in Fig. 5.7(c) when evaluated on 6× 6 µm2 images].
The transition to a locally flatter surface is confirmed by the real-time monitoring of the
RHEED specular spot: At first, a Stranski–Krastanov behavior is observed [Fig. 5.7(d)],
characterized by one oscillation maximum followed by a steady decrease of the inten-
sity. As the islands coalesce and the film wets the whole surface, the RHEED intensity
exhibits a sharp decrease at each pulse of the UV laser, followed by a rapid recovery
to the initial value [Fig. 5.7(e)]. This is indicative of the fast diffusion of the deposited
species, which are readily incorporated at the surface of the growing film (e.g., at steps).
The RHEED pattern in the inset of Fig. 5.7 evolves from 3D-like to more 2D: While thin
films are characterized by a regular periodicity in the direction orthogonal to the sur-
face (left panel), pronounced Laue circles are visible on the thicker films (right panel).
Despite the improved quality, the film roughness is still deemed unsatisfactory, as the
high density of steps in proximity of the pits can severely affect, e.g., the local electronic
structure205 or the chemistry of the material.206
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94 5. In2O3 films on YSZ(111)

5.3.3 Recipe to obtain atomically flat films
The difficulties in growing thick In2O3 films with an atomically flat surface can be sur-
passed with a three-step buffer-layer growth recipe (Fig. 5.8) that relies on the prepa-
ration of a closed and flat thin film before the subsequent (homoepitaxial) growth of a
thick film under close-to-equilibrium conditions:

• Step 1: Growth of a 15 nm-thick film at 700 ◦C, 0.2 mbar O2 (followed by a 30 min
post-annealing at the growth conditions), to form a connected In2O3 film com-
pletely covering the substrate surface. As seen from Figs. 5.8(a1, a2), this film con-
sists of small islands characterized by a pronounced 3D-like diffraction pattern in
RHEED [Fig. 5.8(a4)]. The periodicity of the (111) surface of In2O3

186 appears in the
LEED pattern in Fig. 5.8(a3), in addition to faint half-integer spots that are neither
observed on single crystals nor on thicker films. (The origin of these additional
spots was not investigated within this Thesis.) The large size of the LEED spots is
consistent with a relatively poor long-range order of the surface crystallinity.

• Step 2: Postannealing the film at 900 ◦C, 0.2 mbar O2, 45min, to flatten the film sur-
face. The small islandsmerge, and the filmmorphology improves [Figs. 5.8(b1, b2)].
At the same time, shallow pits (4 nm deep) start to form. The optimal postanneal-
ing time (to sufficiently flatten the surface while limiting the number and depth of
the pits) was found to be around 45 min. The sharper spots in LEED [Fig. 5.8(b3)]
and the streaky appearance of the RHEED pattern, together with the enhanced
intensity along the Laue circles [Fig. 5.8(b4)], testify to the increased crystallinity
and 2D character of the surface.

• Step 3: Growth of additional 175 nm (for a total of 190 nm) on top of the annealed
thin film, at 900 ◦C, 0.2 mbar O2. The growth proceeds by fast surface diffusion
of the deposited species and provides a closed, atomically flat film [Figs. 5.8(c1,
c2)], with 10- to 200-nm-wide terraces separated by monoatomic steps, and just
a few, shallow pits (up to 10 nm deep). The typical rms roughness of the films
ranges between 0.4 and 0.6 nm (measured on 6× 6µm2 images), i.e., approximately
one order of magnitude better than for films of similar thickness grown at one
set of parameters (cf. Fig. 5.7). The bright and sharp spots of the LEED pattern
[Fig. 5.8(c3)] and the very pronounced Laue circles in RHEED [Fig. 5.8(c4)] attest
to the high crystalline quality of the surface.
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Figure 5.8. Three-step recipe to grow atomically flat In2O3(111)/YSZ films of 200 nm thickness. (1) A
thin, closed film is grown under kinetically limited conditions [(a1)–(a4)]. (2) Postannealing the film at
higher temperatures promotes surface flattening [(b1)–(b4)]. (3) A thick film is deposited on top at close-
to-equilibrium conditions, such that rapid diffusion and incorporation of the deposited species occurs,
yielding a well-controlled and atomically flat surface [(c1)–(c4)]. The sharpening of the LEED spots and
the enhancement of the 2D character of the RHEED patterns from step (1) to step (3) demonstrate the
improved crystallinity of the surface. Reprinted from ref. 67.

5.3.4 XRD characterization
Figure 5.9 showsXRD reciprocal-spacemaps acquired around symmetric 4,4,4c and asym-
metric 6,2,2c reflexes from a≈200 nm-thick In2O3 film grownwith the three-step growth
recipe described above. Growth along the [111] direction causes a trigonal distortion
of the cubic unit cell of In2O3 as a result of the lattice mismatch with the YSZ sub-
strate. Hence, a different indexing than on the cubic In2O3 is needed: Given a cubic,
relaxed In2O3 unit cell, a hexagonal basis with in-plane and out-of-plane lattice param-

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

96 5. In2O3 films on YSZ(111)

q[2
−
1
−
1]c (Å−1)

[3 1 1]c

2.00 2.02 2.04

3.56

3.58

3.60

3.62

3.64

Pseudomorphic

Relaxed

In2O3(6 2 2)c

0.00 0.03−0.03
4.20

4.22

4.24

4.26

4.28

4.30

4.32

4.34

Relaxed

In2O3(4 4 4)c

YSZ(2 2 2)c

In2O3(0 0 12)h

In2O3(4 
−
4 10)h

q[2
−
1
−
1]c (Å−1)

q
[1

 1
 1

]c
 (
Å−

1
)

In
2
O

3
 1

7
0
8
2
4
-F

2

q
[1

 1
 1

]c
 (
Å−

1
)

(a) (b)

Figure 5.9. Structural properties of 200 nm-thick In2O3/ YSZ(111) films fromXRD. Reciprocal-spacemaps
acquired around (a) symmetric and (b) asymmetric reflexes (grazing incidence); q[21̄1̄]c and q[111]c represent
the in-plane and out-of-plane components of the transfer momentum, respectively, where q = 2π/dwhen
d is the distance between diffracting planes; “c” stands for Miller indexes of the cubic unit cell, while “h”
refers to the trigonally distorted In2O3 lattice. In panel (a) Bragg peaks from YSZ 2,2,2c and In2O3 0,0,12h
reflexes are visible. In panel (b) only the hexagonal In2O3 4,4̄,10h reflex is accessible to the measurement,
since diffraction from YSZ(311)c planes requires transmission of the incoming x-rays through the sample.
The peak positions expected for cubic, relaxed In2O3 4,4,4c and In2O3 6,2,2c reflexes are indicated in panels
(a) and (b), respectively. The ideal Bragg position for a fully strained, pseudomorphic In2O3 film, as well
as the In2O3 relaxation line (solid) are also shown in panel (b). The dotted lines in panels (a) and (b) are
perpendicular to the cubic [111] and [311] directions, respectively. Reprinted from ref. 67.

eters a=
√
2d(100)c≈1.430 nm and c =

√
3d(100)c≈1.752 nm, respectively, can be defined,

where d(100)c=1.0115 nm is the cubic lattice parameter of In2O3.190 With this definition,
the cubic 4,4,4c and 6,2,2c reflexes of relaxed In2O3 correspond to the hexagonal 0,0,12h
and 4,4̄,10h Bragg peaks, respectively. The ideal positions of these reflexes for cubic,
relaxed In2O3 are indicated in Fig. 5.9 with open circles. The tensile lattice mismatch
with the YSZ substrate will cause the in-plane and out-of-plane lattice parameters a and
c of the In2O3 film to expand and contract, respectively. Indeed, the symmetric 0,0,12h
film reflex is found at larger out-of-plane momentum transfers than for a cubic In2O3

crystal, as visible in Fig. 5.9(a), and the asymmetric 4,4̄,10h Bragg peak in Fig. 5.9(b) is
moved to smaller (larger) in-plane (out-of-plane) reciprocal space positions. It should
be noted that the film is not fully pseudomorphic, since its reflexes are observed at
momentum transfers between the ones expected for a fully strained, pseudomorphic
In2O3/YSZ(111) film [black dot in Fig. 5.9(b)] and the relaxed, cubic In2O3. Quantita-
tive evaluation of the lattice parameters of the film from the reciprocal space maps in
Fig. 5.9 yields afilm = 1.435 nm and cfilm = 1.746 nm, corresponding to residual strains
ϵ∥ = 0.334% and ϵ⊥ = −0.332% along the in-plane and out-of-plane directions. The
residual strain ϵ∥ is only 19% of that in a pseudomorphic film. It can be noticed that
both, the symmetric, and the asymmetric film reflexes appear broadened along the di-
rection parallel to the diffracting planes [dotted lines in Fig. 5.9]. While the broadening
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of the symmetric peak could be consistent with both, a limited lateral correlation length
(i.e., grain size), and the presence of microscopic tilting (i.e., mosaicity), the broadening
direction of the asymmetric peak suggests the latter scenario. In fact, this is further
supported by the presence of screw dislocations at the surface of the films [see dashed
circles in the AFM image of Fig. 5.8(c2)]. Screw dislocations form to relieve the misfit
strain with the substrate, and cause a≈0.19◦ microscopic tilting, as determined from the
full-width at half maximum of the reflexes.

5.3.5 STM characterization
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Figure 5.10. The In2O3(111) oxidized (a) and reduced (b) surfaces on the thin films, reproducing the
same terminations observed on the surfaces of In2O3 single crystals 186 (see main text for preparation
conditions). Unit cells are indicated by white rhombi. Reprinted from ref. 67.

The films’ surfaces were further characterized with STM, to test the reproducibility
of the surface morphologies observed on In2O3 single crystals after standard prepara-
tion procedures. The characteristic features observed on the oxidized and reduced ter-
minations of In2O3(111) single crystals [Figs. 5.2(a, b)] are well reproduced on the films
[Figs. 5.10(a, b)].

The oxidized termination is observed on the films right after growth or after high-
pressure annealing of the film (900 ◦C, 0.2 mbar O2), and when exposing the reduced sur-
face to slightly oxidizing conditions, similarly as for single crystals (≥ 20 min at 500 ◦C,
≥ 1× 10−6 mbar O2). The reduced termination, instead, is obtained by annealing the as-
grown film under reducing conditions (≥ 10 min at 350–500 ◦C, UHV), or after standard
sputtering–annealing cycles (≥ 10 min, 1 keV, 2–8 × 10−6 mbar Ar, ≈6 µA, followed
by ≥ 20 min annealing under reducing conditions). The areal coverage of In adatoms
increases with time and temperature within this temperature range, as expected from
earlier studies performed on single crystals.186 The full coverage of In adatoms—as per
Fig. 5.10(b) and Fig. 5.11(a)—can be obtained only by sputtering–annealing cycles.
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Figure 5.11. Transitions between oxidized and reduced terminations of In2O3(111) films, as observed
in STM (the images are 30 × 30 nm2). (a) After sputtering plus annealing at 400 ◦C in UHV, the surface
exhibits a full coverage of In adatoms. (b) Annealing in UHV at 600 ◦C produces a transition to the oxidized
termination. (c) Annealing back in UHV at 600 ◦C makes In adatoms appear again. The ‘scratches’ visible
in panel (c) are most likely due to loosely adsorbed H2O from the chamber background that are easily
moved by the STM tip while scanning.

Interestingly, a transition to the oxidized termination was observed when annealing
in UHV at temperatures higher than 500 ◦C [Fig. 5.11(b)]. The transition is reversible:
Annealing at lower temperatures (still in UHV) produces a partial coverage of In adatoms
on the surface [Fig. 5.11(c)]. This behavior is surprising, as one would expect to retain
the reduced termination at more and more reducing conditions. A tentative explanation
it that an increase in temperature not only makes the conditions more reducing, but also
allows migration of the excess oxygen in the film or in the YSZ substrate to the surface.
This excess oxygen can produce the oxidized termination even at reducing conditions.
This theory could also explain why the full coverage of In adatoms cannot be achieved by
annealing only, but requires additional sputtering (sputtering is preferential to oxygen,
hence it helps the formation of the reduced termination). To understand whether single
crystals share a similar transition with the thin films, similar annealing experiments are
planned for In2O3 single crystals.

Antiphase domain boundaries and other surface defects

Figure 5.10 shows that the atomic-scale structure of the thin films is consistent with the
one of single crystals. On a mesoscopic scale, however, some defects are seen that are
not present on single crystals. These defects consist of antiphase domain boundaries
(APDBs), ‘trenches’, and screw dislocations (occasionally, a few screw dislocations are
present also on In2O3 single crystals).

APDBs are present on the as-grown films [white arrow in Fig. 5.12(a), close up in
Fig. 5.12(d)]. From a comparison of the positions of dark triangles on the left- and right-
hand sides of Fig. 5.12(d), it is clear that an in-plane shift of half a unit cell exists across
the domain boundary, with localized defect sites [darker appearance in Fig. 5.12(d)] con-
necting the two domains. These defects are assigned to the one-on-four lattice matching
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Figure 5.12. Antiphase domain boundaries. (a–e) STM images (U sample = +1.8 V, I t = 0.1–0.2 nA, top
row: 250 × 250 nm2, bottom row: 28 × 28 nm2). (f) Superposition of YSZ and In2O3 unit cells: solid
and dashed lines correspond to the (111) projection of bulk unit cells (black: In2O3, light gray: YSZ)
and to the surface unit cell of YSZ(111), respectively. Shifts of multiples of a quarter of the In2O3(111)
unit cell along one of the three ⟨11̄0⟩ high-symmetry directions are possible and lead to the formation of
antiphase domain boundaries (APDBs, red lines). In panel (d), a shift of half a unit cell is observed across
a domain boundary. Material is preferentially lost at these defects under reducing conditions, resulting in
the formation of several-layers-deep trenches [white arrows in panel (b) and close-up in panel (e)]. The
half-unit-cell shift observed on same-height terraces across the trench in panel (e) confirms that trenches
originate from APDBs. Bright ridges [white arrow in panel (c)] are formed on reoxidation (60 min, 550 ◦C,
5 × 10−6 mbar) of a reduced surface with trenches. Reprinted from ref. 67.

of the surface unit cells of In2O3 and YSZ(111) (more details in the Discussion in Sec-
tion 5.4).

After sputtering followed by mild UHV annealing at 400 ◦C, the surface becomes
rougher and more defects appear in the form of few-layers-deep trenches. These extend
along the high-symmetry directions of In2O3(111) [white arrow in Fig. 5.12(b), close-
up in Fig. 5.12(e)]. Figure 5.12(e) highlights the presence of an in-plane shift of half a
unit cell across the trench for same-height terraces. Similarly to single crystals, longer
and harsher reducing treatments lead to a further roughening of the surface, with the
appearance of small, triangularly shaped islands with straight step edges oriented along
the three ⟨11̄0⟩ high-symmetry directions of In2O3(111) and the appearance of clusters
of In adatoms on the surface (not shown). Moreover, the lateral size and depth of the
trenches increase on harsher reducing treatments [see Fig. 5.13(a) for the AFM image of
an overly reduced film], entailing a narrower window of parameters for preparing the
films under reducing conditions than for single crystals. The formation of the trenches
under reducing conditions is consistent with recent reports showing that deposition of
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100 5. In2O3 films on YSZ(111)

In2O3 under reducing conditions leads to film etching, as induced by the decomposition
of In2O3 into volatile In2O and oxygen species.202

When the reduced surface is reoxidized multiple times under UHV-compatible con-
ditions, another type of defect appears, in the form of bright ridges, again along the
high-symmetry directions of the surface [white arrows in Fig. 5.12(c), obtained after
annealing at 500 ◦C in 5 × 10−6 mbar O2, 60 min] and coexisting with the trenches.
Annealing at the growth conditions (900 ◦C, 0.2 mbar O2, ≥ 1 h) is effective to recover
a trench/ridges free surface: Fig. 5.13 shows the transformation of a severely reduced
surface to an ideal, atomically flat morphology.
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Figure 5.13. Re-oxidation of ‘broken’ In2O3(111) films. (a) Surface of an In2O3(111) film after tens of
sputtering–annealing cycles in UHV. (b) Surface of the same film after re-oxidation. The AFM images are
(1 × 1) µm2.

5.4 Discussion

5.4.1 Oxygen chemical potential andfilmmorphology
Generally, the morphology of PLD-grown films is ruled by surface diffusion and nu-
cleation. These are influenced by several factors, including the energy of the landing
particles—determined by the laser fluence and scattering of the plume species in the
background gas207,208—the thermal energy supplied by the substrate,76 and the specific
details of the surface structure.68 The results presented here show that the morphology
of In2O3/YSZ(111) films, i.e., the surface diffusion, is considerably affected by the oxygen
chemical potentialµO used during growth. By comparing themorphologies of thin In2O3

films grown with O2 only and with an O2–Ar mixture [cf. Figs. 5.6(a–c) and Figs. 5.6(f–
h)], one can exclude that scattering of the plume species with the background gas is a
primary factor for the observed differences. Indeed, Ar and O2 have similar masses (40
and 32 u, respectively); if the kinetic energy of the incoming particles were to rule the
resulting morphology, films grown in the O2–Ar mixture, always at the same total pres-
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5. In2O3 films on YSZ(111) 101

sure of 0.2 mbar, would be all very similar and would closely resemble those grown at
pO2

= ptot = 0.2 mbar [Fig. 5.6(d)].
Instead, it is here suggested that the changes in surface diffusivity with µO relate to

a change in the nature of the mobile adspecies, i.e., their oxygen stoichiometry. Their
oxygen stoichiometry is in turn tied to their ability to diffuse at the surface.

A link between µO and the oxygen stoichiometry of indium oxide appears from
both experimental and theoretical studies:200,201,209,210 Higher electrical conductivities ob-
tained at reducing conditions have been assigned to the formation of oxygen vacancies
and indium interstitials. An XPS analysis on the films is consistent with this interpreta-
tion, as discussed below.

As expected from the small equilibrium concentration of oxygen vacancies in In2O3

at the employed growth conditions ([VO]≤ 0.003% of lattice oxygen at the most reducing
conditions211), no appreciable changes of the O 1s/In 3d intensity ratio are detected with
µO (not shown). However, more information can be inferred by the so-called Auger
parameter (Fig. 5.14). Figure 5.14(a) shows the sketch of a generic Auger process. A
deep core-hole generated, e.g., by photoabsorption in level C ′ is filled by an electron in
the higher-lying level C ′′. The energy gained from this transition is transferred to an
electron belonging to higher-lying level C ′′′, which is emitted with kinetic energy Ekin.
Within the frozen-orbital approximation, Ekin would only depend on the binding ener-
gies of the core levels involved. In reality, Ekin is affected by initial and final state effects
originating from intra- and extra-atomic relaxations, in turn dependent on the chemical
environment of the core-ionized atom. The Auger parameter, defined as the sum of the
kinetic energy of the Auger electron and the binding energy of a photoelectron of the
same element,212 carries this chemical state information: It can be demonstrated that, to
a good approximation, the Auger parameter shift between two chemical states is propor-
tional to the extra-atomic relaxation or polarization energy coming from the neighbour
ligands of the core-ionized atom.213 Notice that the Auger parameter is defined by the
difference of two kinetic energies (corrected by the photon energy of the X-rays). This
can be accurately measured even in presence of static charging, and is thus particularly
useful for insulating or semiconducting materials, whose Fermi level is not well defined
with respect to the Fermi level of the spectrometer.212

Figure 5.14(b) plots the In(3d5/2, M4N45N45) Auger parameter measured on several
In2O3(111) films grown at different oxygen chemical potentials. Higher Auger parame-
ters are measured on films grown at higher values of µO. Auger parameters measured in
In2O3 compounds describe the extent to which photoinduced In core holes are screened
by the O ligands and/or by conduction-band electrons, whose concentration is directly
related to [VO].212 Intuitively, this can be understood as follows: indium core-holes (pos-
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Figure 5.14. (a) Sketch of an Auger process. EV, EF, and φ stand for vacuum level, Fermi level, and
system work function, respectively. In the sketch, a photogenerated core-hole in level C′ is filled by
an electron in the higher-lying level C′′. The energy gained by the system is transferred to an electron
belonging to level C′′′, which is emitted with kinetic energy Ekin. In the frozen-orbital approximation,
Ekin would only depend on the binding energies of the core levels involved (indicated on the right-hand
side of the sketch). In reality, Ekin is affected by initial and final state effects originating by intra- and
extra-atomic relaxations which depend on the chemical environment of the core-ionized atom, and can
be measured with Auger parameters. (b) Auger parameter of In2O3(111) films grown at different µOs. The
Auger parameter is defined as the sum of the binding energy of In 3d5/2 photoelectrons and the kinetic
energy of In M4N45N45 Auger electrons. Its decrease with decreasing µO correlates with the formation of
more reduced In species. Adapted from ref. 67.

itively charged) are screened by negatively charged O ligands and/or conduction band
electrons. The more effective this screening, the smaller is the attraction that the outgo-
ing Auger electron feels to the nucleus. As a consequence, this Auger electron is emitted
with larger kinetic energy, and this reflects in a larger Auger parameter. Given the small
oxygen nonstoichiometry of In2O3 at the growth conditions used, one can assume a pro-
portional scaling of the Auger parameter with the average number of O atoms in the
neighborhood of the photoionized In.212 Hence, the smaller Auger parameter obtained
at reducing conditions suggests that the concentration of oxygen vacancies in the films
increases at low µO. This reasonably suggests that increasingly reduced species are also
formed during growth at lower µO. Indeed, reduced species—such as In2O suboxides—
have been detected during MBE growth of In2O3 films at reducing conditions.202,214 It
was also observed that In2O tends to easily re-evaporate, causing a significant decrease
in the film growth rate.202,214 A twofold decrease in the initial growth rate is also wit-
nessed from the most oxidizing to the most reducing conditions, as judged by the num-
ber of laser pulses needed to complete the first RHEED oscillation. This strengthens the
hypothesis that reduced (volatile) species are formed when growing at low µO.

The correlation between diffusion and desorption barriers215 could then explain the
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5. In2O3 films on YSZ(111) 103

fast diffusion observed at low µO on the films: Substoichiometric, highly volatile species
such as In2O are formed at reducing conditions, and they easily diffuse on the surface.
While one cannot exclude that re-evaporation of deposited material could have an influ-
ence on the island sizes, this factor alone could not explain the tenfold difference in island
diameter observed when going from the most reducing to the most oxidizing conditions
(Fig. 5.6). It should be mentioned that, at fixed µO, i.e., fixed oxygen stoichiometry of the
adspecies, an increase of temperature should boost the diffusivity of adsorbate species,
in accordance with the thermally activated nature of the diffusion process. While a sys-
tematic study at fixed µO as a function of temperature was not performed, one can note
that, regardless of temperature, the Auger parameter of films grown at similar µO follows
a consistent trend (Fig. 5.14). This supports the idea that µO defines the stoichiometry of
the diffusing species and, thus, of the film.

5.4.2 Antiphase domain boundaries and other surface
defects

While the In2O3 films presented here reproduce the atomic-scale details of single crys-
tals,186 they feature somemesoscopic defects (ridges on the oxidized surface and trenches
on the reduced one, as well as screw dislocations) that are not observed on synthetic sin-
gle crystals, as seen in Fig. 5.12.

The presence of trenches and ridges can be ascribed to the one-on-four matching be-
tween the In2O3(111), as shown in Fig. 5.12(f). In fact, the lattice parameter of the projec-

(a) Antiphase domain boundary (b) In sublattice:
no discontinuity

(c) In2O3: discontinuity
in the oygen sublattice

Figure 5.15. Lattice alignment at antiphase domain boundaries in In2O3(111). (a) YSZ(111) lattice. The
purple rhombi represent two unit cells of In2O3 placed on the YSZ lattice as to create an antiphase domain
boundary (along the white arrow). (b) In sublattice of these two In2O3 unit cells. The In sublattice is
continuous. (c) Same unit cells as in panel (b), complemented with the oxygen sublattice. Discontinuities
exist in the oxygen sublattice (see white circle) that could cause preferential material loss at these defects.
Renderings by Michele Riva.
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104 5. In2O3 films on YSZ(111)

tion of the bulk unit cell of YSZ along (111)-oriented planes is two times smaller than the
one of In2O3; however, the presence of two equivalent sites along each low-index direc-
tion within this cell effectively results in a four-to-one relation with In2O3(111). During
the first stages of growth, In and O adatoms arrange on YSZ to match the In2O3 surface
unit cell [shaded triangles in Fig. 5.12(f)] with the one of YSZ that is four times smaller
(dashed triangles). However, in-plane shifts of multiple YSZ surface units along the
high-symmetry directions may occur between neighboring In2O3 islands, causing the
formation of antiphase domain boundaries on their coalescence [see, e.g., Fig. 5.12(d)].
Similar line defects have been already observed on MBE-grown ultrathin In2O3 films on
YSZ(111) (see Fig. 5.4). It is then at these domain boundaries that trenches form under
reducing conditions, as confirmed by the in-plane shifts of the surface termination of
same-height terraces across a trench [Fig. 5.12(e)].

The reason for the formation of the trenches at reducing conditions can be found
by superimposing the In2O3 and YSZ unit cells (Fig. 5.15): While the cation lattice runs
continuously across an antiphase domain boundary [panel (b)], discontinuities exist in
the oxygen sublattices [panel (c)].198 It is possible that the discontinuity in the oxygen
ordering leads to a higher lattice energy for these sites, thereby causing a preferential
material loss at these defects.

When the reduced film with trenches is reoxidized (at mildly oxidizing conditions),
In2O3 can be formed, and the trenches eventually close. In addition, material accumu-
lates locally, forming the observed bright ‘ridges’ [Fig. 5.12(c)]. It is plausible that mate-
rial accumulates in proximity of the domain boundaries and is not able to diffuse farther
(as the similar size of the islands and the ridges suggests); the local accumulation might
occur because the defects are still locally reduced, i.e., with an excess of In adatoms that
react with the oxygen from the environment to form In2O3. When the films are instead
annealed at sufficiently high oxygen pressures and temperature (e.g., the 900 ◦C, 0.2 mbar
used for film growth), diffusion is fast enough to create a uniform, oxidized surface, with
neither ridges nor trenches (Fig. 5.13).

5.5 Conclusions and outlook
This Chapter has highlighted the strong role that the PLD parameters can have on the
film morphology, even for the seemingly simple case of a binary oxide like In2O3. In
particular, it has discussed the role of the oxygen chemical potential µO: It affects the
surface morphology by determining the stoichiometry of the diffusing indium species,
hence their diffusivity at the surface. Understanding which growth regimes take place
under which conditions has been useful to develop a successful growth recipe that yields
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5. In2O3 films on YSZ(111) 105

atomically flat, almost bulk-like In2O3(111) films, which display the same atomic-scale
surface properties as available single crystals. The role of the YSZ substrate on the qual-
ity of the film was also addressed: The non perfect one-on-four matching relation of
In2O3 unit cell with that of YSZ causes the formation of antiphase domain boundaries
that propagate through the growing film, causing it to be slightly more sensitive to re-
ducing preparation conditions than single crystals.

To reduce the extent of the problem, it is planned to grow In2O3 on a different sub-
strate, where less APDBs should be formed: yttrium titanate (Yi2Ti2O7, YTO). Its bulk
lattice constant suggests an ideal one-on-one match with In2O3 (mismatch of 0.0034%),
although the presence of two equivalent sites of the (111) cuts effectively causes a one-
on-two lattice match. Based on the experience with the YSZ substrate, one can expect
the formation of APDBs also in this case. Yet, the one-on-two match of In2O3 with YTO
offers significantly fewer options for shifts than for the one-on-four match with YSZ,
such that less APDBs should form.

The APDBs formed on the films are detrimental for the UHV preparation of their sur-
face, but they may also bring opportunities: They could be used as model systems to
gain a deeper understanding of gas-sensing devices based on In2O3. In such devices,
the conductivity of In2O3 changes upon absorption of given molecules according to the
type and concentration of the gas. It is widely believed that the change in conductiv-
ity is largely induced by molecules that adsorb at grain boundaries, thereby exchanging
electrons. The APDBs formed on the otherwise single-crystalline In2O3(111) films are
a simpler and more controlled version of grain boundaries, and they could be used to
study the atomic-scale mechanisms behind molecular adsorption and charge transfer.

5.6 Applications of the In2O3(111) films
The In2O3(111) films presented here have been used within the following projects, most
of which are currently undergoing:

• Investigating the interaction between water and the (111) surface of In2O3. TPD,
AFM, STM, and XPS experiments performed under UHV-compatible conditions
have been complemented by STM and XPS investigations of the films’ surfaces
after exposure to water at more realistic conditions. Specifically, the films have
been exposed to water vapor (31 mbar at RT) and to liquid water, in the appara-
tus described in ref. 115. The results, summarized in ref. 216, have revealed that
molecularly adsorbed species require ambient conditions to get stabilized on the
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106 5. In2O3 films on YSZ(111)

In2O3(111) at RT, and propose a dense hydrogen-bond network structure together
with hydroxyls that dominate the solid-liquid interface.

• Investigating and quantifying CO2, H2 and H2O adsorption, dissociation, and re-
action on the (111) surface of In2O3, by combining planar laser-induced fluores-
cence with near-ambient pressure XPS (collaboration with the group of Prof. Ed-
vin Lundgren from Lund University, Sweden).

• Investigating the adsorption behavior of organic molecules including 1,4,5,8,9,11-
Hexaazatriphenylenehexacarbonitrile, also known as HAT-CN, which is the cur-
rent state of the hole transport layer material in organic light-emitting diodes (col-
laboration with Peter Jacobson from the University of Queensland, Australia).

• Investigating the adsorption behavior of several organic molecules (e.g., CuPc,
6P, BDA) on In2O3, and their network arrangements and mobility as a function
of the coverage by means of low-energy electron microscopy (collaboration with
Matthias Blatnik from the Central European Institute of Technology, Brno, Czech
Republic).

• Investigating the interaction of the (111) surface of In2O3 with electrolytes of vary-
ing acidity dosed under UHV-compatible conditions. The aim is to build a model
system to study the role of In2O3 during the electrochemical reduction of CO2.217

The results collected by Francesca Mirabella within the liquid-drop apparatus de-
scribed in ref. 115 have revealed that the surfaces of the In2O3 films show no
morphology change down to pH 3.8.
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6. SrTiO3(110) homoepitaxy

6.1 Introduction
This is the first Chapter on an oxide material with more than one cation: The upcoming
protagonist, SrTiO3, has two cations. While this may not strike one as a major issue,
several literature studies have proven that the fact that SrTiO3 has two cations can be
critical for the composition of the films and other properties, even when the films are
grown homoepitaxially: Because Sr and Ti are affected uniquely by the growth parame-
ters, non-optimal PLD growth conditions may result in significant cation nonstoichiom-
etry,37,218,219 extended lattice constants,37,55,219 and even cause SrTiO3 films to become
ferroelectric at room temperature.220,221 As it has been already (and it will still be) ar-
gued within this Thesis, these non-idealities are not unique to SrTiO3 films, but apply to
all multi-element materials grown by PLD: Most films tend to deviate significantly from
the single-crystalline standard,34 showing rough morphologies and non-stoichiometric
compositions. The aim of this Chapter—through the relatively simple case of SrTiO3

homoepitaxy—is to unveil the unexplored mechanisms behind surface roughening in
complex oxides and the link to the introduced nonstoichiometry. Most of the results
presented here have been published in ref. 68.

The Chapter focuses on the effect of one PLD parameter in particular, the laser flu-
ence, on the homoepitaxy of (110)-oriented SrTiO3 films: It will show that different laser
fluences introduce different nonstoichiometries, and translate in markedly different sur-
face morphologies. The STM investigations presented here unveil the fundamental, yet
too-often-overlooked ingredient that lies behind such changes: The surface atomic struc-
ture of the growing film. Before going to the results in Section 6.3, the next Section will
give an introduction about perovskite oxides, the structural family to which SrTiO3 be-
longs. A detailed description of the surface reconstructions intrinsic to the (110) termi-
nation of SrTiO3 will follow, as they will be key throughout the next two Chapters.
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108 6. SrTiO3(110) homoepitaxy

6.1.1 Perovskite oxides
Perovskite oxides are characterized by the ABO3 formula, and by the same (or very simi-
lar, at least compatible) crystal structure. The ideal perovskite oxide structure, exhibited
by SrTiO3 and shown in Fig. 6.1, is cubic (although deviations with orthorhombic, rhom-
bohedral, tetragonal, monoclinic, and triclinic symmetry are known222). The center posi-
tion of the cubic unit cell is occupied by the A cation, with formal oxidation state smaller
than the B cation, andmainly belonging to the rare- and alkaline-earthmetal groups. The
skeleton of the structure is built by corner-sharing octahedra of the B cation, a higher
valence, reducible transition metal with smaller ionic radius. (In SrTiO3, the A and B
cations are given by Sr and Ti, respectively). Remarkably, perovskite oxides can accom-
modate with 100% substitution some 30 elements on the A site and over half the periodic
table on the B site.2 Because of the wide range of ions and valences that this simple struc-
ture can accommodate, the perovskites lend themselves to chemical tailoring. In turn,
this opens up almost endless and exciting possibilities to control the interplay between
spin, charge, orbital and lattice degrees of freedom in thesematerials, and achieve unique
properties.4 One example is La1−xSrxMnO3, protagonist of Chapters 8 and 9: It is ob-
tained by the partial Sr-for-La substitution in LaMnO3, and it shows doping-dependent
transitions frommetal to insulator and from ferro- to anti/paramagnetic. The richness of
the properties of perovskite oxides can be further extended by combining them in con-
trolled thin-film heterostructures (possible because they all share the same backbone
structure): Unexplored functionalities can be achieved by coupling their degrees of free-
dom at well-defined interfaces.6,12,14 Among others, novel electronic,15–21 magnetic,13,24,25

ferroic,26,27 and ionic properties28 have been explored.
The unique properties of perovskite oxides are exploited in a varied array of in-

tegrated technologies, including piezoelectric, capacitive, optoelectronic, thermistive,

O

A

B

Figure 6.1. Cubic perovskite ABO3 structure.
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6. SrTiO3(110) homoepitaxy 109

ferroelectric and spintronic devices, solid-state chemical sensors, electronics based on
high-temperature superconductors, and high-density storage, but also in heterogeneous
catalysis and clean-energy production (and the list goes on).3–6 In all cases, the precise
details of the surfaces and interfaces of the perovskite material play a key role: It is at
the surface that reactions take place, and again it is at the surface that functionalities
of interfacing materials are coupled. This has recently stimulated efforts for gaining a
detailed (atomic-scale) understanding of perovskite oxide surfaces. In fact, some three-
element perovskite oxides including SrTiO3 have enjoyed detailed surface science inves-
tigations that have unveiled the particulars of their surface reconstructions.223–231 Still,
the knowledge on more complex materials is scarce, taken few exceptions,64 partly due
to the intrinsic challenges in synthesizing single-crystalline samples with well-defined
surfaces. This will hopefully be at least partially clarified during the following Chapters.

SrTiO3 is often defined the prototypical perovskite oxide. It exemplifies the richness
of bulk, surface, and interface properties that can be accessed within a single perovskite
material: Donor doping by chemical impurities,232,233 oxygen vacancies,232 or field ef-
fect,233,234 can turn the same material into an insulator, a metal, or even a superconduc-
tor. Moreover, local enrichment of oxygen vacancies was found to induce confinement
of electronic conductivity in the form of 2D electron gases.235,236 These plentiful proper-
ties can be tuned in SrTiO3 thin films by playing with the growth parameters. Notably,
by virtue of its suitable lattice matching with a variety of other complex perovskite ox-
ides, and because single-crystalline samples are readily available at a moderate price (a
5 × 5 × 0.5 mm2 sample costs about 30 e), SrTiO3 is widely used as a substrate for
epitaxial growth of films and heterostructures.

6.2 SrTiO3(110): Structure andphase diagram
As anticipated before, the homoepitaxial studies of SrTiO3 presented here are made on
(110)-oriented samples. This orientation is less common than the (001), which is histori-
cally chosen for perovskite oxide growth over the (110). Nonetheless, the (110) termina-
tion is more suited to addressing the role of the surface reconstruction on film growth.
The (001) surface, generally prepared with wet-chemical methods, is mostly assumed to
exhibit a well-defined, bulk-truncated (1 × 1) termination after the preparation treat-
ments, while, in fact, such a structure has only been resolved at the atomic scale on
as-cleaved crystals.227,237 A variety of composition-related but hardly controllable sur-
face reconstructions tend to appear otherwise.238 On the other hand, it will be shown in a
moment that the (110) surface exhibits well-known and tunable surface reconstructions,
for many of which DFT models have been established. This makes it the ideal system
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110 6. SrTiO3(110) homoepitaxy

Electrostatic
potential

Sample thicknessSrTiO3(001) SrTiO3(110)
[0

0
1
]

[100]

[1
1
0
]

[001]

Sr

Ti

a = 3.905 Å a

a√2/2

(a) (b) (c)

O
4+

4−
4+

4−

2−

4−

(O2)4−

(SrTiO)4+

(O2)4−

(O2)4−
(SrTiO)4+

(SrTiO)4+ 4+

Figure 6.2. (a) SrTiO3 unit cell: SrTiO3 crystallizes in the cubic perovskite ABO3 structure. (b) Bulk-
truncated model of the (110) surface: Planes of opposite charge alternate along the [110] direction, leading
to a diverging electrostatic potential with increasing thickness (c). The instability is compensated by
introducing reconstructed layers with −2e formal charge on top of a bulk-truncated (SrTiO)4+ plane.
Renderings from Michele Riva.

for atomically resolved studies.
The bulk-truncated side view of SrTiO3(110) is shown in Fig. 6.2(b). It can be seen in

panel (c) that the alternation of (SrTiO)4+ and (O2)
4− planes makes this termination sus-

ceptible for the polar catastrophe,1,239,240 and intrinsically unstable in its bulk-terminated
form. Compensation of the diverging electrostatic energy is accomplished by introduc-
ing reconstructed TiOx-rich layers bearing a formal−2e charge per bulk unit cell on top
of a bulk-truncated (SrTiO)4+ plane.

Figure 6.3 summarizes the reconstructions found on SrTiO3(110), as seen in STM
and LEED. Because of their origin in the polarity compensation, they are exceptionally
stable.71 Each reconstruction is composed of a combination of tetrahedrally and octa-
hedrally coordinated TiOx units, additionally including a few Sr atoms.230,241–243 While
the TiOx enrichment is required to compensate for the polar nature of the SrTiO3(110)
surface, each of the structures in Fig. 6.3 has a slightly different composition: Structures
on the left are characterized by a smaller Ti enrichment than those on the right. Each
surface structure represents a thermodynamic equilibrium phase, as determined by the
cation chemical potentials, and can therefore be reversibly and reproducibly prepared by
tuning the near-surface stoichiometry. This is achieved by deposition of small amounts
of Sr or Ti (followed by high-temperature annealing in O2 ambient) via, e.g., MBE244

or PLD,71 as indicated in the bottom part of Fig. 6.3 in units of monolayers (ML). In
this context, 1 ML corresponds to the number of Sr (or Ti) sites in a (SrTiO)4+ plane of
SrTiO3(110), i.e., 4.64 × 1014 at./cm2.245 More details about the cation doses needed to
switch between adjacent reconstructions are given in Section 6.2.1.

Note that SrTiO3(110) is not the only complex oxide whose surface reconstructions
are related by near-surface stoichiometry: Similar relations between surface reconstruc-
tions and compositionwere reported for LaAlO3(110),231 LiNbO3(0001),246 BaTiO3(001),224

PbTiO3(001),247 and (001)-,238,248 and (111)-oriented228,249,250 SrTiO3. Chapter 8 will show
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that a similar behavior is shared also by LSMO(110).
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Figure 6.3. Surface phase diagram of SrTiO3(110). Selected reconstructions with different periodicities
are shown as they appear in STM (top row; 12×12 nm2 each) and LEED (bottom row; 90 eV, one quadrant
shown with inverted gray scale). The reconstructed unit cells are outlined in white in each STM image. In
each LEED pattern the bulk-derived diffracted beams are highlighted with grey circles. Each of the surface
structures can be reversibly and reproducibly prepared by tuning the local surface stoichiometry. This can
be achieved by deposition of small amounts of Sr or Ti via MBE or PLD (followed by high-temperature
annealing in O2 ambient), as indicated in the bottom part. One monolayer (ML) is the density of cation
sites in a bulk-truncated SrTiO3(110) plane, i.e., 4.64× 1014 atoms/cm2. Adapted from ref. 68.

6.2.1 The (n × 1) series
The reconstructions of the SrTiO3(110) phase diagram in Fig. 6.3 can be classified in two
families: (n × 1), in the following often referred to as ‘Sr-rich’, and (l × m), ‘Ti-rich’.
Reconstructions belonging to the (n × 1) series share a similar surface structure and
similar properties, and they can coexist on the surface. They all consist of a network
of rings of corner-sharing TiO4 tetrahedra residing on a bulk-like (SrTiO)4+ plane. Fig-
ure 6.4 shows the typical STM appearance and the DFT models of the (4× 1) and (5× 1)
reconstructions. In both cases, the unit cell is marked by white rectangles. In the (4× 1)
[Figs. 6.4(a, b)], rows of six-membered rings alternate with rows of ten-membered rings
along the [11̄0] direction. The structure of (5 × 1) and (6 × 1) can be obtained by mod-
ifying the number of members in the tetrahedra rings: In the (5 × 1) [see Figs. 6.4(c,
d)] they are eight- and ten-membered, while there are only ten-membered rings in the
(6 × 1) (not shown). In STM, both reconstructions appear as rows separated by dark
trenches running along the [110] direction. Their width along the [001] direction is of 4
and 5 unit cells, for the (4× 1) and for the (5× 1), respectively. Bright and dark features
(marked by orange and purple arrows) are present on the surface. As discussed in the
following, they are linked to the presence of antiphase domain boundaries.
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112 6. SrTiO3(110) homoepitaxy
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Figure 6.4. (4 × 1) and (5 × 1) reconstructions of SrTiO3(110). (a, c) 12 × 12 nm2 STM images (typical
parameters: U sample = +2 V, I t = 0.2 nA). (b, d) Top view of the DFT models of vacancy cluster antiphase
domain boundaries (’W-type’) on (4 × m) and (5 × l) with m = l = 8. Unit cells (≈1.56 × 0.55 nm2 and
≈1.95 × 0.55 nm2, respectively) are highlighted by white rectangles. In the STM images, Sr adatoms and
Ti2O3 and Ti3O4 vacancy clusters are highlighted by orange and violet arrows, respectively. The positions
of the latter are indicated by asterisks in the DFT models. Adapted from ref. 69.

Antiphase domain boundaries. Because the surface unit cells break the mirror sym-
metry of the bulk-truncated SrTiO3(110) surface, two types of antiphase domain bound-
aries form where two (4 × 1) [or (5 × 1)] mirror domains connect. They are called ‘C-’
and ‘W-type’.243 Figs. 6.4(c, d) show a DFT model of the structure with domain bound-
aries (the C-type one is in the middle of the cells): Here, the wings of the ‘boomerangs’
[i.e., the eight- (ten-) membered rings along the [110] direction] point away from each
other (sketched in violet in the STM images). On theW-type, instead, they point towards
each other (sketched in orange in the STM images).243

C-type boundaries are obtained by removing one (Ti2O3)2+ unit on the (4 × 1), and
one (Ti3O4)3+ unit on the (5 × 1), respectively, on the positions indicated by the as-
terisks in Figs. 6.4(b, d). In both cases, this relieves strain between the SrTiO3(110)
bulk-truncated surface layer and the ‘ideal’ reconstruction overlayer without domain
boundaries.243 In STM, these vacancy clusters appear as dark points [violet arrows in
Figs. 6.4(a, c)]. On the (4 × 1), for each (Ti2O3)2+ complex removed at the C-type do-
main boundary, a Sr2+ adatom is placed at the W-type domain boundary, restoring the
charge balance in the surface layer.243 These Sr adatoms are visualized as bright protru-
sions in STM [orange arrow in Fig. 6.4(a)]. A similar argument applies to (5 × 1): The
missing charge of the (Ti3O4)

4+ vacancies at C-type boundaries can be compensated by
introducing cationic species of equal net charge. Ref. 69 suggests that two additional
Sr2+ atoms are anchored on the 5× lines in between two type-C domain boundaries. In-
deed, STM reveals that bright protrusions appear between vacancy domain boundaries
[see Fig. 6.4(c)]; also, the size of these bright protrusion is larger than those present on
the (4 × 1), consistent with the hypothesis of more than one Sr2+ atoms sitting at the
W-type domain boundary on the (5× 1) surface.
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6. SrTiO3(110) homoepitaxy 113

Cation dose to move between the (4 × 1) and the (5 × 1) reconstructions. Wang
and colleagues obtained the experimental doses at the bottom of Fig. 6.3 by deposit-
ing the pure metals after careful calibration of the corresponding effusion cells.245 The
authors optimized the temperature of the sources to achieve exactly stoichiometric co-
deposition of Sr and Ti, as determined by RHEED. In order to exclude possible spurious
effects in the determination of the absolute doses, such as, e.g., incomplete sticking or re-
evaporation, the work in ref. 69 compares the Sr dose required to switch the SrTiO3(110)
surface structure from pure (4 × 1) to pure (5 × 1), with the stoichiometry of the two
surfaces as derived from DFT calculations. Establishing a precise relation between com-
positional changes and surface structure changes is crucial for the results to be presented
in Chapter 7, showing how small nonstoichiometries introduced in PLD can be deduced
by monitoring the evolution of the surface structures.

The experimental dose amounts to (0.55 − 0.40) ML = 0.15 ML (cf. bottom axis of
the phase diagram in Fig. 6.3), and corresponds to an excess (deficiency) of 0.15 Sr (Ti)
atoms per (1× 1) surface unit cell on a pure (5× 1)-reconstructed surface. The structural
models for the ideal (4× 1) and (5× 1) surfaces correspond to Ti6/4O16/4 and Ti7/5O19/5

surface compositions,251 respectively, or to a 6/4 − 7/5 = 0.1 Ti atoms deficiency per
(1× 1) surface unit cell. However, the domain boundaries that are characteristic of these
surfaces (see previous Section) interact with each other, causing their average separa-
tion to be well defined [see Figs. 6.5(c, d)]. As a result of this superperiodicity, addi-
tional spots are seen in the LEED patterns [Figs. 6.5(a, b)]. Hence, these reconstructions
are better described by (4 × m) and (5 × l) unit cells. The average periodicity along
the [11̄0] direction, corresponding to the distance between equivalent antiphase domain
boundaries, was evaluated from several STM images. It amounts to ⟨m⟩ = 11 ± 2 and
⟨l⟩ = 9.2 ± 2.5 for the (4 × m) and (5 × l) structures, respectively. The difference
in the [11̄0] super-periodicity for the two structures is reflected in a corresponding dif-
ferent spacing of the split spots observed in LEED [see insets of Fig. 6.5(a, b)]. These
spacings amount to d∗[11̄0]/(11.05± 0.09) and d∗[11̄0]/(9.1 ± 0.2) for the (4 × m) and (5
× l) structures, respectively, as judged by fitting Gaussian peaks to cross-sectional spot
profiles (d∗[11̄0] is the distance between integer-order LEED spots along [11̄0]). There-
fore, the corresponding real-space periodicities along [11̄0] are ⟨m⟩ = 11.05± 0.09 and
⟨l⟩ = 9.1 ± 0.2, in perfect agreement with the values obtained by STM. These super-
periodicities should be included in the DFT-derived structural models to properly ac-
count for the composition of the (4×m) and (5× l) surface structures. As a result of the
missing (Ti2O3)

2+ unit and the additional Sr2+ atom (see previous Section), the composi-
tion of one (4×m) surface unit cell ismTi6O16+1Sr−1Ti2O3 = SrTi6m−2O16m−3, corre-
sponding to a Sr1/4mTi(6m−2)/4mO(16m−3)/4m composition per (1×1) unit cell. Given that
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114 6. SrTiO3(110) homoepitaxy
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Figure 6.5. (a–d) SrTiO3(110) surfaces (mostly) (4×m)- (a, c) and (5×l)-reconstructed (b, d), respectively.
(a, b) LEED patterns (90 eV, inverted gray scale, one quadrant shown); the insets show blowups of the
(3/4, 1) and (−4/5, 1) spots in panels (a) and (b), respectively. The spot splitting characterizes the average
periodicity ⟨m⟩ and ⟨l⟩ of (4 × m) and (5 × l), respectively. (c, d) STM images (30 × 30 nm2). Dashed
lines enclose a few domains on (4×m) and (5 × l), whose sizesm and l are indicated as a multiple of the
[11̄0] in-plane lattice period. Adapted from ref. 68.

⟨m⟩ = 11, as determined by LEED and STM, the average composition of a SrTiO3(110)-
(4 × m) surface is then Sr1/44Ti64/44O173/44 per (1 × 1) surface unit cell. One can de-
rive the composition of a (5 × l) in analogy with what done for the (4 × m), and derive
lTi7O19+2Sr−1Ti3O4 = Sr2Ti7l−3O19l−4 per (5× l) unit cell, or Sr2/5lTi(7l−3)/5lO(19l−4)/5l

per (1 × 1) unit cell, so that the average composition for the experimentally derived
⟨l⟩ = 9 is Sr2/45Ti60/45O167/45.

From the Sr1/44Ti64/44O173/44 and Sr2/45Ti60/45O167/45 model compositions of (4×m)
and (5 × l) reconstructions, one concludes that evolution from a (4 × m)- to a (5 × l)-
reconstructed surface requires removal of |60/45−64/44| = 0.121Ti atoms and addition
of |2/45 − 1/44| = 0.022 Sr atoms per (1 × 1) unit cell. This corresponds to a net ad-
dition (removal) of 0.143 Sr (Ti) atoms: For example, when 0.143 ML Sr are deposited
on a (4 × 1) surface, 0.022 Sr atoms per unit cell are directly incorporated in the (5 × 1)
surface structure, while the remaining 0.121 Sr atoms form stoichiometric SrTiO3 by
removing 0.121 Ti atoms from the (4 × 1) structure. The 0.121 ML SrTiO3 are then ac-
commodated, e.g., at step edges. Therefore, the net difference in stoichiometry between
the two surface reconstructions (i.e., 0.143 ML) should be compared with the 0.15 ML
experimentally determined cation dose reported in the phase diagram of Fig. 6.3. The
very good agreement between these two values (within 5%) suggests that the calibration
of the experimental doses in the surface phase diagram is largely free of spurious effects
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6. SrTiO3(110) homoepitaxy 115

such as, e.g., incomplete sticking or re-evaporation. As an immediate consequence, this
also limits the relative uncertainty in the cation excess determination with the method
detailed in Chapter 7 to better than 5%.

Coexistence of (n × 1) reconstructions. Because the reconstructions belonging to
the (n × 1) series share similar structural properties, they tend to coexist on the same
surface without phase-separating into distinct domains. If, say, the surface has a com-
position between the (4 × 1) and the (5 × 1) monophase surfaces, interwoven (4 × 1)
and (5 × 1) lines will be simultaneously present (see Fig. 6.6). In both surfaces of panels
(a) and (b), the majority of the surface is (4 × 1)-reconstructed, but few (5 × 1) lines
(blue) are present. On some occasions, lines of one reconstruction can ‘jump’ one (or
multiple) lattice units along the [001] direction, so that the lines can appear fragmented
(white arrows). This mixture of reconstructions can also be seen from LEED, showing a
partial overlap of (4× 1) and (5× 1) spots, most evident at the location indicated by the
black arrow. This clear spot splitting is less visible when the coexisting (n× 1) structures
have a ratio other than 50%. In these cases, the minority lines tend to have a well-defined
separation along [001], and this causes a broadening of the LEED intensities.

(b) (c)
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90 eV
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Figure 6.6. Mixed (4–5× 1) surfaces of SrTiO3(110). (a) 100× 100 nm2 STM image of amixed surface. One
(5× 1) line is highlighted in blue. It runs continuously along the [11̄0] direction, albeit with jumps of one
unit cell across the [001] direction (white arrows). (b) 30× 30 nm2 STM image on another mixed surface,
where all (5 × 1) lines are highlighted in blue. The white arrow indicates the jump of one of these lines
across the [001] direction. (c) LEED pattern corresponding to the image in panel (b). The superposition of
(4 × 1) and (5 × 1) spots originating from the simultaneous presence of both reconstructions is indicated
by the black arrow.

Stability of the (n × 1) reconstructions. Reconstructions belonging to the (n × 1)
series are stable upon annealing 1 000 ◦C and 50 mbar O2. They are usually prepared
at 1 000 ◦C and 7 × 10−6 mbar O2 (see Section 6.2.2). Notably, the (n × 1) periodicity
remains visible in RHEED at these temperatures (not shown).
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6.2.2 The (l × m) series
The reconstructions belonging to the (l ×m) series essentially consist of a double layer
of octahedrally coordinated Ti. The (2× 5) reconstruction is themost investigatedwithin
this Thesis, and it will be the focus of this Section.

Figure 6.7 shows the appearance of the (2 × 5) reconstruction in STM [panel (a)],
and the corresponding DFTmodel [panel (b)]. In STM, the structure appears as≈2.8 nm-
wide rows oriented along the [001] direction, composed of alternating by dark troughs
and bright dots. The DFT model reveals that the reconstruction is composed by two
atomic layers. The subsurface layer consists of edge- and corner sharing TiO6 octahe-
dra. The top layer hosts sixteen edge-sharing TiO6 octahedra, and two TiO5 units, in
which the apical oxygen atom is missing. Finally, five-fold coordinated Sr atoms alter-
nate with the TiO5 units, with a two-fold periodicity along [001].242 These Sr adatoms
correspond to the bright dots visible in STM.

Cation dose to move to the (2 × 5). The Ti dose needed to obtain the (2 × 5) surface
from the other reconstructions of the phase diagram in Fig. 6.3 was not available from
the literature. In the work of ref. 69, this dose is derived by scaling the PLD-deposited
TiO2 amount necessary to move from (4 × 1) to (2 × 5) to the corresponding dose that
allows switching between (5 × 1) and (4 × 1). The experimental dose needed to switch
between the (5 × 1) and the (2 × 5) was then compared with the dose derived from the
available DFT models, in analogy with the analysis presented in Section 6.2.1 for the
relative compositions of the (4 × 1) and (5 × 1). Importantly, one should care that a
‘(2 × 5)’ surface actually shows a mixture of (2 × 4)/(2 × 5) periodicities, each with two
possible structures—i.e., (2× k)a/b.242 Assuming an even mixture of the four structures,
the model net stoichiometry difference between ‘(2× 5)’- and (5× 1)-reconstructed sur-

2 nm

2
0
1
7
-1

1
-2

0
 n

o
.1

2

(a)

[1
10

]

(b)

(c)

[1
1
0
]

[110]

1.6 V, 0.04 nA

Figure 6.7. (2 × 5) reconstruction of SrTiO3(110). (a) (12 × 12) nm2 STM image. (b) DFT model from ref.
242. The unit cell (≈0.78 × 2.76 nm2) is highlithted by white rectangles. Sr, Ti, and O atoms are in green,
blue, and red, respectively. Renderings by Michele Riva.
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6. SrTiO3(110) homoepitaxy 117

faces amounts to 1.64 ML.This number agrees, within 10%, with the 1.5 ML experimental
dose reported in Fig. 6.3. The larger discrepancy obtained in this case might be due to
the lack of modeling of domain boundaries on the (2 × k)a/b structures.

Stability of the (l × m) reconstructions. Apart from the (2 × 5), the reconstruc-
tions of the (l ×m) family are stable up to 1 000 ◦C and 50 mbar O2. The (2 × 5) is only
stable up to around 600 ◦C.

Preparation of SrTiO3(110) substrates

UHV-prepared SrTiO3(110) surfaces were used for a variety of experiments within this
Thesis. As a starting point for most experiments, the surface was prepared to exhibit
a mixed (4–5 × 1) structure. These include the homoepitaxy experiments described in
Section 6.3), the growth of LSMO(110) (Chapters 8 and 9), and the oxygen exchange ex-
periments described in Chapter 10. (2 × 5) samples were prepared for oxygen exchange
experiments described in Chapter 10. The preparation procedure is detailed in the fol-
lowing.

Prior insertion in UHV, the SrTiO3(110) single crystals (synthetic crystals from Crys-
Tec GmbH, Germany, 0.5 wt.% Nb2O5-doped, 5× 5× 0.5mm3, angular miscut of <0.3◦),
are cleaned ex situ. Two cycles of sonication for 20 min in Extran and 10 min in ultrapure
water are effective in removing residues from the mechanical polishing, while boiling
for 10 min in ultrapure water dissolves any CaO traces originating from the polishing
procedure. Each sample is then mounted on a plate with customized clips, as described
in Section 2.4.1 [Fig. 2.3(b)], and inserted into the UHV system.

Figure 6.8(a) summarizes the UHV preparation. First, the sample is ‘test-annealed’,
to proof-check the mounting: During the high-temperature annealing, the clips can re-
shape and may exert too much force on the sample and cause it to crack. If the sample
survives the test annealing, three cycles of sputtering and annealing are performed. The
now-clean surface usually exhibits a mixture of the (2 × 4) and (6 × 4) reconstructions,
as seen from LEED (refer to the phase diagram in Fig. 6.3). The surface structure is ad-
justed to exclusively exhibit the desired reconstruction, by MBE (or PLD) deposition of
Sr or Ti, with subsequent oxygen annealing. The amounts of Sr or Ti to be deposited
are chosen based on the results of the LEED patterns, in accordance with the phase
diagram of Fig. 6.3. For details on the calibration of the Sr and Ti doses, refer to Ap-
pendix F. A last check is performed in XPS and STM for the cleanliness of the sample.
Figures 6.8(b, c) show the 500 × 500 nm2 STM images of representative (4 × 1)- and
(2× 5)-reconstructed surfaces. They both exhibit hundreds of nanometers-wide terraces
separated by monoatomic steps.
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118 6. SrTiO3(110) homoepitaxy

Note that the composition, and hence, the surface structure, of SrTiO3(110) is very
sensitive to sputtering treatments, to the extent that different reconstructions macro-
scopically coexist on the surface if the sputtering is not uniform across the sample. This
effect was observed by sputtering the surface with a fixed ion gun (not rastering over the
whole sample surface): Despite the broad beam, the center of the sample becomes Ti-
richer than the sides, with a related and detectable change in the surface reconstructions,
which might span from the (2 × 4) to the (5 × 1) on the same sample. This preferential
sputtering is likely because the process preferentially removes O atoms,11 leaving under-
coordinated cations behind. During the subsequent annealing, more Sr evaporates than
Ti because of the higher vapor pressure. Manually rastering the sample in the ion beam
alleviates the problem. Another effective (but time-consuming) solution is to iteratively
shade the parts of the sample that are Ti richer with home-made masks, while depositing
controlled amounts of TiO2 in PLD on the rest of the surface (and checking LEED at each
step). Before the experiments, it was always ensured to start from uniform samples by
checking LEED in different positions.

The preparation of undoped SrTiO3(110) samples follows the same steps as for the
doped ones. Additionally, after each annealing step in oxygen, the samples are further
annealed for 30 min in UHV. This step introduces enough oxygen vacancies to make
the sample conductive (hence measurable in LEED and STM). Note that annealing the
undoped samples without any oxygen pressure after the sputtering treatment produces
a persistent (2 × 5) reconstruction, which is not recovered even upon Sr deposition
(followed by oxygen plus UHV annealing). It was not checked whether the same effect

2
0
1
7
-1

1
-2

1
 n

o
.1

7

(b) (c)

100 nm

New sample

Test anneal1Cracking

Sputter + anneal2

(first run: 3×)

 

Sr/Ti deposition

+ anneal3

 

Flat, well-ordered surface,

aimed-for reconstruction

LEED

STM

(a)

Ex-situ cleaning

 

1 30 min at 1 000 °C (15 °C/min), 7 × 10−6 mbar O2.

2 10 min at 7 × 10−6 mbar Ar+, 1 keV + 1 h at 1 000 °C , 7 × 10−6 mbar O2

3 For all reconstructions except the (2 × 5): 30 min at 1 000 °C , 7 × 10−6 mbar O2

  For the (2 × 5): 30 min at 600 °C , 7 × 10−6 mbar O2

(4 × 1) (2 × 5)

[1
10

]

Figure 6.8. Preparation of SrTiO3(110) substrates. (a) Flow diagram for the preparation of SrTiO3(110)
substrates. (b, c) 500 × 500 nm2 STM images of as-prepared (4 × 1) and (2 × 5) surfaces.
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6. SrTiO3(110) homoepitaxy 119

occurs on the doped samples. It is possible that the Ti-rich reconstructions are retained
even after deposition of Sr (followed by UHV annealing) because Sr evaporates easily
when it is not sufficiently oxidized. Figure 6.9 shows that the STM images and LEED
patterns of (4 × 1) and (2 × 5) reconstructions realized on undoped samples reproduce
the findings on the Nb-doped counterparts.

SrTiO3(110)-(4 × 1)

2 nm

90 eV

2
0
1
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1
1
2
1
 n

o
.9

2
0
1
7
0
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0
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(a) (b)

2
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1
7
1
1
2
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SrTiO3(110)-(2 × 5)

[1
1
0
]
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[1
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]

[001]

Figure 6.9. STM images and LEED patterns of the (4 × 1) (a) and (2 × 5) (b) surface reconstructions
realized on nominally undoped SrTiO3(110) single-crystals. The main panels are 378 × 500 nm2 STM
images. The small-scale STM images are 20 × 20 nm2. The surfaces reproduce the morphology and
atomic scale details of the same reconstructions obtained on Nb-doped SrTiO3(110) samples.

SrTiO3(110) homoepitaxy

SrTiO3 films were grown on SrTiO3(110) samples prepared as described above (both 0.5
wt.% Nb2O5-doped and undoped) from single crystalline SrTiO3 targets (from MaTeck
GmbH and CrysTec GmbH, both 0.5 wt.% Nb2O5-doped and undoped) at 750 ◦C, 7 ×
10−6 mbar O2, laser fluences between 1.3 and 3.9 J/cm2, and 1 Hz repetition frequency.
All films were post-annealed for 10 min at the growth conditions. Their thickness was
measured by live-monitoring the intensity of the specular spot of reflected electrons from
RHEED (beam along the [11̄0] direction). More details about the growth procedure are
given in Section 2.3.7.

6.3 Understanding andoptimizing SrTiO3(110)
homoepitaxy

This Section addresses the link between composition changes, systematically introduced
by varying the laser fluence, and morphology modifications during the homoepitaxy
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of SrTiO3(110). The results presented here, published in ref. 68, show that the surface
atomic structure, influenced by the nonstoichiometry introduced during growth, has a
prominent role in defining the film morphology.

6.3.1 Laser fluence and film stoichiometry
Previous works on (001)-oriented SrTiO3 films have shown that the value of the laser
fluence can significantly impact the film composition: Below a certain threshold value
the films grow Sr rich,37,40,79 while for higher values the films were reported to grow both
close to stoichiometric79 and Ti rich.37,40 This Section shows that the (110)-oriented films
share similar trends.

The nonstoichiometry introduced in the films presented here was measured with
the STM-based approach described in Chapter 7. In a nutshell, this approach revolves
around the phase diagramof Fig. 6.3: If nonstoichiometries are introduced during growth,
they change the composition of the bulk of the film and/or of the surface, in turn produc-
ing a change in the surface structure according to the phase diagram of Fig. 6.3. Chap-
ter 7 demonstrates the all introduced nonstoichiometry segregates to the surface of the
SrTiO3(110) films. As a result, films of different thicknesses can be compared by mea-
suring the nonstoichiometry introduced ‘per layer’, obtained by dividing the measured
surface stoichiometry change by the number of layers. Figure 6.10 exemplifies this: It
collects the nonstoichiometry per layer of various SrTiO3(110) films (thickness between
7 and 52 layers, i.e., ≈1.7–14.3 nm) that were introduced with different laser fluences.
Positive (negative) values stand for Sr (Ti) enrichment. One can distinguish between
two regimes, A and B. Fluences below a given threshold (2.6 J/cm2, regime A) produce
Sr enrichments, consistent with previous observations during homoepitaxial growth on
SrTiO3(001).37,40,79 Higher fluences (regime B) deliver slight Ti enrichments or almost-
ideal stoichiometry, in accordance with the work of Dam et al.,79 but at odds with the
pronounced Ti-enrichment documented elsewhere.37,40 Below it is argued that the de-
position flux is actually (at least slightly) Ti-rich above a certain threshold, as expected
from literature findings on SrTiO3(001) films,37,40,79 but that the details of the (110) sur-
face reconstruction and their sticking properties determine the non-ideal composition
observed.

Note that the values of the threshold fluence reported in the literature are quite scat-
tered (ranging from 0.3 J/cm2 to 2.3 J/cm2),37,40,79,252 and differ somewhat from the value
of 2.6 J/cm2 obtained here (Fig. 6.10). One can think of at least three reasons: (i) As
already discussed in Section 2.3, in addition to the nominal value of the laser fluence,
several other factors can affect the introduced nonstoichiometries. These include O2
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Figure 6.10. Cation nonstoichiometry per deposited layer in homoepitaxial SrTiO3(110) films as a func-
tion of the laser fluence. Open circles correspond to the homoepitaxial growth of Nb-doped SrTiO3 on
Nb-doped SrTiO3(110) substrates, while full symbols refer to the growth of undoped SrTiO3 films on Nb-
doped SrTiO3(110). The nonstoichiometries are measured with STM, by relating the change in the surface
structure evolving during growth to the corresponding composition change via the phase diagram of
Fig. 6.3. Below a threshold fluence (dashed vertical line), decreasing fluences result in larger and larger Sr
enrichment (regime A), while higher fluences (regime B) produce slight Ti enrichment or close-to-ideal
compositions. Reprinted from ref. 68.

background pressure, target-to-substrate distance and alignment, laser spot (dimension,
uniformity, shape), aging of the UV laser gas (‘old’ KrF gas systematically results in
Sr-richer films), preablation of the target (the target should be sufficiently preablated
at the same conditions used during growth), choice of the ablation area (when picked
too close to a previously ablated area, redeposited material from the first area can affect
the results), and unreliable measurement of the laser fluence. (ii) The various designs of
commercial PLD chambers and the lack of accepted methods to measure many relevant
parameters can complicate the consistency of the quantitative data from laboratory to
laboratory.37,76 (iii) The specific details of the surface structures of SrTiO3(001) can affect
the growth and, consequently, the introduced nonstoichiometries differently than on
the SrTiO3(110) films. It is worth noting that quantitatively similar results are obtained
if undoped SrTiO3 films are grown on undoped SrTiO3(110) substrates (full symbols in
Fig. 6.10), suggesting a minor role of the (possible) oxygen nonstoichiometry on the
cation composition of the deposited films.
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Interpreting trends in nonstoichiometry with the laser fluence

The trends observed in the film composition with the laser fluence find contradictory
interpretations in the literature. For this reason, before going forward with the results,
a parenthesis is opened here to discuss these opinions as well as the author’s own un-
derstanding.

One of such interpretations relies on the preferential ablation of Ti from the target. In
the work of ref. 40, fluorescence measurements reveal that, shortly after the ablation, the
‘initial’ plume (i.e., close to the target) is stoichiometric at low fluences, and Ti-enriched
at higher fluences. XPS on the ablation spots on the target reveal an excess of Sr at the
target surface, possibly consistent with the preferential ablation of Ti. The authors argue
that the stoichiometry of the initial plume is altered via interactions with the background
gas (the growths were performed at 10−1 mbar), shifting the plume’s stoichiometry to
more Sr-rich, as the Ti ions, light plasma constituents, are depleted from the central part
of the plume. As a consequence, when the almost stoichiometric initial plume observed
at low fluences is depleted from Ti, Sr-rich films are obtained. Close to the threshold
fluence, the nonstoichiometry of the plume is exactly compensated by the Ti losses due
to scattering, yielding stoichiometric films. Finally, at high fluences, the initial plume is
so strongly rich in Ti that, even after the interaction with the background gas, the films
remain Ti rich. One can identify a few weak points in this interpretation. First, the same
observations (Sr-rich, stoichiometric and Ti-rich films for increasing fluences) are seen
also at experimental conditions where the background gas does not play a role (see ref.
37 and the present work). Furthermore, it is unlikely for the Ti to be ablated in favor
of Sr, given the higher vapor pressure of Sr. The observed Sr enrichment at the target
surface could be caused by Sr segregation. The observed Ti enrichment of the plume
could be caused by the weak fluorescence of Sr-containing species.

The author’s interpretation is at oddswith the one from ref. 40 discussed above, and it
is instead based on previous discussions from refs. 37,79. Sr enrichments observed at low
fluences are assigned to preferential Sr ablation from the target. This is reasonable, given
that Sr has a higher vapor pressure than Ti. EDX measurements showed a micrometer-
deep Sr composition gradient when targets were ablated at low fluences,79 suggesting
that Sr diffuses through the laser-induced melt towards the target’s surface to replenish
the Sr depleted by the preferential ablation. This could explain why the Sr-rich growth
can be maintained over a long period. This model can also explain the trends observed
with increasing fluences: As the fluence increases, the thickness of the ablated spot
becomes comparable to the diffusion length of Sr in the laser-induced melt, and the Sr
diffusion cannot compensate anymore for the preferential ablation. As a result, films
grown at higher fluences (still below the threshold) are less and less nonstoichiometric.
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6. SrTiO3(110) homoepitaxy 123

In ref. 79, the films were found stoichiometric above a certain threshold (at odds with
the small Ti enrichments observed in this work and a few more recent reports showing
strong Ti enrichments37,40). A reasonable explanation for the Ti-enrichment of the films
at high fluences could be induced by a mechanism similar to that described above. The
ablation is still preferential to Sr, but, as the fluence increases, the ablated area becomes
deeper and deeper, and the Sr diffusion from within the target is less and less able to
compensate for the Sr ablation: Ti-enriched films are grown. The observed difference
in slopes of nonstoichiometries as a function of laser fluence in the two regimes (Sr rich
and Ti rich) can be explained by accounting for sticking effects: They are not included
in the model for the evaluation of the nonstoichiometries (see Chapter 7). The smaller
slope in the Ti-rich regime could arise from a smaller sticking of TiOx species on (2× 4)
areas. Moreover, one cannot exclude non-linearities in the ablation mechanisms as a
function of the fluence.

In ref. 37, another effect besides preferential ablation at the target is discussed, i.e.,
the angular distribution of the ejected Sr and Ti in the ablation plume. However, the
experiments presented here are characterized by such low pressures (7 × 10−6 mbar)
that the corresponding mean free path exceeds the target-substrate distance, and thus
also such effects can be ruled out. Film re-sputtering can be also excluded as a possible
influencing effect, because of the relatively small fluences employed, the ‘large’ target-
to-substrate distance,37 and because no surface roughening is observed at the atomic
scale.

6.3.2 Nonstoichiometry and surface morphology
As seen from Fig. 6.10, STM can be successfully employed to evaluate the nonstoichiom-
etry introduced during growth. At the same time, STM gifts with precious information
about the corresponding changes in the surface morphology, which is addressed here.
Figure 6.11 shows the surface morphology (top row) and the surface structure (bottom
row) of several representative SrTiO3(110) films with different nonstoichiometries, ob-
tained at increasing fluence from left to right. Regimes A and B (cf. Fig. 6.10) produce
markedly different surface morphologies. Films belonging to regime A tend to retain
flat surfaces [Figs. 6.11(a1, b1)], while high fluences (regime B) induce the development
of few-layers-deep pits [dark in Fig. 6.11(d1)] that get deeper, wider, and more numerous
as the growth proceeds: High fluences are detrimental for the surface quality.

A closer look at the changes occurring at the atomic scale (bottom row of Fig. 6.11)
is of primary importance to understand the origin of the morphological roughening, as
discussed below. Note that each substrate was initially prepared to exhibit a comparable
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Figure 6.11. Effect of nonstoichiometric deposition conditions on the surface morphology of SrTiO3(110)
films. STM images and RHEED intensity oscillations of representative, nonstoichiometric homoepitaxial
SrTiO3(110) films, obtained at different laser fluences (increasing, from left to right). Sr-rich films (a1, a2),
(b1, b2) exhibit atomically flat surfaces with a mixture of (n × 1) lines. In (a2), yellow, blue, and red areas
mark (6 × 1)-, (5 × 1)-, and (4 × 1)-reconstructed areas, respectively; in (b2), the surface consists almost
exclusively of (5 × 1) lines. Slight Ti enrichment (c1, c2) triggers the formation of small (2 × 4) patches
(white arrows) that interrupt (n × 1) terraces. Higher fluences cause the appearance of few-layers-deep
pits (d1, d2) that are (2× 4) reconstructed. A representative pit is shown in green in the high-pass filtered
image in (d2) from a 20 layers-thick film grown at 2.55 J/cm2. In the inset of (d1), the STM profile of one
of the pits is shown. The precursors of the pits are indicated by black arrows in (c1, c2). (e, f) Specular-
spot RHEED intensity oscillations of films (a1) and (c1) showing a behavior that is representative of films
grown in regimes A and B, respectively. Reprinted from ref. 68.

surface to ensure a reproducible starting point: The surface always showed a mixture
of interwoven (4 × 1) and (5 × 1) lines with a well-defined ratio [between 60% and 95%
(4 × 1) coverage]. Low-fluence (Sr-rich) films always retain a mixture of (n × 1) lines
[Figs. 6.11(a2, b2)]. A small Sr excess [Fig. 6.11(b2)] shifts the initially (4 × 1)–(5 × 1)
surface to almost exclusively (5 × 1) lines; as detailed in Chapter 7, the Sr excess is
quantified by determining the change in the number of (5 × 1) lines as a result of the
growth. Larger Sr enrichments [Fig. 6.11(a2)] drive the initial (4 × 1)–(5 × 1) surface
to a mixed (5 × 1)–(6 × 1) composition [the simultaneous presence of few (4 × 1) lines
is assigned to an imperfect equilibration of the surface]; there the same concept can be
applied for the evaluation of the Sr excess.

For fluences slightly above the threshold, a new, Ti-rich (2× 4) phase appears on the
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6. SrTiO3(110) homoepitaxy 125

(4× 1)–(5× 1) terraces [see the small patches appearing darker in Figs. 6.11(c1, c2), some
of which are indicated with arrows]. The formation of this Ti-rich reconstruction is con-
sistent with the expected Ti enrichment of the flux at these conditions. At larger fluences
and/or for thicker films, pits develop on the surface [Figs. 6.11(d1, d2)]. Since similar pits
were also observed during Ti-enriched MBE growth of SrTiO3(110),253 one can exclude
that their formation is caused by possible sputter damage induced by the higher laser
fluences employed in this regime. The large depth of 22 layers of the pits in Fig. 6.11(d1),
along with their narrow width [see the pit profile in the inset of Fig. 6.11(d1)], hindered
obtaining reproducible atomic resolution at their base. Shallower pits enabled to resolve
that their bottom is (2 × 4)-reconstructed. This is for example seen in Fig. 6.11(d2) that
displays the high-pass filtered image of a nine layers-deep pit obtained on a different film
[(2 × 4) areas are shaded in green]. In general, LEED patterns acquired on high-fluence
films (i.e., with pits) consistently display a (2× 4) periodicity in addition to the (4–5× 1)
periodicity associated with the (n × 1) terraces (not shown). The pit in Fig. 6.11(d2)
shows another representative feature: rims of (n × 1) islands elongated along the [11̄0]
direction that decorate the edge of the pit, a few layers higher than the surrounding
terrace.

The quantitative evaluation of the nonstoichiometry within regime B follows the
same procedure as for regime A, that is, by relating the change in the surface structure
to the composition change via the phase diagram (Fig. 6.3). This means evaluating the
relative number of different (n × 1) lines, as well as accounting for the new (2 × 4) ar-
eas. It is surprising that the stoichiometry of the films of regime B is close to the one of
the corresponding substrates, and that it does not show a significant trend with fluence
(Fig. 6.10). Note that one cannot exclude that systematic errors are introduced during
the evaluation of the (2 × 4) patches and pits: The (2 × 4) patches are very often quite
small and sparse, requiring the acquisition of sufficient statistics on a rather large scale,
which, on the other hand, makes it hard to discern (n × 1) from (2 × 4) areas. Similar
problems occur for the evaluation of the pits. As a result, it is possible that slight Ti
enrichments are, in fact, introduced with increasing fluences, as the increased number
of pits would suggest. Nevertheless, the difference between regimes A and B (Fig. 6.10)
is striking; if a Ti excess is introduced at high fluence, it is significantly smaller than the
Sr excess observed at low fluences, and with no apparent trend. Since all films exhibit
comparable Sr 3d to Ti 2p intensity ratios in XPS and no statistically significant differ-
ence with respect to the SrTiO3 substrates (details in Section 7.3), one can exclude that
Ti atoms are implanted in the bulk during Ti-rich growth. The simplest explanation for
achieving quasi-ideal stoichiometries with a Ti-rich flux is that TiOx species stick less
on the newly formed Ti-rich surfaces than SrOx species.
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126 6. SrTiO3(110) homoepitaxy

Note that a qualitative analysis of the RHEED oscillations can be misleading in predict-
ing the evolution of the film morphologies during the growth. Figures 6.11(e, f) show
the RHEED oscillations of two representative Sr-rich and Ti-rich films, corresponding
to the films in Fig. 6.11(a1) and (c1), respectively. Generally, a decrease in the inten-
sity of maxima in the RHEED oscillations is assigned to surface roughening. However,
this decrease is present in both, regime A, Sr-rich growth [Fig. 6.11(e)] and regime B
[Fig. 6.11(f)], although an appreciable surface roughening only occurs in the latter case.
Note that the intensity of oscillation minima of Sr-rich growths increases as the growth
proceeds [Fig. 6.11(e)], while staying roughly constant in the Ti-rich regime. It is plau-
sible that the diffraction geometry, initially optimized for the (4 × 1) reconstruction, is
not ideal for the developing (5× 1) and (6× 1) phases, causing an overall decrease of the
contrast in RHEED oscillations. Interestingly, this effect is markedly pronounced when
moving between reconstructions belonging to the same (n × 1) family. These results
send an important message: RHEED oscillations are not necessarily a reliable means to
predict the development of the film morphology.

6.3.3 The role of the surface reconstruction
To understand the mechanisms behind the development of rough surfaces in the pres-
ence of the (2 × 4) structure [opposed to the flatness of the films exhibiting uniform
(n× 1)-reconstructed surfaces], the role of the surface reconstruction during the growth
of SrTiO3(110) was investigated in depth. The early stages of growth were investigated
at different conditions, starting from different surface reconstructions.

Submonolayer deposition of SrTiO3 on a (n × 1)-reconstructed surface results in a
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Figure 6.12. Submonolayer growth of homoepitaxial SrTiO3(110) starting from (n × 1) surfaces. Sub-
monolayer amounts of material deposited on a (4× 1)–(5× 1)-reconstructed surface result in single-layer-
high islands elongated along the [11̄0] direction under different growth conditions: (a) four laser pulses,
6 ×10−6 mbar O2, 750 ◦C, 1.7 J/cm2; (b) one laser pulse, 3 ×10−2 mbar O2, 850 ◦C, 2.0 J/cm2. The surface
reconstruction floats on top of the growing islands that retain the same (4 × 1)–(5 × 1) reconstruction as
the substrate. Sr adatoms and TiOx vacancy clusters form lines that run uninterrupted across the edges
of the islands, as highlighted by the white rectangles. Reprinted from ref. 68.
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morphology similar to the one shown in Fig. 6.12 over a wide range of deposition con-
ditions (fluence between 1.3 J/cm2 and 3.9 J/cm2, pressure between 5 × 10−6 mbar and
3 × 10−2 mbar O2, temperature between 650 ◦C and 850 ◦C). In each case, the surface
is characterized by rectangular, single-layer-thick islands, elongated along the [11̄0] di-
rection. Larger islands are formed when the substrate is hotter, as surface diffusion is
enhanced. The islands display the same (n × 1) reconstruction of the substrate, with
the characteristic dark and bright features sitting at antiphase domain boundaries (cf.
Section 6.2.1). These features run uninterrupted across the island edges, indicating that
the reconstruction floats to the surface during growth. This is enabled by the intrinsic
openness and flexibility of the (n × 1) structure: Its TiO4 tetrahedra can temporarily
distort and change their coordination to host additional species, thus enabling the flow
of material to subsurface regions, and then easily readjust to the thermodynamically
preferred structure.

When starting from a different surface reconstruction, both the island shape and
their areal coverage change visibly. Figure 6.13 compares the islands formed upon
submonolayer deposition at the same conditions on different surfaces: (a) monophase
(4× 1); (b) monophase (2× 4); (c) mixed, with discrete patches either (4× 1)- or (2× 4)-
reconstructed. The islands are rectangular on both surfaces, but oriented differently: On
the (4× 1) [Fig. 6.13(a)], the preferential direction is the [11̄0], as in Fig. 6.12, while on the
(2 × 4) [Fig. 6.13(b)] islands are elongated along [001]. The island directionality is likely
caused by the structural details of the reconstructions that enforces anisotropic diffusion
of the adspecies along specific crystallographic directions. The differences in the shapes
of the evolving islands are also apparent on the mixed surface [Fig. 6.13(c)], where the
island morphology in each patch is determined by the surface reconstruction of the pris-
tine substrate. Similar islands (aspect ratio, directionality) as on the monophase (4 × 1)
and (2 × 4) samples are formed on the (4 × 1) and (2 × 4) patches, respectively. Impor-
tantly, not only the island shapes, but also their areal coverage is markedly different on
the two reconstructions. A statistical analysis reveals that the island coverage changes
from 0.237 ± 0.012 to 0.144 ± 0.010 from (4 × 1) to (2 × 4), roughly corresponding
to a 1.6-times smaller areal coverage on (2 × 4). On the mixed surface, a tendency be-
comes apparent to accumulate material at the interface between two reconstructions,
specifically on the (4 × 1) side.

One can exclude that the lower coverage on the (2 × 4) surface is due to step flow:
In Fig. 6.13(b), the island coverage close to the step (20%, small rectangle) is only slightly
larger than in the middle of the terrace (14.4%, large rectangle); consequently, the lower
island coverage on (2 × 4) areas cannot be assigned to material accumulating at step
edges. The differences in island coverage can be explained instead by invoking a dif-
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Figure 6.13. Surface-dependent sticking on SrTiO3(110). The same amount of material (4 laser pulses at
1 Hz, 5 × 10−6 mbar O2, 650 ◦C, 2.55 J/cm2) was deposited on different starting surfaces: (a) A (4 × 1)-
reconstructed surface, (b) a (2 × 4)-reconstructed surface, (c) a mixed (4 × 1)/(2 × 4) surface. Notice that
(a) results in the deposition of 1.6 times more material than when starting from a (2 × 4)-reconstructed
surface (b). Also, on the (4 × 1) surface of panel (a) diffusion is preferential along the [11̄0] direction,
whereas on the (2× 4) surface in panel (b) diffusion is along the [001] direction. The difference in sticking
and diffusion direction is also evident when starting from a mixed (4 × 1)/(2 × 4) surface, as shown in
panel (c). In panel (b), a small (large) rectangle indicates the area close to (far from) a step, on which
fractional island coverages can be evaluated. Reprinted from ref. 68.

ferent sticking on each surface reconstruction, which is related to their propensity to
incorporate the incoming species. Crucial hints come from the details of the surface
structures, as was unveiled by the work published in ref. 71 and illustrated in Chapter 10,
which has addressed why (n × 1) structures are more effective than (l × m) structures
at incorporating oxygen from the gas phase. The (n × 1) structures are open, flexible,
and composed of undercoordinated TiO4 tetrahedra, whereas the (l ×m) structures are
rigidly packed with fully coordinated TiO6 octahedra. The (n × 1) surfaces incorpo-
rate more oxygen because their tetrahedra are able to temporarily distort and change
their coordination to accommodate oxygen, while this process is highly unfavorable for
the saturated octahedra on (l × m)-reconstructed surfaces. A similar mechanism is ex-
pected to occur during the growth of SrTiO3. It is less favorable for the (2× 4) to change
the coordination of its stiff and saturated TiO6 octahedra to accommodate the incoming
species. Consequently, a higher re-evaporation rate is expected on (2 × 4), which could
explain the smaller island coverage measured on this reconstruction. The accumulation
of material on (4 × 1) areas near the boundary of the two reconstructions on the mixed
surface [Fig. 6.13(c)] can be explained with the same idea: Diffusing adatoms on the
(4× 1) find a high Ehrlich–Schwoebel barrier to traverse the boundary between the two
phases, as incorporation in the (2 × 4) is unfavorable; they are rather ‘reflected’ at the
interface between the two phases, while material from the (2 × 4) side can reach the
neighboring (4 × 1) area, and get accommodated there. Notice that the size of the accu-
mulated material is comparable to that of the islands on the (4× 1) terraces, as expected
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6. SrTiO3(110) homoepitaxy 129

from the diffusion length in that area.
The above considerations allow us to explain the formation of pits in regime B (as de-

fined in Fig. 6.10): Under (slightly) Ti-rich deposition conditions, (2× 4) patches nucleate
after the growth of a few layers [Figs. 6.11(c1, c2)], perhaps triggered by local fluctua-
tions in the surface composition. As the growth proceeds, due to the smaller sticking
on (2 × 4) areas, the effective growth rate in these regions is slower than on the sur-
rounding terraces, and, in turn, pits develop. Additionally, given the small width of the
pits as compared to the distance between islands formed on the (2 × 4) reconstruction,
it is possible that the (fewer) incoming species that stick on the (2 × 4) patches do not
nucleate islands: They could then simply diffuse toward the neighboring (4 × 1) terrace
where they can be more easily incorporated, thus contributing to the rims of (n × 1)
islands decorating the pit [Figs. 6.11(d1, d2)]. Species diffusing on (n × 1) terraces that
find a high barrier to descend toward the pit can also contribute to the development of
the rims. Since the typical size of the rims is comparable to the one of islands nucleating
on the lower terraces, one concludes that the formation of these rims is to be ascribed
to kinetic limitations at this temperature. To conclusively assert whether all incoming
material that sticks on (2 × 4) areas spills out to form the rims, or if it contributes, at
least partially, to the (slow) growth of the pit, one should compare the empty volume of
the pit with the ‘rim volume’. This quantitative evaluation is unfortunately hindered by
the finite sharpness of STM tips (at best, a slope of the pit wall around 30◦ could be mea-
sured). As a consequence, the quantitative evaluation of the volume of pits from STM
images is unreliable. What is beyond doubt is that the difference in the sticking proper-
ties between (2 × 4) and (n × 1) is responsible for the surface roughening observed in
the SrTiO3(110) films.

6.4 Conclusions
This Chapter has shown the value of pairing PLD and STM in yet another context. Atom-
ically resolved STM was used to correlate changes in stoichiometry, surface structures,
and surface morphology in homoepitaxial SrTiO3(110) films. The analysis has revealed
the ultimate origin of surface roughening in SrTiO3(110): The often-neglected surface
atomic structure. It was shown that the nonstoichiometry introduced during growth
with different laser fluences modifies the surface composition and the surface atomic
structure of the films. Under Ti-rich conditions (high fluences), two surfaces with differ-
ent sticking coefficient can develop and coexist at the surface. As the growth proceeds,
pits are formed in the low-sticking areas, worsening the overall morphology. In this
regime, the film stoichiometry is also affected by surface sticking, leading to a quasi-
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130 6. SrTiO3(110) homoepitaxy

ideal composition instead of the expected Ti enrichment. Surface roughening does not
occur when the surface is uniformly reconstructed with Sr-richer structures. However,
atomically flat surfaces do not necessarily stand for ideal stoichiometries (as evidenced
by the Sr-rich films obtained at decreasing fluences).

Onemessage that this Chapter aims to convey is that growing atomically flat and sto-
ichiometric films of complex oxides is not trivial, albeit doable if one is in control of the
surface reconstructions that develop during growth, and that STM can help with this.
It is not unlikely that the often-reported surface roughening of other complex oxides
might be similarly related to the surface atomic details as for the case of SrTi3(110) dis-
cussed here. As it will be shown, this argument is strengthened by the results presented
in Chapter 9, regarding the growth of another perovskite oxide, LSMO(110).
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7. Detection of small
nonstoichiometries with STM

7.1 Introduction
The previous Chapter 6 has shown that the growth parameters can affect the stoichiome-
try, hence the surface structure, hence the surface morphology of complex multicompo-
nent oxides like SrTiO3. This Chapter presents a newly developed, STM-based method
to control these properties with unprecedented accuracy.

The accurate control of the stoichiometry of oxide films (among other properties)
is becoming more and more critical for fields like oxide electronics,233,254,255 which re-
quire detection limits around or better than 0.1%.47,245 However, the customary tools to
characterize film stoichiometry do not reach this limit. These ‘standard’ tools include
ex-situ X-ray fluorescence (XRF), energy dispersive X-ray (EDS) or electron energy loss
spectroscopies (EELS) in a transmission electron microscope, XPS, RBS, and XRD. XRF,
EDS, EELS and XPS directly measure compositions and are characterized by accuracies
in quantifying the major elements of the order of a few percent.34 RBS is capable of
sensitivities as low as 0.5% on elemental ratios,34 but relies on appropriate modeling of
the measured spectra. XRD, instead, measures the film lattice parameter, which is indi-
rectly related to the stoichiometry of the compound.37,38,256 For example, for SrTiO3, both
Ti and Sr excess give rise to an expansion of the lattice parameter relative to the stoi-
chiometric value of 3.905 Å (see Fig. 7.1).37–39,257 XRD is therefore limited to deviations
from stoichiometry that are sufficiently large to produce detectable peak shifts. Fur-
thermore, extended defects in the lattice, such as dislocations and grain boundaries, also
lead to changes in the XRD patterns,258 to the extent that films grown by MBE exhibit
smaller lattice expansions with respect to PLD- or sputter-deposited ones at comparable
deviations from the optimal stoichiometry.38 As a result, significant uncertainties exist
in establishing a universal relation between nonstoichiometry and lattice expansion.

To achieve the 0.1% (or better) sensitivity demanded by developing thin-film tech-
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Figure 7.1. Measuring nonstoichiometry in SrTiO3 with XRD. Both Ti and Sr enrichments produce lattice
expansions that can be measured by XRD. (a) θ-2θ curves of OMBE-grown, nonstoichiometric homoepi-
taxial SrTiO3(001) films of ≈100 nm thickness. (b) Lattice expansions measured on several homoepitaxial
SrTiO3(001) films, correlated to the corresponding cation excesses. Adapted with permission from ref. 38.

nologies, new tools are needed. One possibility is to exploit structural features that have
a strong dependence on the cation composition, such as the surface atomic structure: As
shown by Fig. 6.3 in Section 6.2, the surface atomic structure of SrTiO3(110) has a strong
dependence on the Sr/Ti ratio at the surface, which is in turn influenced by the nonstoi-
chiometry introduced during growth. Based on this concept, RHEED was recently used
to monitor changes in the surface reconstructions of SrTiO3 as a sensitive measure of the
film stoichiometry.47,48 These studies have revealed that SrTiO3(001) homoepitaxial films
exhibit significant changes in their surface reconstructions upon varying the growth pa-
rameters, even within the optimum growth window previously established by XRD.47

This already indicates that detecting changes in the surface structures is a more sensitive
tool to optimize film stoichiometry than XRD (or other ‘standard’ techniques) alone.

In the work presented here, published in ref. 69, this concept has been taken for-
ward, aiming to derive even smaller changes in the surface reconstructions (hence in the
surface stoichiometry) than what can be done by RHEED: The intrinsically superior res-
olution of STM was exploited to detect fractional changes in the surface reconstruction,
which allow to reach the required 0.1% detection limit. The Chapter discusses the details
of the STM-based method used to this end, showcasing it for the homoepitaxial growth
of SrTiO3(110). Notably, for the case of oxide films in which the nonstoichiometry is
largely accommodated at the surface—as it is the case for SrTiO3(110)—this approach
has no lower detection limit for the deposited cation excess.

After discussing how the stoichiometry of a generic film evolves during growth
under nonstoichiometric conditions (Section 7.2.1), Section 7.2.2 will detail how stoi-
chiometry changes can be derived from measured changes in the surface structure. Sec-
tion 7.2.3will finally exemplify the use of themethod for the homoepitaxy of SrTiO3(110).
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7. Detection of small nonstoichiometries with STM 133

7.2 Approach

7.2.1 Deposition of nonstoichiometric films
Figure 7.2 sketches how the stoichiometry of a generic film evolves during growth un-
der nonstoichiometric conditions. For simplicity, it is assumed that the substrate is sto-
ichiometric, and that the deposited flux is characterized by a constant nonstoichiome-
try, such that a total excess x of one of the cations is introduced during the growth of
every layer. (This hypothesis is reasonably well verified if the sticking coefficients of
the deposited species do not change appreciably during growth, which is plausible for
sufficiently small changes in the surface structure). It is assumed that a fraction xs of
the cation excess x floats at the surface during growth. The remaining cation excess
xb,f = x − xs remains stationary in the deposited layer (e.g., for kinetic reasons), and
modifies the composition of the bulk of the film accordingly. Both xs and xb,f modify the
composition of the surface. Specifically, during the growth of each atomic layer, a cation
excess x = xs+xb,f is introduced in the surface layer. After the growth of the first atomic
layer, the surface stoichiometry changes, with respect to that of the substrate Ssub, as

∆S(1) = S(1)− Ssub = x = xs + xb,f.

Upon growing the second layer, a cation excess xb,f is left behind in the subsurface
layer, while xs is transferred to the newly deposited layer. This quantity adds to the
excess x introduced directly from the deposition, so that

∆S(2) = S(2)− Ssub = xs + x = 2xs + xb,f.

xs

2xs

x = xs + xb,f

x = 0

nxs

x = xs + xb,f x = xs + xb,f x = xs + xb,f

x = 0 x = 0 x = 0

ΔS = 0 ΔS = xs + xb,f

xb,f xb,f

xb,f

xb,f

xb,f

xb,f

ΔS = 2xs + xb,f ΔS = nxs + xb,f

Figure 7.2. Evolution of the stoichiometry of a generic film under nonstoichiometric deposition condi-
tions, hypothesizing a stoichiometric substrate and a constant flux nonstoichiometry. A fraction xs of the
total cation excess x floats to the surface during growth, while the remaining cation excess xb,f remains
stationary in the deposited layer. ∆S represents the change in surface stoichiometry as a result of film
growth.
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134 7. Detection of small nonstoichiometries with STM

Simple iteration of this reasoning leads to the expression for the change of surface stoi-
chiometry (with respect to that of the substrate) upon growth of n layers

∆S(n) = nxs + xb,f. (7.1)

Eq. (7.1) essentially means that one can derive the deposited cation imbalance x based
on the change of the surface stoichiometry ∆S, provided that the distribution of non-
stoichiometry within the film is known. The following Sections discuss the approach to
measure ∆S, showcased for the homoepitaxy of SrTiO3(110).

7.2.2 How to derive ∆S?
In a nutshell, ∆S is derived from the correlated changes in the surface structure. As
discussed in Section 6.2, many perovskite oxides display a variety of reconstructions
that are related by near-surface stoichiometry. The change in surface composition ∆S

caused by nonstoichiometric growth (Fig. 7.2) should produce a correlated change in the
surface structure, which is measured with STM.

Note that there are two indispensable conditions for applying this approach: (i) A
well-defined relation between changes in surface composition and changes in the sur-
face structure must be available. This is the case for SrTiO3(110) and for LSMO(110),
as seen in Chapter 6 and Chapter 8, respectively; (ii) the distribution of nonstoichiom-
etry within the film must be known. Section 7.3 shows that for the case of SrTiO3(110)
homoepitaxy, all nonstoichiometry segregate to the surface. In other words, the bulk
grows nearly stoichiometric, or xb,f = 0 in Eq. (7.1). Hence, the measured change of the
surface stoichiometry is proportional to the total excess x and to the film thickness n as

∆S(n) = nxs + xb,f = nxs = nx,

and the total excess x can be derived as

x = ∆S(n)/n. (7.2)

Let us now tackle how to use a surface phase diagram like that of Fig. 6.3 to measure
surface nonstoichiometries with STM. The phase diagram of Fig. 6.3 not only yields the
stoichiometry of a monophase surface with respect to the one of an arbitrarily chosen
reference structure. It can also be used to define the (relative) stoichiometry of the sur-
face of a multi-phase SrTiO3(110) sample, i.e., with coexisting surface reconstructions.
In case such a surface is composed of i = 1, . . . , k reconstructions with fractional cov-
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7. Detection of small nonstoichiometries with STM 135

erages θi, its (relative) stoichiometry can be expressed as

S =
k
∑

i=1

θi (si − sR) =

(

∑

i

θisi

)

− sR, (7.3)

where si and sR correspond to the stoichiometry of a monophase surface with recon-
struction i, and the one of a chosen reference structure, respectively. These quantities
correspond to the cation doses reported in the surface phase diagram of Fig. 6.3. With
Eq. (7.3), one can compare the stoichiometry of any two SrTiO3(110) surfaces A, B as

∆SA,B = SB − SA =
∑

i

(θBi − θAi )si, (7.4)

where the contribution of the (common) reference structure cancels out. A simplified
version of Eq. (7.4) can be used when the same two reconstructions (1 and 2), at equi-
librium with one another, are present on surfaces A and B (with different fractional
coverages). The change in the surface stoichiometry is then

∆SA,B = ∆θB,A1 ∆s1,2, (7.5)

where ∆θB,A1 = θB1 − θA1 is the difference in the coverage of the first reconstruction on
the two surfaces, while ∆s1,2 = s1 − s2.

Note that A and B in Eqs. (7.5) and (7.4) are entirely generic surfaces. Therefore,
these relations can be used to compare the surface stoichiometry of a SrTiO3(110) film
with respect to its corresponding substrate, as well as to compare the relative surface
stoichiometry of two deposited films, or the change in the surface stoichiometry of a film
as a result of post-growth treatments. Note also that Eqs. (7.5) and (7.4) describe only
the stoichiometry of the very surface: Conclusions concerning the stoichiometry of the
bulk underneath require to establish an appropriate relation between the stoichiometry
of the surface and the one of the bulk itself. Such a relation (along with more generalized
models) is derived in ref. 69.

7.2.3 Implementation: SrTiO3(110) homoepitaxy
This Section exemplifies how to apply Eq. (7.5) with the homoepitaxial growth of a
slightly Sr-rich SrTiO3(110) film. Figure 7.3 compares the morphology and structure
of an as-prepared SrTiO3(110) substrate and of the corresponding homoepitaxial film of
≈15-layers thickness (≈4.2 nm). On large-area STM images [Figs. 7.3(a, b)], both sub-
strate and film show 20–300 nm-large, atomically flat terraces, separated by single- or
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136 7. Detection of small nonstoichiometries with STM

multi-layer steps. The deposition was interrupted just after the completion of the fif-
teenth atomic layer, as seen from the in-situ RHEED intensity oscillations.69 As a result,
a few single-layer-high, atomically flat islands are visible on the terraces of the surface of
the film in Fig. 7.3(b). Upon growth, the surface structure changes from predominantly
(4× 1)- to mainly (5× 1)-reconstructed, as seen from the LEED patterns in Figs. 7.3(e, f).
This corresponds to a change toward a more Sr-rich surface. Such a change is reflected
in the atomic-scale STM images of Figs. 7.3(c, d). In Figs. 7.3(c, d) lines with (4 × 1) and
(5 × 1) periodicities are highlighted for clarity in red and blue, respectively.

As compared to the qualitative picture provided by LEED, STM allows a quantitative
determination of the relative coverage of the two reconstructions by directly measur-
ing the fractional areas occupied by the two reconstructions. For example, the relative
coverage of (4 × 1)-reconstructed areas in a sample comprising (4 × 1) and (5 × 1) re-
constructions can be calculated as

θ4×1 =
4N4×1

4N4×1 + 5N5×1

,

whereN4×1/5×1 are the numbers of (4× 1) and (5× 1) lines in an STM image. This cov-
erage can be directly plugged into Eq. (7.4) to derive the change of surface stoichiometry.

To gain enough statistical significance, several STM images comparable to those in
Figs. 7.3(c, d) were acquired at different spots on the sample, totaling 1 000–2 000 lines
(typically this corresponds to acquiring 15–30 images of 70 × 70 nm2 size). With this
approach, one determines that 85.4 ± 3.5% of the surface of the substrate in Fig. 7.3(c)
has a (4 × 1) reconstruction, while 14.6 ± 3.5% is (5 × 1)-reconstructed. After growth
of a 15.25 layers-thick film, 10.6 ± 1.4% of the surface of the sample retains the (4 × 1)
reconstruction, while 89.4± 1.4% is (5× 1). According to Eq. (7.4), this corresponds to a
change in the surface stoichiometry upon growth∆S = (11.22± 0.80)% ML Sr (compare
formulas in Fig. 7.3 with Equations from Section 7.2.1).

Note that the applicability of the approach discussed here is granted for any exper-
imental technique capable of accessing the structure of the material’s surface, and is
not restricted to scanning probe microscopies. In fact, the method boils down to the
determination of the fractional coverages of each reconstruction present at the surface
[Eq. (7.4)]. This can also be accomplished, for example, by quantitatively analyzing LEED
or RHEED diffraction patterns. In this case, one should expect a larger ∆θmin than with
STM, and, consequently, an increased detection limit for similarly thick films [Eq. (7.6)].
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50 nm

(a) (b)

SrTiO3(110) substrate 15.25 ML SrTiO3(110) film

2
0
1
7
-0

5
-1

2
 n

o
.1

3

2
0
1
7
-0

5
-1

8
 n

o
.1

6

4 nm [1
-10

]

(c) (d)

(e) (f)

[1
- 1
0
]

2
0
1
7
-1

1
-0

2
 n

o
.0

7

2
0
1
7
-0

5
-1

8
 n

o
.2

4

2
0
1
7
-0

5
-1

1
 s

to
G

2
0
1
7
-0

5
-1

8
 s

to
G

5

4

5

4

S
u
rf

a
c
e
 A

S
u
rf

a
c
e
 B

θ1
A = θ4×1

A = 85.4% θ1
B = θ4×1

B = 10.6%

θ2
A = θ5×1

A = 1 − θ4×1
A θ2

B = θ5×1
B = 1 − θ4×1

B

θ4×1
B − θ4×1

A = 78.8%

ΔSA,B = Δθ4×1
B,A × Δs1,2 = 11.22% ML Sr

s5×1 − s4×1 = 0.15 ML Sr

Figure 7.3. Morphology and atomic-scale structure of a 15.25 layers-thick homoepitaxial SrTiO3(110)
film (laser fluence 1.9 J/cm2). (a, b) 350 × 210 nm2 STM images; (c, d) (30 × 30 nm2) STM images; (e,
f) LEED patterns (90 eV, inverted gray scale). In the left half of panels (c, d), lines exhibiting (4 × 1) and
(5 × 1) periodicities are highlighted in red and blue, respectively, while the corresponding reconstructed
unit cells are outlined in white. In panels (e, f), bulk-derived (1 × 1) diffracted beams are marked with
red circles, while the periodicity of reconstruction-related spots is marked by vertical dashes. Adapted
from ref. 69.

7.3 Nonstoichiometry segregation

7.3.1 Experimental evidence
It was anticipated that SrTiO3(110) accumulates all nonstoichiometries at the surface, so
that Eq. (7.2) can be used to derive the excess cations introduced during growth by simply
dividing the surface stoichiometry change ∆S measured with STM by the number of
layers deposited. This Section demonstrates that this scenario is supported by XPS and
XRD data, and by purposively designed STM-based experiments.
XPS data. The Sr 3d/Ti 2p intensity ratios of several films were referred to the ratios
of the corresponding substrates, and plotted as a function of the laser fluence employed
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138 7. Detection of small nonstoichiometries with STM
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Figure 7.4. XPS (a) and XRD (b) data supporting the segregation of cation nonstoichiometry in
SrTiO3(110). (a)The Sr 3d/Ti 2p ratio of each filmwas normalized to the corresponding ratio measured on
the substrate, leading to the relative intensity ratios (Sr/Ti)film/(Sr/Ti)substrate plotted as a function of the
UV laser fluence (peak intensities were evaluated from the area subtended by the peaks, after subtraction
of a Shirley-type background). The data point corresponding to the film of Fig. 7.3 is red. The dashed line at
(Sr/Ti)film/(Sr/Ti)substrate = 1 corresponds to films with the same composition of the corresponding sub-
strates. (b) High-resolution XRD (Cu Kα1) coupled symmetric scan around the (110) reflection of SrTiO3.
The diffractogram acquired on the film of Fig. 7.3 is displayed in black, while XRD scans measured on five
out-of-the-box samples, as well as on one substrate that was prepared to show predominantly a (4 × 1)
reconstruction, are plotted in red and blue, respectively. The vertical arrow marks the expected position
of the (110) Bragg reflection from a SrTiO3(110) film whose lattice parameter is expanded by 10 pm. 259 The
inset shows a blowup of the same curves in proximity of the substrate peak. The small deviation in the
curves, characterized by the presence of duplicate features, is attributed to small-angle twinning of the
commercial single crystal substrates. These are present on all samples, and are not related to the growth
of the homoepitaxial film. Adapted from ref. 69.

to grow them [Fig. 7.4(a)]. In red is highlighted the data point corresponding to the
15 ML-thick film of Fig. 7.3, characterized by a measured surface nonstoichiometry of
∆S = (11.22 ± 0.80)% ML Sr. Consider now the extreme scenario in which the excess
cations introduced during growth are uniformly distributed within the bulk of the film
with no accumulation at the surface, such that the change in composition of the surface
directly reflects the one of the bulk underneath. In this case, the Sr 3d/Ti 2p intensity
ratios should show a trend as a function of the laser fluence, and should differ from the
intensity ratio of the corresponding substrate. In fact, the inelastic mean free paths for
the photoelectrons (λTi 2p = 2.05 nm and λSr 3d = 2.53 nm260) are approximately half the
thickness of a film of 15 ML (≈ 4.2 nm). As a result, XPS signals are dominated by film
contributions, even at normal emission. [For reference, the gray band in Fig. 7.4(a) re-
ports the change in the XPS intensity ratios when the reconstruction of the SrTiO3(110)
surfaces changes from (4 × 1) to (5 × 1), as simulated with the SESSA software261]. The
XPS data show that this hypothesized scenario, where the nonstoichiometry is uniformly
distributed in the bulk of the film, does not apply. There is no appreciable change of the
XPS intensity ratios as a result of the film growth: Films grown at different laser flu-
ences (and with different surface nonstoichiometries measured in STM, cf. Fig. 6.10) fall
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7. Detection of small nonstoichiometries with STM 139

on the same line within the error bars. In other words, when measured in XPS, the films
are indistinguishable from each other and from the substrates. From an XPS standpoint,
most (if not all) nonstoichiometries are accommodated at the surface.

XRD data. Ex-situ high-resolution XRD was performed at the Massachusetts Institute
of Technology [Fig. 7.4(b)]. Symmetric ω−2Θ coupled scans were performed around the
(110) reflection of SrTiO3 with monochromatized Cu Kα1 radiation [λ = 1.540562 Å; 2-
bounce Ge(022) monochromator] employing a point detector (5◦ Soller slits). The black
curve corresponds to the film in Fig. 7.3 with ∆S = (11.22 ± 0.80)% ML Sr, while the
blue and the red diffractograms correspond to five out-of-the-box samples and one sub-
strate prepared to exhibit the (4 × 1)–(5 × 1) reconstruction, respectively. Once again,
consider the extreme case in which the cation excess is uniformly distributed within the
bulk of the film. This would result in a seriously expanded out-of-plane lattice parame-
ter (10–15 pm),37 which should produce a distinguishable feature in XRD. However, the
diffractogram shows only one main feature, where diffraction from the SrTiO3(110) sub-
strate occurs, and no additional features are observed at those angles at which a 10 pm
expansion of the film out-of-plane lattice parameter would be expected [vertical arrow;
such a shoulder is visible in the XRD data of the non-stoichiometric film of Fig. 7.1(a)].259

Furthermore, the XRD scan on the film closely matches the diffractograms acquired on
the reference samples. The small differences visible in the main substrate feature [see in-
set of Fig. 7.4(c)] are likely related to small-angle twinning of the commercial SrTiO3(110)
crystals. These are present on all samples, and are not related to the growth of the ho-
moepitaxial film. Therefore, according to XRD, the nonstoichiometry of the bulk of the
film is close to the one of the substrate.

One concludes that neither XPS nor XRD are able to distinguish between SrTiO3(110)
substrates and the film in Fig. 7.3, while the difference is clearly observable by STM.
This is in line with the hypothesis that, during growth, the large majority of the cation
nonstoichiometry is accumulated at the surface of the film, while its bulk grows nearly
stoichiometric (or at least with a bulk nonstoichiometry smaller than the detection limit
of XPS and XRD on SrTiO3 films of ≈4 nm thickness, which it is estimated to be no less
than ≈2% and ≈3%, respectively). The hypothesis is strengthened by the two following
control experiments that were performed with STM.

STM control experiments no.1: Linearity of nonstoichiometry with increasing
film thickness. Homoepitaxial SrTiO3(110) films of varying thickness were deposited
at fixed laser fluence of 1.7 J/cm2, andmeasured the corresponding change in surface sto-
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140 7. Detection of small nonstoichiometries with STM

ichiometry via the change of the surface reconstruction (Fig. 7.5). The idea is that if all
cation excess segregates to the surface, the measured nonstoichiometry should scale lin-
early with the thickness. Note that each films was grown on the same substrate, after the
surface had been re-prepared to exhibit a fractional coverage of (4× 1)-reconstructed ar-
eas ranging between 75% and 85% (starting from a similar surface reconstruction should
limit the impact of sticking).

The results support the hypothesis. As shown by the STM images in the insets of
Fig. 7.5, the surface structure of the film progressively evolves from mixed (4 × 1)–
(5 × 1)-reconstructed to an essentially pure (5 × 1) periodicity. Correspondingly, the
change in surface stoichiometry ∆S linearly increases with the thickness of the de-
posited film, consistently with the model in Eq. (7.1). A linear fit to the data (gray line
in Fig. 7.5) allows to estimate the fractional excess of Sr atoms accommodated at the
surface (xs) and distributed in the bulk (xb,f), as the slope and intercept of the fitting line,
respectively. Specifically, it is found that a nonzero excess fraction xs = 0.99 ± 0.19%
of Sr atoms accumulates at the surface of the growing film for each deposited layer.
At the same time, there is no statistical evidence that the amount of excess Sr cations
distributed in the bulk of the film (xb,f = 0.4± 1.4%) is different from zero.
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Figure 7.5. Segregation of cation nonstoichiometry in SrTiO3(110): STM evidence. Change of surface
stoichiometry upon homoepitaxial growth of SrTiO3(110) films of increasing thickness (laser fluence
1.7 J/cm2), as derived from STM data. Error bars correspond to 99% confidence intervals, as derived
from the statistical evaluation of STM images. Representative STM images (50 × 30 nm2) are shown as
insets. (4 × 1)- and (5 × 1)-reconstructed areas are highlighted in red and blue, respectively. The gray
line represents a linear fit to the data, while the shaded area corresponds to the 70% confidence band of
the fit. The slope (xs) and intercept (xb,f) of the linear fit are reported together with their standard errors.
Reprinted from ref. 69.
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STM control experiment no.2: Nonstoichiometry segregation upon annealing.
The second control experiment consisted in post-annealing the films at elevated temper-
atures after deposition (specifically, the films were annealed for 4 h at 1 000 ◦C and 6 ×
10−6 mbar O2). After such treatment, the cation nonstoichiometry possibly accumulated
in the bulk of the film could segregate to the surface or get diluted into the substrate.
Either case would cause a change of the surface composition and structure. The change
of surface structure was quantitatively determined upon post-annealing on a homoepi-
taxial SrTiO3(110) film, and estimated a maximum total amount of Sr excess in the bulk
of −0.10± 0.08% (more details in ref. 69). This supports the hypothesis that, under the
employed experimental conditions, a negligible fraction of the deposited cation excess
is incorporated in the bulk of the film. Most of the excess cations deposited accumulates
at the surface during growth.

7.3.2 Pushing the detection of cation nonstoichiome-
try to the limit

The fact that all nonstoichiometry segregates to the surface has an important implica-
tion: Arbitrarily small cation imbalances can be detected by growing appropriately thick
films. In particular, if the same two reconstructions are present, at equilibrium with one
another, on the substrate and on the film, the minimum detectable cation excess amounts
to

xmin =
∆θmin∆s1,2

n
, (7.6)

as obtained from inserting Eq. (7.5) into Eq. (7.2). The quantity ∆θmin in Eq. (7.6) cor-
responds to the minimum detectable change of fractional coverage of one of the two
reconstructions, and it is defined by the experimental technique used. It is estimated
that STM allows to discriminate a ∆θSTMmin = 0.05 areal coverage change with reasonable
statistical efforts. For a film of 15 ML showing a mixture of (4 × 1) and (5 × 1) both
before and after the growth, such as the one shown in Fig. 7.3, one then derives that
xmin = 0.05%. This value is in perfect agreement with experimentally derived one: By di-
viding the measured surface nonstoichiometry on the film of Fig. 7.3 of (11.22 ± 0.80)%
ML Sr by the film thickness of 15 ML, one obtains a total introduced cation excess of x
= 0.74 ± 0.05%. The minimum detectable cation imbalance is determined by the 0.05%
statistical uncertainty, and this is in perfect agreement with the value of xmin = 0.05%
derived theoretically. Importantly, by growing thicker and thicker film, one can further
decrease the minimum detectable cation excess.
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7.3.3 Why do nonstoichiometries segregate?
It is likely that the surface reconstructions of SrTiO3(110) themselves are key to the seg-
regation of excess cations to the surface: Accommodating the excess cations at these
reconstructions is less costly than introducing bulk defects.230 In fact, in SrTiO3, bulk
defects consist of antisite point defects or of {001}-oriented SrO planes.39 The formation
of antisite point defects requires significantly larger energy (1–4 eV per defect)262 than
modifying the surface reconstruction [0.2 eV/(1 × 1) unit cell]230 while Ruddlesden-
Popper planes [0.5 eV per SrTiO3(001) unit cell]263 would inevitably result in energeti-
cally expensive crystallographic defects at the (110)-oriented surface.

Note that the higher cost associated to bulk defects than for reconstructuring the
surface (> 1 eV/defect39,262–268 vs. a few fractions of an electronvolt per unit cell228,248)
is not a specific property of SrTiO3(110): Surfaces will tend to reconstruct over forming
bulk defects, when kinetics allows it. The deposited cation imbalance are expected to
segregate to the surface under the following conditions:

(i) The material exhibits (at least two) surface-composition-driven reconstructions.
As mentioned in the previous Chapter 6, this appears to be the case for a variety
of complex oxide surfaces other than SrTiO3(110),224,228,231,238,246–250 and is likely
true for other non-oxide materials.

(ii) The nonstoichiometry introduced during growth is small enough, such that sur-
face restructuring allows its accommodation. Introduction of nonstoichiometric
bulk defects39,47 or precipitation of secondary phases is likely to occur if the de-
posited cation imbalance exceeds the largest excess that can be accommodated in
the surface reconstructions. If this is the case, traditional techniques will be more
suited. Chapter 9 shows that in the case of LSMO(110), ill-defined oxide clusters
nucleate and grow on the surface when the deposited cation imbalance exceeds
the capability of the surface to accommodate it.

(iii) The growth temperature and rate are chosen such that equilibration of the surface
structures is appropriately established. The cation chemical potentials during de-
position are uniquely determined by the combination of surface reconstructions,
and are fixed in case only the same two reconstructions are present at all stages.
This makes the inclusion of nonstoichiometric bulk defects unfavorable.

When these conditions are met, and the deposited cation imbalance is largely accom-
modated at the surface, the prowess of the method presented here can be fully exploited
via Eq. (7.2). This should be possible for several materials other than SrTiO3(110).
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7.4 Conclusions
This Chapter has presented an unconventional approach to determine with unprece-
dented accuracy the cation excess deposited during the growth of complex-oxide thin
films such as SrTiO3(110). Themethod is based on the characterization the surface struc-
ture of films via STM, and exploits an existing surface phase diagram that relates specific
reconstructions to one another and to the corresponding difference in their near-surface
cation stoichiometry. It was shown that deposited cation imbalances deviating by less
than 0.1% from the ideal bulk concentration can be readily detected. Importantly, in
cases where the cation excess is mainly accommodated at the surface, as demonstrated
for SrTiO3(110) homoepitaxial films, this method does not suffer from a fundamental
detection limit.

As seen in the previous Chapter 6, such utmost control of defects and composition is
crucial to produce atomically flat film surfaces of complex oxides. Controlling both film
stoichiometry and its surface morphology to such a degree is the key to making all-oxide
electronics a reality, allowing to fully exploit the many functionalities of complex-oxide
materials. As it will be shown in Chapter 9, this method was used to pinpoint optimal
growth conditions for another oxide material, LSMO, which, just like SrTiO3, exhibits a
variety of composition-related surface reconstructions distinguishable from one another
in STM. The growth of other oxide materials that share a similar behaviour to SrTiO3

and LSMO could be also optimized by using the STM-based method described in this
Chapter.
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8. La0.8Sr0.2MnO3(110):
Establishing a model system

8.1 Introduction
ThisChapter dealswith themost complexmaterial exploredwithin thisThesis: strontium-
lanthanum manganite (La1−xSrxMnO3, LSMO), a four-element perovskite oxide with
many exotic properties and exciting promises for applications. Breaking up the flow
about the influence of the PLD parameters on the film properties if only for a mo-
ment, this Chapter is rather focused on the atomic-scale properties of the material it-
self. Because single-crystalline LSMO samples are not available commercially, and be-
cause single-crystalline films with ideal surfaces had not been synthesized yet, nothing
is known about the surface details of LSMO. This Chapter gives a detailed overview of
the first-time atomically resolved surface reconstructions of LSMO(110). The investi-
gation was performed on high-quality LSMO(110) films that were synthesized via the
STM-based method described in Chapter 7, as discussed in Chapter 9.

LSMO is a truly fascinating material, and it is used in the most diverse areas of ap-
plication. Its excellent thermal stability, electron mobility, and redox abilities, plus its
wide availability and environmental friendliness, have appointed it as the prototypical
cathode material in solid-oxide fuel cells,269,270 and as a viable and cheap catalyst for
methane combustion and NO oxidation.271–274 Because of its half-metallicity and colos-
sal magnetoresistance, LSMO is also employed in spintronic applications.275–279 Last but
not least, the subtle interaction of spin, charge, orbital and lattice degrees of freedom in
LSMO produce a rich phase diagram including doping- and thickness-dependent metal-
to-insulator transitions, as well as ferromagnetic to anti/paramagnetic transitions,280–282

which can be exploited to achieve new functionalities in well-controlled thin-film het-
erostructures grown by PLD.281,283

As always, a precise knowledge of the surface details of LSMO is essential for most

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.
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applications. In catalysis, it enables to control the material’s activity that can be affected
by the surface atomic structure,71 composition, and oxidation state of Mn species;274,284

in thin-film heterostructures, it allows for a fine engineering of electronic and mag-
netic properties;285,286 it is also paramount for gaining fundamental insights about the
LSMO electronic structure and excitations.286,287 Establishing the details of the surface
structures of LSMO at given experimental conditions is not enough, though: The surface
properties will be affected by the environmental conditions, thus influencing their inter-
action with the external world or interfacing materials in epitaxial heterostructures. For
instance, the polarization applied to the LSMO cathode in solid-oxide fuel cells (Chap-
ter 10) will determine the effective oxygen chemical potential felt by the surface, which
might affect its properties in turn. Hence, one also needs to understand how the envi-
ronmental conditions affect the properties of given LSMO surfaces.

However, the knowledge on the atomic surface properties of LSMO, both at given and
evolving experimental conditions, is still scarce. This is partly because single-crystalline
samples are not easily available, and synthesizing single-crystalline films with well-
defined surfaces has proven to be challenging (see Chapter 9). SrTiO3 crystals with both
(001) and (110) orientation have often been used as substrates for LSMO films, thanks
to their reasonable lattice mismatch with LSMO.288–292 While a few authors have shown
that atomically flat surfaces of thin films on SrTiO3 could be achieved after finely tuning
the growth parameters,289,290,293,294 the attempts of imaging LSMO surfaces at the atomic
scale have so far been unsuccessful, possibly because of the widely reported segregation
of SrO at LSMO surfaces,295–297 although some authors have also blamed charge delo-
calization.290,291 As a consequence, there exists no real systematic study on the surface
atomic details of LSMO.

This Chapter investigates the atomic-scale properties of atomically flat films with (110)
orientation and a La0.8Sr0.2MnO3 composition, of interest for solid-oxide fuel cells where
LSMO is used as a cathode270 (details about the growth of these films and their bulk prop-
erties are given in Chapter 9). A variety of reconstructions are unveiled and investigated
by combining atomically resolved STM with LEIS, LEED, XPS, and, for some structures,
DFT.

After introducing the bulk-truncated structure of the system in Section 8.1.1, Sec-
tion 8.2 focuses on surface reconstructions that are stable at pressures above 10−3 mbar
O2 at 700 ◦C, i.e. at conditions that bridge the gap between UHV and the operation con-
ditions of solid-oxide fuel cells. Deposition of sub-monolayer amounts of Mn and La
(followed by O2 annealing) was used to tune the surface composition, and quantitative
relations between the reconstructions were established by using the movable QCM de-
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scribed in Section 2.5. The results, summarized in ref. 70, show that the reconstructions
are characterized by distinct structural, compositional, and electronic properties, vary
in their ability to accommodate the deposited cations, and have a likely origin in po-
larity compensation. The discussion then goes in more depth for one structure, namely
the (1 × 1), focusing on its DFT-derived model (Section 8.3). Finally, Section 8.4 ad-
dresses the behavior of the high-pressure reconstructions of LSMO(110) as a function of
the oxygen chemical potential µO, to unveil the stability regions of each reconstruction.
It is shown that the plethora of surface reconstructions intrinsic to LSMO(110) can be
conveniently summarized in a two-dimensional surface phase diagram, as a function of
the content of Mn in the surface and of µO.

8.1.1 Bulk structure of La0.8Sr0.2MnO3

In the ABO3 perovskite structure of LSMO, the A site is occupied either by La or Sr,
and the B site by Mn. Depending on the La-to-Sr ratio, the bulk structure exhibits slight
variations of the rhombohedral and cubic symmetry (the transition to cubic occurs for
Sr contents above 40%).298 For the 80:20 stoichiometry possessed by the films presented
here (see Chapter 9), LSMO crystallizes in a rhombohedral structure (aR=5.4732(2) Å,
αR=60.5120(2)◦),299 but can be viewed as pseudocubic, i.e., a distorted version of the
ideal cubic symmetry, with lattice parameter apc=7.7702(2) Å, and angle between lat-
tice vectors of 90.4420(2)◦. [only half of the unit cell along (001) is shown in Fig. 8.1(a)].
Crystallographic directions given in this work are based on this pseudocubic lattice. The
skeleton is built by perovskite ‘cubes’ with sides a=apc/2 =3.8851(1) Å with A cations (Sr
or La) at the corners and octahedrally coordinated Mn (B site) in the center. Differently
from the ideal cubic perovskite, the octahedra are slightly rotated and tilted in alternat-
ing directions [see black arrows in Fig. 8.1(a) for the tilt], resulting in a periodicity twice
as large as the unit cell of the ideal cubic system along 〈001〉. Notice that the model of
Fig. 8.1 does not include Jahn-Teller distortions that would produce also rotation and
tilting of the A-site cations.300 These are later included in the models presented in Sec-
tion 8.3.

The side and top views of bulk-truncated LSMO(110) surfaces, of interest in this work,
are shown in Figs. 8.1(b, c), respectively. The side view shows that LSMO(110) is polar,
having planes of opposite charge (±8e per bulk unit cell assuming fully ionic species)
alternating along the [110] direction. The top view highlights the (110) surface unit
cell: it is twice as long in the [001] direction as the unit cell of a cubic perovskite, and
identified by unit vectors a and b along [001] and [11̄0], respectively.
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Figure 8.1. Bulk structure of La0.8Sr0.2MnO3. (a) Perspective view of the bulk-truncated (001) orien-
tation. (b, c) Side, and top views of the bulk-truncated (110) orientation. The (110) direction in panel
(b) is reported in round brackets because there is no integer index vector perpendicular to (110) planes.
Reprinted from ref. 70.

8.2 ‘High-pressure’ surface phase diagram
Figure 8.2 summarizes the surface reconstructions obtained on LSMO(110) films at ‘high’
pressure, i.e., by systematically depositing sub-monolayer amounts of Mn and La in PLD
(RT, 0.2 mbar, 2 Hz, 2.0 J/cm2, followed by O2 annealing at 700 ◦C, 0.2 mbar, for ≥ 45
min). They are labeled as ‘high-pressure’ in virtue of the unusually high value (for UHV-
compatible experiments) of the O2 pressure employed during annealing, 0.2 mbar. As
argued in Chapter 10, these preparation conditions bridge the gap between UHV and
the conditions used for solid-oxide fuel cells, where LSMO is used as cathode. They
are thus suited to investigate how O2 is split and incorporated at LSMO surfaces under
realistic, but controlled, conditions. The reconstructions, as seen in atomically resolved
STM (top and middle row), and in the corresponding LEED patterns (bottom row), are
displayed as a function of the cation composition [bottom axis; one monolayer, or ML,
is defined as the number of Mn sites in an (AMnO)2 plane of LSMO(110), i.e., 4.64× 1014

at./cm2]. Section 8.2.6 will explain in detail how this bottom axis has been established.
Importantly, the same reconstructions reported in Fig. 8.2 are observed on the surfaces
of as-grown LSMO(110) films grown at different O2 pressures (details in Chapter 9).

Deposition of Mn and La with PLD is the most reliable handle to select a specific
surface termination among those shown in the phase diagram, but it is not the only one:
As already anticipated, the O2 background pressure employed during film growth can
be used to change the composition of the film, and hence, of the surface (see Chapter 9).
Moreover, Ar+ sputtering (plus O2 annealing) removes Mn (and O) preferentially over
A-site species, and can thus also be used to move towards the left-hand side of the phase
diagram. As a rule of thumb, 12 min of sputtering (defocused gun, 1 keV, 9× 10−6 mbar,
roughly 6 µA) roughly equals the deposition of 2 ML of La in PLD. It is likely that the
preferential removal of Mn by Ar+ is, in fact, a consequence of preferential sputtering
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Figure 8.2. ‘High-pressure’ surface phase diagram of LSMO(110). The stable ‘high-pressure’ surface re-
constructions of LSMO(110) are shown, as they appear in STM (top row, 40 × 27.7 nm2, middle row,
12 × 12 nm2), and LEED (bottom row). The reconstructions have been obtained by depositing sub-
monolayer amounts of LaOx andMnOx on atomically flat LSMO(110) films, followed by oxygen annealing
at 700 ◦C, 0.2 mbar, 1 h [see bottom axes for exact doses ofMn cations; uncertainties are indicated in paren-
theses; 1 ML is defined as the number of Mn sites in an (AMnO)2 plane of LSMO(110), i.e., 4.64 × 1014
at./cm2]. They can also be obtained on as-grown films with slightly nonstoichiometric fluxes (Fig. 9.2),
while Ar+ sputtering can be used to shift the reconstructions towards the left-hand side of the phase
diagram. The (1 × 1) surface in panel (a2) and the (2 × 1) surface in panel (d1) are shown with two char-
acteristic tip terminations. The unit cells are highlighted in the close-up images and in the LEED patterns.
Adapted from ref. 70.

of oxygen that is a well-established effect on oxides:11 Among the undercoordinated
cations left-behind, Mn and Sr preferentially re-evaporate over La because of their higher
vapor pressure,301 andMn is preferentially removed over Sr because of the higher oxygen
affinity of Sr.

The following analysis identifies the characteristic building blocks of each structure
and discusses their geometric arrangement and periodicity, setting the stage for building
the corresponding structural models. The discussion follows transitions from A-site rich
towards B-site rich reconstructions, as achieved by depositing Mn in PLD (followed by
O2 annealing). If not specified otherwise, the same qualitative observations hold true
when moving in the opposite direction by depositing La (or by Ar+ sputtering), and the
transitions between the reconstructions are reversible.
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8.2.1 (1 × 1)
The (1× 1) is the left-most (i.e., most A-site rich) reconstruction of the phase diagram. It
reproduces the periodicity of the bulk truncated LSMO(110), i.e., a cell twice as large as
the unit cell of SrTiO3(110) along the [001] direction. The (1× 1) periodicity is well visible
both from the LEED pattern of Fig. 8.2(a3) and the STM image of Fig. 8.2(a2), where two
common appearances of the surface are shown, as achieved with two distinct (yet un-
known) tip terminations. Lines of round features with 25 pm-high corrugation run along
the [001] direction. Depending on the tip termination, all features may appear identical
(main panel), or every other feature along the [001] direction may appear brighter (in-
set). The rectangular unit cell [white in Fig. 8.2(a3), 7.8 × 5.5 Å2] is defined by the unit
vectors a and b running along the [001] and the [11̄0] directions, respectively [see inset
of Fig. 8.2(a3)]. Frequent defects (their amount depending on the preparation conditions)
are present. A more thorough description of this surface and its defects, accompanied
by its proposed DFT model, is given in the dedicated Section 8.3.

Deposition of Mn causes a phase separation of the surface: Discrete patches of the
(n × 2) superstructure of Fig. 8.2(b1) form and coexist with the remaining, structurally
unchanged (1 × 1) areas. With more Mn deposited, the (n × 2) patches become more
numerous and grow in size. Depending on the tunneling conditions and on the tip ter-
mination, the apparent height of the (1× 1) phase may appear as either higher or lower
than the (n× 2), suggesting that the apparent contrast is dominated by electronic effects.

8.2.2 (n × 2)
The (n × 2) is a poorly ordered structure, characterized by a large number of struc-
tural defects. However, a few building blocks can be identified, as seen from Fig. 8.3,
where the surface is shown as imaged with two different, yet unknown, tip termina-
tions. Lines of ‘boomerang’ features (outlined in yellow in Fig. 8.3) run along the [11̄0]
direction. These boomerangs are separated from one another by two lattice units along
b. This two-fold periodicity along [11̄0] is visible also in the LEED pattern of Fig. 8.2(b3)
as a faint horizontal line (highlighted by an arrow) midway between integer-order spots.
Two boomerangs, mirrored by a [11̄0] line, enclose two sites marked by circles and ‘+’
symbols in Fig. 8.3. The entities consisting of two boomerangs and the enclosed features
as referred to as ‘blocks’. Two types of blocks, mirrored by a [001] line, are generally
present on the surface (Fig. 8.3 shows only one of them). Adjacent lines of blocks are
separated by n = 2, 3,or 5 lattice units along a, and can be stacked in phase (i.e., with
no shift along [11̄0]), or can be shifted by one b lattice vector. ‘Linker’ structures con-
necting adjacent lines correspondingly appear aligned along [001], or as a zig-zag line,
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Figure 8.3. (n × 2) reconstruction of LSMO(110). (a, b) 12 × 12 nm2 STM images obtained with two
distinct, yet unknown tip terminations. See text for details.

as outlined in Fig. 8.3(a). The large variety of possible combinations within the (n × 2)
(internal structure of blocks, spacing among adjacent lines in both in-plane directions)
is the cause for the poor order of the structure. This is also reflected in the LEED pattern
of Fig. 8.2(b3), which shows an increased intensity along the [001] direction in between
integer-order spots rather than well-defined maxima. As a consequence, a single well-
defined unit cell cannot be identified.

The (n × 2) reconstruction can only be prepared in monophase form when La is
deposited starting from the ‘fishbone’ reconstruction of Fig. 8.2(c). When depositing Mn
from the (1 × 1), small, discrete patches of (n × 2) initially form that coexist with the
remaining (1 × 1) areas, but, upon further deposition, they do not grow big enough to
fill the whole surface: They soon transform into the fishbone reconstruction described
below, such that (1 × 1) and fishbone areas coexist. This hysteretic behavior suggests
that the (n × 2) reconstruction may be a metastable phase.

8.2.3 ‘Fishbone’
More details about the so-called ‘fishbone’ reconstruction of Fig. 8.2(c) are reported in
Fig. 8.4. The large scale STM image in Fig. 8.4(a) reveals the presence of two domains
that are mirror-symmetric with respect to the [11̄0] direction. Their size depends on the
preparation conditions (longer annealing treatments yield larger domains). Their size, of
a few tens of nanometers observed in the STM image reported here, is representative of
most of the obtained fishbone-reconstructed surfaces. It was achieved by Ar+ sputtering
an as-grown LSMO film for 6 min (1 keV, 9 × 10−6 mbar), followed by deposition of 1.9
ML Mn in PLD and annealing at 700 ◦C and 0.2 mbar O2 for 45 min. The two domains
contribute to the complex Fast Fourier transform (FFT) and LEED pattern of Figs. 8.4(b,
c). The simulated LEED pattern302 overlaid to the experimental one in Fig. 8.4(c) allows
one to derive the exact periodicity of the structure. It can be expressed inmatrix notation
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Figure 8.4. ‘Fishbone’ reconstruction of LSMO(110). (a) 150 × 150 nm2 STM image. Two domains are
visible and indicated by the yellow lines. (b) Corresponding Fourier transform [black lines indicate the
unit cell of the (1 × 1)]. (c) Representative LEED pattern on which the simulated LEED pattern is over-
laid. (d) 12 × 12 nm2 STM image of one of the two fishbone domains. The characteristic features of the
reconstruction and its unit cell are indicated in yellow (see main text for reference). The unit cell of the
(1 × 1) reconstruction is indicated by the white rectangle.

as
(

afb

bfb

)

=

(

4 ±5

−1 ±2

)(

a
b

)

,

where the vectors a, b, and afb, bfb identify the unit cell of the (1 × 1), and of the of
the 13-times bigger unit cell of the fishbone, respectively [see close-up STM images in
Fig. 8.4(d)]. Because the angle between afb and bfb is different than the one between a
and b, it is not possible to express this periodicity inWood’s notation. The different signs
in the matrix correspond to the two mirror-symmetric domains.

Figure 8.4(d) shows the detail of one domain. Bright rows parallel to bfb are visible,
interrupted by short lines parallel to afb (dashed yellow lines). Between two adjacent bfb

rows run two sets of six-membered rings (highlighted in yellow). These sets are shifted
with respect to each other by bfb/2 along the bright row, and rotated by 180◦. One of the
vertices of each ring coincides with the endpoint of the short lines parallel to afb. The
closest four vertices of two neighboring rings arrange in a rectangle (also highlighted in
yellow) that has the same shape and dimensions of a (1 × 1) unit cell, albeit rotated by
≈10◦.

Transition between ‘fishbone’ and (2 × 1)

Figure 8.5 illustrates the transition between the fishbone and the (2 × 1) structure. The
transition is continuous and without any phase separation, exposing different recon-
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Figure 8.5. Transition from the ‘fishbone’ to the (2 × 1) surface reconstruction of LSMO(110). (a–e)
12 × 12 nm2 STM images revealing a continuous transition between the ‘fishbone’ and the (2 × 1) re-
constructions with increasing Mn concentration. (f–h) Sketches of the main structural changes during
the transition from panel (a) to panel (c). Red arrows in (g, h) are oriented along [11̄0]. The tilt of the
connecting short lines in panel (g) with respect to the [11̄0] direction is ≈10◦. By depositing more Mn,
the superstructure periodicities change from afb = 4a ± 5b [panels (f, g)] to afb + n(b ± a) with n = 1
at moderate Mn doses, and n = 2 at larger deposited amounts (the two signs correspond to the two
mirror-symmetric domains). The periodicities in the sketches of panel (h) are indicated. The tilts of the
connecting short lines in panel (h) with respect to the [11̄0] direction is are ≈4.5◦ and ≈4◦ for n = 1, 2,
respectively. Reprinted from ref. 70.

structions with common structural building blocks. In Fig. 8.5, STM images of the struc-
tures (top row) are accompanied by corresponding sketches (bottom row).

For smallMn doses [Figs. 8.5(b, g)], minor changes are observed in the initial fishbone
structure of Figs. 8.5(a, f). The structure has the same shape and size of the unit cell, and
retains the main features of the fishbone, i.e., bright ridges (yellow arrows ‘bfb’) and
rows of rings coupled by rectangles along bfb. The only difference is how the rings
are connected with each other across the bright ridges. In the structure of Fig. 8.5(b),
two additional features are introduced at the positions indicated by the white arrows
in Fig. 8.5(a). This causes an apparent rotation towards [11̄0] of the ‘connection lines’
(dashed) between the rings, now connecting next-nearest-neighbors rather than nearest-
neighbors [compare the sketches in Figs. 8.5(f, g)].

Further deposition of Mn [see Figs. 8.5(c, h)] increases the spatial periodicity of the
superstructure and produces longer connecting lines (now appearing as either continu-
ous or dotted) that again rotate towards the [11̄0] direction [see sketches in Fig. 8.5(h) and
caption]. Two structures with different periodicities, shown in the sketches of Fig. 8.5(h),
tend to coexist at the surface, the one with larger periodicity being predominant on Mn-
richer surfaces. As a result of the many possible shifts required to create the two coexist-
ing superstructures, the surface appears increasingly disordered in this regime as theMn
dose increases. Eventually the rings disappear [see Fig. 8.5(d)], and the connecting lines
locally appear as alternating dotted and continuous lines [oval in Fig. 8.5(d)], parallel to,
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154 8. La0.8Sr0.2MnO3(110): Establishing a model system

or slightly rotated, with respect to [11̄0]. Finally, small, bright features appear on top of
the continuous line, which grow longer with more Mn deposited, until the (2 × 1) sur-
face of Fig. 8.5(e) is formed. Notice that because the structures of Fig. 8.5 tend to coexist
at the surface rather than forming monophase samples, determining the corresponding
Mn coverages is not trivial.

8.2.4 (2 × 1)
The periodicity of the (2 × 1) surface is seen in LEED [Fig. 8.2(d3)], and in STM images
acquired at high biases [above +2 V, see Fig. 8.2(d2)]. The structure consists of dotted lines
with alternating apparent height, all oriented along the [11̄0] direction. The brighter
lines (larger apparent height) appear fragmented, and their maxima are shifted by b/2
with respect to the maxima of the darker lines. Notice that at low bias voltages the
surface commonly appears as in the top part of the STM image of Fig. 8.2(d1), where
both lines show similar apparent height—a tip changemade the bottompart of Fig. 8.2(d1)
appear as in Fig. 8.2(d2). This suggests that the difference in apparent height observed
at high bias voltages has significant electronic contributions.

Further deposition of Mn starting from the (2 × 1) results in other structures not
included in the phase diagram of Fig. 8.2 [see Fig. 8.6(b) below]. It is worth mentioning
the challenges in preparing a monophase sample with the (2 × 1) reconstruction: At
times, only limited patches of the surface reconstruction described in Fig. 8.6(b) were
observed before realizing the monophase (2× 1). This difficulty is possibly due to kinetic
limitations at the conditions used during post-deposition annealing.

8.2.5 Beyond thehigh-pressure surface phase diagram
Figure 8.6 shows LSMO(110) surfaces that are La- and Mn-richer [panels (a) and (b),
respectively] than those reported in the phase diagram of Fig. 8.2. Deposition of La
on the (1 × 1) surface [Fig. 8.2(a)] induces the formation of [11̄0]-oriented chains of
white protrusions with a typical periodicity of 2b, appearing white in the STM images
of Fig. 8.6(a1, a2). Depending on the tunneling conditions and/or the tip termination, the
chains can be also imaged as depressions (not shown). The (1× 1) structure is otherwise
preserved. Because the A-site signal in XPS and LEIS is higher than on the (1 × 1)
(not shown), it is reasonable to assume that the bright protrusions correspond to LaOx

complexes. Such features can be obtained also with sufficiently long Ar+ sputtering
starting from any of the structures shown in Fig. 8.2 (the Mn-richer the structure, the
longer the sputtering time required).
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Figure 8.6. La-rich and Mn-rich surface structures beyond the phase diagram of Fig. 8.2. (a1, a2) 100 ×
100 nm2 and 12× 12 nm2 STM images (V t = 2 V, I t = 0.2 nA) of a surface of LSMO(110) La-richer than the
(1 × 1). The periodicity of the (1 × 1) surface is largely preserved, but additional bright features aligned
along the [11̄0] direction appear. (b1, b2) STM images—same sizes and similar tunneling parameters as
those shown in panels (a1, a2)—of surfaces Mn-richer than the (2 × 1). While the majority of the surface
(black circle) retains the (2 × 1) reconstruction, some patches (white circle) form bright lines as in the
12 × 12 nm2 STM image of panel (b2). Reprinted from ref. 70.

Figure 8.6(b) reports instead the typical morphology observed upon deposition of
Mn on the (2× 1) surface of Fig. 8.6(d). The majority of the surface preserves the (2× 1)
appearance [black circle in Fig. 8.6(b1)], but patches of a new structure are formed [white
circle in Fig. 8.6(b1), close-up image in Fig. 8.6(b2)]. The new (m × 1) structure consists
of bright lines of different width and separation, all oriented along the [11̄0] direction.
For small doses of Mn, narrow lines such as those labeled by ‘n’ in Fig. 8.6(b2) form and
patch together. As theMn dose increases, also wider lines [‘w’ in Fig. 8.6(b2)] are formed,
which tend to be sandwiched by the narrow lines in a narrow–wide–narrow arrange-
ment. As the amount of Mn increases further, this reconstruction covers an increasingly
larger fraction of surface, at the expense of the (2 × 1) areas. However, a monophase
sample with this (m × 1) superstructure was never observed, likely because deposited
Mn species stick less on Mn-richer surfaces, as is elucidated in the next Section.

8.2.6 Relative compositions
As one moves along the phase diagram (deposition of Mn or La plus O2 annealing), the
reconstructions appear increasingly Mn-richer from the left- to the right-hand side of
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Fig. 8.2, both from LEIS [Figs. 8.7(a, b)] and from analysis of the intensity of XPS core-
level peaks [Fig. 8.7(c)]. Thanks to the sufficiently large compositional differences, both
techniques allow to identify any given surface reconstruction. On the other hand, the
La 4d/Sr 3d XPS intensity ratios are identical (within the error bars) for all the phases
of Fig. 8.2, and no apparent trend in the La-to-Sr ratio is visible from the available LEIS
spectra.

In LEIS, the Mn-to-A-site area ratios on the (1 × 1) and the (2 × 1) differ by more
than one order of magnitude, while the changes in the XPS signal are less dramatic
[Fig. 8.7(b, c)]. This indicates that the Mn-rich surfaces have their Mn mainly in their
top-most layers, while the layers below (still within the escape depth of the XPS) are
closer to an AMnO3 stoichiometry. This notion is supported by prolonged LEIS acquisi-
tion. Figure 8.7(b) compares two sets of consecutive acquisitions on each reconstruction
(each acquisition corresponds to the average of 20 consecutive spectra; full and empty
circles correspond to the first and second acquisition, respectively). The Mn signal de-
creases over time on the fishbone and on the (2 × 1) structures. This is because He+

ions cause a mild sputtering/scrambling of the surface just like Ar+ ions, preferentially
removing/scrambling the abundant surface Mn species. In contrast, the Mn signal of the
(1× 1) surface increases over time, possibly because Mn species are less abundant at the
top surface layer (if at all present), and Mn species in the subsurface are made accessible
with longer LEIS acquisition as a result of the mild sputtering/scrambling. This behavior
suggests that the (1 × 1) belongs to another family with respect to the other structures
of the phase diagram of Fig. 8.2.

Calibration of theMndoses and surface-dependent re-evaporation

This Section addresses how the horizontal axis of Fig. 8.2 and Figs. 8.7(b, c), i.e., the rela-
tive compositions of the surface structures in terms ofMn cations, have been established.
The first step was to evaluate the number of laser pulses shot on the MnO target required
to move between adjacent reconstructions, accounting for re-evaporation effects that af-
fect the effective amount of material deposited. The second step was to translate these
amounts into cation monolayers by means of the movable QCM (refer to Section 2.5).

During the first step, pronounced differences in the incorporation of the deposited
species were observed among the different surface phases, similarly as for SrTiO3(110)
(cf. Chapter 6). These must be taken into account to determine the effective amount
of material needed to switch between the reconstructions. Figure 8.8(a) shows the XPS
intensity ratio of Mn 2p/La 4d corresponding to well-defined LSMO(110) surfaces that
were produced by depositing incremental amounts of Mn at 0.2 mbar O2 at RT followed
by O2 annealing at 700 ◦C, starting from the (1 × 1) surface of Fig. 8.2(a). The intensity
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Figure 8.7. Relative composition of the LSMO(110) ‘high-pressure’ reconstructions. (a) LEIS spectra of
the (1× 1) (orange), fishbone (grey), and (2× 1) (black) structures (each LEIS spectrum corresponds to the
average of 20 consecutive scans with a total acquisition time of 10 min). (b) Mn-to-A-site area ratios from
LEIS. Peak intensities were evaluated after subtraction of linear backgrounds. The area ratios obtained
from the measured peak intensities do not include corrections due to different scattering cross sections or
neutralization probabilities. Full circles: values extracted from spectra in (a); Empty circles: subsequent
acquisition. (c) Mn-to-La area ratios from XPS. (d–g) Reference core-level XPS spectra, acquired on a
fishbone-reconstructed surface (normal emission, 10 eV pass energy). Adapted from ref. 70.

ratios are plotted as a function of the number of laser pulses shot on the MnO target. The
intensities increase linearly for small amounts deposited, in agreementwith the expected
enrichment in Mn of the surface, but above a critical Mn enrichment (dashed line), their
slope with the deposited pulses decreases drastically. The critical point corresponds to
a surface with a structure between those shown in Fig. 8.5(b) and Fig. 8.5(c), i.e., slightly
Mn richer than the fishbone reconstruction. Correspondingly, after overcoming this
critical composition, a large number of pulses is required to detect appreciable changes
in the surface structure in STM. XPS measurements reveal that the observed change in
slope is obtained after the post-annealing step: Right after RT deposition, the Mn/La
signal increases linearly, as expected (not shown); the signal decreases after annealing
at 0.2 mbar O2 and 700 ◦C for 1 h.

A similar behavior is observed also during the deposition of La. Figure 8.8(b) shows
the La 4d/Mn 2p XPS intensity ratios as a function of the number of laser pulses shot on
the La2O3 target (again, deposition at RT in 0.2 mbar O2 and 700 ◦C post-annealing in
0.2 mbar O2). For this set of experiments, the starting point was the Mn-rich structure of
Fig. 8.5(c). The surface becomes increasingly La-richer the more La is deposited. Also in
this case the initially linear trend suddenly changes slope after a critical stoichiometry
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Figure 8.8. Surface-dependent sticking of Mn and La species on LSMO(110). (a, b) Mn 3d/La 4d and
La 4d/Mn 3d XPS peak intensity ratios as a function of the laser pulses shot on the MnO and La2O3

targets, to enrich well-defined LSMO(110) surfaces in Mn and La, respectively. The XPS intensities are not
linear with the amount of deposited material: Mn (La) species stick less on Mn- (La-) rich surfaces. (c)
Mn 3d/La 4d intensity ratios as a function of the ‘effective’ laser pulses shot on the MnO target, derived
from the data in panel (a) by correcting for the slope differences in the two regimes. The horizontal error
bars on the last four points in (c) are due to this correction. Reprinted from ref. 70.

is reached (dashed line). This corresponds to a surface structure between the (n× 2) and
the (1 × 1).

The data in Figs. 8.8(a, b) show that, on well-defined LSMO(110) surfaces, Mn (La)
species tend to be incorporated less easily in surfaces that are richer inMn (La), as if there
was a large barrier to incorporate additional cationic species when the composition of
the surface is brought towards the extremes of the surface phase diagram. Similar trends
have been observed previously on SrTiO3(110), where it was shown they occur because
of surface-dependent sticking (see Chapter 6). One can exclude that the changes in the
XPS slopes are associated with the formation of 3D structures, as judged from large-area
STM (images not shown). One can also rule out that the change of slope is due to the
development of a second layer, as this occurs at Mn doses well above 1 ML. The XPS
data acquired right after RT deposition and after post-annealing suggest that that cation
re-evaporation is the dominant mechanism driving this effect.

The ‘effective’ number of pulses needed to switch between adjacent reconstructions
(accounting for the re-evaporated material during the annealing step) has been derived
by scaling the number of laser pulses with the slopes of the XPS intensity ratios (obtained
from linear fits to the data). The outcome is shown in Fig. 8.8(c), which reports the
horizontal axis both, in terms of the effective number of laser pulses shot on the MnO
target (bottom), and in terms of ML of Mn (top). The translation to ML of Mn has been
performed by using the amount of Mn deposited per pulse derived with the movable
QCM, as discussed below. This quantity amounts to (1.97 ± 0.03) × 10−2 ML, and the
translation was performed under the assumption of that sticking on the QCM is the same
as on LSMO(110) surfaces with a surface composition between (1× 1) and fishbone, and
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considering the MnO2 composition of the film deposited (see below).
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Figure 8.9. (a) Shifts in the QCM resonance frequency as a function of the amount of MnO2 deposited
(number of laser pulses shot on the MnO target). (b) Corresponding Mn 2p peak. Adapted from ref. 70.

The amount of Mn cations (in ML) needed to switch between the reconstructions
starting from the known number of effective laser pulses shot on the MnO target were
established with the home-designed QCM device described in Section 2.5. Thick MnOx

films were incrementally grown at the same conditions employed for the growth on
LSMO(110), and measured the QCM resonance frequency at each step. The results are
shown in Fig. 8.9. From a linear fit of the data, one derives a rate of change of the
resonance frequency of –0.1062 ± 0.0007 Hz/pulse. This corresponds to a mass growth
rate ∆m/A = 1.32 ± 0.02 ng/(cm2 pulse).

Since manganese oxide can exhibit a variety of oxide species (MnO, Mn2O3, Mn3O4,
or MnO2) depending on the growth conditions, XPS was used to determine the compo-
sition of the films grown on the movable QCM at the employed conditions. As shown
below, the composition is MnO2. By accounting for the 1:2 Mn:O stoichiometry and the
known atomic masses of O and Mn, one can then derive a deposition rate of Mn of (9.16
± 0.15) 1012 Mn at./(cm2 pulse), or (1.97 ± 0.03) × 10−2 MLMn/pulse [recall that 1 ML is
defined as the number of Mn sites in an (AMnO)2 plane of LSMO(110), i.e., 4.64 × 1014

at./cm2].
The composition of the manganese oxide film deposited on the QCM at the employed

growth conditions was determined based on the abundant XPS literature on manganese
oxides.303–308,310–314 The shape and the relative positions of several relevant peaks are
uniquely associated with a specific compound. MnO is most easily distinguishable, since
it displays a characteristic shake up peak in its Mn 2p spectrum.311,313 Since this satellite
is not present in the spectra of Fig. 8.9(b) (the position of the missing satellite is indicated
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Table 8.1. Selected XPS data for different manganese oxides. The Mn 3s splitting, relative position of
Mn2p3/2 and O 1s, and Mn(2p3/2, L3M23M45) Auger parameter of several manganese oxide compounds
extracted from the literature are compared with values from films grown on the QCM in the present work
(rightmost column). Values are expressed in electronvolts.

MnO Mn3O4 Mn2O3 MnO2 Experimenta

Mn 3s splitting – – 5.4303 4.4304 4.55±0.22
– – – 4.6305,4.7306

5.8307 5.2307 5.3307 4.7307

6.1308 – 5.5308 4.5308

5.9309 4.6309 5.2309 4.5309

5.6310 5.6310 5.4310 4.5310

6.1311 5.3311 5.4311 4.5311

6.05312 – 5.5312 4.58312

O 1s – Mn 2p1/2 – – 111.8303 112.8304 112.25±0.05
– – – 112.5305

– 111.8307 111.8307 112.6307

110.9310 111.1310 111.4310 112.4310

– 111.34313 111.93313 112.36313

– 111.6314 – 112.2314

Auger param.b – – 1226.91303 1227.21304 1227.24±0.08
– – – 1228.1305

1223.8310 1224.4310 1224.6310 1225.5310

1225.6314 1224.8314 1226.6314 1227.3314

aPeak positions were obtained with CasaXPS by fitting Gaussian-Lorentzian [GL(30)] line shapes to Mn
3s, O 1s, and Mn L3M23M45 spectra; an asymmetric line shape [LA(1.9, 3.2, 60)] was used for Mn 2p3/2.
A Shirley-type background was used in all cases. Errors on the peak positions were derived by the auto-
mated Monte Carlo procedure available in CASAXPS, combined by linear error propagation, and scaled
by a factor of 2 to represent 95% confidence intervals. bMn(2p3/2, L3M23M45) = EB(Mn 2p3/2) + Ekin(Mn
L3M23M45), where EB and Ekin correspond to binding and kinetic electron energies, respectively, when
using an Al Kα source.
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8. La0.8Sr0.2MnO3(110): Establishing a model system 161

by an arrow), one can exclude MnO as the dominant composition of the film. It is less
straightforward to discern between Mn3O4, Mn2O3, and MnO2 based on the shape of
their peaks is less straightforward, as it hinges on a very accurate fitting of the data, ide-
ally acquired with a monochromatic source.313 For this reason, the relative positions of
Mn 2p3/2 and O 1s, the final-state splitting of Mn 3s, and the Mn(2p3/2, L3M23M45) Auger
parameter310 were chosen as indicators. Table 8.1 summarizes the values extracted from
several literature sources. Comparison with the XPS data obtained here (rightmost col-
umn in Table 8.1) suggests that the composition of the film deposited on the QCM is
largely MnO2.

8.2.7 Electronic diversity
To gain insights into the electronic properties of the surface phases of LSMO(110), the
distance between Mn 2p3/2 and O 1s core level positions and the Mn(2p3/2, L3M23M45)
Auger parameter were evaluated as a function of the surface composition. These two
quantities, shown in Figs. 8.10(a, b), respectively, yield information about the oxidation
state of Mn species at the surface, and about the character of the metal−oxygen bonding
among the different surface phases of Fig. 8.2. Most commonly, the oxidation state of Mn
in Mn-containing compounds is determined based on the shape of a few relevant peaks.
This was not possible in the present work, due to (i) the overlap of the Mn 3s with Al
Kα3,4s-induced La 4d satellites, (ii) the rather large full-width at half-maximum of the
Mn 2p peaks [see Fig. 8.7(e)], and (iii) the low surface sensitivity due to the normal-
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Figure 8.10. XPS characterization of the reconstructions of LSMO(110). (a) Mn(2p3/2, L3M23M45) Auger
parameters of the different surface phases of LSMO(110). A trend is visible in the Auger parameters upon
increasing the Mn content of the surface, consistent with the increasingly covalent character of the sur-
face. (b) (Mn 2p3/2 – O 1s) core-level shifts as a function of the surface stoichiometry. The intensities and
positions of the Al-Kα-excited XPS peaks were evaluated with CasaXPS after subtraction of a Shirley-type
background. For the evaluation of core-level shifts and Auger parameters, peak positions were obtained
by fitting Gaussian-Lorentzian [GL(30)] line shapes to Mn 3s, O 1s, and Mn L3M23M45 spectra; an asym-
metric line shape [LA(1.9, 3.2, 60)] was used for Mn 2p3/2. Errors in the peak positions were derived by
the automated Monte Carlo procedure available in CasaXPS, combined by linear error propagation, and
multiplied by a factor of 2 to represent 95% confidence intervals. Reprinted from ref. 70.
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emission configuration (grazing exit was precluded by geometrical constraints of the
apparatus). Instead, the distance between Mn 2p3/2 and O 1s peaks was used for this
purpose. Since this quantity does not depend on band shifts with respect to the Fermi
level,315 it is a good metric to gain information about the Mn oxidation state. The values
for reference manganese oxide compounds in Table 8.1 show a clear decreasing trend
of the distance between Mn 2p3/2 and O 1s peaks with decreasing Mn oxidation state
(i.e., increasing Mn content in the reference compound). A consistent trend is visible
in Fig. 8.10(a), suggesting that Mn-richer surface phases in LSMO(110) are associated to
lower Mn oxidation states. However, because the XPS signals are dominated by bulk
contributions (normal emission setup, inelastic mean free path of ≈2 nm), the shifts
measured are much smaller than the those that would originate from the surface layers
alone, and one cannot pinpoint absolute values of the oxidation state of Mn atoms at
the surface. The fact that a difference is observed at all is a strong indication that the
different reconstructions are characterized by different Mn oxidation states. Notice that
the absolute value of the shifts in Fig. 8.10(a) would indicate the oxidation state expected
for bulk LSMO, i.e., between 3+ and 4+ (cf. Table 8.1), consistent with the fact that the
XPS signals are dominated by bulk contributions.

The Mn(2p3/2, L3M23M45) Auger parameter in Fig. 8.10(b) shows an approximately
linear trendwith increasingMn enrichment at the surface. As already discussed in Chap-
ter 5, Auger parameters are calculated as the sum of the energy positions of a core level
peak (expressed in binding energy) and an Auger peak (expressed in kinetic energy),
and they effectively describe the extent to which photo-induced core holes are screened
by ligands (O) surrounding the ionized atom (Mn) and by conduction-band electrons
(resulting from the ionization of cations).212 Effective screening is typically achieved
in small-bandgap materials, where a large number of delocalized electrons is available
to participate, and/or when the metal−oxygen bonds have strong covalent character.
Hence, the data in Fig. 8.10(b) suggest that the different phases of LSMO(110) are char-
acterized by increasingly covalent Mn−O bonds and/or decreasing bandgaps as a func-
tion of the Mn enrichment. For completeness, the Auger parameters of oxygen [O(1s,
KL23L23)] and La [La(3d5/2, MNN)] were also determined (not shown). These Auger pa-
rameters do not substantially change with the Mn content at the surface. The absence
of a trend in the oxygen Auger parameter is at odds with the correlation between metal
and oxygen Auger parameters observed for other oxide compounds.316
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8.2.8 Discussion

Structural, electronic, and compositional diversity

The experimental data presented here on the reconstructions of LSMO(110) testify to
their remarkable structural and electronic variety as a function of the surface compo-
sition. Importantly, each reconstruction can be uniquely identified by its appearance
in STM, by its Mn-to-A-site content (as determined with XPS or LEIS), and by the cor-
responding value of the Auger parameter. This level of control over the single surface
phases sets the stage to isolate a few critical factors that are known/expected to affect
the surface reactivity of LSMO to specific reactions, namely its composition,317 the sur-
face atomic structure (through the surface coordination chemistry),71 the Mn oxidation
state,284 and the ionicity of the metal–oxygen bonds. Notably, because the presented
phases are stable at realistic operation conditions of solid-oxide fuel cells (notwithstand-
ing UHV compatibility), they are an ideal test bed to address the oxygen incorporation
driving these devices, as discussed in Chapter 10.

While presenting the appearance of the surface structures in STM, the building blocks
of each structure and their geometric arrangements have been identified and discussed.
Among the presented phases, the A-site rich (1× 1) [Fig. 8.2(a)] is a particularly promis-
ing and appealing candidate for ab-initio methods. Section 8.3 will delve into the details
of this structure, and illustrate a proposed DFT model. Note that the A-site richness
of the (1 × 1) is consistent with the trend of the Mn Auger parameter as a function of
the surface composition [Fig. 8.10(b)]. The comparatively small value measured on the
(1 × 1) speaks for an ionic character, which is expected for a surface dominated by AOx

bonds. Consistently, the Mn-richer structures are characterized by an increasingly more
covalent bonding environment.

Increasing the Mn content of the surface moves the surface reconstructions beyond
the (1 × 1) phase, and more complex structures with larger unit cells are encountered.
Figure 8.5 reveals that one canmove between theseMn-rich reconstructions via a smooth
transition in which common building blocks are retained, and whose relative arrange-
ment changes as a function of the Mn content. Identifying these building blocks is the
first step to build quantitative structural models: the identification of structural units
and their relative arrangement has been crucial to solve many of the surface recon-
structions forming on (001)-, (110)-, and (111)-oriented SrTiO3 and related perovskite
oxides.318 Similarly to these systems, also the Mn-rich reconstructions of LSMO pos-
sibly consist of variously arranged tetrahedra and octahedra. Notice that other multi-
element oxides (mostly ternary) besides LSMO(110) were shown to display numerous
and complex surface reconstructions depending on the cation and/or oxygen stoichiome-
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try.64,223,224,228,231,319 This suggests that the rich structural variety shown by the LSMO(110)
surface may be the rule rather than the exception among multielement oxides.

The XPS data in Fig. 8.10 show that the structural diversity witnessed among the
surface phases of LSMO(110) is accompanied by similar variety in their electronic prop-
erties. The trend in the difference of Mn 2p3/2 and O 1s peaks [Fig. 8.10(a)] suggests
that Mn-richer structures are associated to lower oxidation states of Mn. The fact that
these differences are present does not surprise: The oxidation state of Mn in A-doped
manganites such as LSMO is sensitive to the doping level320–322 and the oxygen chemical
potential (i.e., concentration of oxygen vacancies).323 While most generally a mixture of
3+/4+ with variable ratio is probed, 2+ was observed under reducing conditions,286,324

at the surface of LSMO films. Given the large compositional differences among the sur-
face phases of LSMO(110) (see bottom axis of Fig. 8.2), differences in the corresponding
Mn oxidation state are to be expected.

Origin of the surface reconstructions

As seen from Fig. 8.1(b), the unreconstructed LSMO crystal is polar along the (110) ori-
entation, consisting of alternating planes with a charge of +/−8e per unit cell (tak-
ing oxidation state as charges, and neglecting the contribution of the small equilibrium
concentration of oxygen vacancies at 700 ◦C and 0.2 mbar O2, i.e., ≈2 × 10−8 of the O
sites325). Without any polarity-compensating mechanism, this would result in a diverg-
ing dipole moment with increasing crystal thickness, i.e., an unstable system, similarly to
the SrTiO3(110) system described in Chapter 6. Realizing reconstructions with appropri-
ate net charge [−4e/unit cell on top of the (AMnO)2 termination, +4e/unit cell above O4

planes] could compensate for this polar catastrophe. Generally, for the reconstructions
to bear the same formal charge per unit cell despite a change in cation composition, the
oxygen stoichiometry and/or the oxidation state of the cations must change. For exam-
ple, the polarity-compensating reconstructions of SrTiO3(110) are distinguished by (i)
different Ti-to-O compositions, (ii) different coordination of the cations to the oxygen
species,242 and possibly (iii) slight differences in the oxidation state of Ti.326

There is evidence that similar mechanisms are also at play in LSMO(110): First, its
reconstructions display clear compositional differences. Moreover, the trend between
Mn 2p3/2 and O 1s peaks speaks for differences in the Mn oxidation states. The high-
quality of the film’s surface will allow, e.g., to perform X-ray absorption spectroscopy to
pinpoint the coordination and/or oxidation state of the surface species in the future.242
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La/Sr content

TheSr doping level in LSMO is important for its performance: It definesmany of the bulk
properties [LSMOundergoesmetal−insulator and (anti)ferromagnetic−paramagnetic tran-
sitions as a function of the Sr content, and also the crystallographic structure depends
on the Sr doping282], and can also affect surface reactivity. Particularly critical for the
operation of solid-oxide fuel cells is the widely reported segregation of Sr-rich phases at
operation conditions, which tends to degrade the oxygen exchange activity at the sur-
face.317 Sr segregation and the formation of insulating Sr-rich clusters is a very common
phenomenon observed in LSMO and other perovskite oxides at conditions comparable
to those employed in this work,296,327 and it has been widely investigated, both experi-
mentally and theoretically.317,328 Notably, the films presented in this work do not show
this phenomenon. XPS does not indicate any substantial deviation of the La-to-Sr ratio
from the nominal composition in the near-surface region. Moreover, the films do not
show the expected Sr segregation nor the formation of insulating, Sr-rich clusters upon
prolonged (> 5 h) annealing at 700 ◦C and 0.2 mbar O2: The A-site-to-Mn and the La-to-
Sr XPS intensity ratios stay unaltered, and the surface structures appear unchanged in
STM, always retaining atomically flat morphologies. It is likely that the Sr segregation
observed in polycrystalline and textured films and in ceramic samples at comparable
conditions is due to grain and twin boundaries that favor Sr diffusion,329,330 which are
absent in the single-crystalline films presented here.

Regarding the La/Sr ratio among the different surface phases of Fig. 8.2, there seems
to be no evident trend as a function of the Mn content. As mentioned in the Results
Section, the La 4d/Sr 3d XPS ratio among the surfaces of Fig. 8.2 appears unchanged
within the error bars (i.e., within ≈10%). However, this could be due to the low surface
sensitivity of XPS at the high kinetic energies where the Sr 3d and La 4d peaks are found
(≈1350 eV and≈1380 eV, respectively). Similarly, the La/Sr LEIS intensity ratios show a
strong scatter (≈50% of the average) without apparent trend, but it is hard to determine
whether the measured differences are to be assigned to slightly different sample treat-
ments. Small variations in the La/Sr ratio in LEIS have also been observed among sur-
face structures that appear identical in STM. These differences are likely due to different
sample history that can alter the near-surface composition (e.g., sputtering−annealing
treatments preferentially remove Sr over La). It is possible that small variations in the
La/Sr ratio (with same Mn/A-site ratio) are compensated by introducing small amounts
of oxygen vacancies or by changing the oxidation state of Mn, without changing the
overall appearance of the surface phase. A systematic investigation of the LSMO(110)
surface as a function of the Sr content, by deposition of Sr or SrO2, accompanied by
a detailed characterization of surface point defects, would be needed for an increased
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understanding of the effect of the Sr/La ratio on the surface properties of LSMO(110).

Hints for a structural model for the fishbone reconstruction

As mentioned above, structural models for the Mn-rich reconstructions have not been
developed yet. Nonetheless, valuable hints can be gathered from the structural model
proposed for the (1 × 1) structure (see Section 8.3 below). As will be discussed in
more detail, the (1 × 1) structure can be obtained starting from an (AMnO)2-terminated
LSMO(110) slab, and removing all Mn atoms from the top layer and one subsurface O
atom. According to the established compositional axis in Fig. 8.2, the fishbone structure
is characterized by 1.88(5) MLMnmore than the (1× 1). Hence, the fishbone is obtained
from the (1 × 1) by filling up the missing Mn in the (1 × 1) layer (1 ML), and adding an
extra 0.88(5) MLMn. This additional 0.88(5) MLMn correspond to 23±1 Mn atoms in the
fishbone unit cell (out of the 26 in the 13 (AMnO)2 units within the fishbone surface unit
cell). Polarity compensation [−4e/(1 × 1) unit cell in the surface reconstruction] can
be ensured by increasing also the amount of O atoms in the surface structure. Indeed,
the fishbone structure is characterized by a higher O-to-Mn signal both in XPS and in
LEIS (see Section 8.2.6). The exact number of O atoms will depend on the valence of
Mn. For instance, for a valence of 4+, 72 ± 3 atoms are required to keep a net charge of
−4e/unit cell required for polarity compensation. Less O will be required if Mn atoms
are more reduced than 4+. In all cases, the numbers are significantly smaller than 130,
i.e., the number of O atoms present when 26 Mn atoms realize corner-sharing octahedra.
This means that the fishbone structure is likely made by numerous edge/face sharing
(truncated) octahedra or tetrahedra.

8.3 Deeper insights on the (1 × 1) phase
As mentioned above, the (1 × 1) phase of LSMO(110) [Fig. 8.2(a)] is a particularly ap-
pealing candidate for ab-initio methods. Not only does it show a comparatively simple
appearance and a small-enough unit cell. It may also be the first example among com-
plex multi-element oxides of a strongly A-site-rich reconstruction that is stable at close-
to-realistic conditions. A-site structures are rarely resolved in complex multi-element
oxides, which tend to consist of one or two layers of B-site cations coordinated with
oxygen.318 Nonetheless, the formation of A-site rich structures is often held responsible
for the deactivation of perovskite oxide surfaces in solid-oxide fuel cells.327,328,331–334 Ob-
taining a structural model for an A-site rich surface such as the (1× 1) would be valuable
to better understand this process.
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The following Section discusses the proposed DFT model for this structure. A model
is proposed also for another (1 × 1) structure that forms at more reducing conditions.
All calculations were performed by Michele Reticcioli from the University of Vienna.
Because the analysis is preliminary, only the most relevant results are reported and dis-
cussed. LEED-IV curves have been recently acquired on both structures (not shown) and
will be used to validate the DFT models by comparison with theoretical curves.

8.3.1 Methods

Theoretical methods

First principles calculations were performed in the framework of DFT, using the Vienna
ab-initio simulation package (VASP),150,335,336 under the generalized gradient approxi-
mation (GGA) within the Perdew, Burke, and Ernzerhof parametrization (PBE).153 The
approximation to the correlation energy was corrected with the inclusion of an on-site
effective U of 4.0 eV on Mn d states.337

The LaMnO3(110) surface was modeled with an orthorhombic unit cell, and using
symmetric slabs built by 13 LaMnO layers and a 30 Å-thick vacuum region;

√
2×

√
2-

large unit cells were used in order to accommodate the typical lattice distortions of the
material.300 Notice that the Jahn-Teller distortions of the A-site cations considered in the
presented DFT models are not present in perfectly rhombohedral LSMO (space group
R3c). A more detailed analysis of the XRD data in Chapter 9 will be needed to establish
whether the films deviate from the rhombohedral structure, and whether Jahn-Teller
distortions are indeed present. One expects that the absence of Jahn-Teller distortions
should not alter dramatically the results presented below.

Different surface reconstructions were investigated in a two-step process: First, all
models were relaxed using standard convergence criteria with a plane-wave energy cut-
off of 275 eV and approximately 20 k points in the irreducible Brillouin zone for the
integration in the reciprocal space. Finally, the most stable and promising models were
further relaxed using a more refined setup with a cutoff of 600 eV.The electronic proper-
ties of the relaxed models were calculated by using a Gaussian smearing for the orbital
occupancy. The spin-polarized calculations considered both ferromagnetic and antifer-
romagnetic ordering of the Mn magnetization. The spatial extension of the electronic
charge has been visualized in STM images using the Tersoff-Hamann approximation.338
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Experimental methods

Surface preparation. Two types of (1 × 1) surfaces are discussed below: The ‘high-
pressure’ (1 × 1), already introduced in Section 8.2 when discussing the high-pressure
surface phase diagram of LSMO(110), and the and ‘low-pressure’ (1 × 1), that forms at
more reducing conditions. To achieve the high-pressure (1× 1), a fishbone-reconstructed
surface [Fig. 8.2(c)] was sputtered for 6 min at 1 keV, 9 × 10−6 mbar Ar, followed by an-
nealing at 700 ◦C at 0.2 mbar O2 for 45 min.

The low-pressure structure was obtained by annealing the high-pressure structure
at 700 ◦C and 7 × 10−6 mbar O2 for 45 min (as discussed below, this structure forms
and it is stable at 700 ◦C below 1 × 10−3 mbar O2). With support from Martin Setvin,
this surface has also been imaged with non-contact AFM, in an Omicron q-Plus LT
head at T = 4.8 K with a custom cryogenic preamplifier,339 and tuning-fork sensors (f0
≈31 kHz, Q ≈20 000)340 with etched W tips. These were prepared by self-sputtering
and checked on a Cu sample before being used on the LSMO sample. However, Cu-
terminated tips have been unsuccessful in delivering atomic resolution. Atomic reso-
lution was achieved only after harsh tip treatments, which probably terminated the tip
with some constituents of the LSMO surface. As a result, the tip termination and shape
was unknown, and no scanning tunneling spectroscopy could be performed. The (1× 1)
was prepared in the PLD surface science apparatus and transferred through air to the
nc-AFM chamber, where it has been imaged after annealing at 700 ◦C and 7 × 10−6

mbar O2. The surface was not prepared in the AFM chamber due to time constraints.
The LSMO(110) surfaces are highly sensitive to sputtering treatments, and achieving a
precise surface stoichiometry and surface structure requires iterative cycles of sputter-
ing and Mn deposition (both requiring precise calibration in each chamber). Remark-
ably, the oxygen treatment alone was sufficient to recover the surface cleanliness re-
quired for atomic-scale imaging, as already witnessed for the (n × 1) reconstructions of
SrTiO3(110).
LEED-IVdata. LEED-IV is planned to validate the structuralmodels provided byDFT.341

In LEED-IV, the intensities of diffracted beams are recorded as a function of incident elec-
tron energy to generate the so-called I-V curves. These curves can be compared with
theoretical ones calculated from a proposed structural model. A quality factor—the so
called Pendry R factor—measures the quality of the fit. Preliminary experimental curves
were acquired, and will be compared to the theoretical ones calculated from the pro-
posed DFT models. A new software (ViPErLEED) under development by Michele Riva,
Florian Kraushofer, and Michael Schmid, in collaboration with Lutz Hammer from the
Friedrich-Alexander-Universität Erlangen-Nürnberg, will be used for this task.
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8. La0.8Sr0.2MnO3(110): Establishing a model system 169

8.3.2 DFT models

High-pressure (1 × 1)

Figures 8.11(a–c) report once again the appearance in STMand LEEDof the high-pressure
(1 × 1) reconstruction, the A-site richest reconstruction of the surface phase diagram of
Fig. 8.2. Figure 8.11(a) shows an STM image where a spontaneous tip change has allowed
to image the same surface with two common appearances. In both cases, lines of round
features with 25 pm-high corrugation run along the [001] direction. Depending on the
tip termination, all features may appear identical (top half), or every other feature may
appear brighter (bottom half). Figure 8.11(c) shows a small-scale STM image of the most
common appearance of the surface, where all features appear identical.

This Section discusses the proposed DFT model for this surface. Crucial hints for the
development of the DFT model have been given by the experimental data, in particular
the LEIS data reported in Fig. 8.7. The LEIS data show that the (1 × 1) is significantly
A-site richer than the other reconstructions. They also reveal the unique behavior of the
(1× 1) upon longer LEIS acquisitions: The Mn peak increases, instead of decreasing like
for the other reconstructions [see Fig. 8.7(b)]. The decrease in the Mn signal is expected
if Mn is present at the surface: Assuming only binary collisions between the impinging
He+ ions and the surface atoms, Mn atoms should be sputtered/scrambled preferentially
than the rest, causing the Mn signal to decrease. The increase in the Mn signal with pro-
longed acquisition can be understood if one assumes a very small (if not zero) presence
of Mn cations at the very surface of the (1 × 1). As acquisition proceeds, the He+ ions
produce a mild sputtering and scrambling of the surface, making the Mn species in the
sub-surface layers more and more accessible. This crucial difference between the (1× 1)
and the other surface phases is amplified by the peculiar behavior during the transi-
tion to the adjacent reconstructions in the surface phase diagram: While a continuous
transition allows to move between the Mn-richer structures (see Fig. 8.5), the transition
between the (1 × 1) and the (n × 2) occurs via a phase separation.

Based on the observations from LEIS and for the sake of simplicity, one can assume
that the (1 × 1) surface is free from Mn, only consisting of Sr, La, and O. One can then,
just initially, make another simplifying assumption and neglect the presence of Sr atoms.
The composition of the surface layer is easily derived by remembering that each recon-
struction must bear−4e per surface unit cell to compensate for the polarity of the bulk-
truncated LSMO(110) (see Section 8.2.8). Given the formal charge states of O and La
of −2 and +3, respectively, each unit cell must then contain 2 La atoms and 5 oxygen
atoms, yielding the unit formula of (La2O5)4− (for simplicity, the oxidation state of Mn
in the subsurface is assumed to be 4+, unaffected by the reconstruction).
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Figure 8.11. High-pressure (1 × 1) structure of LSMO(110). (a) 5 × 5 nm2 STM image of the (1 × 1)
structure, imaged with two distinct, yet unknown, tip terminations (U= +3.4 V, I t= 0.2 nA). A spontaneous
tip switch has occurred in the middle of the image. (b) LEED pattern. (c) 2.25 × 2.25 nm2 STM image of
the most common appearance of the surface (U= +3.3 V, I t= 0.3 nA). (d) STM simulation, obtained from
the proposed DFT model whose side, and top views are reported in panels (e, f), respectively. The image
is calculated for a tip positioned 3 Å above the surface, and is obtained by integrating the density of states
in a 5 eV range above the Fermi level.

The formation energy of several structures complying with this constraint has been
tested with DFT. Figure 8.11 shows the most stable structure found, consisting of a La2O5

layer lying above a slightly relaxed bulk-truncated (AMnO)2 plane of LSMO(110). Fig-
ure 8.11(e) shows the side view of this structure. As mentioned in Section 8.1.1, the bulk
of LSMO(110) consists of (O2)2 and (AMnO)2 planes that alternate along the [110] di-
rection. When considering Jahn-Teller distortions, Mn and La atoms buckle along the
[110] direction300 (≈0.73 Å). The La2O5 structure can be obtained starting from a bulk-
truncated system terminated by an (AMnO)2 plane, and by removing two Mn atoms
from the (AMnO)2 plane and one subsurface O atom. Notice that this structure would
be consistent with the presence of a Mn peak in LEIS, even during the first stages of
the acquisition (see Fig. 8.13): As seen from the top view in Fig. 8.11(f), the proposed
structure is somewhat open, and the subsurface Mn atoms could be accessed by the He+

ions during LEIS acquisition.
Underneath the La2O5 layer, the bulk structure is only slightly relaxed (0.1–0.2 Å

expansion/contraction of subsurface Mn and La atoms with respect to the bulk). On the
other hand, La and O atoms in the La2O5 surface structure are significantly displaced
with respect to the bulk positions along [001]. Because of the missing Mn atoms at
the surface, La atoms have dimerized along the [001] direction, sharing a bridging O
(white star) that would otherwise bridge adjacent Mn atoms. The La atoms in each dimer
have different coordination to oxygen (four- and five-fold, respectively), and this causes
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a strong buckling (≈0.9 Å) along the [110] direction, with the higher-coordinated La
atom lying closer to the subsurface. This strong buckling could be consistent with the
alternating apparent heights measured in STM with specific tip/tunneling conditions
[see Fig. 8.11(a)]. Since the buckling is directly related to the oxygen coordination of
the surface La atoms, one can expect a similar buckling to be present even when not
considering Jahn-Teller distortions in the bulk of the slab (see Methods).

Figure 8.11(d) shows the STM simulation derived from the model discussed above,
obtained by integrating the density of states in a 5 eV range above the Fermi level (dom-
inated by La states, not shown). The simulation matches the experimental STM image
of Fig. 8.11(c). LEED-IV will be used to conclusively validate the model.

Note that the DFT analysis presented here is still in its preliminary stages. A more
thorough analysis should account for the presence of defects, which are invariantly ob-
served on the (1 × 1) surfaces (see Section 8.3.3), and for the presence of Sr, which has
not been considered here. So far, the presence of Sr was neglected because accounting
for the appropriate amount is not trivial experimentally. While the bulk composition of
the films is known (≈80:20 La:Sr ratio), the composition of the surface is uncertain. In
fact, the surfaces are prepared by repeated sputtering–annealing cycles (during which
Sr is sputtered preferentially over La, not shown), and Mn deposition followed by O2 an-
nealing. This makes the Sr content at the surface history-dependent, and an unknown
input for DFT. Additionally, the distribution of the Sr atoms at the surface is not known
a priori (it was not yet investigated whether Sr can be distinguished from La in STM).
Nonetheless, it was observed that small deviations in the relative Sr/La composition due
to the specific sample history do not affect the overall appearance of the surface. It
is likely that these small variations in the La/Sr ratio (with same Mn/A-site ratio) are
compensated by introducing small amounts of oxygen vacancies or by changing the ox-
idation state of Mn (from polarity considerations, one expects to remove 1/2 O per Sr
atom, or to reduce the oxidation state of one Mn atom by 1). Hence, one can expect that
the model proposed would hold also in the presence of Sr. A systematic investigation
of the LSMO(110) surface as a function of the Sr content, by deposition of Sr or SrO2,
accompanied by a detailed characterization of surface point defects, would be needed
for an increased understanding of the effect of the Sr/La ratio on the surface properties
of LSMO(110).

Low-pressure (1 × 1)

At sufficiently reducing conditions, another (1 × 1) structure appears and is stable. The
following Sections will refer to the two (1× 1) reconstructions as (1× 1)HP and (1× 1)LP,
where HP and LP stand for high pressure and low pressure, respectively. Starting from
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Figure 8.12. Low-pressure (1 × 1) structure, prepared at 7 × 10−6 mbar O2. (a, c) 2.25 × 2.25 nm2 nc-
AFM images and STM images, respectively (tunneling parameters during STM acquisition: U= 1.8 V, I t=
0.04 nA. (b) Representative LEED pattern. (d) STM simulation, obtained from the DFT model whose side,
and top views are reported in panels (e, f), respectively. The image was calculated with a tip positioned 2
Å above the surface La atoms, and integrates the density of states in a 5 eV range above the Fermi level
(dominated by La states, not shown).

a monophase (1 × 1)HP surface, a transition to the (1 × 1)LP occurs at 700 ◦C below 10−3

mbar O2. This reconstruction is then stable at 700 ◦C down to UHV.
Figures 8.12(a, c) show non-contact AFM and STM images of the (1 × 1)LP surface,

while Fig. 8.12(b) shows the corresponding LEED pattern. The (1× 1) unit cell (same size
as for the HP structure) can be easily identified [black rectangles in panels (a) and (c)]. In
the STM image, two protrusions per unit cell are visible, one at the corner, the other one
roughly in the center of the cell (midway along [001], and slightly shifted along [11̄0]).
This shift produces zig-zag rows along the [001] direction. Two symmetry-equivalent
domains exist, in which the second atom is displaced along [11̄0] or along [1̄10]. The zig-
zag of the surface features produces a glide plane parallel to the [001] direction, whose
presence is also visible in the LEED pattern of Fig. 8.12(b): The (1,0) spot (and all its odd
multiples) cannot be distinguished from the background at any electron energy [compare
with the (1,0) spot that is instead present in the high-pressure counterpart, Fig. 8.11(b)].
In the nc-AFM image of Fig. 8.12(a), two levels of contrast are visible, ‘bright’ and ‘dark’
[see solid and dashed rectangles], speaking for the presence of two atomic species at the
surface (in nc-AFM, the contrast relates to the strength of the interaction between the tip
and the surface at each location, in turn sensitive to the local chemistry of the surface).
However, because of the unknown tip termination (see Methods above), no additional
information can be inferred from the contrast.

Once again, LEIS was used to gain information about the composition of the surface
structure under investigation: Figure 8.13 compares LEIS spectra acquired on a (1× 1)LP
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Figure 8.13. LEIS spectra acquired on the high- and low-pressure (1 × 1) structures of LSMO(110) (solid
and dashed lines, respectively). The cation signals are comparable on both surfaces, while a higher O
signal is detected on the high-pressure structure. The small F signal is caused by minor contamination in
the chamber.

surface (dashed) and on the HP counterpart (solid). The two phases appear to be char-
acterized by a comparable cation composition, while a difference is evident in their O
content (smaller on the LP phase). This suggests that, like the (1 × 1)HP, the LP phase
consists of a layer of La, Sr, and O atoms. [Note that the small contribution from F orig-
inates from a small contamination in the chamber, that is especially visible on samples
after a few hours from their preparation. Note also that the Mn signal is slightly higher
than the A-site signals in these spectra, differently from what reported in Fig. 8.7. One
possible reason is that the surface exhibited small patches of the (n × 2) reconstruc-
tion, which is slightly Mn-richer than the (1 × 1) (see Fig. 8.2) (small coverages of this
reconstruction are not visible in LEED).]

Based on the hypothesis that the only difference in the composition of the two (1× 1)
structures lies in their oxygen content, Michele Reticcioli has tested several structures
that have the same cation composition of the (1 × 1)HP, i.e., two La atoms per unit cell,
and that have at least one O atom less per unit cell with respect to the (1× 1)HP. The side
and top views of the most stable structure that was found are shown in Figs. 8.12(e, f), re-
spectively. Like the HP phase, the structure consists of a single layer of La and O (in this
case, La2O4 instead of La2O5) lying on a (slightly relaxed) bulk-truncated (AMnO)2 plane
of LSMO(110). Like the HP phase, it can be obtained from a bulk-truncated LSMO(110)
slab terminated by an (AMnO)2 plane, by removing two Mn atoms from the top plane,
and two subsurface O atoms. Note that polarity compensation can be still ensured by re-
ducing all Mn atoms in the subsurface layer from 4+ to 3+ (i.e., forming small polarons),
or by distributing the extra two electrons per unit cell over several (AMnO)2 layers (i.e.,
forming large polarons or delocalized states). With the DFT level used, the extra elec-
trons appear to be delocalized over the whole slab. However, one cannot exclude that
the charge is, in fact, localized on Mn atoms. More detailed investigations on this matter

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

174 8. La0.8Sr0.2MnO3(110): Establishing a model system

are planned for the future.
The additional subsurface O atom missing in the LP phase produces a few changes

with respect to the HP phase. Now both La atoms in the unit cell miss a bond with sub-
surface O, hence they are both four-fold coordinated. For the same reason, the buckling
of these surface La atoms along the [110] is now essentially suppressed: In the HP phase,
the buckling originated from the fact that one of the two atoms in the unit cell was five-
fold coordinated, and hence more tightly bound to the atoms underneath. Removing
one sub-surface O bond makes this atom relax upwards (white circle). Moreover, the
missing bond with subsurface O makes this atom also shift by 1.6 Å along the [001] di-
rection. This shift is the cause of the zig-zag lines and the glide plane characteristic of
this surface.

Figure 8.12(d) shows the STM simulation derived from the proposed model, which
matches nicely with the experimental STM image of Fig. 8.12(c). The simulation is ob-
tained from the density of states integrated in a 5 eV range above the Fermi level, which
is dominated by La states (not shown). The nice match of the simulated image obtained
from La states supports the hypothesis that the atomic features observed in the STM im-
age correspond to La atoms. Nonetheless, comparison of experimental and theoretical
LEED-IV curves is planned to conclusively validate the DFTmodel. Note that, like in the
case of the high-pressure structure, the DFT analysis presented here does not account
for the presence of Sr and atomic defects.

8.3.3 Defects
So far, defect-free (1 × 1) surfaces have been assumed. In reality, both the high- and the
low-pressure (1 × 1) exhibit atomic defects, which are briefly pointed out and described
in the following. A more detailed characterization of the observed defects is planned for
the future.

High-pressure (1 × 1)

Figure 8.14 highlights the STM appearance of the four most common types of defects
found on the high-pressure (1 × 1) surface. They consist of: (A) bright protrusions that
bridge two [001] rows; at certain tunneling conditions, these features can be dragged
across the surface, producing the artificial chain observed at the top left of panel (b);
(B) brighter appearance of a single atomic feature characteristic of the reconstruction,
which appears slightly displaced along the [11̄0] or the [1̄10] direction with respect to
the ideal (1 × 1) grid (see the features indicated by B and B’, respectively); (C) H-like
features bridging two [001] rows—notice that the central feature is slightly displaced
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8. La0.8Sr0.2MnO3(110): Establishing a model system 175

along [11̄0] with respect to the ideal bridging position; (D) dark features in between two
rows. Notice also that slight La enrichments produce the atomic chains observed on
Fig. 8.6(a) (Section 8.2.5).

The nature of these defects is to this date unknown. They could be associated to ad-
sorbates, oxygen vacancies, structural defects, Sr atoms, or bulk impurities. Experiments
are planned to pinpoint such defects in the future.

Low-pressure (1 × 1)

Figure 8.15(a) shows a low-pressure (1× 1) prepared at 7× 10−6 mbar O2. A few defects
are observed. They appear as brighter (A), slightly darker (C), and darker (B) than the
single atomic features that are characteristic of this reconstruction. Some clusters (D)
are also observed.

When the same surface is annealed in UHV, the atomic structure is preserved, but
new bright features are observed at the same atomic position of the underlying (1 × 1)
structure [panels (b–f); the corresponding LEED patterns appears identical]. It is likely
that these features consist of carbon-containing adsorbates. First, species appear to be
very mobile—compare their positions in the consecutive images shown in panels (d–f).
This supports the idea that they consist of weakly bound adsorbates. Moreover, XPS re-
veals the appearance of a new C peak that was not observed on the surface prepared in
an oxygen environment (not shown). No change is observed in the shape of the oxygen
peak, suggesting that the adsorbates are not related to, e.g., dissociated water.167 Notice
that the coverage of these adsorbates depends on the duration of the reducing treat-
ment (the longer the annealing, the larger their number), and of the time after which
the surface is imaged (higher coverages with longer times). The preliminary interpreta-
tion is that the reducing treatment induces oxygen vacancies, making the surface more
reactive to C species present in the UHV system (e.g., CO, CO2). The mechanism driv-
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Figure 8.14. Defects on the high-pressure (1 × 1) structure of LSMO(110), as seen from (a) 40 × 40 nm2

and (b) 12 × 12 nm2 STM images. Labels identify the different types of defects (see main text).
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Figure 8.15. Defects on low-pressure (1 × 1) surfaces of LSMO(110) prepared at slightly different
conditions, as seen from 12 × 12 nm2 STM images. (a) Surface obtained by annealing for 45 min at
7 × 10−6 mbar O2. Defects consist of different appearances of the single features of the reconstruction
(brighter, darker, andmissing—A, C, and B, respectively), or of a bright clusters (D). (b, c) surfaces prepared
by annealing in UHV for 15 min and 45 min, respectively. New features appear at the surface, assigned
to carbon species (see main text). (d–f) Surface prepared by annealing for 1 h in UHV. A labyrinth-like
structure of brighter features is observed. Consecutive imaging reveals the high mobility of these features.

ing the adsorption is possibly that of polarity compensation. When positively charged
oxygen vacancies are introduced in the system, adsorption of negative species (possibly
C-related species) can reintroduce charge neutrality. The labyrinth arrangement of the
adsorbates in panels (d–f) could be caused by the minimization of the electrostatic repul-
sion between the charged adsorbates. More experiments are planned to explore these
phenomena in more depth. Notice that high reactivity to CO adsorption at RT on AOx-
terminated surfaces of perovskite oxides was already reported in the literature.342,343

8.4 ‘2D’ surface phase diagram (µO vs. µMn)
Section 8.2 has been focused on the surface properties of LSMO(110) explored as a func-
tion of the cation composition, at a fixed value of oxygen chemical potential, µO, given
by the annealing conditions of 700 ◦C and 0.2 mbar O2. This Section extends the charac-
terization of the LSMO(110) surface to smaller values of µO. It is shown that the surface
of LSMO(110) has a strong tendency to phase-separate into A-site-rich and Mn-rich ar-
eas at pressures below 2× 10−3 mbar O2 (at 700 ◦C). The A-site-rich areas become larger
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at more reducing conditions, while the Mn-rich regions become Mn richer. New surface
reconstructions are revealed within these Mn-rich areas, which were characterized with
STM, LEED, and LEIS, as described in Section 8.4.2. It is argued that the observed phase
separation is achieved by transferring Mn across the surface, while leaving the overall
surface cation composition unchanged. Section 8.4.3 discusses a strategy to organize all
the reconstructions observed on the LSMO(110) films—both high- and low-pressure—in
an experimental two-dimensional phase diagram as a function of both, µO, and the Mn
content. These results are collected in ref. 344.

8.4.1 Behavior with decreasing oxygen chemical po-
tential

 0 1.88(5)

(1 × 1)HP fishbone (2 × 1)

ML Mn4.0(5)

oblique stripes

"
H

ig
h

-p
r
e
s
s
u

r
e
"
 s

tr
u

c
tu

r
e
s
 

(0
.2

 m
b
a
r,
 7

0
0
 °

C
)

"
L
o

w
-p

r
e
s
s
u

r
e
"
 s

tr
u

c
tu

r
e
s
 

(a
n
n
e
a
l 
"h

ig
h
-p

" 
s
tr

u
c
tu

re
s
 a

t 
lo

w
 μ

O
)

2
0
1
8
1
0
0
9
 n

o
. 

3
5

(1 × 1)LP

110 eV
 

(a)

1 nm

2
0
1
8
1
2
2
1
 n

o
. 

3
7

2
0
1
8
0
6
1
4
 n

o
. 

2
5

2
0
1
9
0
2
1
3
 n

o
. 

3
5

2
0
1
9
0
2
1
2
 n

o
.2

3

2
0
1
9
0
1
2
8
 n

o
.5

0

 0 3.2(1) ML Mn3.7(2)

2.6 V, 0.2 nA 1.9 V, 0.04 nA 1.8 V, 0.04 nA 1.8 V, 0.04 nA 2.5 V, 0.05 nA 1.8 V, 0.04 nA

(b) (c) (d) (e) (f)

[1
1
0
]

[1
-10

]

2 × 10−6–2 × 10−4 < 2 × 10−62 × 10―3–0.2 2 × 10―3–0.2 2 × 10―3–0.2 < 2 × 10―3 (mbar)

Figure 8.16. Summary of the surface structures of LSMO(110). (a–c) ‘High-pressure’ structures, obtained
by tuning the surface composition by depositing controlled amounts of manganese- or lanthanum-oxide
in PLD (plus annealing 1 h, 700 ◦C, 0.2 mbar O2). They are stable at 700 ◦C above 2 × 10−3 mbar O2. The
(1 × 1) surface in panel (a) transforms to the surface in panel (d) when annealed below 2 × 10−3 mbar. It
preserves the (1 × 1) periodicity, but develops a glide symmetry. When annealing the surfaces in panels
(b or c) below 2× 10−3 mbar O2, they phase-separate, forming patches of the (1× 1)LP in panel (d) and of
the ‘low-pressure’ structures in panels (e, f). Since the (1 × 1)HP and the (1 × 1)LP surfaces have the same
cation composition, they are taken as common reference for the stoichiometry of the other structures (see
bottom axis). 1 ML is defined as the number of Mn sites in an (AMnO)2 plane of LSMO(110), i.e., 4.64 ×
1014 at./cm2. Adapted from ref. 344.

This Section addresses the behavior of the high-pressure reconstructions of Fig. 8.2
with decreasing oxygen chemical potential. Unless otherwise specified, lower values of
µO have been achieved by decreasing the O2 pressure while keeping the temperature at
the fixed value of 700 ◦C. For convenience, Fig. 8.16 summarizes all the stable surface
reconstructions observed on the LSMO(110) films: On the left-hand side are the high-
pressure structures discussed in Section 8.2. On the right-hand side, the low-pressure
structures to be presented shortly. In both cases, the bottom axis reports the relative
composition in terms of monolayers of Mn.
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Figure 8.17. Evolution of the ‘fishbone’ surface of LSMO(110) with annealing at lower µOs. (a1–d1, a2–
d2) STM images of 100 × 70 nm2, and 26 × 26 nm2, respectively. (a1,a2) Monophase fishbone surface of
LSMO(110). After annealing at 2× 10−3 mbar (b1,b2), small (1× 1)HP patches appear, and small structural
changes occur in the fishbone. Annealing at 2 × 10−5 mbar (c1,c2) results in the formation of (1 × 1)LP
areas, while the rest of the surface evolves towards a new low-pressure structure, i.e., the ‘oblique’ of
Fig. 8.16(e). Annealing in UHV (d1,d2) causes the enlargement of the (1 × 1)LP areas, while the rest of the
surfaces transforms in the ‘stripes’ of Fig. 8.16(f). The process is fully reversible. Adapted from ref. 344.

The first stability test with decreasing µO was done on the A-site richer reconstruc-
tion of the high-pressure phase diagram, i.e., the (1 × 1)HP shown in Fig. 8.16(a). This
stays unaltered upon annealing at 700 ◦C and above 2 × 10−3 mbar. At lower pressures
and down to UHV, it transforms to the (1 × 1)LP monophase of Fig. 8.16(d). Both struc-
tures have been discussed in detail in Section 8.3, which also presents their proposed
DFT models. In a nutshell, the low- and high-pressure (1 × 1) phases are both charac-
terized by a layer of Sr, La, and O over an essentially bulk-truncated (AMnO)2 plane of
LSMO(110). They are characterized by different amount of O (one O atom less per unit
cell in the LP phase), and same cation composition. Hence, the cation composition of a
surface initially monophase (1× 1)HP does not change upon annealing at decreasing µO.
Since the following discussion pivots around the cation composition of given surface
reconstructions, and this is the same for the high- and low-pressure (1 × 1) structures,
either of the two will simply be referred to as (1× 1), disregarding the change in oxygen
content and in the atomic structure with µO.

The stability with decreasing µO of the other high-pressure structures of LSMO(110)
(Fig. 8.5) was also tested. These ‘Mn-rich’ structures [as opposed to the AOx-terminated
(1 × 1)] behave differently that the (1 × 1). Figure 8.17 exemplifies the evolution of
an initially monophase fishbone-reconstructed surface with decreasing µO [the same
qualitative behavior was also observed for reconstructions and compositions between
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8. La0.8Sr0.2MnO3(110): Establishing a model system 179

the fishbone and the (2 × 1), as shown below]. Between 0.2 mbar and 2 × 10−3 mbar,
small (1 × 1) areas appear on the fishbone surface that get larger with lower pressure
[orange in Figs. 8.17(b1, b2)]. At the same time, the fishbone undergoes aminor structural
change: part of the small features orthogonal to the bright line indicated by the yellow
arrow tilt towards the [11̄0] direction [cf. Figs. 8.17(a2, b2)]. As seen from Fig. 8.5, this
is indicative of a higher Mn content in the structure.

Annealing at lowerµO producesmore dramatic changes: Between 10−4 and 10−6 mbar
[Figs. 8.17(c1, c2)], most of the surface exposes a new structure that has not been observed
at high pressure, i.e., the ‘oblique’ of Fig. 8.16(e), described in more detail below, while
the rest of the surface exhibits the (1 × 1) reconstruction. The (1 × 1) areas are larger
than the ones formed above 2 × 10−3 mbar, while the rest of the surface is richer in
Mn: The LEIS spectra in Fig. 8.18(a) performed on monophase fishbone (light gray) and
oblique (dark gray) surfaces reveal that the oblique reconstruction is Mn richer than the
fishbone.

Decreasing the pressure even further [below 10−6 mbar and down to UHV, see the
STM images in Figs. 8.17(d1, d2)] produces yet another major change of the surface: Even
larger (1 × 1) patches are observed, while the rest of the surface has evolved towards
yet another structure, the ‘stripes’ of Fig. 8.16(f), described in more detail below. This
structure qualitatively resembles the high-pressure (m× 1) structure observed upon de-
positing around and above 1MLMn on a (2× 1) surface [Fig. 8.6(b)]: In both cases, stripe
features run along the [11̄0] direction. Due to the pronounced surface-dependent stick-
ing effects discussed in Section 8.2.6, it was not possible to prepare a monophase surface
of the low-pressure stripes, and acquire the corresponding LEIS spectra. The strong re-
semblance to the (m× 1) structure of Fig. 8.6(b) could be indicative of an equivalent Mn
enrichment of this surface. It is worth mentioning that around 10−4 mbar, i.e., between
the fishbone and the oblique regimes, a semi-ordered phase is observed that is assigned
to a transition state between these two reconstructions (not shown).

XPS was used to monitor the composition of the surface presented in Fig. 8.17 at each
annealing step—see Fig. 8.18(b). The data show no trend (within the error bars) as a
function of the oxygen chemical potential.

Interpretation

To understand the mechanism that drives the observed phase separation, causing the
exposure of larger and larger (1× 1) patches, while the rest of the surface gets more and
more Mn enriched, a few crucial observations are helpful. (i) The process illustrated in
Fig. 8.17 is fully reversible: The initial surface is recovered when annealing back at high
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Figure 8.18. (a) Comparison of LEIS spectra of monophase (1 × 1)HP (orange), fishbone (ligth grey),
and oblique (dark grey) surfaces. The oblique forming during the phase separation is Mn-richer. (b)
XPS intensity ratios acquired at each annealing step: there is no trend within the error bars. (c) Mn is
transferred across the surface to expose (1× 1)HP/(1× 1)LP areas (that have the same cation composition)
and form new Mn-richer structures, while preserving the overall cation composition. Adapted from ref.
344.

pressure. (ii) The XPS data of Fig. 8.7(c) do not show any trend as the phase separation
proceeds. However, Fig. 8.7(c) has demonstrated that XPS is very sensitive to changes in
the surface composition of LSMO(110), showing clear differences between the composi-
tion of monophase samples of the (1 × 1) and the fishbone. One can thus conclude that
the average cation composition of the first few nanometers probed by XPS is preserved
at each annealing step. (iii) The bulk diffusivity of cations in LSMO is very slow at the
employed conditions: Each cation can travel at most one atomic layer.330

Points (i) and (ii) rule out cation evaporation, while point (iii) rules out that the
phase separation originates from local preferential exchange of cations with the bulk
[local segregation of Mn/interdiffusion of A-site to form the Mn-rich regions, and local
segregation of A-site/interdiffusion of Mn to realize the (1 × 1) areas]. The simplest
explanation is that Mn is transferred across the surface, depleting those areas that will
expose the (1× 1) reconstruction, while enriching the rest of the surface, as sketched in
Fig. 8.18(c).

8.4.2 A closer look at the low-pressure structures
The following Section briefly describes the low-pressure structures of LSMO(110) that
are observed during the pressure-dependent phase separation discussed above.
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Figure 8.19. Low-pressure, oblique reconstruction of LSMO(110). (a) 100 × 100 nm2 STM image. Two
mirror-symmetric domains with respect to the [11̄0] direction are visible (yellow lines). (b, c) Correspond-
ing Fourier transform and LEED pattern. The unit cells of the (1× 1) and of one of the two oblique domains
are highlighted in black and yellow, respectively. (d) 12 × 12 nm2 STM image on one of the two oblique
domains. The unit cells of the (1 × 1) and of the oblique are indicated in white, and yellow, respectively.
Adapted from ref. 344.

The oblique reconstruction (Fig. 8.19) is observed between 10−4 and 10−6 mbar O2.
The large-scale STM image of Fig. 8.19(a) shows that it is characterized by two domains
that are mirror-symmetric with respect to the [11̄0] direction, similarly to the high-
pressure fishbone reconstruction (Section 8.2). These contribute to the complex Fourier
transform and LEED pattern of Figs. 8.19(b, c). The unit cells of one of the two domains is
indicated in yellow. The periodicity of the structure can be expressed in matrix notation
as

(

aob

bob

)

=

(

3 ±3

−2 ±3

)(

a
b

)

,

where the vectors a, b, and aob, bob identify the unit cell of the (1× 1), and of the oblique,
respectively [see close-up STM images in Fig. 8.19(d)]. Similarly to the fishbone recon-
struction, because the angle between aob and bob is different than the one between a
and b, it is not possible to express this periodicity in Wood’s notation. The two signs
correspond to the mirror-symmetric domains.

The close-up STM image in Fig. 8.19(d) shows the atomic details of the oblique re-
construction. It is composed of ‘tiles’ (yellow overlay) outlined by bright protrusions
forming a ring, and with additional protrusions approximately running along b (and
separation between protrusion close to |b|). A monophase oblique (as determined by
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STM) was realized starting from a mixed (1 × 1)LP and oblique surface, and iteratively
depositing small amounts of Mn at high O2 pressure (≈0.2 ML Mn, RT, 0.2 mbar), fol-
lowed by annealing at 700 ◦C and 7 × 10−6 mbar O2.

‘Stripes’

The low-pressure ‘stripes’ (Fig. 8.20) are observed after UHV annealing. STM reveals
that they consist of several coexisting structures—all preferentially oriented along the
[11̄0] direction and contributing to the (n × 1) periodicity seen in the LEED pattern of
Fig. 8.16(f) (an additional faint 3-fold periodicity is also observed along the [11̄0] direc-
tion, as highlighted by the black arrows). In the STM images in Fig. 8.20, the different
structures are uniquely identified by colors and labels.
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Figure 8.20. Low-pressure, (n × 1) reconstructions of LSMO(110). (a, b) 40 × 40 nm2 STM images of
the surfaces of two LSMO(110) samples annealed at 700 ◦C, UHV, 15 min, starting from (a) fishbone re-
construction, and (b) from the (2 × 1). In each case, both (1 × 1) areas and (n × 1) areas are visible. The
(n × 1) comprises several structures, highlighted by different colors, and present at different concentra-
tions in panels (a) and (b). In panel (a), three types of structures coexist, shown in detail in the (15 × 15)
nm2 images of panels (c, d)—the α lines and A-type (blue), B-type (green), and C-type stripes (yellow).
Yellow arrows highlight the jump of C-type stripes along the [001] direction. In panel (b), α lines coexist
with C’-type stripes, which originate from C-type stripes (white arrows). (f) α lines and C’-type stripes
imaged at two different bias voltages. Adapted from ref. 344.
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8. La0.8Sr0.2MnO3(110): Establishing a model system 183

The large-scale STM images in Figs. 8.20(a, b) correspond to two high-pressure, Mn-
rich surfaces with slightly different composition [Mn-richer in panel (b)] that have both
been annealed at 700 ◦C and UHV for 45 min. Both show (1 × 1) patches and patches
of the stripes reconstruction. As expected from the reasonings above, the initially Mn-
richer surface exhibits smaller patches of the (1× 1). Slight differences are also observed
in the regions with the stripes.

The surface of panel (a) displays four types of structures: α lines, and structures A,
B, and C. These are explored in more detail in panels (c) and (d). For reference, the top
left of panel (c) reports the unit cell of the (1× 1) structure, identified by the unit vectors
a and b, oriented along the [001] and [11̄0] directions, respectively.

• α lines. All structures discussed below share the same building block, the so-
called ‘α lines’, some of which are highlighted in blue in Fig. 8.20. These lines run
along b, appear with a bright contrast, and are made of round features separated
by |b|. ‘α lines’ can also patch together and realize the structure labeled by A in
Figs. 8.20(b, c, e).

• Structure A. Structure A is realized when more α lines are patched together—see,
e.g., the three lines in Fig. 8.20(c) (notice that the outer lines realize structures B,
and C, respectively). The unit cell of this structure is a c(3× 1) centered rectangle
[black, in panel (c)].

• Structure B. Structure B [green, see panels (a) and (c)] is the most rarely observed.
It consists of two types of lines oriented along b that alternate along a with a
separation equal to |a|. One of the two is an α line. The other line possesses half
the features of the α line, and appears with darker contrast. Each α line is aligned
with the next α line, while closest dark lines are shifted with respect to each other
by b [see the features highlighted by green stars in panel (c)]. The resulting unit
cell (green) is a c(4 × 2) centered rectangle.

• Structure C. Structure C [yellow, present in all panels except panel (e)] consists
of 4 lines running along b: The outer lines are α lines, shifted with respect to each
other by half a (1 × 1) unit cell along b. The two inner lines of structure C consist
of oval features with a periodicity of 3b. The unit cell of this structure is a (5 × 3)
rectangle. The 3× periodicity along b is likely the cause for this faint periodicity
to be visible in the LEED pattern of Fig. 8.16(f). Notice that several C-type stripes
commonly appear near one another. At times, two type-C stripes appear separated
by a single α line (or, more rarely, by two α lines).

The surface of panel (b) displays again the α lines, and structures A and C. A new struc-
ture, C’, is also observed:
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• Structure C’. Structure C’ [yellow, panels (b, e)] closely resembles structure C. In
fact, it appears to always originate from structure C [white arrows in Fig. 8.20(b)].
It consists of two α lines that sandwich a wider line [see bottom half of panel (e)].
Like in the structure C, the α lines are shifted with respect to each other by half
a (1 × 1) unit cell along b. Rare combinations of tip termination and tunneling
conditions give the contrast observed in the top half of panel (e), where the wide
line actually appears as two lines of small, round features (see yellow circles), with
a periodicity of half the (1 × 1) unit cell along a.

The slight differences between the reconstructions of surfaces with different compo-
sition [such as the ones in panels (a) and (b) discussed above] are likely associated to
different compositions in the stripes structures themselves.

Similarities with the (n × 1) reconstructions of SrTiO3(110). The structures de-
scribed above show many similarities with the (n × 1) reconstructions of SrTiO3(110)
discussed in Section 6.2.1. Not only they are all oriented along the [11̄0] direction. They
also all coexist at the surface and mix evenly with one another. For instance, structure C
(or C’) tends to alternate with a one-to-one ratio with the α lines—although deviations
(e.g., two α lines in between two structures C) are also observed.

Moreover, while all discussed structures run along the [11̄0] direction, they tend to
realize frequent jumps along the [001] direction, in a very similar fashion to the (n × 1)
reconstructions of SrTiO3(110) (see Fig. 6.6 in Chapter 6). Some of the jumps realized
by structure C are highlighted by yellow arrows in Fig. 8.20. These similarities support
the idea that the different stripes structures are characterized by slightly different cation
compositions, similarly to the (n × 1) structures of SrTiO3(110).

8.4.3 Building a 2D surface phase diagram
The complexity of the structures discussed above hinders us from building the corre-
sponding atomic models at the present stage. As already discussed for the high-pressure
phase diagram of LSMO(110) (Section 8.2), a first necessary step to reach this goal is to
identify the relative compositions of the surface structures. Section 8.2 has shown that
monophase samples can be realized by depositing a controlled amount of Mn in PLD,
and relative compositions can be determined by exploiting the movable QCM device.
However, because of the phase separation discussed above, this approach cannot be im-
plemented to derive the relative compositions of the low-pressure structures.

This Section presents another strategy, based on STM, that can be used to derive
the composition of given surface structures forming during a phase separation. This ap-
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Figure 8.21. Building a 2D surface phase diagram for the surface reconstructions of LSMO(110). (a) STM
quantification of (1 × 1)LP/(1 × 1)HP areal coverages as a function of µO (refer to Section 5.2 for the def-
inition of µO). The monophase (1 × 1) surface that is stable over a wide range of µOs (orange), while
Mn-rich surfaces phase-separate into Mn-richer areas and (1 × 1) areas that grow larger with decreas-
ing µO. Full circles correspond to Fig. 8.17 (starting surface: fishbone). The other curves were obtained
starting from Mn-richer surfaces. When employing different combinations of T , pO2

, but all equivalent to
the same value of µO [dashed circle], similar coverages are obtained. (b) Experimental two-dimensional
surface phase diagram of LSMO(110), mapping out the stability regions of the surface reconstructions of
LSMO(110) as a function of the oxygen chemical potential (vertical axis) and the Mn chemical potential
(bottom axis, expressed in monolayers of Mn referred to the (1 × 1) structure). Each curve describes the
evolution with decreasing µO of a surface with a given composition prepared at high pressure (0.2 mbar,
700 ◦C). The curves are obtained under the assumption that the average surface composition is preserved,
and based on the relative coverage of the coexisting phases. Adapted from ref. 344.

proach allows organizing all the reconstructions observed on LSMO(110)—both high-
and low-pressure—in a two-dimensional surface phase diagram as a function of the
cation composition and the oxygen chemical potential. Crucial to this approach is the
fact that the overall surface cation composition is preserved at each annealing step, and
that the changes in local composition are induced byMn traveling across the surface: As
argued below, under these circumstances the relative composition of the coexisting re-
constructions can be derived from their relative coverage, which is measurable by STM.

To realize the two-dimensional phase diagram, the (1× 1) surface was taken as a ref-
erence, since its cation composition does not change with the oxygen chemical potential.
Several high-pressure surfaces with different Mn composition were prepared, and an-
nealed at decreasing pO2

. At each step, the coverage of the (1 × 1) areas was quantified
by acquiring 10–12 STM images on a 300 × 300 nm2 scale on different positions on the
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sample. Each surface was also regularly annealed back to oxidizing conditions to cross
check the reproducibility of the changes. Figure 8.21(a) reports the quantification of
(1 × 1) coverages for a few selected examples. In orange, the coverage of the (1 × 1)
areas starting from a (1 × 1) monophase surface: Since the surface remains monophase
and (1 × 1) at all conditions, the plot with µO is simply a constant, 100% coverage. The
full circles represent the quantification for the experiment illustrated in Fig. 8.17, i.e.,
starting from a monophase fishbone surface. As anticipated, the coverage of the (1 × 1)
areas steadily increases with more reducing conditions. This increase of (1 × 1) areas
with decreasing µO is also observed for starting Mn-richer surface compositions (gray),
albeit with a smaller slope: Mn-richer surfaces tend to form less of the Mn-poor (1 × 1)
areas. Importantly, when different combinations of temperature and oxygen pressure
are employed for annealing the same surface, but all resulting in the same value of µO

(dashed circle), the same phases are observed on the surface, and with the same quan-
titative coverages: This means that, for a given initial Mn enrichment, the value of µO

uniquely determines the resulting surface phases. In turn, this means that the phase
separation observed is the result of thermodynamic equilibrium at the surface. This is
further supported by the fact that no quantitative difference was observed upon anneal-
ing selected surfaces at fixed parameters for longer times.

Figure 8.21(b) shows the quantitative two-dimensional phase diagram of LSMO(110) as
a function of both, the Mn content on the surface, and the oxygen chemical potential,
as derived by the quantitative evaluation of the (1 × 1) coverages of Fig. 8.21(a). In
Fig. 8.21(b), each curve describes the evolution of a surface with given composition (hori-
zontal axis) prepared at high pressure (0.2 mbar, 700 ◦C), and then annealed at decreasing
µO (vertical axis). For instance, the left-most curve represents the evolution of the ini-
tially monophase (1 × 1) surface. As its composition does not change upon annealing
at reducing conditions, its evolution with µO is simply represented by a straight line as
a function of the Mn content. The solid black circles represent instead the evolution of
the initially monophase fishbone reconstruction of Fig. 8.17, which at lower pressures
phase-separates into (1× 1) areas and regions characterized by low-pressure, Mn-richer
structures (the tilted fishbone, and the oblique and stripes described above). The other
curves represent surfaces that have been initially prepared to exhibit a slightlyMn-richer
structure [between the fishbone and the (2× 1)]. Notice that the plot reveals the compo-
sition of the low-pressure structures of LSMO(110). For instance, the oblique possesses
≈3.2 ML Mn more than the (1 × 1).

To plot the phase diagram, the number of cations on the whole surface was taken as
constant at each annealing step, as justified by the reasonings above. This hypothesis can
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be expressed asn =
∑

i ni×θi = const, wheren is the density ofMn cations for a surface
with one or two structures exposed, characterized by density of Mn cations ni and areal
coverage θi, which is quantified as in Fig. 8.21(a). Initially (at high pressure) the surface
exposes only a monophase, Mn-rich surface. Since in this case the coverage of the (1× 1)
is zero, the density of Mn cations at the surface is simply the one of the exposed high-
pressure structure, henceforth labeled as ‘HP’. This reads as n = nHP, or, when referring
the densities to the one of the (1 × 1) structure, as n′ = nHP − n(1×1) = n′

HP, where n′
HP

is known from the phase diagram of Fig. 8.16 (for instance, for the fishbone, n′
HP=1.88).

When annealing at low pressure, and the surface phase separates into (1 × 1) areas and
new Mn-rich areas (‘LP’), one has that n′ = n′

LP × θLP, where n′
LP is the (unknown)

density of Mn cations on the new LP phase, referred to the density of Mn cations of
the (1 × 1), and θLP=1–θ(1 × 1) is the corresponding areal coverage (known from STM).
Since n′ = const by assumption (see Fig. 8.18), one obtains that n′

LP ×(1–θ(1 × 1))=n′
HP.

The only unknown, n′
LP, i.e., the composition of a given low-pressure structure relative

to the composition of the (1 × 1), can be derived and plotted in the phase diagram of
Fig. 8.21(b). A simplified sketch of the diagram is reported in Fig. 8.21(c).

It is worth noting that most of the investigated structures belong to a single fam-
ily in which a minor change of the cation composition induces a slight modification of
the surface structure. This was previously observed for the high-pressure reconstruc-
tions between the fishbone and the (2 × 1) (Fig. 8.5), and for the low-pressure ‘stripes’
described above. In both cases, these related structures are identified by ‘coexistence’
regions in the sketch of Fig. 8.21(d) (gray and blue, respectively).

It is premature to generalize whether the reported surface phase separation with µO is a
shared property of multi-component perovskite oxides. However, phase separations as
a function of the cation content has been observed in several other cases. The approach
outlined in this Section is an unconventional and powerful tool to experimentally es-
tablish the stability regions of the surface reconstructions of complex materials in the
presence of a surface phase separation. At the same time, it allows for quantitatively
determining the cation composition of complex reconstructions.

8.5 Conclusions
This Chapter has unveiled for the first time the surface reconstructions intrinsic to the
(110) termination of LSMO. PLD has been combined with surface science tools to explore
in depth the details of these surface reconstructions and the relations between them. It
was shown that LSMO(110) exhibits several composition-related surface phases with
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unique structural and electronic properties, which can be controlled in various ways: (i)
By depositing sub-monolayer amounts of La or Mn by PLD (accurately quantified with
the movable QCM of Section 2.5), (ii) by Ar+ sputtering (both followed by O2 annealing),
or (iii) by annealing at different oxygen chemical potentials. The latter forces an unusual
phase separation of the surface, in distinct A-site-rich andMn-rich areas, while the over-
all cation composition is preserved. With decreasing µO, larger areas of the A-site-rich
reconstruction are exposed, while the rest of the surface gets enriched in Mn, producing
a corresponding change in the surface atomic structure. Based on the evaluation of the
relative coverages of A-site-rich and Mn-rich areas at each step, the two-dimensional
phase diagram of the surface reconstructions of LSMO(110) was drawn, as a function of
both, the Mn content, and the oxygen chemical potential.

ADFTmodel has been proposed for the simplest of the structures, anAOx-terminated
(1 × 1). The other reconstructions are too complex and possess too large unit cells for
standard DFT methods. New theoretical tools, e.g., based on machine-learning concepts,
could be successful in solving these structures in the future.

The results outlined in this Chapter portray a first full, albeit preliminary, picture
of the atomic-scale details of the LSMO(110) surfaces. They build the foundation for
developing quantitative structural models needed to understand basic phenomena driv-
ing LSMO-based devices at different environmental conditions. On a more fundamental
level, the knowledge built for the LSMO(110) surfaces might be insightful for other, sim-
ilarly complex, materials.
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9. La0.8Sr0.2MnO3(110): Understand
and optimize film growth

9.1 Introduction
As anticipated in the previous Chapter 8, there exist no literature reports of LSMO films
thicker than a few nanometers and with atomically smooth surface topologies suited
for atomic-scale investigations. The likely reason is that film morphology of LSMO—
along with its composition, and its transport and magnetic properties—appears to be
very sensitive to the growth conditions.41,58,288,289,293,345,346

Motivated by the need of growing atomically flat LSMO films of the desired stoi-
chiometry (La0.8Sr0.2MnO3), this Chapter addresses the role of one crucial growth pa-
rameter, the oxygen pressure (pO2), on the composition and morphology of LSMO films
grown on SrTiO3(110), along the lines of the STM studies on the SrTiO3(110) homoepi-
taxy performed as a function of the laser fluence (see Chapters 6 and 7). Similarly to
the case of SrTiO3, the surface atomic structure appears to play a crucial role for the
development of given morphologies. Once again, (at least part of) the nonstoichiome-
try introduced during growth segregate to the film’s surface, thus changing the surface
atomic structure according to a given compositional surface phase diagram (in the case
of LSMO, the one established in Chapter 8, see Fig. 8.2). However, when the introduced
nonstoichiometry overcomes a certain limit, the surface no longer manages to incorpo-
rate it by changing its atomic structure: A phase separation takes place, with clusters of
the excess material appearing at the surface.

Section 9.2 will first address the changes observed in thin films (of ≈2.5 nm thickness)
as a function of the value of pO2 used during growth. The focus will shift then to thicker
films, showing how non-ideal conditions can cause the excess cations to form unde-
sired, ill-defined clusters. Section 9.3 is devoted to the experimental strategies that can
be used to remove these clusters and recover ideal morphologies. Finally, Section 9.4
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190 9. La0.8Sr0.2MnO3(110): Understand and optimize film growth

shows how STM can be used to pinpoint the growth conditions that yield LSMO(110)
films with ideal composition and morphology, by monitoring the changes of the surface
structure with STM at different steps of the growth, and changing the O2 pressure ac-
cordingly. Section 9.5 summarizes the bulk properties of the films grown at the most
promising conditions, as addressed by XRD, TEM, and RBS.

9.2 Role of growth parameters on film com-
position and morphology

9.2.1 Thin films (≈2.5 nm-thick)
Several thin films have been grown at the same nominal conditions (700 ◦C, 1Hz, 2 J/cm2),
except for the O2 pressure, ranging from 7 × 10−6 to 0.2 mbar. All films have the same
thickness of 2.5 nm, or nine layers, where one layer corresponds to one full RHEED oscil-
lations measured during growth [for one representative example, see Fig. 9.3 below], or
the separation between two (110) planes, i.e., 0.276 nm. The XPS analysis of the relevant
core-level peaks (Mn 2p, La 4d, Sr 3d) in Fig. 9.1(a) reveals that the film composition is in-
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Figure 9.1. XPS (a) and LEIS (b) analysis of the surface composition of thin (≈2.5 nm) LSMO(110) films
as a function of the oxygen pressure used during growth, while keeping the other parameters unchanged.
Lower growth pressures are associated with a higher Mn content in the film surface. All areas of the XPS
peaks (Mn 2p, Sr 3d, La 4d) were evaluated after subtraction of a Shirley-type background. The small F
peak in the LEIS spectra originates from contamination in the analysis chamber (the peak is not present
when samples are measured immediately after growth).
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9. La0.8Sr0.2MnO3(110): Understand and optimize film growth 191

fluenced by the O2 pressure employed during growth. The peak intensity ratios of light
elements over heavier elements always decrease with the pressure. As a result, films
grown at low pressure are richer in Mn (the lightest cation) than those grown at more
oxidizing conditions. For reference, the LEIS spectra of the films grown at the highest
and lowest pressures is also reported [Fig. 9.1(b)]. Consistent with the XPS results, the
surface of the film grown at the lowest pressure is richer in the A-site species.

The STM morphologies of the corresponding films are shown in Figs. 9.2(a–d). On
the scale of few hundreds of nanometers (top row), all films appear atomically flat, with
terrace sizes up to hundreds of nanometers separated by monoatomic steps, and expos-
ing up to four layers. On a smaller scale (bottom row), different reconstructions are
evident. Note that the reconstructions of Figs. 9.2(a, b, c) are the same obtained by pur-
posely changing the composition of the surface of LSMO(110) films by depositing sub-
monolayer amounts of Mn followed by high-pressure O2 annealing (Fig. 8.2, Section 8.2):
Panels (a), (b), and (c) display the (n × 2), fishbone, and a reconstruction between the
fishbone and the (2× 1), respectively. The reconstruction of Fig. 9.2(d) was not observed
while tuning the surface composition of LSMO(110) at high pO2

, likely because the cor-
responding film was grown at low values of pO2

. Consistent with the XPS findings, the
reconstruction present on the films grown at low pressure are richer in Mn (cf. bottom
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Figure 9.2. Effect of the oxygen growth pressure on the morphology of LSMO(110) films. (a–d), top row:
300 × 300 nm2 STM images (U sample = 2 V, I t = 0.2 nA) of films of 2.5 nm thickness grown at pressures
ranging from (a) 0.2 mbar to (d) 7 × 10−6 mbar (700 ◦C, 1 Hz, 2 J/cm2); bottom row: corresponding
close-up STM images [(a–c) 15 × 15 nm2; (d) 30 × 30 nm2, high-pass-filtered for displaying purposes],
highlighting the differences in the atomic-scale morphologies.
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axis of Fig. 8.2).
Monitoring the specular spot of the RHEED intensity in real time reveals that the

growth occurs in a layer-by-layer fashion over the entire pressure range (Fig. 9.3). Qual-
itative differences are evident in the shape and in the intensities of oscillation minima
and maxima. As argued in Chapter 6, these differences are at least partially caused by
the different reconstructions that form at different pressures, which produce changes in
the diffraction geometry, originally optimized for the SrTiO3(110)-(4× 1) substrate. The
more pronounced decay observed when growing at the lowest pressure [Fig. 9.3(c)] may
be also partially due to the slightly rougher surface morphology. Notice that the pe-
riod of the oscillations increases with the pressure, suggesting that less and less material
reaches the substrate.
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Figure 9.3. RHEED oscillations during the growth of thin LSMO(110) films (≈2.5 nm-thick) at different O2

pressures (indicated in the respective panels), and otherwise identical parameters (700 ◦C, 1 Hz, 2 J/cm2).

9.2.2 Thicker films
When thicker films are deposited at the same conditions as per Figs. 9.2(a–d), the surface
remains atomically flat only in a narrow range of pressures, see Fig. 9.4. Figure 9.4(b)
shows an atomically flat film of 132 nm thickness grown at 3× 10−2 mbar O2. At higher
and lower pO2

[0.2 mbar, Fig. 9.4(a), and 5× 10−3 mbar, Fig. 9.4(c), respectively], clusters
appear on the surface that are few nanometers high and poorly conductive. Note that the
defected films are significantly thinner, i.e., only 11 and 5.5 nm-thick in Figs. 9.4(a) and
(c), respectively. Growing thicker films at these conditions results in severely roughened
surfaces that cannot be measured in STM.

9.2.3 Discussion

Growth parameters and film composition

As seen above, the O2 background gas dramatically affects the composition and the sur-
face morphology of the LSMO(110) films. As argued already in Section 2.3.1, changes in
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Figure 9.4. Accumulation of nonstoichiometry at the surface of LSMO(110) films. (a, b) 300 × 300 nm2

STM images and (c) 2.1 × 2.1 µm2 AFM image of LSMO(110) films thicker than 15 ML (5.5 nm). (a, c)
Nonstoichiometric growth conditions result in poorly conductive, few nanometers-high features on the
surface that are identified as lanthanum- and manganese-oxide-rich clusters from XPS analysis, respec-
tively; (b) ideal stoichiometries correspond to atomically flat films.

the film composition as a function of pO2
are expected, and can be qualitatively explained

in the three-pressure-regimes framework: At sufficiently low pO2
, the ablated material is

transferred congruently to the substrate. In some intermediate range, lighter species are
scattered more than heavier ones, such that the film is enriched with the heavier species
as the pressure increases.41 At very high pressures, in the so-called shock-wave regime,
all species are slowed down equally and kept confined, and are transferred congruently
from target to substrate.41,52,74 As already mentioned, these three pressure regimes can-
not be identified with the value of pO2

alone, as the target-to-substrate distance (D) can
also affect the transfer of material from target to substrate.58 For the specific value of D
= 55 mm used in this work, the low-pressure regime is realized at pO2

≤ 5 × 10−3 mbar:
Below this pressure, there is no change in the XPS signal in Fig. 9.1, a strong indica-
tion of congruent transfer of the ablated species typical of this regime. The intermediate
pressure regime corresponds to 3 × 10−2 ≤ pO2

≤ 0.2 mbar: Within this range, the Mn
content decreases with increasing pressure (Mn is the lightest cation in LSMO). Above
0.2 mbar, the shock-wave regime takes place: The growth rate at 1 mbar is roughly ten
times smaller with respect to the lower pressures (not shown). This model is consistent
with the increased period of the RHEED oscillations with increasing pressure (Fig. 9.3).
Note, however, that the model is overly simplistic, as it does not account for any interac-
tion among the ionized species in the plasma plume. Nonetheless, it describes qualitative
trends accurately.

As argued in Chapter 6 while discussing the homoepitaxial growth of SrTiO3(110),
not only the oxygen background pressure, but also the laser fluence can affect the film
composition, as it determines which species are preferentially ablated from the target.
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As a result, near-ideal stoichiometries can be achieved in two ways: (i) with congruent
ablation and congruent transfer, by using perfectly calibrated laser fluences and deposit-
ing within the low-/high-pressure regimes; (ii) with incongruent ablation and incongru-
ent transfer, by mitigating the nonstoichiometry caused by preferential ablation of the
target via interaction with the background gas in the intermediate-pressure regime. De-
spite its appeal, the first scenario is not easy to implement: The laser fluence is scarcely
reproducible among different PLD setups,68 and the most common way to adjust the UV
pulse energy, by changing the discharge voltage of the UV laser, hinders accurate cali-
bration.76 LSMO(110) films with ideal stoichiometry have been grown within the second
scenario. In fact, the RBS analysis performed on the film of Fig. 9.4(b) grown in the in-
termediate pressure regime reveals its stoichiometry to be nearly ideal, i.e., very close to
that of the target (see Section 9.5). From comparison with the XPS data in Fig. 9.2(d), one
then infers that films grown at lower and higher pressures are Mn rich and Mn deficient,
respectively. One thus concludes that at the chosen laser fluence Mn is preferentially ab-
lated at the target: Mn-rich films are obtained at low pressures because the composition
of the Mn-enriched plume is not affected by scattering with the background gas. The
ideal stoichiometry is achieved at a specific value of the intermediate pressure such that
the excess Mn is scattered preferentially over the heavy La species, until, at even higher
pressures, more than the excess Mn is preferentially scattered, and the films grow La-
rich. The preferential ablation of Mn at the target is possibly caused by a too-low laser
fluence (Mn is characterized by a higher vapor pressure than La). Section 9.4 will lay out
an STM-based strategy to pinpoint the optimal background pressure that yields ideal
film composition and morphology.

Link between composition, surface structure, surface morphology

When the films are sufficiently thin, the morphology remains atomically flat regardless
of the composition. The surface structure evolves along the compositional phase diagram
of Fig. 8.2, similarly towhat observed during the homoepitaxy of SrTiO3(110) (Chapter 6).
This suggests that the nonstoichiometry introduced during growth segregates (at least
partially) to the surface. As the film thickness increases, this nonstoichiometry keeps
accumulating at the surface, up to the point where the surface is not able to accommodate
it anymore by modifying its atomic structure: A secondary phase caused by the excess
cations develop in the form of the observed clusters [Figs. 9.4(a, c)], which are assigned
to secondary MnOx and LaOx phases [similar clusters were also observed after excessive
deposition of MnOx and LaOx on well-defined LSMO(110) surfaces].

Note that for very slightly nonstoichiometric conditions and/or sufficiently thin films,
the surface-dependent re-evaporation discussed in Section 8.2.6 (less Mn and La species
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incorporated on Mn-rich and La-rich surfaces, respectively, see Fig. 8.8) could act as
a beneficial feedback mechanism for the film stoichiometry (and morphology). For
example, if the flux is slightly La-rich, the surface will gradually shift towards A-site
richer reconstructions, onto which Mn ‘sticks’ more, such that the surface shifts back
towards Mn-richer structures. Now La sticks more, and so on. The forgiveness of this
growth mechanism may allow to grow atomically flat and stoichiometric films even un-
der slightly nonstoichiometric conditions. Oxide clusters will be formed when the in-
troduced cations become excessive for the surface. Note that, with respect to the case of
SrTiO3(110), the surface reconstructions of LSMO(110) are separated by larger composi-
tional differences (cf. bottom axis of Fig. 6.3 and of Fig. 8.2). As a result, larger deposited
nonstoichiometry can be accommodated at the surface of LSMO(110) films, yielding the
growth of atomically flat films over a larger window of growth parameters.

9.3 Recovering ideal morphologies
The previous Section has shown that rough morphologies tend to develop if the growth
is not realized under optimal conditions. This Section discusses how ideal morphologies
can be recovered with appropriate UHV treatments. One must distinguish between two
situations. The first one is the best-case scenario, when clusters are present on the film’s
surface, but most of it still consists of atomically flat terraces, e.g., as per the films in
Figs. 9.4(a, c). In this case, ideal morphologies can be recovered by Ar+ sputtering fol-
lowed by O2 annealing at high pressures (0.2 mbar). Figures 9.5(a–c) show the evolution
of themorphology of the film of Fig. 9.4(a), i.e., with LaOx-rich clusters at the surface, as a
function of the sputtering time (after each sputtering cycle, the sample was annealed for
1 h at 700 ◦ and 0.2 mbar O2). After 13 min [Fig. 9.5(b)], the clusters reveal themselves as

40 nm40 nm

Ar+ sputtering (time)

23 min13 min11 nm, 700 °C, 0.2 mbar

[1
-
10

]

2
0
1
8
0
2
1
2
 n

o
.3

2
0
1
8
0
2
1
3
 n

o
.2

4

40 nm
(a) (b) (c)

Figure 9.5. Recovering ideal morphologies of LSMO(110) films by sputtering-annealing cycles. (a–c)
300× 300 nm2 STM images, showing the improvement of the surface morphology of a LSMO(110) initially
exhibiting a few LaOx-rich clusters.
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pits similar to those formed on SrTiO3(110) homoepitaxial films grown at Ti-rich condi-
tions [Fig. 6.11(d1)]: Few-layers-high rims surround few-layers-deep holes, whereas the
rest of the surface consists of flat terraces. This strengthens the hypothesis discussed
in Chapter 8 that sticking/re-evaporation effects similar to those observed during the
nonstoichiometric growth of SrTiO3 (Chapter 6) are in play also for LSMO(110). Further
sputtering the surface removes almost all the pits [Fig. 9.5(c)]. Note that Ar+ sputtering
plus O2 annealing preferentially removes Mn over A-site species (see Chapter 8). Con-
sistently, the surface structure of the film shown in Fig. 9.5 progressively evolve towards
A-site richer structures, as inferred by comparison with the high-pressure surface phase
diagram of Fig. 8.2.

The other seemingly unfortunate scenario is when the clusters dominate the film
morphology [see, for example, Fig. 9.6(a)]. In this case, the surface cannot be recov-
ered by Ar+ sputtering plus annealing at high pO2

, as demonstrated by Figs. 9.6(b–
d). While the number of exposed layers diminishes with increasing sputtering–high-
pressure-annealing cycles, many pits remain present [see Fig. 9.6(c) after 5 cycles]. An-
nealing significantly longer at the same conditions gives only a minor improvement

(b) (c)

(d) (e) (f)

(a)

22 nm, 700 °C, 1 × 10−2 mbar 2× (sputt + 1 h 700 °C, 0.2 mbar) 5× (sputt + 1 h 700 °C, 0.2 mbar) 

11 h 700 °C, 0.2 mbar 1 h 700°C, UHV

100 nm 100 nm

100 nm100 nm100 nm
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Figure 9.6. Recovering ideal morphologies of LSMO(110) films by annealing at reducing conditions, as
seen from 200× 200 nm2 (a) and 500× 500 nm2 (b–f) STM images. Sputtering plus high-pressure oxygen
annealing (1 h, 700 ◦C, 0.2 mbar) is partially effective in removing the excess material localized at the
clusters (b, c). However, holes that are a few nanometers deep remain present at the surface (c), even after
11 h annealing at the same conditions (d). With only 1 h annealing at reducing conditions (700 ◦C, UHV),
the surface morphology improves dramatically (e). An ideal morphology is obtained after depositing
MnOx (followed by high-pressure oxygen annealing), meant to recover the desired stoichiometry and
surface structure (f).
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9. La0.8Sr0.2MnO3(110): Understand and optimize film growth 197

[Fig. 9.6(d)]. It was found that the quicker and most effective way to recover the surface
is to anneal at more reducing conditions: After annealing for 1 h at the same temperature
but in UHV, only a few pits remain on the surface, and the number of exposed layers
decreases drastically [Fig. 9.6(e)]. As discussed later in Chapter 11, this is assigned to
the oxygen chemical potential during annealing that determines the diffusivity of the
surface species, hence, in large part, the surface morphology. Note that the multiple
sputtering cycles have depleted the surface from Mn, changing its surface reconstruc-
tion. To recover the surface termination of interest, Mn was deposited followed by an-
nealing again at high pO2

[Fig. 9.6(f)]. The final quality of the surface is ideal: It exhibits
hundreds-of-nanometers-wide, atomically flat terraces, with the desired reconstruction
exposed.

9.4 STM helps to grow atomically flat, stoi-
chiometric films

Chapter 7 has shown how non-ideal values of the laser fluences during the homoepi-
taxial growth of SrTiO3(110) introduce cation excesses. These accumulate at the film’s
surface, changing its atomic structure according to a known compositional surface phase
diagram. By measuring the changes in the surface structure upon growth with STM, one
can quantify the introduced nonstoichiometry with great accuracy.

As discussed above, there are multiple indications that the nonstoichiometry intro-
duced in LSMO(110) films grown under non-optimal conditions also accumulate (at least
partially) to their surface. As a result, also in this case, the film surface structure changes
according to an established compositional surface phase diagram (Fig. 8.2). The follow-
ing discussion shows how one can pinpoint the optimal growth conditions by exploiting
these changes in the surface structure during growth.

To identify the exact value of pO2
for the growth of LSMO(110), several thin films

were grown at values of pO2
in the optimal range identified by RBS and XPS (i.e., around

10−2 mbar, Section 9.5), and the corresponding changes in the surface structure were
monitored by STM. To start from a reproducible starting point, prior to each growth
experiment the surface was prepared to exhibit the fishbone reconstruction of Fig. 8.2(c).
Figure 9.7 summarizes the results [for reference, the top row reports the high-pressure
surface phase diagram of LSMO(110)]. At first, 5 nmwere grown at 2.0× 10−2 mbar. The
resulting surface [Fig. 9.7(g)] is still atomically flat, but it exhibits patches of the (m× 1)
structure of Fig. 9.7(d), an indication for this pressure to cause a strong Mn enrichment.
In fact, by growing a film twice as thick at these conditions, one observes the formation
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Figure 9.7. Using STM to pinpoint the optimal value of oxygen pressure to grow LSMO(110) films. (a–
d) 12 × 12 nm2 STM images of selected reconstructions of the ‘high-pressure’ surface phase diagram of
LSMO(110) of Fig. 8.2. (e–g) 70 × 70 nm2 STM images of LSMO films of various thicknesses, grown at
different oxygen background pressures, and always starting from LSMO(110) films displaying the fishbone
reconstruction of panel (b). (g) 5 nm-thick film grown at 2 × 10−2 mbar O2, displaying patches of the
Mn-rich (m× 1) structure of panel (d). (f) 16 nm-thick film grown at 4× 10−2 mbar O2, showing a surface
reconstruction in between the fishbone and the (2 × 1). (e) 16 nm-thick film grown at 4.5 × 10−2 mbar
O2, showing patches of the (1 × 1) and of the fishbone reconstructions.

of clusters similar to those of Fig. 9.4(c).
As suggested by the results in Fig. 9.1, one can increase the value of pO2

to reduce
the amount of Mn introduced in the film during growth. By growing a film of the same
thickness (5 nm) at double the value of pressure, i.e., 4.0 × 10−2 mbar, no appreciable
change in the surface structure is observed (not shown). However, by increasing the
film thickness, a slight Mn enrichment of the surface is again detected: The surface of
the 16 nm-thick film of Fig. 9.7(f) shows a co-existence of the fishbone reconstruction
(solid oval) and of the ‘advanced’ fishbone reconstruction of Figs. 8.5(c, d). Also in this
case, one cannot increase the thickness indefinitely, as the excess Mn cations, progres-
sively accumulated at the surface, soon cause the formation ofMnOx clusters. By further
increasing the value of pO2

to 4.5 × 10−2 mbar, one moves to the opposite side of the
surface phase diagram, realizing patches of the (1 × 1) reconstruction that coexist with
fishbone-reconstructed areas. Figure 9.7(e) shows the STM appearance of the surface
of a film of 16 nm thickness grown at such conditions. By choosing a growth pressure
intermediate between the last two trials, i.e., 4.2 × 10−2 mbar O2, a smaller areal cover-
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9. La0.8Sr0.2MnO3(110): Understand and optimize film growth 199

age of the (1 × 1) patches is observed for a comparable thickness [Fig. 9.8(a)]. At these
conditions, one can grow a film up to 80 nm thickness that is atomically flat [Fig. 9.8(b)].
Atomically flat films were subsequently achieved by growing in one shot at these condi-
tions. Note that each set of experiments require independent optimization (still within
the optimal range of pressure identified): For instance, it was found that the composition
of the plasma plume is highly sensitive to the aging of the UV laser.

Thefilms described above have been grown at different pressures, each time reprepar-
ing the surface to exhibit the fishbone reconstruction. Another strategy to obtain ideal
morphologies does not involve repreparing the surface: One can grow at given parame-
ters, observe the change of the surface structure with STM, and grow on top with some
other parameters that counteract the effect of the previous ones. For example, if the
chosen pressure gives a Mn enrichment (pO2

too low), one can grow on top with a La-
enriching (i.e. higher) pressure, letting the surface structure compensate for the intro-
duced nonstoichiometry.

Optimal pO2: 4.2 × 10−2 mbar

Thickness=16 nm10 nm 50 nm

(a) (b)

Thickness=70 nm

Figure 9.8. LSMO(110) film grown at optimized conditions. (a, b) 70 × 70 nm2 and 500 × 500 nm2

STM images of 16 nm-thick and of 70-nm-thick LSMO(110) films, respectively, grown onto a fishbone-
reconstructed LSMO(110) surface at 4.2 × 10−2 mbar O2. Both morphologies are atomically flat. At the
atomic scale, (1 × 1) patches are visible [orange in panel (a)].

9.5 Bulk characterization of ideal films
The bulk properties of the films grown at the most promising conditions [yielding the
atomically flat film of Fig. 9.4(b)] were investigated by means of XRD and RBS (Fig. 9.9)
to establish the bulk structure and the composition of the film, and to provide the needed
details for future computational modeling of the LSMO surfaces.

A preliminary analysis of the XRD results [Figs. 9.9(a, b)] shows that the LSMO films
are largely pseudomorphically matched with the SrTiO3 substrate, and do not exhibit
the in-plane distortions expected for a rhombohedral structure. The small relaxation
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visible from asymmetric XRD is possibly correlated with the modulation visible in STM
[white arrows in Fig. 9.4(b)]. The film relaxation could cause the formation of buried
dislocations that appear as a 0.1 nm-high modulation on the film surface. A deeper
analysis is undergoing and will establish the exact value of the lattice parameter of the
films and the relaxation.

RBS was used to quantify the stoichiometry of the films [Fig. 9.9(c)]. It corresponds
to (La0.78±0.03Sr0.22±0.03)1.06±0.05MnO3, which is in reasonable agreement with the in-
tended La0.8Sr0.2MnO3. Note that the oxygen content cannot be reliably evaluated from
RBS measurements. Note also that other available techniques that were tested (XPS,
TEM, ICP-MS) could not deliver a reliable estimate of the film stoichiometry. The use of
XPS for quantitative estimates was hindered by significant forward focusing effects and
the lack of reliable reference samples for the single elements. TEM was problematic due
to the preparation of the lamellas by Ar+ milling: Because Ar+ preferentially removes
Mn, different compositions were obtained as a function of the lamella’s thickness. Pref-
erential dissolution of cations and the presence of Sr both in the films and substrate
hindered the use of ICP-MS.

LaSr

Ti Mn

400 500 600 700 800

Channel

8k

6k

4k

2k

0

R
B
S
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o
u
n
ts

(c)

(a) Symmetric XRD Asymmetric XRD

Relaxed

q⟂
(Å

−
1)

q∥(Å−1)q∥(Å−1)

4.60

SrTiO3(220) SrTiO3(210)

Relaxed

La0.8Sr0.2MnO3(440) La0.8Sr0.2MnO3(420)

(b)

(La0.78±0.03Sr0.22±0.03)1.06±0.05MnO3

Figure 9.9. Bulk characterization of optimal LSMO(110) films. (a, b) XRD reciprocal-space maps ac-
quired around (a) symmetric, and (b) asymmetric reflexes (grazing incidence); q∥, and q⊥ represent
the in-plane, and out-of-plane components of the transfer momentum, respectively, where q=2π/d
when d is the distance between diffracting planes. (c) RBS counts, from which a composition of
(La0.78±0.03Sr0.22±0.03)1.06±0.05MnO3 is inferred. The RBS and the XRD analysis were performed by
René Heller and Michele Riva, respectively.
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9. La0.8Sr0.2MnO3(110): Understand and optimize film growth 201

9.6 Conclusions
ThisChapter has shown that the nonstoichiometric growth of LSMO(110) and SrTiO3(110)
(Chapter 6) share more than a few behaviors, including nonstoichiometry segregation
that causes changes in the surface structures and surface-dependent sticking/re-evaporation
of the deposited cations. It also testifies once again to the importance of controlling the
surface atomic structure during growth: Uncontrolled surface structures call for rough
surface morphologies. On the bright side, it was shown that these can be reversed back
to ideal with appropriate UHV treatments.

Here nonstoichiometries were systematically introduced by acting on the O2 back-
ground pressure. A combined STM and XPS analysis has revealed that stoichiometric,
atomically flat films can be produced even with incongruent ablation at the target, by
exploiting preferential scattering of light plasma species with the background gas in a
specific window of pressures. For pressures other than these, nonstoichiometries are
introduced and accumulate at the film’s surface, causing the surface structure to evolve
along the compositional phase diagram established in Chapter 8. Thefilms become rough
when the nonstoichiometry exceeds the capability of the surface to accommodate excess
cations via a change in the surface structure, causing the formation of few-nanometers-
high, poorly conductive oxide clusters. Atomically flat and stoichiometric films were
produced by exploiting the STM-based method developed in Chapter 7.

While it is generally unwise to extrapolate conclusions from two data points, one
can reasonably expect that the behaviors observed for SrTiO3 and LSMO are shared
by a larger number of multicomponent materials. The insights provided for these two
systems might be useful to optimize the growth of other materials that, when grown by
PLD, tend to display rough morphologies.
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10. Oxygen exchange and surface
structure

10.1 Introduction
This Chapter exemplifies the power of using crystalline surfaces with exactly controlled
and established terminations to gain mechanistic insights into technologically relevant
processes. Specifically, it investigates the details of oxygen incorporation—a key re-
action for the functioning of solid-oxide fuel cells, see below—at atomically controlled
surfaces of Nb-doped and undoped SrTiO3(110) single crystals and of LSMO(110) single-
crystalline films.

Key to the results presented here is a newly developed approach, published in ref. 71,
that marries the world of surface science with solid-state ionics. Within this approach,
surface science tools and facilities are used to prepare crystalline oxide surfaces that
are controlled at the atomic scale. Exploiting the high-pressure UHV-compatible PLD
chamber, these well-defined structures are exposed to O2 pressures that are well beyond
UHV-compatible ranges and are relevant for realistic applications, while retaining a high
degree of control over the surface atomic details. The rates of incorporation of oxygen
on differently reconstructed surfaces are then evaluated with kinetic oxygen exchange
measurements such as secondary-ion mass spectrometry. The results, interpreted with
support from DFT modeling, highlight the importance of the surface atomic details on
the incorporation of oxygen: They demonstrate that the local arrangement and coordi-
nation of the surface atoms is truly critical to how and howmuch oxygen is incorporated
in the system.

After introducing solid-oxide fuel cells and the scientific questions behind this work
in more detail, Section 10.1.2 outlines the methodology. Before addressing the findings
on a popular cathode material used in solid-oxide fuel cells, LSMO, the focus is on its
simpler (and more established) relative: SrTiO3. Specifically, on the results obtained on
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204 10. Oxygen exchange and surface structure

(110)-oriented, 0.5 wt.% Nb2O5-doped SrTiO3 single crystals. This is an ideal model sys-
tem to study the effect of the surface on the oxygen exchange: First, DFT models exist
for its surface reconstructions (see Chapter 6). Moreover, the n-type dopants suppress
oxygen diffusion in the bulk, allowing to isolate the role of the surface. Section 10.3
takes a step forward and mirrors the same investigation on the undoped counterpart,
where oxygen diffusion in the bulk is, instead, permitted. Finally, Section 10.4 discusses
preliminary results obtained on (110)-oriented LSMO single-crystalline films.

10.1.1 Solid-oxide fuel cells
Solid-oxide fuel cells (SOFCs, see Fig. 10.1) are eco-friendly energy-conversion devices
with a strong promise to surpass and eventually supplant traditional carbon-fueled tech-
nologies. The general operating principle of the SOFC is illustrated in Fig. 10.1(a), while
Fig. 10.1(b) shows the cross-sectional TEM image of a device. Two porous electrodes
(cathode and anode) are separated by a solid, oxygen-ion-conducting electrolyte that
prevents electron transport. At the cathode, oxygen from the air is reduced and the
resulting oxygen ions are transported through the electrolyte to the anode. Here they
react with gaseous fuel yielding heat, water, CO2 (in case of hydrocarbon-based fuels),
and releasing electrons to the external circuit. As shown in Fig. 10.1(c), multiple cells
can be combined to provide the desired voltage and power outputs. At present, YSZ is
the most commonly used electrolyte, as it possesses an adequate oxide-ion conductivity
(0.13 S/cm at 1 000 ◦C), and also shows a desirable phase stability in both oxidizing and
reducing atmospheres.347 A Ni-YSZ ceramic composite is used as anode. The current
cathode material of choice for commercial use is La1−xSrxMnO3 (LSMO), in particular,
for x = 0.2. LSMO has a thermal expansion coefficient compatible with the YSZ elec-
trolyte, thus limiting stress buildup at the high operation temperatures of the SOFCs
(between 600 ◦C and 1 000 ◦C).270 Also, LSMO has low levels of chemical reactivity with
YSZ, which extends the lifetime of the materials.

The potential of SOCFs is tremendous. SOFCs produce clean energy (when fueled
by hydrogen, their only waste-product is water) with impressive efficiencies: between
45% and 65% for stand alone applications, and above 85% in combined heat and power
applications. On top of that, their scalable nature allows using them in a variety of
applications, from very small-scale ones where a few watts are needed, to large-scale
distributed power generation of hundreds of megawatts, both stationary and mobile
[Fig. 10.1(c)].348,349 Finally, this technology could be integrated immediately within the
existing hydrocarbon fuel infrastructure, since it can operate with a variety of fuels be-
sides hydrogen.350
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Cathode +

−

Solid electrolyte

(oxygen ion conductor)

Air (O2)

Natural gas (CH4) 

+ steam or oxygen

O2 + 4e−         2O2−

CO + H2 + O2−          CO2 + H2O + 4e−

e−

O2−

Anode

(a) (b)

(c) 5 cells 1 stack = 50 cells 1 module = 10 stacks1 cell (200 W)

Power density

2 W/cm2

100 W 1 kW 10 kW 100 kW

Figure 10.1. (a) Sketch of a solid oxide fuel cell (SOFC) running on natural gas. (b) Electron micrograph
of the cross-section of an SOFC developed by SiemensWestinghouse. (c) Estimation of power output with
LT-SOFC from a single cell to a module. Adapted from ref. 348.

Nonetheless, improvements are needed for large-scale commercialization. The main
impediment is the high operating temperatures (800–1 000 ◦C) that are currently needed
to guarantee an ionic conductivity in the range of 0.1 S/cm and the fantastic yields that
follow. The main drawbacks connected to the high operating temperatures include is-
sues of safety, electrode sintering, catalyst poisoning, interfacial diffusion between elec-
trolyte and electrode materials, thermal instability, and mechanical (or thermal) stresses
due to different coefficients of thermal expansion of the cell components. Additionally,
complex cell and stack fabrication, high material cost, and concerns with regard to han-
dling of gases and routine maintenance have limited the development and use of SOFCs
to a great extent.347 Experiments to overcome such limitations and device material se-
lection are the focus of ongoing technology developments. One notable example is the
recent development of low-temperature SOFCs with operation temperatures down to
350 ◦C.348

Understanding the details of the relevant reactions in SOFCs could provide a pathway to
rationally design highly active electrode materials and improve the overall efficiency of
SOFCs at lower temperatures. One known (and so far, poorly understood) limiting step is
the oxygen incorporation at the cathode’s side. Unveiling the fundamental mechanisms
of this process is a worthwhile exercise, and it will be the main goal of this Chapter.

Models for the oxygen incorporation exist already. It is generally accepted that the
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206 10. Oxygen exchange and surface structure

main factors affecting reactivity are (i) the availability of surface oxygen vacancies at the
cathode,99,351–354 (ii) the availability of electrons355–359, and (iii) the position of the oxygen
2p band center.360 Intriguingly, none of the standard reactivity models accounts for the
(as it will be shown, all-but-negligible) role of the atomic-scale structure of the cathode’s
surface, in spite of the reaction taking place at the surface itself. This is due to the lack
of adequate methods and to the nature of commercial cathode materials and their inter-
action with the environment. Indeed, commercial cathodes are either in powder form or
consist of crystallites with different orientations. Different crystallographic orientations
can produce different oxygen exchange and water splitting kinetics,361–365 and resolving
such samples at the atomic scale is an almost impossible task. Another complication
arises from the presence of grain and twin boundaries that affect diffusion dramati-
cally.366,367 Moreover, many of the commonly used Sr-doped perovskite oxides segre-
gate out Sr-rich insulating phases that are hardly controllable and resolvable.327,328,331–334

Lastly, the surface structure may be affected by interaction with water and other gases,
which are known to affect the surface-exchange rate constant.368 As it will be expanded
on in the next Section, a surface science approach can unfold this complexity and isolate
the role of the surface atomic structure.

10.1.2 A surface science approach to unfold the com-
plexity

This surface science approach is detailed in the work of ref. 71. It relies strongly on
the ability to prepare atomically flat, single-crystalline samples with well-defined sur-
face reconstructions. This removes many uncertainties connected with polycrystalline
or powder-form cathodes, including the influence of grain or twin boundaries (also, the
presence of a surface reconstruction suppresses Sr segregation369). Other common un-
certainties are contained by exposing the well-characterized surfaces to very dry oxygen
and under UHV-clean conditions. In a nutshell, the idea is to compare the reactivity of
two well-defined surface reconstructions while all the other parameters are kept exactly
constant. This is done by following these steps:

• Select two well-controlled and -understood surface reconstructions for the single-
crystalline sample of interest. For SrTiO3(110), these are the (4× 1) and the (2× 5)
(refer to Chapter 6). For LSMO(110), the (1 × 1) and the fishbone reconstructions
(refer to Chapter 8).

• Test the stability of the reconstructions under reaction conditions. In the works
presented here, temperatures between 450 ◦C and 800 ◦C, and pressures between
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10. Oxygen exchange and surface structure 207

0.001 and 0.1 mbar have been tested. The temperatures are realistic for SOFC
operation, but the pressure values, while well beyond normally UHV-compatible
values, are still much lower than the atmospheric pressure used during realistic
SOFC operation.

• Realize a ‘half sample’, i.e., a samplewith two halves reconstructed differently. This
way, one can exclude any effect from the bulk, e.g., its history and stoichiometry.

• Equilibrate the half sample to ensure the stabilization of a steady-state oxygen
vacancy concentration: The half sample was annealed at the reaction conditions
with flowing O2 gas of natural isotope composition (referred to as 16O2) for an ap-
propriate duration, and heating and cooling ramps of 60 ◦C/min and 120 ◦C/min,
respectively (more details in the Sections to follow). Note that before this equili-
bration step, the vessel was continuously flushed with 16O2 (20 sccm) for 1 h; this
ensures reproducible conditions in the vacuum chamber. The pumping speed was
regulated to stabilize a pressure of 1 mbar.

• Perform isotopically labeled oxygen exchange experiments (97.1% 18O2 , referred
to as 18O2 for brevity) without air exposure (60 ◦C/min and 120 ◦C/min heating
and cooling ramps). Similar to the 16O2 equilibration step, the chamber was pre-
conditioned in 18O2 at 0.5 mbar static pressure for 30min prior to each experiment.
To ensure a system as free fromwater as possible and avoid effects connected with
the interaction with water,368 the gas lines supplying the 18O were baked prior to
the exchange experiments.

• Analyze the exchanged samples in situ with LEED, XPS (both monophase and
half samples), STM, and LEIS (monophase samples only). Perform ex-situ time-of-
flight–secondary-ion mass spectrometry (ToF-SIMS).

• Quantify the amount of oxygen exchanged.

• Model oxygen incorporation by first-principles calculations.

More experimental details inherent to the approach are given in the following.

Half samples

Figure 10.2 illustrates the procedure to obtain a half sample for SrTiO3(110). In this
case, the goal was to have the (4 × 1) reconstruction on one half of the sample, and the
(2 × 5) on the other (see Chapter 6 for an introduction about these reconstructions). To
achieve this, a substrate with a uniform (4× 1) surface was placed in the back slot of the
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(side view)
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(f)
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Figure 10.2. SrTiO3(110) half samples. (a) (4 × 1)-reconstructed monophase sample. A mask shades half
of the sample while Ti is deposited in PLD on the other half, where the (2 × 5) reconstruction is obtained
(b). The LEED pattern evolves from a pure (4 × 1) (e) to a pure (2 × 5) (c) via a mixture of the two (d). (f)
Intensity of the spot marked by the red circle across the transition.

double decker holder of the PLD, while the front slot was occupied by a home-mademask
shading half of the sample. The amount of Ti needed to switch from the (4 × 1) to the
(2× 5), as inferred by the bottom axis of the phase diagram of Fig. 6.3, was then deposited
by PLD. The LEED patterns in Figs. 10.2(c–e) show that the surfaces remains (4 × 1)-
reconstructed when shaded, while the rest becomes (2 × 5)-reconstructed. Across the
transition, the LEED pattern shows a mixture of the two reconstructions. Figure 10.2(f)
shows the intensity of a spot characteristic of the (2 × 5) reconstruction and absent on
the (4 × 1), as a function of the sample position [the spot is marked by a red circle in
Figs. 10.2(c–d)]. The intensity is zero in the (4 × 1)-reconstructed region, it increases
across the transition, and saturates within the (2× 5) region. By fitting a sigmoidal step
function to the curve, and by removing the contribution from the size of the LEED spot
(0.7–0.8 mm), a width of the measured transition of about 0.4 mm was estimated. SIMS
and XPS measurements on the two halves of half samples were always taken at least
1 mm away from the transition.

A similar approach was used to prepare the LSMO half samples. The reconstructions
of interest here were the (1 × 1) and the fishbone introduced in Chapter 8. Shading a
monophase (1 × 1) surface, appropriate amounts of manganese oxide were deposited to
achieve the fishbone reconstruction on the exposed half. Note that at the ‘high’ pressure
normally used to switch between the (1 × 1) and the fishbone reconstruction (0.1 mbar
O2, see Chapter 8), Mn species experience significant scattering with the background gas
(see Chapter 9). This results in a very broad transition across the two reconstructions,
due to shadowing effects caused by the mask. To obtain an acceptably narrow transition,
one must deposit Mn at lower pressure. This was achieved by depositing Mn at 1× 10−5

mbar O2 (the deposition rate obtained at this value of pressure was calibrated with STM).
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10. Oxygen exchange and surface structure 209

XPS measurements

It is commonly accepted that O2 reactivity is promoted by the material’s ability to trans-
fer electrons to the O2 molecules, which can be affected by the work function of the
system and by the band bending.355–358 XPS was used to address these effects. Work
functions were derived from the cutoff of the X-ray-excited secondary electron emis-
sion spectra370 acquired on the two regions of a half sample prior to the exchange ex-
periments. The band alignment was checked by superimposing selected core-level XPS
peaks acquired on the two halves. All secondary-electron spectra were acquired at nor-
mal emission, with the sample negatively polarized with a 9 V (nominal) battery. This
confers the electrons a minimum kinetic energy higher than any analyzer work function
(4–5 eV), thus preventing unwanted cutoffs due to the detection system. The horizontal
axis was corrected with O 1s core-level spectra acquired on each region, with the sample
held at both ground and at the polarization potentials. To minimize electric-field-lines
distortion that can significantly affect work function measurements,370 the X-ray source
was retracted from the surface by approximately 50 mm. To limit the effect of any stray,
time-varying magnetic fields, all measurements were performed overnight. Subsequent
spectra acquired on both regions show a deviation in the measured cutoff smaller than
the standard error of the fitted position. The secondary electron cutoff was evaluated by
fitting a sigmoidal step function to the main, lowest-kinetic energy peak in each spec-
trum. The cutoff positions were evaluated as the energies corresponding to 5% of the
step amplitude. Uncertainties in the derived work functions arise from the combined
standard errors on the fitting parameters of the sigmoidal step, and the position of the
O 1s core levels.

Note that this approach allows to unequivocally measure work function differences
solely arising from the reconstructions, independent of any extrinsic influence.

Depth profiling and quantification of 18O2

Oxygen-isotope depth profiles were performed and analyzed by Markus Kubicek via
ToF-SIMS on a ToF-SIMS 5 instrument (ION-TOF, Germany). 25 keV Bi3++ clusters
(0.02 pA) were used as primary ions in collimated burst alignment mode optimized for
oxygen isotope measurements.371,372 Negative secondary ions were detected from areas
of 100 × 100 µm2 using a raster of 512 × 512 measured points, and the secondary ion
counts of 16O− and 18O− were used to determine the isotopic composition f =18O/(18O+
16O). For depth profiling, areas of 400× 400 µm2 were sputtered using Cs+ ions, and the
depth information was calculated from the sputter coefficients and sputter currents, ref-
erenced bymeasuring the depth of the sputter craters via digital holographymicroscopy.
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210 10. Oxygen exchange and surface structure

An electron flood gun (21 eV) was used for charge compensation. The average oxygen
exchange coefficient k⋆ was calculated as

k⋆ =

∑

meas. points(fm − f bg)ds/t

(f out − f bg)
, (10.1)

where fm and f out denote the measured fraction of 18O incorporated in the surface,
and the fraction in the UHV vessel, respectively, while f bg stands for the background
tracer fraction (approximated by the natural abundance f bg = 0.00205). ds is the sputter
depth per measurement point. More details on the approximations employed and on the
derivation of k⋆ are found in ref. 71.

First-principles calculations

Calculationswere performed byCesare Franchini using the VASP code149,150 in the frame-
work of DFTwithin the generalized gradient correction approximation of Perdew, Burke
and Ernzerhof.153 The computational methods are described in detail in ref. 71.

10.2 18O exchange on Nb-doped SrTiO3(110)
As mentioned in the Introduction, Nb-doped SrTiO3(110) single crystals are ideal model
systems to investigate the role of the surface atomic structure on the incorporation of
oxygen. Because of the n doping, the relevant bulk VO concentration expected under the
experimental conditions of this work is extremely low: A lower limit of 6 × 10−7 cm−3

(10−29 with respect to oxygen sites) is derived by defect chemical models,373–375 while
an upper limit of 6 × 1012 cm−3 (10−10 with respect to oxygen sites) is derived from the
estimated decay length of the tracer profiles.71 Because of this very low VO concentra-
tion, the oxygen transport in the bulk is strongly suppressed, while the surface oxygen
exchange reaction can still be probed in isotope exchange experiments. This enables one
to isolate the influence of the surface on the oxygen incorporation. On a more techni-
cal note, dealing with a doped system gives the additional benefit of having sufficient
conductivity for STM. Crucially, the surface reconstructions of this system have been
modelled by DFT (see Chapter 6).

The role of the surface reconstruction on the oxygen incorporation was addressed
by comparing the reactivity of the (4 × 1) and the (2 × 5) reconstructions at identi-
cal conditions. These reconstructions both consist of a layer of TiOx polyhedra sitting
on a bulk-like (SrTiO)4+ plane, but the top titania overlayers have distinctly different
structural properties: The (4× 1) surface consists of a porous network of corner-sharing
tetrahedrally-coordinated TiO4 units, while the (2 × 5) consists of a bilayer of octahe-
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10. Oxygen exchange and surface structure 211

drally coordinated Ti atoms (details in Chapter 6). The work presented here demon-
strates that the different coordination and arrangements of the surface atoms in these
two reconstructions is the main cause for different rates of incorporation of oxygen in
the material.

The following Sections showcase the approach introduced in Section 10.1.2: First,
Section 10.2.1 demonstrates that the reconstructions under investigations are stable at
the chosen reaction conditions. Section 10.2.2 discusses the oxygen incorporation exper-
iments, analyzing results both from LEIS and SIMS, taken both on monophase and half
samples. Finally, Section 10.2.3 addresses the role of the availability of electrons, surface
oxygen vacancies, and surface atomic structure on the reactivity to oxygen incorpora-
tion, respectively, complementing the experimental results with theoretical modeling.
Most of these results have been published in ref. 71.

10.2.1 Stability of the surface structures under reac-
tion conditions

Prior to the exchange experiments, the stability of the (4 × 1) and of the (2 × 5) re-
constructions was tested at the chosen reaction conditions, i.e., 450 ◦C, 0.1 mbar O2.
Figure 10.3 compares the morphology and the periodicity of monophase samples before
and after 5 h annealing at these conditions (comparable results are observed also after
20 h, not shown). The reconstructions are largely unchanged. In wide-area STM im-
ages, (4 × 1)-reconstructed SrTiO3(110) surfaces retain large (20–300 nm), atomically
flat terraces, separated by steps with single or multiple unit-cell heights, preferentially
running along low-index directions [compare main panels of Figs. 10.3(a, c)]. No change
is observed in the corresponding high-resolution STM images and LEED patterns. The
same observations hold true for the (2 × 5) surface [cf. Figs. 10.3(b, d)], although a few
additional islands are seen on the wide-scale STM. Since small changes in the surface
Ti/Sr ratio would switch the surface to another reconstruction (see Chapter 6), one can
exclude cation segregation.

10.2.2 18O2 exchange experiments
18O2 exchange was conducted onmonophase samples and on half samples. The resulting
tracer incorporation was evaluated with both LEIS and SIMS, as shown in Figs. 10.4.
LEIS [Fig. 10.4(a)] was always acquired on monophase samples in UHV, right after the
18O2 treatment (the He+ beam is too broad to probe only half of the sample surface at
a time). After the exchange, a new small peak (highlighted in red) appears. This peak,
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Figure 10.3. Surface structures of Nb:SrTiO3(110) and their stability upon treatment in oxygen atmo-
sphere (450 ◦C, 0.1 mbar O2). (a, c) STM images (main panels: 410 × 500 nm2; insets: 15 × 15 nm2) and
LEED patterns of a monophase SrTiO3(110)-(4 × 1) surface, before and after 5 h at 450 ◦C and 0.1 mbar
18O2. (b, d) STM images (main panels: 190 × 230 nm2; insets: 15 × 15 nm2) and LEED patterns of a
monophase SrTiO3(110)-(2 × 5) surface, before and after the 18O2 annealing. The slightly different con-
trast observed in the high-resolution STM images of panels (b) and (d) are related to variations of the tip
termination. Adapted from ref. 71.

corresponding to the incorporated 18O2, is higher on the (4× 1) sample. One can obtain
the surface 18O density by scaling the LEIS-measured tracer concentrations with the
corresponding density of oxygen atoms in the topmost layer [8.81× 1014 cm−2 and 1.04
× 1015 cm−2 for (2× 5) and (4× 1), respectively]. It amounts to (8.4± 0.4)× 1013 cm−2

for the (2 × 5), and to (1.33 ± 0.04) × 1014 cm−2 for the (4 × 1).
SIMS was performed both on half and monophase samples. Figure 10.4(b) shows the

results acquired on a half sample (similar results were seen on monophase samples, not
shown). Also in this case, the (4× 1)-reconstructed surface appears to incorporate more
18O2 during the exchange process than the (2 × 5)-reconstructed surface, as seen from
the areas underlying the SIMS curves in Fig. 10.4(b). Integrating the SIMS profiles to
quantify the tracer incorporation at the surface is the only viable approach in this case:
Due to the virtual absence of oxygen vacancies in the bulk because of the donor doping,
the profiles are extremely shallow. As a result, they are dominated by ion-beam-induced
broadening effects (i.e., mixing), and cannot be fitted to analytical or numerical solutions
of Fick’s law, as commonly done. The exchange rate coefficient k⋆ was estimated from
the total amount of exchanged 18O2 derived from the integration of the profiles.71 With
exchange times of 1 h and 4 h, k⋆ was found to be 4.5–6.0 × 10−13 cm/s for the (2 × 5)-

G. Franceschi · PLD of functional oxides with atomic scale control

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

10. Oxygen exchange and surface structure 213

400 500 600 700 800 900

He+ ion kinetic energy (eV)

18O

16O

As-prepared
18O2-treated

(2×5)

(4×1) (12.7±0.4)%

(9.5±0.4)%

18O/(16O+18O)

(4×1)

(2×5)

Sr

Ti

(4×1)

(2×5)

2.5±0.2×1014

8.0±0.6×1013

total 18O (cm−2) k
* (m/s)

1.4±0.9×10−14

4.5±0.3×10−15

natural abundance 18O

(4×1) (2×5)

SrTiO3(110)

single crystal

ToF-SIMS

craters

0 2 4 6 8

0.00

0.01

0.02

0.03

0.04

Depth (nm)

1
8
O

/(
1
6
O

+
1
8
O

)

1 3 5 7 9

(a) (b)

L
E
IS

 c
o
u
n
ts

 (
a
.u

.)

Figure 10.4. Isotope exchange experiments on Nb:SrTiO3(110). (a) LEIS spectra (He+ with 1000 eV pri-
mary energy) measured on (4× 1)- (black), and (2× 5)-reconstructed (blue) SrTiO3(110) surfaces, respec-
tively. Results from as-prepared, and 18O2 exchanged samples are displayed with full, and open symbols,
respectively. Each spectrum is normalized to the total O signal. The uncertainty (standard error) on the
fractional 18O2 signals reported in the table is 0.4% for both surfaces. (b) ToF-SIMS 18O2 isotope exchange
depth profiles measured on (4 × 1)- (black), and (2 × 5)- reconstructed (blue) SrTiO3(110) surfaces of the
same crystal. Here, open and full symbols correspond to two separate measurements on different spots
on each half of the bi-crystal. Adapted from ref. 71.

reconstructed surface, and approximately three times as much (1.4–1.8× 10−12 cm/s) for
the (4 × 1). Note that the ratio of effective surface exchange constants k⋆

(4 × 1)/k
⋆
(2 × 5)

remains constant over several hours (it amounts to 3.1 ± 0.3 and 3.1 ± 0.6 for the 1 h
and 4 h annealing periods, respectively). This implies that the incorporation via the
surface remains constant over this time. One can thereby exclude that either saturation
effects, or different transport in the near-surface regions are responsible for the observed
differences between the two reconstructions. Consequently, only the different activity of
the respective surface structures is responsible for the threefold larger 18O incorporation
on the (4 × 1).

Note that, with respect to LEIS, SIMS measures a larger difference in incorporated
oxygen between (4 × 1) and (2 × 5): On the (4 × 1), the 18O2 density measured by
SIMS is (2.5 ± 0.2) × 1014 cm−2, roughly twice as large as than the one measured by
LEIS. Instead, the value of (8.0 ± 0.6) × 1013 cm−2 for the (2 × 5) obtained by SIMS
is essentially identical to that obtained by LEIS. Since SIMS probes the total amount of
tracer ions incorporated in the sample, while LEIS probes the 18O density in the topmost
surface layer only, one can conclude that oxygen exchange is confined to the topmost
surface layer on the (2 × 5), while a few atomic layers are involved on the (4 × 1). This
argument is strengthened by DFT calculations showing that oxygen vacancies are more
prevalent at the very surface on the (2 × 5), while subsurface sites are favored on the
(4 × 1) (see Section 10.2.3 below).
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10.2.3 Interpreting results
To understand the origin of the higher O2 reactivity of the (4 × 1) surface as compared
to the (2× 5), the two most commonly considered factors have been addressed first: The
ease of transferring electrons to the O2 molecules, and the number of surface oxygen va-
cancies. As it will be argued, these commonly accepted mechanisms cannot explain the
different O2 reactivity of these two surfaces. Instead, it will be shown that the surface
atomic structure itself is mainly responsible. Note that the experimental results could be
directly related to first-principles calculations thanks to the available structural models
for the surface reconstructions. Because the author was not directly involved in the cal-
culations, this Section gives only a summary of the most relevant computational results.
Additional details are found in ref. 71.

1. Role of electron transfer

It is commonly accepted that the easier it is to transfer electrons to the O2 molecule
adsorbed at a given surface, the easier it is to split it and incorporate the resulting oxy-
gen ions.355–360 XPS measurements (Fig. 10.5) were performed to address whether this
effect dominates the 18O incorporation at the (4 × 1) and (2 × 5) surfaces. First, work
functions were measured on (4 × 1) and (2 × 5) areas present on the same half sample
[Fig. 10.5(a)]. The results show that the work function of the (4 × 1) is 0.42 eV larger
than the onemeasured on the (2× 5). DFT qualitatively agrees, predicting a 0.7 eV larger
work function for the (4 × 1) with respect to the (2 × 5). (Note that the features above
5 eV in the secondary emission spectra in Fig. 10.5 are possibly related to low-energy
Auger emission—their characterization is beyond the scope of this Thesis). The role of
band bending was then assessed by comparing the core-level energies of the two zones
on the surface half sample [Fig. 10.5(c)]. The peaks are perfectly overlapped. Therefore,
the surface potential or band bending (if it exists) is the same on these two surfaces.

Taken the results above—i.e., no difference in band bending and smaller work func-
tion of the (2 × 5)—one can sketch the band alignment of the two reconstructions with
respect to an O2 molecule as in Fig. 10.5(b). According to this scenario, one would expect
easier electron transfer to O2 molecules from the (2 × 5) surface than from the (4 × 1).
However, this is in contrast with the fact that (2 × 5) is less reactive than the (4 × 1)
(Section 10.2.2). Hence, the ease of electron transfer cannot be the dominant mechanism
governing oxygen incorporation.
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Figure 10.5. Work function measurement and band alignment on a Nb:SrTiO3(110) half sample with
(4× 1) and (2× 5) reconstructions. Spectra acquired on the two regions are represented in black and blue,
respectively. (a) Secondary-electron emission spectra. Work-functions are highlighted by vertical dashed
lines. (b) Sketch of the expected band alignment of the two surfaces with respect to one O2 molecule,
assuming no band bending. The (2 × 5) surface should transfer more electrons than the (4 × 1). (c) Core
level XPS peaks. The peaks acquired on the two halves are perfectly overlapped. Adapted from ref. 71.

2. Role of surface oxygen vacancies

Another factor that is supposed to drive the incorporation of oxygen at perovskite sur-
faces is the number of surface oxygen vacancies.99,351–354 Intuitively, the more oxygen
vacancies are present at the surface, the more opportunities exist for O2 molecules to
readily dissociate and, thus, to result in the incorporation of oxygen anions. DFT was
used to evaluate the importance of this effect for the (4× 1) and (2× 5) reconstructions.
The formation energies for O vacancies were evaluated at various positions, both on the
top of the surface and closer to the interface with the underlying SrTiO3 bulk lattice, as
shown in Fig. 10.6. The formation of the lowest-energy VO on the (2× 5) surface layer is
more favorable by 2.2 eV than on the (4× 1) surface. Recalling that the (4× 1) surface is
more reactive than the (2× 5) (Section 10.2.2), one can conclude that the ease of surface
VO formation is not decisive for the 18O2 exchange.

3. Role of surface atomic structure

The previous two Sections have excluded two important mechanisms that could have
explained the higher reactivity of the (4 × 1) with respect to the (2 × 5), i.e., electron
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(2 × 5)(4 × 1)

[001]
[
−
110]

(a) (b)

3.39 eV

4.80 eV

4.67 eV

3.56 eV

5.60 eV

5.10 eV

4.40 eV

Figure 10.6. Structural models for the (a) (n× 1) and (b) (2×n) reconstructions indicating the positions of
oxygen vacancies considered in the calculations. Green, red and blue spheres indicate Sr, O and Ti atoms,
respectively. The oxygen atoms removed to create the vacancies are represented by black (surface), pink
(sub-surface) and yellow (interface) spheres. Separate calculations were conducted for each individual
vacancy. The full set of calculated oxygen vacancy formation energies is found in ref. 71. Here the most
favorable formation energies for each type of vacancy (surface, sub-surface, interface) is shown. Adapted
from ref. 71.

transfer and surface oxygen vacancies. This Section finally addresses the role of surface
structure itself, based on first-principles molecular dynamics (FPMD) calculations. A
vacancy-free surface and a defective one with a single VO were considered for each of
the two reconstructions. Figure 10.7 displays selected adsorption structures that showed
the lowest energy at the end of the FPMD runs, along with the corresponding energy
gains (bottom).

In absence of vacancies [Fig. 10.7(a, b)], O2 dissociative adsorption/incorporation is
considerably more favorable in the (4× 1) structure. On the vacancy-free (4× 1) surface
[Fig. 10.7(a)], O2 easily dissociates and incorporates at both the six-member and the ten-
member rings of TiO4 tetrahedra (energy gains of 3.17 eV and 2.94 eV, respectively). The
Ti atoms that assist the reaction temporarily increase their coordination from four-fold
to five-fold to host the additional oxygen. On the contrary, O2 does not dissociate on the
vacancy-free (2 × 5) surface [Fig. 10.7(b)], remaining instead anchored on top of the Sr
rows.

If one VO is introduced in the (4× 1) surface (not shown), O2 is split and incorporated
in a similar fashion as when vacancies are not present. However, the energy gain is
smaller (1.8 eV) because of the cost associated to the formation of the oxygen vacancy
(see Fig. 10.6). When VOs are introduced in the (2 × 5) structure [Fig. 10.7(c)], they
become active centers for O2 dissociation: one O fills the VO site, whereas the second
one hops into a nearby bridge position between two surface Ti atoms. These surface
Ti atoms temporarily increase their coordination from six- to seven-fold. The overall
energy gain for the process is much smaller than for incorporating O2 in the (4× 1), even
when oxygen vacancies are considered (0.08 eV vs. 1.8 eV energy gains, respectively).
The larger energy gains for incorporating oxygen for the (4× 1) than for the (2× 5), both
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(4 × 1), no VOs (2 × 5), no VOs (2 × 5), one  VO

4c     5c

6c     7c

Egain = 3.17 eV

(Egain = 1.8 eV with one VO)

No dissociation Egain = 0.08 eV

(a) (b) (c)

Figure 10.7. O2 adsorption structures calculated by FPMD-DFT. Lowest-energy structural models for
adsorption and dissociation of one O2 molecule on the (n × 1) surface without any surface vacancy (a),
and on the (2 × n) with one oxygen vacancy (c). Oxygen molecules do not dissociate on the (2 × n)
without any oxygen vacancy (b). Adapted from ref. 71.

in absence and in presence of oxygen vacancies, are consistent with the larger reactivity
of the (4 × 1) witnessed by LEIS and SIMS (Section 10.2.2).

The considerations above allow us to understand themechanism that causes the large
different energy gains for incorporating oxygen on the (4 × 1) and on the (2 × 5). In
a nutshell, it boils down to the coordination and arrangement of the surface Ti atoms
participating to the reaction. Ti atoms temporarily increase their coordination to host
the to-be-incorporated oxygen: The coordination increases from four- to five-fold for
the (4 × 1), and from six- to seven-fold for the (2 × 5). The easier it is to increase the
coordination of the surface Ti atoms, the easier the incorporation. The (2 × 5) incor-
porates little oxygen because the surface TiO6 units are rigid and possess the highest
stable coordination observed for Ti: It is not favorable for them to further increase their
coordination to seven-fold. On the other hand, the TiO4 polyhedra of the (4 × 1) are
undercoordinated and flexible. They are more likely to distort and increase their co-
ordination to five-fold and promote oxygen incorporation. These different degrees of
structural flexibility are well seen in Fig. 10.8, showing the time evolution of the average
O–Ti–O angle for TiO4 and TiO6 polyhedra: Larger oscillations are seen for the TiO4

units.

10.2.4 Summary and discussion
The results discussed here for Nb-doped SrTiO3(110) single-crystalline and atomically
controlled surfaces showcase the power of bridging surface science with macroscopic
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(4 × 1) + VO
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Figure 10.8. Dynamic reorganization of TiO4 and TiO6 polyhedra. Time evolution of the average O–
Ti–O angle in the (4 × 1) and (2 × 5) surfaces with and without oxygen vacancy. Trajectories are shown
during the first 1.0 ps, but qualitatively similar results are obtained for the whole time range considered in
the calculation (10 ps). Vertical bars indicate the maximum amplitude of the oscillations during the whole
simulation period. Adapted from ref. 71.

kinetic measurements of reaction rates. With this approach, one can independently as-
sess the factors that are commonly considered most relevant for oxygen incorporation,
such as (i) the availability and mobility of surface VOs (the more VOs, the easier the in-
corporation);99,351–354 (ii) the electronic effects that facilitate electron transfer;355–358 and
(iii) step density.376

Following these commonly accepted guidelines, one would expect a higher reactiv-
ity for the (2 × 5) structure compared to the (4 × 1). Indeed, the DFT results suggest
that the (2 × 5) should accomodate a larger concentration of oxygen vacancies at the
surface compared to (4 × 1) (Fig. 10.6), while its smaller work function measured by
XPS should cause easier electron transfer to the incoming oxygen molecules (Fig. 10.5).
Moreover, the STM images in Fig. 10.3 reveal slightly higher step density on the (2 × 5).
The data in Section 10.2.2 come then with surprise: They show that (2 × 5) is less reac-
tive than the (4× 1). One can conclude that none of the traditionally considered models
can explain the different reactivities of the (4 × 1)- and (2 × 5)-reconstructed surfaces
on SrTiO3(110). The computational studies presented here reveal the true determining
factor: The details of the atomic structure itself. The enhanced reactivity of the (4 × 1)
toward O2 dissociative adsorption and incorporation is a result of the increased degree
of structural and chemical flexibility of its under-coordinated surface TiO4 units as com-
pared to the almost fully coordinated and rigid TiO5 and TiO6 units in the (2 × 5). The
rigid TiO6 polyhedra in the (2 × 5) surface cannot accommodate more oxygen unless
surface VOs assist the reaction. Thus, two parallel oxygen exchange mechanisms are
likely present on the SrTiO3(110) surfaces: A structurally mediated mechanism, domi-
nating the exchange rate on the (4 × 1) surface, and a vacancy-mediated one, enabling
exchange also on the (2 × 5) surface.
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10.3 18O exchange on undoped SrTiO3(110)
This Section applies the methodology developed for n-doped SrTiO3(110) to the nomi-
nally undoped counterpart, focusing once again on the (4× 1) and (2× 5) surface recon-
structions (Fig. 6.9 in Chapter 6 has shown that these are also observed in the undoped
samples). Differently from the donor-doped case, bulk oxygen vacancies are present in
the undoped samples at the employed reaction conditions. Hence, the oxygen incorpo-
rated at the surface can find a diffusion path in the bulk, and this allows to extend the
investigations beyond the topmost surface layer.

Section 10.3.1 shows that the undoped samples qualitatively reproduce the results
obtained on the doped ones: The (4× 1) reconstruction is more reactive than the (2× 5),
only the difference is more marked now. The Section also addresses how the diffusion
profiles evolve as a function of the equilibration temperature. The diffusion profiles
obtained on the (4 × 1) show a peculiar ‘box’ shape that is consistent with a p–n–p+

transition in the first few nanometers, and which becomes more pronounced as the tem-
perature increases. On the other hand, the diffusion profiles obtained on the (2 × 5)
structure show no change with the temperature: This reconstruction truly blocks any
incorporation of oxygen. Finally, Section 10.3.3 compares the results obtained within
this work to the literature: the very clean and stable surfaces used in this work yield up
to three orders of magnitude higher incorporation rates than those found in the litera-
ture.

10.3.1 18O2 exchange experiments
(4 × 1)- and (2 × 5)-terminated SrTiO3(110) surfaces were prepared and subjected to
18O2 following the approach outlined in Section 10.1.2. The exchange experiments were
always performed for 4 h, at anO2 pressure of 0.1mbar, and substrate temperatures vary-
ing between 450 ◦C and 600 ◦C [because not stable at higher temperatures, the (2 × 5)
surface was only annealed up to 500 ◦C].

Like before, the stability of the surface reconstructions was tested under reaction
conditions prior the exchange. This is no easy task for undoped samples: The oxidizing
treatments make the electrical conductivity of the samples decrease to the point where
STM and LEED are not possible. Thus, the test partly relied on results obtained on Nb-
doped samples. The stability of the (4 × 1) and (2 × 5) reconstructions on a Nb-doped
SrTiO3 sample was tested, both by LEED and STM, as shown previously (in this case,
5 h at 500 ◦C and 0.1 mbar O2). The same treatment was then performed on the undoped
samples, followed by 15 h at 500 ◦C in UHV to achieve sufficient conductivity for a high-
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Figure 10.9. SIMS profiles relative to exchange experiments performed at different temperatures on un-
doped SrTiO3(110) samples with (4× 1) (a) and (2× 5) (b) terminations. The profiles in (a) are normalized
to the average of the first two/three points in the respective spectra. The inset reports the 600 ◦C spectrum
in logarithmic scale. The profiles in (b) are normalized to the respective integral signals.

quality LEED pattern (note that even after this reduction treatment the samples were
not conductive enough for STM). Subsequent tests revealed that the STM appearance of
the surface is not affected by the reducing treatment only.

Figure 10.9 compares the measured isotope depth profiles. The (4 × 1) termination
shows considerably higher oxygen exchange than the (2 × 5), consistently with the re-
sults obtained on donor-doped samples. All (2 × 5) profiles fall on top of each other,
always showing a very sharp near-surface drop of the 18O concentration towards the
natural 18O abundance. In fact, the (2× 5) profiles are so short that they are in the range
of the method-related broadening of step profiles (from isotope mixing), and match per-
fectly the ones measured on doped samples (hollow circles).

On the other hand, the (4× 1) profiles change their shape and extend more and more
below the surface as the temperature increases. At 450 ◦C, the (4 × 1) profile (full black
circles) is shallow and rapidly decaying towards the natural 18O abundance. However, it
extends more into the bulk as compared to the corresponding profile taken on a doped
sample (open circles), meaning that more oxygen is incorporated in the undoped sample.
Above 475 ◦C, an unusual profile shape becomes apparent, which is best visualized in
logarithmic scale. The inset of Fig. 10.9(a) replots the 600 ◦C profile, for which the effect
is strongest, in logarithmic scale: The profile slope changes twice, producing a sort of
‘box’ shape. The origin of this peculiar shape is discussed in Section 10.3.2.

The work in ref. 377 details the methods used to quantitatively determine tracer sur-
face exchange coefficients k⋆ and, where possible, tracer diffusion coefficients D⋆. The
k⋆ values are reported in Table 10.1 ( k⋆ values in the different regions of the box shape
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10. Oxygen exchange and surface structure 221

Table 10.1. k⋆ values derived from isotope exchange profiles measured on undoped SrTiO3(110), unless
otherwise specified.

Temp. (◦C) Surf. struct. k⋆ (cm/s) k⋆
(4 × 1)/k

⋆
(2 × 5)

450 (Nb-doped)71 (4 × 1) 1.4–1.8 × 10−12 3.1 ± 0.6
(2 × 5) 4.5–6.0 × 10−13

450 (4 × 1) 3.7–5.6 × 10−13 ≈ 10
(2 × 5) 5.7 × 10−14

475 (4 × 1) 1.3–1.8 × 10−12 ≈ 10
(2 × 5) 1.27 × 10−13

500 (4 × 1) 4.8–5.3 × 10−12 ≈ 20
(2 × 5) 2.17 × 10−13

600 (4 × 1) 1.26 × 10−10

were derived by using finite elements simulation of the depth profiles using diffusion
coefficients varying with depth). As expected, the (4 × 1) shows larger value for k⋆ as
compared to the (2 × 5), similarly to what was found on Nb:SrTiO3(110) samples. How-
ever, now the difference is more dramatic: Up to about an order of magnitude, instead
of three-fold (cf. the values in the rightmost column of Table 10.1). Once again, the
difference between the two reconstructions are assigned to the higher degree of flexi-
bility of the coordination polyhedra of the (4 × 1). Oxygen is hardly incorporated at
the very stiff (2 × 5) surface, and the situation is not improved by increasing the tem-
perature, as seen by the perfectly overlapped (2 × 5) profiles in Fig. 10.9(b): The true
limiting step is the surface reconstruction (the slight increase in the k⋆ values as a func-
tion of the temperature is likely linked to an increasing equilibrium concentration of
oxygen vacancies at the surface). On the other hand, the diffusion within the bulk of
the (4 × 1)-reconstructed sample is aided by higher temperatures that introduce more
bulk oxygen vacancies. These offer a diffusion path into the bulk for the oxygen ions
that have made it through the surface.

What if the exchange conditions are not dry?

At the beginning of this Chapter the importance of humidity for the oxygen incorpora-
tion rates was mentioned.368 While the matter has not been investigated systematically
within this work, indications exist that the oxygen exchange is greatly assisted by water.
An oxygen exchange experiment was once realized on samples that had been prepared
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222 10. Oxygen exchange and surface structure

as usual, with the only and crucial difference that the gas-line feeding the 18O gas to the
chamber remained unused for several months, and was not baked prior the experiments.
SIMS revealed a two-fold increase of incorporated oxygen. It is likely that the humidity
present in the gas line had assisted the reaction in the chamber. On another occasion,
the samples were prepared in the usual setup to exhibit the usual reconstructions, but
taken out to air prior the 18O exchange, which was conducted in another chamber with
poor vacuum conditions. The incorporated oxygen appeared, again, higher. The likely
mechanism is that isotopically labeled water molecules adsorb and dissociate in corre-
spondence to surface oxygen vacancies.

10.3.2 Diffusion characteristics
This Section aims to rationalize the unusual box shape of the high-temperature exchange
diffusion profiles of the (4 × 1)-terminated samples [Fig. 10.9(a)]. Generally, the slopes
and/or shapes of the exchange diffusion profiles reflect the diffusion properties of the
tracer ions, with smaller slopes standing for faster diffusion coefficients. The correlation
between slopes of diffusion profiles and diffusion coefficients can be intuitively under-
stood by considering the distribution of incorporated 18O atoms in ‘slow’ and ‘fast’ dif-
fusion regimes: When diffusion is slow, 18O atoms diffusing from the surface to the bulk
are incorporated in a thin layer close to the surface. Instead, fast diffusion will cause a
similar amount of 18O atoms to be distributed over a longer distance. In turn, this will
result in a lower 18O fraction measured and a faster decay with depth, i.e., smaller slopes
in the diffusion profiles.

What ultimately determines the diffusion properties of a given material (and, as a
consequence, the shape of the diffusion profiles) is its bulk point defect chemistry. In
the most intuitive case, fast diffusion coefficients are induced by a high density of oxy-
gen vacancies (in the dilute limit where each vacancy is treated independently, the dif-
fusion coefficient D⋆=[VO−]DVO, where [VO−] is the concentration of oxygen vacancies
and DVO is the diffusion coefficient of a single vacancy). Under thermodynamic equi-
librium, the concentration of oxygen vacancies and other bulk point defects like cation
vacancies or interstitials is uniquely determined by the oxygen chemical potential, and is
summarized in the so-called Brouwer diagrams. Oxygen vacancies diffuse very fast and
manage to reach equilibrium even at the moderate temperatures used during the experi-
ments presented here. Cations, on the other hand, are much slower (i.e., there is a much
larger barrier for diffusion than for VOs), and such that thermodynamic equilibriummay
not be reached. Local excesses of cations that do not get equilibrated with the bulk can
then cause the formation of space charge layers, much like in a p–n junction, where a
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Electric field
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Electric field Electric field

Figure 10.10. p–n junctions and shape of exchange-diffusion profiles. (a) Sketch of a p-n junction. (b)
Sketch of a p–n–p+ junction.

space charge layer arises by coupling two materials with differently charged majority
carriers [see the sketch in Fig. 10.10(a)]. In fact, due to the very small extrinsic doping
concentration in nominally undoped SrTiO3 (e.g., FeTi and AlTi), even slight amounts of
cationic or anionic defects may cause a shift in the defect regime (p vs. n). The diffusing
tracer oxygen ions will be affected by the electric field generated by space charge layers,
and this will manifest as a change of slope in the diffusion profiles as sketched at the
bottom of Fig. 10.10(a). One can understand the box shape of the profiles with the same
kind of reasonings. The ‘box’ means that the diffusion into the material is initially fast,
then slow, then fast(er) again [see the inset of Fig. 10.9(a)]. This is consistent with the
presence of a p–n–p+ region, as shown in the sketch of Fig. 10.10(b).

The ToF-SIMS data displayed in Fig. 10.11 support this interpretation. They report
peak shifts vs. depth of 48Ti+ and 86Sr+ ions during depth profiling (measuring positive
ions) on the same (4× 1)-reconstructed sample, whichwas exchanged for 4 h at 600 ◦ and
0.1 mbar O2 [Fig. 10.9(a)]. The peaks suddenly shift to higher apparent mass at 17 nm and
38 nm depth. In ToF detection, an apparent mass increase is equivalent to a longer flight
time for the ions before detection, which may occur as a result of (negative) charging of
the sample. Such charging could be consistent with the presence of insulating transition
regions in a p–n–p+ junction. In fact, the measured depths of increased sample charging
at 17 nm and 38 nm fit very well to the transitions between fast and slow diffusing zones
in the isotope depth profiles measured on the same sample [inset of Fig. 10.9(a)].

The exact origin of the differently doped regions close to the surface is unclear at this
stage. Oxygen defects are mobile, and could not create such a complex structure stable
at high temperatures over many hours. Instead, it is more likely that this is induced by
small cationic defects, possibly introduced during the UHV sample treatment. However,
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224 10. Oxygen exchange and surface structure

Figure 10.11. Charging effects in UHV-prepared undoped SrTiO3(110) samples. Peak positions as a
function of depth for 48Ti+ and 86Sr+ ions during depth profiling on the same (4 × 1)-reconstructed
sample exchanged at 600 ◦C and 0.1 mbar O2 for 4 h. The peaks suddenly shift to higher apparent mass
at 17 nm and 38 nm depth. This is consistent with the presence of electronically insulating zones at these
positions.

it is hard to pinpoint the exact nature of the responsible donor and acceptor defects. It
is likely that acceptor dopants are given by metal vacancies. The nature of the donors
is unclear: interstitial ions or Ti-antisite defects that could act as donors are usually
energetically unfavorable in perovskite oxides.

10.3.3 Comparison with literature data
The investigations presented here have been performed at relatively low diffusion tem-
peratures compared to the literature. To allow comparison, the available literature data
for undoped SrTiO3(100)378 have been extrapolated to the temperatures employed in this
work. Data obtained at different pressures were compared by exploiting the known pres-
sure dependence of k⋆ [k⋆(p)=k⋆(p0) × (p/p0)

0.31±0.03].379 It was found that the absolute
value of k⋆ is higher for both the (4 × 1) and the (2 × 5) reconstructions compared with
literature. In particular, k⋆ for the (4 × 1) samples is about three orders of magnitude
higher than literature values. The higher value of k⋆ seen on the samples used within
this work is ascribed to their very clean and well-defined surfaces. The surface recon-
structions are stable at the tested conditions and they are not ‘deactivated’ as a result
of formation of secondary phases, e.g., SrO, contrary to other studies. Another factor
possibly playing a role is the crystal orientation, (100) vs. (110).
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10. Oxygen exchange and surface structure 225

10.3.4 Conclusions
The studies presented in this Section, regarding the incorporation of oxygen at well-
defined surfaces of undoped SrTiO3(110), reinforce the message of the donor-doped
counterpart study of Section 10.2: The details of the surface reconstructions are cru-
cial to the amount of oxygen incorporated into the bulk. The (2 × 5) stops almost all
oxygen from being incorporated, regardless of the experimental conditions. The (4 × 1)
incorporates more oxygen (as already seen in Section 10.2, thanks to the flexibility of its
surface coordination polyhedra), and increasingly higher amounts with higher temper-
atures. This is because, differently from the doped case, oxygen vacancies are present in
the bulk (and they become more with higher temperatures), and they offer a diffusion
path for the oxygen ions that make it through the surface. This makes the difference
between the exchange rates of the (2 × 5) and of the (4 × 1) more pronounced than for
the doped system, now at least one order of magnitude.

Using highly controlled and stable surface reconstructions is overall beneficial: The
exchange rates of the surfaces used within this work are three orders of magnitude
higher than those extrapolated from the literature. However, this also comes with side
effects: The UHV preparation of the surfaces seems to induce local cation enrichments
in the subsurface region, which affect the diffusion of tracer oxygen ions in a non-trivial
manner. Specifically, a behavior consistent with a p–n–p+ dopng profile is observed.
One should pay attention to such effects when dealing with atomically controlled sur-
face terminations.

10.4 18O exchange on La0.8Sr0.2MnO3(110)
This Section closes the investigations on the incorporation of oxygen at model per-
ovskite oxide surfaces. The approach is the same as the one applied in the previous
Sections to SrTiO3(110) single crystals, but the focus is now LSMO, the cathode mate-
rial used in applications. The surfaces of LSMO were modelled by using 70 nm-thick
La0.8Sr0.2MnO3(110) single-crystalline films that were grown and characterized as de-
scribed in Chapters 8 and 9. Once again, the results found underscore the importance of
the atomic-scale details of the surface to the incorporation of oxygen: At otherwise iden-
tical parameters, the reactivity towards oxygen incorporation of two LSMO(110) surface
structures with different properties is markedly different.

It is important to recall that the surface of LSMO(110) exhibits a variety of polarity-
compensating, composition-related surface reconstructions, some ofwhich, summarized
in Fig. 8.2 in Chapter 8, are stable at realistic conditions for SOFCs (≈10−1 mbar O2). The
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(1× 1) structure [Fig. 8.2(a)] stands out among these as the most understood: Section 8.3
has discussed the DFT model proposed for this structure. It essentially consists of a sin-
gle AOx layer lying on the otherwise unmodified bulk-truncated LSMO system. The
other high-pressure reconstructions of LSMO(110) have not been characterized to this
level of detail. It was argued before that they consist of a Mn-rich layer lying above a
(more or less relaxed) bulk-truncated LSMO(110). For this study, one of these Mn-rich
reconstructions, namely the fishbone [see Fig. 8.2(c)], was compared with the (1 × 1)
structure. Like for the oxygen exchange studies performed on SrTiO3(110), prior to the
exchange experiments, the stability of the reconstructions of interest was successfully
tested. Moreover, like for SrTiO3(110), half samples were realized to exclude the influ-
ence of extrinsic bulk effects on the results.

10.4.1 18O2 exchange experiments
Figure 10.12 shows the LEIS spectra acquired on pristine and 18O-exchanged monophase
samples (solid, and open symbols, respectively), whose surfaces exhibited the (1 × 1)
and the fishbone reconstructions (orange, and blue, respectively). After the equilibra-
tion step (see Section 10.1.2), the samples were 18O2-exchanged for 15 min at 700 ◦C and
0.3 mbar in the PLD chamber, i.e., under dry conditions. After the exchange, a new,
18O2-derived peak appears on both surfaces (highlighted in red). This is considerably
more prominent on the fishbone reconstruction, suggesting a higher reactivity of this
surface. Figure 10.13(a) shows the SIMS profiles acquired on LSMO(110) half samples
prepared and exchanged as the samples analyzed in LEIS. Also in this case, the fish-
bone reconstruction (blue symbols) appears more reactive than the (1 × 1) (orange), as
inferred by the larger area underlying the fishbone profile. However, these conditions
appear to be too favorable to the system: The profiles do not reach the natural abundance
level before the interface with the Nb:SrTiO3(110) substrate (at 70 nm). As discussed in
Section 10.2, Nb-doped SrTiO3 lacks bulk oxygen vacancies, and for this reason oxygen
cannot be incorporated in its bulk. The interface between LSMO and Nb-doped SrTiO3

acts then as a ‘barrier’ for the 18O incorporated in the LSMO films, which gets reflected
and contributes to the area underlying the profiles. As a result, neither the LEIS data in
Fig. 10.12 nor the SIMS data in Fig. 10.13(a) are reliable for quantification.

Reliable data require less favorable conditions for the oxygen incorporation, e.g.,
slower diffusion. To this end, a lower temperature was used. At the same time, the
pressure was also reduced, and such that the oxygen chemical potential was unchanged.
The same oxygen chemical potential ensures stability of the reconstructions under in-
vestigations, as discussed in Chapter 8. Specifically, the exchange parameters have been
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10. Oxygen exchange and surface structure 227

30 min, 570 ◦C and 1 × 10−3 mbar O2. The corresponding SIMS profiles are shown in
Fig. 10.13(b). It can be seen that the level of natural abundance is reached well before the
interface with the Nb-doped substrate. Similarly to the case of undoped SrTiO3 discussed
in Section 10.3, ‘box’-shaped profiles are obtained (best visible in logarithmic scale in the
inset). Once again, one can only speculate about the origin of such unusual shapes. Like
before, the fast-slow-fast regimes are possibly consistent with a p–n–p+ analogue, likely
induced by the UHV treatments employed to prepare the surfaces. The LSMO system
is naturally p-doped. It is possible that the sputtering treatments, preferential to O and
Mn (see Fig. 9.5 in Section 9), create a slight donor doping with respect to the bulk that
does not get equilibrated during the annealing at 700 ◦C. Deposition of Mn on the sur-
face after the sputtering to realize the desired reconstructions might locally replenish
the system, and cause a p region to form close to the surface.

10.4.2 Interpreting results
As mentioned before, a DFT model for the fishbone reconstruction is not available.
Hence, one cannot address the exactmechanisms of the oxygen incorporation yet. Nonethe-
less, one can use XPS to test whether the transfer of electrons plays a dominant role for
LSMO(110), in analogy to the investigation on SrTiO3(110) discussed in Section 10.2.3.
The results are summarized in Fig. 10.14. The measured work function of the fishbone
surface is 0.82±0.01 eV larger than the one of the (1 × 1) surface measured on the same

L
E
IS

 c
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ts
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a
.u

.)

He+ ion kinetic energy (eV)

400 500 600 700 800 900

(1 × 1)

fishbone
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Sr

Mn
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(44.3 ± 1.6)%

18O/(16O+18O)
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Figure 10.12. LEIS spectra (He+ with 1000 eV primary energy) measured on pristine (full symbols) and
18O-exchanged (open symbols) LSMO(110) surfaces (15 min at 700 ◦C and 0.3 mbar O2). Orange and blue
spectra correspond to (1 × 1)- and fishbone-reconstructed surfaces, respectively.
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Figure 10.13. SIMS profiles relative to 18O-exchange experiments performed on (1 × 1)- (orange) and
fishbone- (blue) reconstructed surfaces. (a) 700 ◦C, 0.3 mbar O2, 15 min. (b) 570 ◦C, 1× 10−3 mbar O2, 30
min. The inset in panel (b) shows the same spectra as in the main panel in logarithmic scale.

half sample, as shown from the secondary-electron emission spectra in Fig. 10.14(a).
The core-level energies of the two zones on the surface half sample are overlapped (not
shown), hence one can neglect the influence of surface potential or band bending. The
resulting band alignment of the two reconstructions with respect to an O2 molecule is
sketched in Fig. 10.14(b). According to this scenario, one would expect easier electron
transfer to O2 molecules from the (1 × 1) surface than from the fishbone. However,
since the (1 × 1) is less reactive than the fishbone, one concludes that the ease of elec-
tron transfer is not the dominant mechanism governing oxygen incorporation, much
like for the SrTiO3(110) surfaces. In fact, according to common wisdom, it would work
against it. One could expect this behavior to be a more general property of reconstructed
perovskite oxide surfaces.

At present, one cannot establish which reconstruction, the (1 × 1) or the fishbone,
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Figure 10.14. Work functions of an LSMO(110) half sample with (1 × 1) and fishbone reconstructions.
Spectra acquired in the two regions are represented in orange and blue, respectively. (a) Secondary-
electron emission spectra. Work functions are highlighted by vertical dashed lines. (b) Sketch of the
expected band alignment of the two surfaces with respect to one O2 molecule, assuming no band bending.
The (1 × 1) should transfer more electrons than the fishbone.
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10. Oxygen exchange and surface structure 229

has more surface oxygen vacancies. Hence, one cannot argue whether it is really the
atomic arrangement and coordination of the surface atoms that determine higher rates
to oxygen incorporation, or rather the amount of surface oxygen vacancies. Nonetheless,
it is without doubt that different reconstructions exhibit different reactivities.

It is interesting to observe that the lower reactivity of the (1× 1) surface compared to
the fishbone is somewhat in agreement with the widely reported observation that AOx-
enriched surfaces cause deactivation towards oxygen incorporation in A-doped man-
ganites. These AOx-rich surfaces often result from the exsolution of a secondary phase,
and are typically associated to ill-defined morphologies. This, however, is not the case
for the (1 × 1) phase investigated here: As argued in Chapter 8, this phase is atomically
flat, and it is not driven by cation segregation. It is hence likely that the deactivation
mechanism lies in the atomic and electronic details of this surface.

10.5 Conclusions
This Chapter has explored the fundamentals of oxygen incorporation at model per-
ovskite oxide surfaces. Starting from the simpler system, donor-doped SrTiO3, and going
through its undoped counterpart and, finally, LSMO, it was shown that the details of the
surface reconstructions dominate the reactivity towards oxygen incorporation, at the ex-
pense of other, commonly accepted mechanisms such as the number of surface oxygen
vacancies or the ease of transferring electrons to the adsorbed oxygen molecules. These
investigations were enabled by an approach that combines surface science and ex-situ
kinetic measurements. Its main merit is the ability to keep all parameters exactly con-
stant except the ones under investigation (in this case, the surface atomic structure). As
a result, it allows one to manage the intrinsic complexity of the topic, and to unveil the
atomistic mechanisms governing the incorporation of oxygen. While powerful, the sur-
face science approach has shown one main drawback: The needed UHV preparation of
the surface structures introduces cation imbalances in the subsurface region that affect
the diffusion profiles in a non-trivial way, complicating the analysis. On the bright side,
one can imagine to tweak such cation imbalances by means of other UHV treatments or
PLD deposition, and thus engineer the performance of ion-conductor materials at will.
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11. Self-diffusion of metal oxides
and oxygen chemical potential

11.1 Introduction
Surface diffusion is central to film growth: Growth is only allowed in out-of-equilibrium
conditions, where the kinetically limited diffusion of the adparticles produces a net mass
flow from the deposition source to the sample. The degree to which growth proceeds
away from equilibrium, or, in other words, the interplay between thermodynamics and
kinetics, determines the growth mode and many of the film properties, including its
morphology.

Early works on metals and silicon, summarized in ref. 56, have demonstrated the
value of understanding the fundamentals of surface diffusion to optimize film growth.
Using STM, these studies have shown the strong dependence of the morphology of a
growing film on the diffusivity of adatoms at the surface. They have also demonstrated
that surface diffusion not only depends on the substrate temperature, but also on the
atomic-scale details of the substrate. This is not surprising, given that surface diffusion
is driven by atomic processes. At finite temperatures, single atoms diffuse on the sur-
face by means of thermally activated, random ‘hops’ from one adsorption site to another,
which occur with a probability related to a process-specific energy barrier. The hierar-
chy of such rates determines the microscopic paths taken by the adatoms, i.e., where,
how and when adatoms meet to nucleate an island, to form clusters, and when and if
islands merge to produce a continuous film. By complementing the STM analysis with
appropriate theoretical modeling, it was possible to gain a deep understanding of the
diffusion processes on metal surfaces at the atomic scale, to establish the hierarchy of
their rates, and to predict the film evolution as a function of the growth parameters.

The knowledge on self-diffusion on metal-oxide surfaces is not yet as developed as for
metals. The main reason is that the presence of oxygen ligands increases the complexity
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232 11. Self-diffusion of metal oxides and oxygen chemical potential

of diffusion processes notably. The oxygen content of both the substrate and the diffus-
ing adspecies will be affected by the oxygen chemical potential, µO. Different oxygen
stoichiometries in the substrate will produce new surface reconstructions, characterized
by different sites with specific diffusion barriers. Additionally, the composition of the
adspecies will be likely dynamically modified by interaction with the substrate. To gain
an atomic-scale picture about self-diffusion on metal oxides, all these factors must be
isolated, and this is not a trivial task.

This Chapter collects a few case studies that demonstrate the strong dependence
of the morphology of metal-oxide single crystalline surfaces on µO. It highlights that
reducing conditions not only affect the atomic-scale details of the surface (producing
different surface reconstructions), but also its mesoscopic morphology: Reducing con-
ditions promote surface flattening, an indication of high surface diffusion. To the best
of the author’s knowledge, this observation has not been pointed out before. This in-
formation could be exploited to optimize the preparation of single-crystalline samples
in UHV, and to optimize film growth. It also sets the stage for future systematic studies
about the diffusion on metal-oxide surfaces.

11.2 Evidence from a variety of case studies
The selected case studies discussed in the following best illustrate the strong effect of µO

on the morphology of metal-oxide surfaces.

11.2.1 In2O3(111)

40 nm

[101]

[011]

(a) (b)

Oxidized Reduced
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Figure 11.1. Effect of µO on surface diffusion on In2O3(111). (a, b) 250 × 250 nm2 STM images of
In2O3(111) films prepared by sputtering plus annealing at 550 ◦C, and by sputtering plus annealing in
UHV at 550 ◦C, respectively. Adapted from ref. 67.

As already discussed in detail in Chapter 5, the oxygen chemical potential used dur-
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11. Self-diffusion of metal oxides and oxygen chemical potential 233

ing the growth of In2O3 on YSZ(111) has a strong influence on the diffusivity of indium
species: More reducing conditions produce reduced, volatile species that diffuse rapidly
on the surface, favoring the close-to-equilibrium, 3D growth of In2O3.

A similar effect is also evidentwhen comparing themorphology of the same In2O3(111)
film after two differently oxidizing UHV treatments (Fig. 11.1). Recall that the surface
of In2O3(111) can expose two terminations at differently oxidizing annealing condi-
tions: The ‘oxidized’ termination, obtained by sputtering plus annealing at 550 ◦C and
7× 10−6 mbar O2, and the ‘reduced’ one, obtained by sputtering plus annealing at 550 ◦C
in UHV (see Chapter 5 for details). Figure 11.1 compares the morphologies of the same
film prepared with the two recipes above. The ‘oxidized’ surface [Fig. 11.1(a)] exhibits
small and irregular islands not bigger than a few nanometers. On the other hand, the ‘re-
duced’ surface [Fig. 11.1(b)] exposes much bigger terraces. These results are in line with
the trends of the morphology of In2O3 films grown at different values of µO (Chapter 5).

11.2.2 Fe2O3(11̄02)
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Figure 11.2. Effect of µO on surface diffusion on Fe2O3(11̄02). (a, b) 200 × 200 nm2 and 500 × 500 nm2

STM images of the surface of the same Ti-doped Fe2O3(11̄02) film prepared by sputtering plus annealing
for 40 min at 600 ◦C and 4 × 10−5 mbar O2, and by subsequent annealing for 40 min at 600 ◦C in UHV,
respectively.

Similarly to the case of In2O3(111) discussed above, different annealing conditions
produce two distinct surface terminations on Fe2O3(11̄02)—the stoichiometric (1 × 1),
obtained at slightly oxidizing conditions, and the reduced (2 × 1), obtained in UHV (see
Chapter 4). Again, similarly to In2O3(111), the change in the surface atomic structure
produced by annealing at a given µO is accompanied by marked changes in the meso-
scopic morphology. Figure 11.2 compares the surface morphology of the same 0.8 at.%
Ti-doped film (Chapter 4) after annealing for 40 min at 600 ◦C and 4 × 10−5 mbar O2,
following one Ar+ sputtering cycle [panel (a)] and after subsequent annealing at same
temperature and for the same time in UHV [panel (b)]. The number of exposed layers de-
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234 11. Self-diffusion of metal oxides and oxygen chemical potential

creases from four to two from the oxidized to the reduced surfaces, and a drastic change
is observed in the size of their terraces (note the different image size in the two cases,
200 × 200 nm2 vs. 500 × 500 nm2 for the oxidized and reduced surfaces, respectively).

11.2.3 LSMO(110)
LSMO(110) offers another example along the lines of those discussed above. As seen in
Chapter 8, various surface atomic structures are formed as a function of µO. Figure 11.3
shows that the change in the surface atomic structure is accompanied also in this case by
a change in the surface morphology. In Fig. 11.3, the surfaces of the same film after dif-
ferent annealing treatments are shown. Figure 11.3(a) shows the result of 11 h annealing
at 700 ◦C at 0.2 mbar O2, while Fig. 11.3(b) shows the same surface after annealing for
only 1 h at the same temperature, but in UHV (see Fig. 9.6 in Chapter 9 for the history
of this sample). The number of layers exposed after the reducing treatment decreases
significantly, yielding atomically flat terraces of hundreds of nanometers.

100 nm
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Figure 11.3. Effect of µO on surface diffusion on LSMO(110). (a) 500 × 500 nm2 STM image of an
LSMO(110) film prepared by several cycles of sputtering plus annealing at 700 ◦C and 0.2 mbar O2—the
last of which lasted for 11 h. (b) 500 × 500 nm2 STM image of the same LSMO film after 1 h annealing at
700 ◦C in UHV.

11.3 Discussion and summary
Thecases discussed above show that annealing a givenmetal-oxide surface at sufficiently
reducing conditions triggers the formation of new surface reconstructions, and promotes
the flattening of the surface morphology. This is indicative of higher surface diffusivity
taking place at reducing conditions. Such behavior has been observed for a multitude of
oxide materials, both binary and multicomponent ones, and it is likely to be a general
trait of metal-oxide surfaces.
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11. Self-diffusion of metal oxides and oxygen chemical potential 235

As already argued, the precise atomic mechanisms behind the observed behaviors
are hard to pinpoint. A reasonable qualitative explanation is that oxygen is desorbed
from the substrate at reducing conditions, causing the formation of reduced species. The
correlation between oxygen stoichiometry and volatility can explain the higher diffusiv-
ity: Volatile species are associated to weaker binding to the substrate, which promotes
surface diffusion.

The observed correlation between µO and surface morphology could be used to opti-
mize the preparation of single-crystalline metal-oxide surfaces in UHV. Instead of sput-
tering plus annealing at the value of µO needed to achieve a given reconstruction, one
could first sputter plus anneal at reducing conditions—to achieve ideal morphologies—
and subsequently anneal at the needed conditions to expose the desired reconstruction.

This information could also be functional to optimize film growth. For kinetically
limited types of growth, one could alternate growth at high pressure with annealing at
low pressure to improve the film morphology.
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Conclusions

This Thesis collects a series of surface science studies performed on a variety of metal
oxides grown by PLD. Two parallel themes run through: On the one hand, the aptness
of surface science tools (most prominently, STM) to shed light on the mechanisms gov-
erning metal-oxide growth by PLD. Through the examples of In2O3(111), SrTiO3(110),
and LSMO(110), it was shown how STM can unveil the influence of the PLD parame-
ters on the growth mode and/or on the surface morphology of an oxide film from the
measured changes in its composition and surface atomic structure. The few behaviors
that the growths of SrTiO3(110) and LSMO(110) have in common have been highlighted,
including nonstoichiometry segregation that causes changes in the surface structures,
and surface-dependent sticking. These processes are responsible for the surface rough-
ening observed under non-optimal growth conditions, and are likely shared by a larger
number of complex multicomponent oxides. Knowledge brings opportunities: For all
cases investigated, the new insights were functional to direct the growth willfully and
produce films of the desired properties (i.e., ideal composition, atomically flat surfaces),
controlled down to the atomic scale (i.e., exposing a given surface reconstruction).

The other underlying theme of theThesis is the ability of STM, once a single-crystalline
film has been grown, to provide with a model system for fundamental investigations. As
it has been repeatedly stated, only with a well-defined and characterized system can the
very essence of relevant surface processes be unveiled. This has motivated the studies on
Ti-doped Fe2O3(11̄02) and LSMO(110) films: A detailed characterization of their surface
structures as a function of the surface composition and the oxygen chemical potential
has been complemented by the establishment of surface structural models. In the case
of LSMO(110) [but also of its simpler relative, SrTiO3(110)], such knowledge has been
exploited to explore the fundamentals of how oxygen incorporation occurs at model per-
ovskite oxide surfaces. These studies have revealed the unexpected and crucial role of
the surface atomic structure: The oxygen incorporation rates are mostly determined by
the coordination and the arrangement of the surface species.

This Thesis does not hide the challenges intrinsic to combining PLD with surface
science, as much as it underlines the benefits of such marriage. The authors believe that
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238 Conclusions

the approach and the results presented here, yielding atomically controlled metal-oxide
films with tunable properties, could apply to a larger number of oxide materials, and
could be of value for a variety of fundamental and applied lines of research. On a funda-
mental level, appropriately characterized single-crystalline films can be used as model
systems for investigating the atomic-scale mechanisms of relevant surface processes.
On a more applied level, the ability to synthesize atomically precise thin films and thin-
film heterostructures meets the ever-growing demand for downscaling the dimensions
of thin-film devices.
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Appendices

A XPS and LEIS settings

XPS settings

Photoelectrons were always detected at normal emission and in constant pass energy
mode (50 eV for surveys and 10 eV for detailed spectra). The entrance slit was circular,
with 7 mm diameter, while the exit slit was rectangular (20 × 39 mm2). The accepted
solid angle was regulated via an iris placed in the back focal plane of the electron optics,
which was always kept to 7 mm. With these parameters, the x-ray spot on the sample is
1.5 mm in diameter when using a ‘medium-magnification’ mode. Before acquiring the
spectra, the sample position was aligned such that no contributions from the clips and
the sample plate were visible. The procedure consisted in fixing the energy of an intense
peak of the sample which is not overlapped with any of the plate, and moving along
the manipulator axis until the two minima of the signal, corresponding to the edges of
the crystal, were identified. The sample position was set at half the distance between
the two minima. The same procedure was used for the alignment along the direction
orthogonal to the manipulator axis.

LEIS settings

He+ ions were used for LEIS measurements (1 keV energy, 5×10−8 mbar,≈1.5 nA/mm2,
10–20 consecutive scans). The entrance slit of the hemispherical analyzer was rectangu-
lar (7 × 20 mm2), while the exit slit was the same as for XPS. The iris was set to 30 mm.
The sample alignment was the same as for XPS measurements. Since LEIS induces a
(mild) sputtering of the surface, all samples analyzed with LEIS were prepared anew.
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240 Appendices

B UV laser optical elements: Technical de-
tails

In absence of a shutter, the entrance window of the PLD chamber gets covered with PLD
deposits over time, causing its transmittivity, hence the available pulse energy density, to
decrease accordingly. Major effects have been observed after deposition of TiO2. In2O3,
La1−xSrxMnO3, SrTiO3, La2O3, and MnO deposition do not seem to cause significant
changes. To recover the needed transmittivity/pulse energy density on the target, the
entrance window was periodically cleaned by following the steps listed below:

• Wrap a napkin around plastic tweezers with rounded tips (Kimtech tissues do not
leave residues, and they seem resistant to HNO3).

• Slightly damp the napkin in concentrated HNO3 (65 wt.%). Move it circularly on
the window for a few minutes (change napkin as soon as it gets fluffy. Probably
some 10 min total per spot is needed). Note the solution can dissolve Ni and Fe as
well, which compose the brazed connection between the quartz and the stainless
steel flange (Kovar). Do not exceed with dampening the napkin, and take care of
staying a few millimiters away from the glass/steel brazing.

• Repeat to cover the whole window.

• Dilute the solution residues by repeating the same process with a napkin slightly
dampened in ultrapure water. Repeat at least 4 times. Rinse the window un-
der flowing ultrapure water for 5 min. If needed, the cleaning process can be
repeated by using also diluted HNO3, concentrated or diluted HCl, and aqua regia
(HCl:HNO3=3:1).

• To remove H2O residues, the window can be baked in air (150 ◦C, max 200 ◦C,
maximum ramp 2 ◦C/min).

• Before pumping down and baking the system with the freshly cleaned window,
check that its transmission is indeed restored by temporarily mounting the win-
dow back.

Typical transmittivities of the entrance window after cleaning are between 85% and 90%.
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Appendices 241

C New µ-metal PLD chamber
The PLD laboratory is located in the center of Vienna: Many tram and underground
lines run in front and below the building. The resulting electromagnetic fields are strong,
and can deviate electrons produced by some of the lab sources. The RHEED is affected
the most: The signal is so unstable that it is hard to detect RHEED oscillations at day
time. To overcome this issue and to implement other improvements, Michele Riva has
designed a new µ-metal chamber (µ-metal effectively screens magnetic fields), which
was manufactured by VAb GmbH. We have replaced the old stainless steel chamber for
this one in October 2018. Some of the improvements implemented in the new design
are:

• Movable shutter in front of the UV laser exit window. This ensures a constant
transmittivity of the exit window (no coating), resulting in more reliable evalua-
tion of the laser fluence.

• Movable shutter in front of the IR laser entrance window. This prevents the win-
dow to be coated with deposits, especially during pre-ablation, when the sample
is kept in an adjacent chamber.

• Possibility to isolate the entrance window of the UV laser from the main chamber
(VAT valve). This allows one to vent a small volume around the entrance window
that can then be cleaned from PLD deposits, without the need to vent the main
chamber.

• Differential pumping for mass-spectrometer and gas line that allows one to leak
the gases composing the atmosphere in the main PLD chamber to it. This allows
one to measure the composition and purity of the background gas, up to atmo-
spheric pressure.

• New design of the target carousel and receptacle, for reproducible positioning and
alignment.

D Masks to deposit Pt contacts: Dimensional
drawings

See Fig. D.
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W

H1

D

P

G

R

H

H2

 

Type

 

5×5×0.5
large electrodes

5.0(±0.05)

0.4(±0.05)

5.5(−0.05)

3.9(±0.10)

1.5(±0.20)

0.75

5.0(±0.50)

0.8(±0.20)

5×5×0.5
small electrodes

5.0(±0.05)

0.4(±0.05)

6.0(±0.05)

3.9(±0.10)

1.5(±0.20)

0.75

5.0(±0.50)

0.9(±0.20)

10×10×1
front

10(±0.05)

0.8(±0.10)

12(±0.10)

8.5(±0.20)

2.5(±0.10)

1.0

5.0(±0.50)

1.3(±0.20)

10×10×1
back, window

10(±0.05)

0.8(±0.10)

12(±0.10)

8.5(±0.20)

2.5(±0.10)

1.0

5.0(±0.50)

H

SECTION A-A

W

R

G

P

A

A

D

H1

H2

H

Figure D. Dimensional drawings of PEEK masks used to deposit Pt contacts on samples of various size.

E References for Sr and TiO2 deposition
To prepare a SrTiO3(110) surface to exhibit the desired reconstruction, its near-surface
stoichiometry was adjusted by depositing controlled amounts of TiO2 and SrO, followed
by O2 annealing (30 min, 1000 ◦C, 7 × 10−6 mbar O2). TiO2 was deposited by PLD, from
a single-crystalline target, at RT, 2.5 J/cm2, 7 × 10−6 mbar O2. SrO was deposited by an
effusion cell, also at RT (details in Chapter 2). The amounts to be deposited were chosen
based on the surface phase diagram described in Chapter 6, after proper calibration of
the Sr and Ti doses. Figure E reports a series of reference experiments that might help
to reach the desired reconstruction. Note that variations in the history of the sample or
in the fluxes calibrations may cause deviations from the amounts reported here.
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Figure E. Reference experiments (LEED patterns) for Sr and TiO2 deposition, to adjust the near-surface
stoichiometry of SrTiO3(110) samples. TiO2 amounts are expressed in terms of the number of pulses shot
on the TiO2 target.
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244 Appendices

F Non-uniform SrTiO3(110) samples
As mentioned in Chapter 2, misalignment of both the Sr evaporation and the sputtering
positions can lead to gradients in the near-surface stoichiometry of SrTiO3(110) samples,
manifested as different reconstructions at different positions of the sample. As discussed
in the Sections below, the extent of the problem was reduced through a careful calibra-
tion of the sample positions for both sputtering and Sr evaporation. Residual spatial
disuniformities were resolved by depositing controlled amounts of TiO2 on selected ar-
eas of the sample.

Position calibration of the sputtering gun and the Sr evaporator

The optimum sample position for the sputtering was found with a home-made ‘Faraday-
cup’: The current was measured at the manipulator filament while sputtering a stainless
steel plate with a 1mm-diameter hole in themiddle. The (grounded) plate was positioned
orthogonal to the gun axis. A BNC cable was connected to the filament and ground, and
the connection was shielded with aluminum foil. After measuring the dark current, the
plate was sputtered with an Ar pressure of 9× 10−6 mbar, while monitoring the current
as a function of the 2D position of the sample manipulator (the x position was fixed to a
reasonable value, and movements in y and z followed). The center of the corresponding
gaussian-type curve identified the new center position. Refer to the SPECS logbook
(25.09.2017) for additional details.

Even after optimal alignment of the sputter gun, the sputtered samples are not uni-
formly reconstructed: The center is sputtered more than the sides, resulting in the for-
mation of Ti-richer reconstructions at the center of the sample. To solve the issue, the
sample was manually rastered into the sputtering beam, following a 5× 5 grid of points
(separation between points of 0.8 mm both in the vertical and horizontal direction), and
keeping the sample at each position for 30 s (for a total sputtering time of 12 min 30
s). Another (more time consuming) approach that was used before thinking about the
manual rastering is combining TiO2 deposition with partial and iterative shading of the
sample (see below).

The optimum position for the Sr evaporation was found by depositing 1 nm Sr on a
clean Nicrofer® sample plate, and then evaluating XPS intensity ratios of the Ni LMM
over Sr 3d peaks. The spectra were acquired in several positions on the plate (1 mm
spacing along z and along y, while fixing the distance from the analyzer cone), to realize
a grid where the ratios were plot in 2D. The center of the corresponding gaussian-type
curve identified the new center position. For additional details, refer to SPECS logbook,
23.01.18.
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Figure F. (a) Masks to adjust the uniformity of the surface reconstructions on SrTiO3(110) samples. A
mask can be placed in front of the sample during TiO2 deposition, by means of a double decker sample
holder, such that only the unshaded parts of the sample will be covered by TiO2, and change their surface
reconstruction accordingly. From mask ’1’ to mask ’4’, the masks shade the first bottom-most millimeter
of the sample, up to leaving free only the top-most millimeter. By iteratively shading different areas of the
sample, the surface can be made uniform. (b) Sketch of the sample, and of the portions that are shaded by
each mask. On the left of the sample, the LEED positions (y) are reported.

Making non-uniform samples uniform

Another approach to obtain spatially uniform samples (besides the manual raster sput-
tering) is the iterative deposition of TiO2 by PLD on differently shaded parts of the sam-
ple. This was achieved by means of the home-made masks depicted in Fig. F. Each mask
consists of a Nicrofer® plate with a hole centered with the sample position, and a Nicro-
fer® foil (0.03 mm thickness) spot-welded on the mask to shade the desired portion of
the sample. During deposition, the mask was placed in front of the sample, as allowed
by the double-decker geometry of our home-designed PLD holder. The mask labeled
as ‘1’ shades the bottom-most mm of the sample, mask ‘2’ the bottom-most 2 mm, and
so on. The same concept is used to prepare the ‘half sample’ for the oxygen exchange
experiments of Chapter 10. There, the foil shades half of the sample.

The following example exemplifies the use of the masks: Take a gradient from Ti-
rich to more Sr-rich from the bottom part to the top part of the sample. In such a case,
the following iterative process is employed: The bottom-most part of the sample (LEED
position 18, see Fig. F) is shaded with mask number one, while TiO2 is deposited on
the rest of the sample. In this way, all the sample surface, apart from the bottom-most
millimeter, gets Ti-enriched. Next, one millimeter more at the bottom of the sample is
shaded by using mask number 2, and more TiO2 is deposited. Now, only the three top-
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most millimeters are covered with TiO2, and get Ti-enriched. The same procedure is
applied until no gradient is seen anymore in LEED. If a gradient is present in the other
direction, masks are employed that are complementary to the ones shown in the picture
(labeled as -1, -2, -3, -4 at the bottom right of Fig. F). The amounts to be deposited are
chosen based on the reference experiments reported above.
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