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Abstract

This thesis focuses on the experimental investigation of the (110) surface of stron-
tium titanate (SrTiOz, STO). SrTiO; is a complex oxide of the perovskite class.
It exhibits a wide range of interesting properties. For example, it is well known
for its photocatalytic activity, and it is widely used as a substrate for the growth
of complex oxides.

Experimental results about the preparation and properties of different STO(110)
surface reconstructions are presented. The samples have been studied using scan-
ning tunneling microscopy (STM), photoemission spectroscopy (XPS and UPS), X-
ray absorption spectroscopy (XAS), low-energy- and high-energy electron diffrac-
tion (LEED and RHEED), and low-energy ion scattering spectroscopy (LEIS).
Experiments were conducted in different ultra-high vacuum (UHV) chambers.

Well-defined STO(110) surfaces with specific surface reconstructions were pre-
pared by sputtering and annealing. Central to surface preparation is the phase-
diagram established by Wang et al. [Phys. Rev. B, 83, 155453 (2011)]. It describes
the dependence of the surface reconstructions on the the near-surface stoichiom-
etry. This enables us to switch between surface reconstructions on STO(110) by
deposition of Ti or Sr metal and subsequent annealing. Furthermore, it allows to
associate changes in the surface reconstruction of thin films grown by pulsed laser
deposition (PLD) with the stoichiometry of the deposited film.

The already established structure model of the SrTiO3(110)-(4x1) surface re-
construction is discussed, and its experimental characterization by means of STM,
LEED, RHEED, and XAS is shown. In addition, the transition (induced by reac-
tive Ti growth) from (nx1) (n=4-6) to (2xm) (m=4,5) reconstructions on the
STO(110) surface is discussed, and the (2x5) surface structure is characterized
by highly-resolved STM, LEED, and XAS. XAS reveals a change from tetrahedral
coordination of Ti in the (4x1) reconstruction, to a surface where Ti is in octahe-
dral coordination for the (2x5) structure. A model of the (2x5) structure, as well
as details about its preparation are presented.

The second part of this thesis discusses the surface chemistry of the (4x1) re-

construction. I present results about the interaction of water with this surface, and



how its properties change upon adsorption of Ni metal, and NiO, clusters. The
results showed that the SrTiO3(110)-(4x 1) surface is inert towards the adsorption
of water. Water adsorbs molecularly only at low temperatures, while it adsorbs
dissociatively on the reduced surface at surface oxygen vacancies. The identifica-
tion of surface hydroxyls, oxygen vacancies, and molecularly adsorbed water on
this surface by STM is shown.

Ni metal adsorbs on the (4x1) surface at room temperature as single adatoms
at specific sites in the surface reconstruction unit cell. Mild annealing leads to
clustering of the atoms. The adsorption of Ni adatoms is characterized by means
of STM, XPS, and UPS.

The system NiO,-SrTiO3 has recently been found to be active in the photocat-
alytic splitting of water, which motivated the study of the adsorption of NiOy on
the (4x1) surface. Adsorbed NiO, was characterized by means of STM, XPS, and
UPS. NiOy does not grow epitaxially on this surface — only disordered patches
were observed in STM. XPS and UPS results indicate the dissociative adsorption
of water on the NiO,-modified surface. Furthermore, the results suggest that the
adsorption of NiO, influences the band structure of STO in a way that increases
its photocatalytic activity.

The third part of this thesis is about the homoepitaxial growth of SrTiOs by
pulsed laser deposition (PLD). PLD is a physical vapor deposition technique, often
used for the growth of complex oxides. We have recently started the operation of
our new PLD system with in-situ growth analysis with RHEED, and present our
approach of combining high-pressure growth with ultra-high vacuum surface sci-
ence. The PLD system is connected to the analysis chamber, allowing for the rapid
in-vacuo transfer of as-grown films to perform surface analysis. In order to obtain
control over the new growth technique, we performed homoepitaxial growth stud-
ies on the (4x1) reconstructed surface of STO(110). Homoepitaxy provides the
advantage of performing growth studies without the influence of interface strain.
Therefore, the dependence of the growth characteristics on the deposition pa-
rameters (UV laser fluence and background pressure) could directly be monitored.

Pristine surfaces were prepared to exhibit predominantly the (4x1) reconstruction.
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By deposition of sub-monolayer amounts under different conditions, the influence
of the deposition parameters on the island density and the surface morphology is
shown. We verified the correlation between RHEED intensity oscillations and ideal
2D layer-by-layer growth. By directly relating variations in the RHEED intensity
with the actual density of steps on the surface, as determined by STM, we were
able to refine the step density model. This model explains such variations in the
RHEED specular spot intensity by variations of the step density on the surface.
The results indicate that, in addition to the steps introduced by the islands circum-
ference, also the interfaces between inherently different reconstruction coexisting
on the surface have to be taken into account.

The final chapter of this thesis presents growth studies of up to 39 ML-thick
homoepitaxial films. The influence of the deposition parameters on the morphology
and structure of the film surface was investigated, and island growth on different
STO(110) surfaces was characterized. The results indicate that the pristine surface
structure has a strong influence on the morphology of the resulting thin film. In
addition, a change in the surface structure during deposition was observed. Using
the calibrated phase diagram of STO(110), the stoichiometry of the PLD-grown

film can be determined with a high accuracy.
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Kurzfassung

Im Zuge dieser Dissertation wurde die (110) Oberfliche von Strontiumtitanat
(SrTiO3, STO) untersucht. SrTiOs ist ein Oxid aus der Klasse der kubischen
Perowskite, das fiir eine Vielzahl interessanter Effekte bekannt ist, unter anderem
fiir die photo-katalytische Dissoziation von Wassermolekiilen auf der Oberflache
und fiir seine Verwendung als Substrat fiir das Wachstum von komplexen Oxid-
schichten. In dieser Dissertation wurden mit Hilfe der experimentellen Methoden
der Rastertunnelmikroskopie (STM), der niederenergetischen und hochenergeti-
schen Elektronenbeugung (LEED und RHEED), der Photoemissionsspektroskopie
(XPS und UPS), der Réntgenabsorptionsspektroskopie (XAS), sowie der niede-
renergetischen Ionenstreuspektroskopie (LEIS) die Erzeugung und die Eigenschaf-
ten einiger Rekonstruktionen auf der SrTiO3(110) Oberfléche untersucht. Alle Ex-
perimente fanden in Ultrahochvakuumkammern statt.

Wohl-definierte Oberflachen mit einer bestimmen Rekonstruktion wurden durch
Argon-Tonen-Zerstaubung und Ausheilen in Sauerstoff prépariert. Wang et al.
[Phys. Rev. B, 83, 155453 (2011)] entwickelten ein Oberflichen-Phasendiagram,
welches zeigt, dass man auf der SrTiO3(110) Oberfliche durch Aufdampfen von
Titan oder Strontium und Ausheilen in Sauerstoff zwischen mehreren Rekonstruk-
tionen reproduzierbar hin- und herwechseln kann. Mit dieser Herangehensweise
konnte fiir alle Experimente eine tiberwiegend (4x1) rekonstruierte Oberfliche er-
zeugt werden.

Im ersten Teil dieser Dissertation wird das bereits etablierte Strukturmodell der
(4x1) Rekonstruktion diskutiert und diese Oberflachenstruktur mit STM, LEED,
RHEED, und XAS charakterisiert. Weiters wird der Ubergang von (nx1) (n=4-6)
zu (2xm) (m=4,5) Rekonstruktionen durch reaktive Deposition von Ti beschrie-
ben. Die (2x5) Rekonstruktion wurde mit STM, LEED, und XAS untersucht.
Die Resultate zeigen, dass sich die Koordination der Ti Atome an der Oberfliche
bei dem Ubergang von (nx1) nach (2xm) von tetraedrisch nach oktaedrisch &n-
dert. Weiters wird das Strukturmodell dieser Rekonstruktion diskutiert und deren
Praparation beschrieben.

Der zweite Teil behandelt die Oberflichenchemie der (4x1) Rekonstruktion. Die
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Adsorption von Wasser auf dieser Oberfliche wurde untersucht. Die Resultate zei-
gen, dass Wasser auf der stéchiometrischen Oberflache bei Raumtemperatur nicht
adsorbiert. Einzig bei tiefen Temperaturen adsorbieren Wassermolekiile in ihrer
molekularen Form, wéhrend die reduzierte Oberfliche und die damit assoziier-
ten Sauerstofffehlstellen die dissoziative Adsorption von Wassermolekiilen ermog-
lichen. Mittels STM konnten adsorbierter atomaren Wasserstoff (i.e., Oberflachen-
Hydroxylgruppen), Sauerstofffehlstellen und molekular adsorbierte Wassermolekii-
le, sowie deren Adsorptionsgeometrie festgestellt werden.

Die Adsorption von Nickel auf der (4x1) Oberfliche wurde ebenfalls untersucht.
STM Resultate zeigen, dass einzelne Nickel Adatome bei Raumtemperatur auf die-
ser Oberfliache stabilisiert werden. Weiters zeigt STM, dass diese Adatome an spe-
ziellen Plitzen in der Einheitszelle der Oberflachenrekonstruktion sitzen. Leichtes
Heizen der Probe fithrt zum Sintern der Adatome und dadurch zur Bildung von
Clustern auf der Oberflache.

Da bereits seit Lingerem bekannt ist, dass die Kombination von SrTiO3 mit
Nickeloxid (NiOy) eine hohe Aktivitét in der photokatalytischen Dissoziation von
Wasser zeigt, wurde die Adsorption von NiOy auf der SrTiO3(110)-(4x1) Oberfla-
che untersucht. NiO, wachst auf dieser Oberflache in ungeordneten Inseln. XPS-,
UPS-, und LEIS-Resultate zeigen, dass Wasser auf der NiO,-modifizierten Oberfla-
che in dissoziativer Weise adsorbiert. Des Weiteren zeigen diese Resultate, dass die
Adsorption von NiOy die Bandstruktur von STO in fiir die Photokatalyse giinstiger
Art und Weise verandert.

Der dritte Teil dieser Dissertation zeigt Resultate iiber das homoepitaktische
Wachstum von diinnen SrTiO3 Schichten mittels gepulster Laser-deposition (PLD).
PLD gehort zu den Methoden der physikalischen Gasphasenabscheidung und wird
haufig fiir das Wachstum komplexer Oxid-Schichten herangezogen. Die neue PLD
Maschine wurde erst kiirzlich in Betrieb genommen und es wird unser Ansatz be-
schrieben, um die Methode des PLD-Wachstums mit Ultrahochvakuum Oberfla-
chenanalyse zu vereinbaren. Das neue System kombiniert das PLD Wachstum mit
RHEED. Dadurch kann die Dicke der Schicht wahrend des Wachstums gemessen

werden. Da die PLD-Vakuumkammer direkt mit der Oberflachenanalysekammer



verbunden ist, konnen diinne Schichten direkt nach dem Wachstum in-vacuo unter-
sucht werden, ohne sie der Atmosphére auszusetzen. Um Kontrolle iiber das PLD-
Verfahren zu erhalten, wurde das homoepitaktische Wachstum auf der STO(110)
Oberflache untersucht. Homoepitaxie ermoglicht die Studie von Wachstumsprozes-
sen ohne dem Einfluss von Spannungen an der Grenzflache zwischen Substrat und
diinnem Film. Die Resultate zeigen daher direkt den Einfluss der Depositionspa-
rameter (UV Laserfluenz und Gasdruck beim Schichtwachstum) auf das Wachs-
tum. Fiir jede Deposition wurde die Probe erneut prapariert. Durch systematisches
Andern der Depositionsparameter wihrend des Wachstums von sub-Monolagen-
dicken Schichten haben wir den Einfluss dieser Parameter auf die Inseldichte und
auf die Morphologie der Oberfliche untersucht. Die Resultate zeigen, dass Oszilla-
tion der RHEED-Intensitéit direkt mit optimalen 2D Schichtwachstum korrelieren.
Das Modell der Stufendichte erklart Oszillationen der RHEED-Intensitat wahrend
des Wachstums mit Ostzillationen der Stufendichte auf der Oberfliche. Die Ergeb-
nisse deuten darauf hin, dass zuséitzlich zu den Stufenkanten welche durch den
Umfang der Inseln auf der Oberfliche erzeugt werden, auch die Grenze zwischen
zwei unterschiedlichen Rekonstruktionen auf den Inseln selbst zur Stufendichte
beitragen.

Abschliefsend werden Resultate {iber das homoepitaktische Wachstum von bis
zu 39 Monolagen dicken Schichten gezeigt. Auch hier wurde der Einfluss der Depo-
sitionsparameter auf die Struktur und die Morphologie dieser Schichten bestimmt.
Die Resultate zeigen, dass die Morphologie der Oberflidche des diinnen Films stark
von der Zusammensetzung der urspriinglichen Oberflichenrekonstruktionen ab-
héngt. Durch Heranziehen des STO(110) Oberflichen-Phasendiagrams kann iiber
die Anderungen der Oberflichenstruktur wihrend des Wachstums auf die Zusam-
mensetzung der diinnen Schicht geschloffen werden. Dies erméglicht eine prézise

Bestimmung der Stochiometrie dieser diinnen Schichten.
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1. Introduction

1.1. Metal oxides and surface science

Most of the elements in the periodic table are metals. Since metal atoms tend to
form strong bonding with oxygen, there is a high abundance of metal oxides in the
environment, appearing either as bulk oxides or as passivating thin oxide films [1].
Fortunately, metal oxides exhibit very interesting and diverse properties, and have
a high potential for applications. For example, the electrical properties of oxides
can vary from wide-bandgap insulators (Al;O3), via semiconductors (SrTiOj), to
high-T. superconductors (YBayCuzO7.,) [2]. In most applications, the surfaces of
the metal oxides are responsible for device functioning, e.g., in heterogeneous and
photo-catalysis, or in gas-sensing devices. Therefore, a detailed understanding of
the surface electronic and geometric structure is key for tailoring the properties
of these materials [3]. The crystal structure of metal oxides can vary from the
simple rock salt structure like in NiO [4], which is formed by placing metal cations
into each of the octahedral interstices formed by an fcc oxygen anion lattice, to
more complicated crystal structures such as the perovskites. Perovskites have the
chemical formula ABOj3; with A and B being metal cations (in SrTiOsz, A and
B cations exhibit formal charges of +4 and +2, respectively), and O stands for
oxygen with —2 formal charge. Figure 1.1 shows a unit cell of the ABOj crystal
structure. It consists of corner-sharing BOg octahedra and 12-fold coordinated
A-cations centered between the BOg units. Depending on which metal cations sit
on the A and B site, the crystal structure can be slightly distorted. Goldschmidt
systematically evaluated X-ray diffraction data of many perovskite compounds and

derived a relation between the ionic radii of the constituents (74, rg, and ro) and
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FIGURE 1.1.: Unit cell of the cubic

perovskite structure. A or B, and O
° indicate metal cations, and oxygen an-
O A ions.

P
-

the stability and degree of distortion of the lattice of the resulting ABO3; material
(t...Goldschmidt tolerance factor): [5]

rA + 70
t = —\/§(T’B o) (1.1)

In a range of 0.71 < t < 1 the perovskite is stable, with crystallization into the
cubic perovskite phase in the range of 0.9 <t < 1.

The physical and chemical properties of perovskite oxides also vary in a large
range. For example, from wide-bandgap semiconductors (SrTiO3) that can be
readily made conductive by creation of oxygen vacancies [6], to high-T. super-
conductors (YBayCuzO7.,) [7], and from chemically inert (as we show here, H,O
only physisorbs on stoichiometric SrTiO3(110)-(4 x 1)) [8] to catalytically active
(oxygen reduction reaction on Lay_,Sr,MnOj solid oxide fuel cell cathode) [9]. Ad-
ditionally, perovskites are known for exhibiting a high permittivity (SrTiO3) [10],
piezoelectricity (PbZr,Ti;,O3) [11], and ferroelectricity (BaTiO3) [12].

The first task for a surface scientist is to prepare the surface of a given oxide
crystal. Several approaches can be used to prepare nearly perfect surfaces. One of
the best methods is cleavage in ultra-high vacuum (UHV). For example, the UHV
cleavage of SrsRus,07(001) results in almost perfect bulk-truncated surfaces with
large terraces in the order of 1000 nm [13]. However, it was shown that cleav-

age can lead to emission of photons, electrons, atoms, and ions — obviously this
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method also often leads to non-ideal terminations of the bulk crystal structure [3].
Especially when attempting to prepare polar crystal faces, this method inevitably
leads to non-optimal fracture [4]. A polar crystal face is an energetically unfavor-
able truncation of an ionic crystal. Such surfaces form if the crystal exhibits a net
dipole moment in its repeat unit perpendicular to the surface. If not compensated
in some way, the surface energy of such a truncated crystal diverges with its size.
According to Tasker, such surfaces are called type-11I polar surfaces [14].

A different approach to surface preparation is to cut the crystal parallel to
the crystal face to be studied with subsequent polishing [3]. It is evident that
cutting and polishing will cause harm to the crystal surface. Therefore, the crystals
subsequently need to be heated to high temperatures (annealing) in UHV or in
an oxygen environment to restore the crystal structure, and clean the surface
from impurities created during cutting and polishing. Also with this method, one
should not expect to get an ideal truncation of the bulk crystal structure and the
preparation of polar surfaces remains again complex [4].

The third approach to be discussed here is the preparation of a surface by grow-
ing a thin film of the desired oxide material onto a suitable substrate. This method
has to be applied if the oxide material of interest has a low electrical conductiv-
ity, or if it is not available in bulk form. The first point about the electrical
conductivity is crucial, because most of the surface science analysis methods em-
ploy charged particles to probe the surface geometrical and electronic structure.
Insulating bulk samples therefore become charged immediately and analysis is dif-
ficult. Thus, often thin films of these wide-bandgap materials are grown on suitable
conducting substrates making them amenable for surface science analysis [15]. Al-
ternatively, oxidation of a binary alloy can be used. For example, upon oxidation
of a Pd3Zr(0001) alloy a trilayer ZrO, with a (111) surface is formed on top of the
substrate alloy (band gap > 5 eV) [16]. Of course, the quality of the oxide film is to
a great extent dependent on the morphology and ordering of the substrate surface
layer, and on the interaction of the oxide film with the substrate. This means, the
substrate material and thin-film growth method have to be chosen wisely in order

to obtain thin films of high quality.
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The second motivation for thin-film growth is the lack of bulk single-crystalline
samples for some complex oxides. The only way to study surfaces of these ma-
terials is to grow a film of the corresponding oxide; if the thickness is sufficiently
large (in the order of several monolayers), the film even exhibits bulk-like prop-
erties [17]. Typical physical vapor growth techniques applied are molecular beam
epitaxy (MBE) or pulsed laser deposition (PLD). However, the growth of complex
oxides is a difficult task for both techniques. In MBE, beside substrate tempera-
ture and background pressure, the fluxes of several evaporators have to controlled
precisely, while in PLD, all process parameters (UV laser fluence, temperature,
and background pressure) need to be adjusted accurately. It should be mentioned
that oxide PLD is rarely combined with surface analysis techniques. This is despite
the fact that these techniques provide invaluable atomic-scale information concern-
ing the prominent influence of surface and interface effects on both, growth phe-
nomena and the resulting materials properties. Conversely, surface science needs
model systems, where structure, stoichiometry, and defects are well controlled.
This can, in principle, be provided by PLD heteroepitaxy for almost any kind of
material. As complex multi-component oxides are at the heart of emerging applica-
tions in energy- and information-related research [18,19], surface investigations of
epitaxial films should be particularly promising in unraveling the molecular-scale
surface processes that are central to device functionality. In the literature, only
few groups report on combining PLD growth with in-vacuo scanning tunneling
microscopy, i.e., without breaking the vacuum. Both, homoepitaxial growth of
SrTiO3(001) [20,21] and heteroepitaxial growth of other perovskites [22-24| have

been reported.

1.2. Strontium titanate

SrTiO3 (STO) has evolved as a prototype for the perovskite materials for several
reasons. Due to its very interesting and useful properties, STO attracts great in-
terest in the scientific community. In addition to the fascinating semiconductor-to-

superconductor transition of reduced crystals at low temperatures 25|, Mavroides
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et al. observed a high water-splitting efficiency when using STO as the anode in
photo-electrolysis [26]. Furthermore, it is widely used as a substrate for the growth
of complex oxides because of a suitable lattice matching with other perovskites [27].
In addition to its technological benefits, STO is also a very practical material. It
is available in single-crystalline form in suitable dimensions, and it crystallizes in
the cubic perovskite structure and is therefore a very good model system for the
class of perovskites.

SrTiO3 is a semiconductor with a wide band-gap of around 3.2 eV [28]. A
schematic energy-level diagram of Sr'TiO3 is shown in Figure 1.2, reprinted from
ref. [29]. The band structure is dominated by oxygen- and titanium-derived states.
The highest occupied states, i.e., the valence band, are mostly of O 2p character
while the unoccupied conduction band states are of predominant Ti3d charac-
ter [30]. The valence- and conduction-characteristics of STO are therefore dom-
inated by the TiOg complex of the STO unit cell. Because of the octahedral
crystal field, the Ti3d states experience a splitting into a subset of e, and to,
states, as observeable in X-ray absorption spectroscopy of the Ti Ly 3 absorption
edge (see section 3.4.3) [31]. STO is typically considered an ionic compound with
formal charges of +4, +2, and -2 for the Ti, Sr, and O ions, respectively. How-
ever, covalency also plays an important role, because a fully ionic model of STO
would exhibit a much larger bandgap [32]. STO can be turned into an n-type
semiconductor by partially substituting Ti** with Nb>* ions, or by creation of
oxygen vacancies, e.g., by reduction in UHV at high temperatures [6]. Doped
crystals exhibit the Fermi level close to the conduction band minimum, as seen in
ultra-violet photoelectron spectroscopy [33], and are well suited for surface science

analysis techniques.

Figure 1.3 shows a SrTiOj crystal bulk-truncated at the (a) STO(100) and
(b) STO(110) planes. Along [100] direction, STO is composed of an alternating
stacking of formally charge-neutral planes of (SrO)? and (TiO,)°. Cleaving a
crystal parallel to the (100) plane therefore results in both, Sr- and Ti-terminated
surfaces. Initially it was reported that STO does not cleave well supported by the

presence of blurred spots in LEED after cleavage [29]. However, recent reports
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demonstrated the sucessful cleavage of STO crystals for surface science analysis,
as seen in refs. [34-36].

STO crystals are typically cut and polished parallel to the surfaces to be stud-
ied. A widely accepted and commonly applied procedure for preparing STO(100)
surfaces is to dip the polished samples into a buffered HF solution that dissolves
all polishing residuals and terminal SrO layers, resulting in an exclusively TiOo-
terminated surface [37]. However, it has been revealed recently that this method
can lead to “unintentional F doping of SrTiO3” [38]. Chambers etal. found ap-
proximately 13% of the terminal O anions to be replaced by F after HF treatment.
They further suggest to only boil the STO samples in water instead to circumvent
the F-doping. A subsequent annealing in oxygen in a tube furnace then yields flat
and entirely TiOs-terminated surfaces.

Introduced into UHV, samples are either only annealed in oxygen environment
at high temperatures (to 'react away’ adsorbates) before analysis [39], or Art
sputtered and annealed [40]. Due to different sputtering yields for the different
constituents of the crystal, the surface inevitably becomes enriched with one of
the species. On both, STO(100) and STO(110) surfaces, it has been reported that
ion bombardment results in a Ti-enriched surface [29,41]. Subsequent annealing
of sputtered STO(100) surfaces does not necessarily restore the chemical compo-
sition of the bulk and often the resulting surfaces are reconstructed. In addition
to the often reported (but not yet atomically resolved by STM) bulk-truncated
STO(100)-(1 x 1) surface, numerous reconstructions have been observed, includ-
ing (2x1), (2x2), c(4x2), c(4x4), (4x4), c(6x2), (v/5x+5)-R26.6°, and
(v/13 x v/13)-R33.7°. An overview of many reconstructions reported on STO(001)
so far can be found in ref. [42]. In some cases, similar preparation conditions
lead to different surface reconstructions indicating that the atomic control of the
surface structure of STO(100) is rather complicated. The driving force behind
the formation of reconstructions on STO(100) is not yet fully elucidated. It was
proposed that one reason could be the undercoordinated nature of Ti ions in the
bulk-truncated surface layer. Erdman and coworkers suggested in the case of the

c(4 x 2) reconstruction that the formation of an overlayer is favorable as it replen-
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ishes the six-fold coordination of Ti in the surface layer [43|. Other interpretations
suggest ordered oxygen vacancies [44,45], or Sr adatoms [46,47| to form the ob-
served reconstructions.

STO(110) also shows a variety of reconstructions, but the underlying driving
force seems to be more obvious than for the (100) surface. Along the [110] di-
rection STO is composed of alternating charged layers of (SrTiO)%* and (O5)*~,
see Figure 1.3(b). This renders the STO(110) surface a Tasker type-I1I polar sur-
face [14]. A macroscopic crystal with bulk-truncated surfaces would therefore bear
a macroscopic dipole moment perpendicular to the surface. This so-called polar
catastrophe can be balanced by introducing a surface layer that carries minus one
half of the charge density of the preceding last bulk layer. This can be achieved
in several ways, e.g., by adsorption of charged species, by charge transfer to the
surface, or by introduction of non-stoichiometry in the surface layer [48].

Polar compensation on STO(110) is obtained by reconstruction of the surface.
Reconstructions are denoted as (m x [) with m and [ being the periodicities along
[001] and [110] directions, respectively. Several different structures haven been
found on STO(110). Bando et al. observed (2 x 5) and ¢(2 x 6) structures [49],
Brunen and Zegenhagen reported (2 x 5), (3 x 4), (4 x 4), (4 x 7), and (6 x 4)
reconstructions [50], Russell et al. found (n x 1) (n=3-6) [51], and Wang et al. re-
ported (2 x 8) and (6 x 8) structures. (The 8-fold periodicity along [110] reported
by Wang and coworkers is referred to the reduced unit cell size of the bulk (O3)*~
layer, which measures half the size of the STO(110) unit cell along [110] direction
[see Figure 1.3(b)] [40,41]. Related to the full STO(110) unit cell, these structures
exhibit a 4-fold periodicity along [110] direction and will be referred to as (2 x 4)
and (6 x 4) throughout this thesis.) Wang and coworkers established a phase
diagram that clearly shows that most of the surface structures on the STO(110)
surface are connected through the near-surface stoichiometry, see Figure 1.4. They
prepared a (6x1) reconstructed surface and monitored reflection high-energy elec-
tron diffraction (RHEED) patterns of the sample at 800°C in 5 x 107 mbar O,
while depositing Ti metal onto the surface. Fractional patterns of (5x 1) and

(4 x 1) reconstructions develop as the deposition dose increases, eventually result-
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FIGURE 1.4.: Surface phase diagram of STO(110) surface. Deposition amounts are measured
in monolayers (1 ML = 1 atom per STO(110) unit cell). Here, (2 x 8) and (6 x 8) structures
are referred to the STO(110) bulk (O2)*~ layer. Referred to the full STO(110) unit cell, these
structures are called (2 x4) and (6 x 4). This is the nomenclature adoped in the text. Figure

reprinted with permission from ref. [41]. (©) 2011 American Physical Society.

ing in a (2 x 4)- and finally in a (6 x 4)-reconstructed surface [41,52]. This change
is reversible by deposition of Sr metal under the same conditions. Similarly, the
surface structure can be tuned from (6 x 1) towards (6 x 4) by increasing the Ar*
sputtering dose and subsequent annealing [40]. Their results are summarized in
Figure 1.4 (reprinted from ref. [41]). The dependence of the surface reconstruction
on the near-surface stoichiometry results in a straight-forward atomic-scale control

of the surface structure.



2. Experimental techniques and

setups

2.1. Photoemission spectroscopy (XPS and UPS)

Photoemission spectroscopy is a non-destructive experimental technique that al-
lows probing the electronic structure of a solid, liquid, or gaseous material. Elec-
trons from occupied states of the band structure or atomic core-levels (with binding
energy Ep) are liberated into vacuum by absorption of a photon with sufficiently
large energy (hv). The kinetic energy (FEj;,) of the ejected electron traveling

through vacuum and detected by an analyzer then equals
Ekm:hI/—EB—(I)A (21)

with ® 4 being the work function of the analyzer, see Figure 2.1.
By analyzing the spectral distribution of the photoelectrons, i.e., by measuring the
intensity of photoelectrons versus their kinetic energy, one obtains a representation
of the electronic structure of the material. Depending on the light used (X-rays or
UV), the method is referred to as XPS or UPS. XPS and UPS allow studying the
chemical and elemental composition of a material, and determining the chemical
state of its constituents. Figure 2.2 shows an example of an overview spectrum
of SrTiO3 with the main features labeled. By varying the kinetic energy of the
photoelectrons, or the angle of emission, this method can also be used for probing
the near-surface region or for depth profiling (¢f. universal curve from ref. [53]).
In addition, UPS data provide valuable information on the adsorption of water

on surfaces. While molecularly adsorbed water is characterized by a three-peak

10



2. Experimental techniques and setups

feature with molecular states of HyO at ~8 eV (1by), ~12 €V (3a;), and ~14 ¢V
(1by), hydroxyls only exhibit two peaks in this binding energy region, i.e., OH 30
(~11eV) and OH 17 (~6 €V) [54]. Ultra violet photoemission spectroscopy has been
carried out at the Maxlab synchrotron facility at beamline I311. The beamline is
equipped with an undulator and monochromator that allows to choose the photon
energy from 43 to 1500 eV, and a SCIENTA SES200 energy-analyzer. Due to a
lack of accurate photon energy calibration for the synchrotron-based experiments,
the absolute binding energy values of photoemission features are not fully reliable.
A spread of up to 0.3 eV has been observed in the spectra, making conclusions on
band bending less strong.

In Section 3.6.2, we present in-situ XPS-derived Sr 3d over Ti 2p intensity ratios.
These ratios were computed by integrating the spectrum in the region of the core-
levels after subtraction of a Shirley background. The inelastic mean free path of
the photoelectrons originating from Ti 2p or Sr 3d core-levels excited by Al Ko
radiation and traveling through SrTiOjz is on the order of 2.5 nm, corresponding
to about 9 ML [55].

In the lab at TU Wien, photoelectrons were acquired with normal emission.
At the Maxlab synchrotron facility, photoelectrons were acquired under a grazing
exit of 55 ° with respect to the sample surface normal, which increases the surface

sensitivity of the measurements.

2.2. X-ray absorption spectroscopy (XAS)

In X-ray absorption spectroscopy (XAS), electrons from core levels are excited into
unoccupied states by absorption of a photon with a suitable energy. An abrupt
rise of the absorption is observed when the photon energy exceeds the binding
energy of an electron. The probability for absorption is determined by the density
of final states combined with the selection rules for dipole transitions. Since the
binding energies of the electrons are characteristic for different atoms or ions, XAS
allows for probing the local density of empty states of the elements separately.

Because the probed empty states are within several eV above the absorption edge,

11
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this techniques is also referred to as near edge X-ray absorption fine structure
(NEXAFS), or X-ray absorption near-edge structure (XANES). The transition of
electrons from core-levels into unoccupied states is associated by the formation
of core-holes. These core-holes are then filled by higher-lying electrons, typically
resulting in the emission of Auger electrons and secondary electrons.

In Auger-electron yield mode (AEY), an Auger electron associated with the
initial core-hole is measured while sweeping the photon energy across the absorp-
tion edge. For the Ti Ly 3 edge, the Ti LMM Auger electron with a kinetic en-
ergy of ~390 eV was measured. For the O K edge, the O KLL Auger electron
(Exin = 470 eV) was measured. According to the universal curve [53|, the inelas-
tic mean free path of these electrons traveling through a solid is on the order of
1-10 A, rendering this acquisition mode very surface sensitive.

In secondary-electron-yield mode (SEY), electrons with a kinetic energy of ~60 eV
were acquired as an indication of the absorption of X-rays. Since there is no distinct
peak in the photoemission spectrum at these kinetic energies, the signal consists
of electrons that have lost energy in multiple scattering events. This results in a
larger information depth for the SEY mode as compared to the AEY mode. In the
total electron yield mode (TEY), the sample drain current is measured, i.e., all
secondary electrons that are able to leave the sample are measured. This renders
the TEY mode the most bulk-sensitive mode.

The probed unoccupied states are sensitive to the local chemical environment
of the ions. In SrTiOj3, the unoccupied states close to the Fermi level are mainly
of Ti 3d character (see Figure 1.2 in chapter 1.2). As illustrated in Figure 2.3,
in an octahedral, or tetrahedral crystal field the Ti 3d states undergo a splitting
into a subset of to, and ey, or e and t states, respectively. The STO(110) (n x 1)
surface structure consists of a network of TiO, tetrahedra residing on planes of bulk
STO where Ti is in octahedral coordination, see Section 1.2. Depending on the
acquisition mode (AEY or SEY), the resulting spectrum of the Ti Ly 3 absorption
edge exhibits more or less information of the surface TiO, tetrahedra, as can be

seen in Figure 3.7. In section 3.1.1 Ti Ly 3 absorption edge spectra were simulated
using the CTM4XAS code developed by de Groot and coworkers [56].
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FIGURE 2.3.: Ti 3d states split into a subset of to; and e, states in an octahedral crystal field
(left). Similarly but reversed, these states split into a subset of e and t states in a tetrahedral

crystal field (right). Ti and oxygen atoms are shown in blue and red, respectively.

2.3. Low-energy He-ion scattering spectroscopy
(LEIS)

LEIS is an experimental technique to probe the surface elemental composition.
He™ ions are accelerated to 1 keV kinetic energy and directed onto the sample.
Elastically backscattered ions are detected by the hemispherical energy analyzer,
see Figure 2.4(a). Combining momentum and energy conservation, the energy of
the backscattered He™ ions (E7) can be expressed in terms of the primary He™ ion
energy (FEy), the masses of the primary ion (my.) and the surface scattering site

(ms), and the scattering angle (6) [57]:

2
Mpecos 6 + \/ms2 — mpe2sin® 6
Er=Eo Mie + M
He S

(2.2)

By measuring the kinetic-energy spectrum of the elastically scattered ions in a
fixed geometry, the masses of the sample surface scattering atoms can be derived.
By using He™ as the primary ion, the resolution of this method allows for distin-
guishing different isotopes of oxygen (e.g., 180 and '°0O) on the surface. Because
of a high probability for neutralization, this method is highly surface sensitive.

LEIS peaks have been fitted with a Gaussian function after subtraction of a linear
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FIGURE 2.4.: (a) Schematic view of low-energy ion scattering spectroscopy. (b) Consecutively
acquired ion scattering spectra of an SrTiO3(110)-(4x1) sample. (Each scan takes about 1 min;

total ion fluence of ~1.5 x 10** ions/cm? for each spectrum).

background.

It should be mentioned that 1000 eV He™ ions impinging on the surface progres-
sively damage the surface, most likely due to intermixing of the first few surface
layers. In particular, a considerable change of the apparent Ti to Sr ratio is visible
already after 8 scans, see Figure 2.4(b). (Each scan takes about 1 min; the ion
currents ranged from 15 to 23 nA, which corresponds to a total ion fluence of
~1.5x 10 ions/cm? for each spectrum). In order to limit beam damage as much
as possible while still retaining good statistics, we used only the sum of the first
four scans for each LEIS spectrum presented in the results section 3.4.4. In addi-
tion, the Sr-related peak in LEIS spectra exhibits a shift to higher kinetic energies
with progressing beam damage, see Fig. 2.4(b). Probably this is related to the
low Sr-content of the pristine (4x1) surface. The Sr peak in the first few spectra
probably originates from ions scattered at subsurface Sr atoms and inelastic losses

could lead to such a peak shift.
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2.4. Scanning tunneling microscopy (STM)

Since its invention by Binnig and Rohrer [58|, the scanning tunneling microscope
has become an indispensable analysis technique in surface science. It is one of
the few techniques that allows investigation of (semi-) conducting sample surfaces
with atomic precision in real space. Its working principle is based on the quantum
mechanical tunnel effect that enables electrons to tunnel through a vacuum barrier.
Considering a conducting tip in close proximity of a sample surface, the wave-
function [¥(z)] of electrons outside of the tip can be described by the 1D time-

independent Schrodinger equation:

2
<%A + U(z)) U(z) = BU(2), (2.3)
with m, i, U, and E being the electrons mass, the reduced Planck constant, the
height of the vacuum barrier, and the kinetic energy of the electron, respectively.
The solution of this equation inside the vacuum barrier is an exponentially de-

creasing function of the form

2md
B2

and & is proportional to the vacuum barrier. The tunneling current (I;), which is

U(z) ox exp(—z k), with k = (2.4)

proportional to the probability of the electrons tunneling through the barrier of
width d then equals:

I; o< |U(d)|* < exp(—2d k) (2.5)

Equation 2.5 shows that the tunneling current depends exponentially on the dis-
tance between the tip and the sample. Small changes in the distance therefore
result in big changes in the tunneling current, which is the basic principle allow-
ing atomic-scale imaging of surfaces by STM. By applying a bias voltage to the
sample with respect to the tip [see Figure 2.5(b)|, electrons either tunnel from
occupied states of the tip into unoccupied states of the sample (positive bias), or
vice versa (negative bias). It is therefore evident that the local density of states

of the sample surface atoms will also modulate the tunneling current. In practice,
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FIGURE 2.5.: (a) Schematic view of a scanning tunneling microscope (reprinted from ref. [60]).
(b) Schematic representation of the energy bands of the tip in tunneling contact with the sample

at positive bias (probing unoccupied states).

an electrochemically etched W tip is mounted on a piezoelectric scanner and is
approached to the sample surface. When a tunnel contact is established, the tip is
scanned across the surface and the z-position of the tip (constant current mode) is
measured for each step (pixel). The resulting image is a convolution of the surface
electronic and geometric structure. Often, the contrast in the STM images re-
flects the actual geometric structure of the surface, but a contrast inversion might
occur due to electronic effects, e.g., for TiO5(110)-(1 x 1) [59]. All STM images

presented here show filled-states images (positive bias).

2.5. Low-energy electron diffraction (LEED)

LEED is a non-destructive technique to probe the structure of a crystalline sur-
face in reciprocal space. Electrons with a kinetic energy of around 100 eV are
directed onto a conducting surface under normal incidence. This kinetic-energy

range results in a short inelastic mean free path and renders LEED a surface sen-

17



2. Experimental techniques and setups

sitive technique. The electron beam is focused onto a crystalline sample surface,
at which all surface atoms act as scattering sites. The electron wave is elasti-
cally back-scattered, which results in a diffraction pattern on the phosphor screen.
The pattern is a representation of the crystal structure in reciprocal space and
is commonly used to identify the symmetry and periodicities of a reconstructed

surface.

2.6. Pulsed laser deposition (PLD)

Oxide thin films are typically grown by physical vapor deposition techniques, such
as molecular beam epitaxy (MBE), or pulsed laser deposition (PLD). Among these
technqgiues, PLD is probably the most versatile approach to thin film growth. In
PLD, a pulsed ultra-violet (UV) laser is focused onto a target material inside a
vacuum chamber. Above a certain threshold energy density, material is vaporized
and forms a plasma, which expands away from the UV laser spot resulting in the
so-called plasma plume. The plume moves towards the substrate and condenses
as a thin film on the substrate surface (see Figure 2.10). Because PLD is a non-
thermal technique, the energy of the ablated species is on the order of 10 to
100 eV per particle (compared to around 0.1 eV in MBE), and can be moderated
by interaction with an ambient gas in the system. In addition to the typical growth
parameters such as substrate temperature, gas pressure, and deposition rate, the
energy of the deposited species can be varied, which is a unique parameter in
non-thermal evaporation techniques [61|. Furthermore, the pulsed nature of PLD
results in a growth regime dominated by a high instantaneous flux, which favors
layer-by-layer growth over island growth, followed by a relatively long period with
only surface diffusion and nucleation [62]. Although PLD has been reported to
readily produce high-quality thin films, it was shown that only a precise control
of the growth parameters (mainly UV laser fluence and deposition pressure) leads

to stoichiometric transfer of material from the target to the substrate [63].
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FIGURE 2.6.: Schematic view of RHEED, reprinted from ref. [64].

2.7. Reflection high-energy electron diffraction
(RHEED)

In RHEED, a high-energy electron beam (in the order of 10-50 keV) is directed
onto a sample surface under grazing incidence of a few degrees. A crystalline
sample will cause the electron beam to diffract and produce a pattern on a screen
positioned around the specular reflection of the diffracted beam. The grazing
incidence geometry provides the advantage of simultaneous thin-film growth and
RHEED analysis.

The formation of a RHEED pattern is typically illustrated in reciprocal space as
an elastic scattering event. The incident and the scattered wave vectors therefore
lie on a sphere called the Ewald sphere. Intersection of this sphere with the
surface truncation rods of the sample surface determines the scattering geometries
where the Bragg condition is fulfilled. These reflections are made apparent on the
phosphor screen (see Figure 2.6).

By adjusting the tilt of the sample with respect to the incident electron beam,
the intensity of the specular RHEED spot was maximized. This geometry is called
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FIGURE 2.7.: Schematic illustration of oscillations in the RHEED specular spot intensity corre-
sponding to layer-by-layer growth mode.

the in-phase condition where neighboring terraces constructively interfere. In this
RHEED geometry, the highest intensity of the specular spot can be expected for
an infinitely large surface. The introduction of surface steps results in a decrease
of the specular spot intensity due to the formation of diffuse scattering sites [65].
Monitoring the intensity of the specular RHEED spot during growth therefore
provides information on the growth behavior of the surface; an ideal layer-by-layer

growth results in oscillations of the RHEED intensity, see Figure 2.7.

2.8. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a method to probe the crystal structure of a sample.
X-rays impinging on a crystalline sample can be elastically scattered. Constructive

interference only occurs if the Bragg condition is fulfilled:
nA = 2dsin(0) (2.6)

With n indicating the diffraction order, A is the wavelength of the incoming X-rays,
d is the interlayer spacing, and # being the angle of incidence with respect to the
sample surface. In this thesis the X-ray diffraction experiments were performed
with a parallel-beam setup in a -6 geometry, where the source and the detector
are rotated towards each other by the same amount in each step. The resulting
scans are of the form intensity versus 260. XRD results presented in Section 3.6.7

show the (330) Bragg reflection using Cu Ka radiation. We applied XRD on
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homoepitaxially grown thin films on STO(110). We were interested in the relative
position of Bragg peaks, as this could indicate an expanded lattice of the film with

respect to the substrate.

2.9. SPECS setup

The main experimental setup used was the so-called SPECS setup, see Figure 2.8
for a schematic view. The system consists of a preparation chamber equipped
with Ar* sputtering, electron beam annealing, leak valves for gas dosing, metal
evaporators, and a load lock. Ti metal has been deposited from an electron-beam
evaporator (EFM 3, FOCUS GmbH) and Sr metal has been deposited from a low-
temperature effusion cell at 420 °C (LTC-40-10-284-WK-SHM, CreaTec Fischer &
Co. GmbH). The flux was calibrated via a home-built quartz crystal microbalance
(QCM) operating at elevated temperature (~90-100 °C). The base pressure of the
preparation chamber was below 4 x 10! mbar. The analysis chamber is equipped
with low-energy electron diffraction (LEED; Omicron SpectaLEED), X-ray pho-
toemission spectroscopy, low-energy ion scattering spectroscopy (LEIS; SPECS
IQE 12/38 ion source with Wien filter; scattering angle ~127 °), residual gas analy-
sis (RGA; SRS100), and a SPECS Aarhus 150 STM operated at room temperature.
XPS was obtained mainly from a commercial XPS setup using an X-ray source
(Omicron DAR400) with dual anode to produce Al and Mg K, radiation (300
W, 15 keV; hugl, =1486.7 eV, hu%\é[fl =1253.7 eV [66]), and a hemispherical en-
ergy analyzer (HSA; SPECS Phoibos100) with 5-channel detector (sample current
120 nA). Photoelectrons were detected in normal emission. The base pressure of
the analysis chamber was below 1 x 1071° mbar. Samples were transferred between
the chambers using magnetically coupled transfer rods and gases were introduced
to the chambers through high-precision leak valves. In the SPECS setup, samples
were annealed by electron beam heating (900 V, 15 mA, ~1000°C) and the tem-
perature was monitored by an infra-red (IR) pyrometer. Water (H3'°0O and H3'®O)
has been cleaned by several freeze-pump-thaw cycles, and has been dosed through

high precision leak vales.
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2.10. Pulsed laser deposition (PLD): Chamber

and Procedures

The surface analysis system was expanded with a pulsed laser deposition (PLD)
chamber in the years 2014-2015. The PLD system combines pulsed laser deposition
with in-vacuo growth analysis by RHEED. Figure 2.9 shows a photograph of the
new experimental apparatus built by Twente Solid State Technology B.V. with the
basic components highlighted. The PLD chamber with a base pressure after bake-
out of around 4 x 107'% mbar is connected via a transfer chamber (base pressure
below 1 x 107!% mbar) to the surface analysis system described above. The transfer
chamber also hosts a sample storage system. The setup allows for rapid (~30 s) in-
vacuo transfer of samples from the PLD chamber to the surface analysis chamber.

Figure 2.10 shows a schematic of the PLD process with in-situ RHEED analy-
sis and the different connected UHV chambers. Pulsed UV laser light (Coherent
COMPexPro 205F; wavelength 248 nm, pulse duration 20-50 ns, pulse-to-pulse
standard deviation of the beam energy better than 0.6 %) is passing through an
attenuator module (Coherent MicroLas), which allows setting of the UV pulse
energy. A mask is placed in the central part of the beam to cut out the inhomo-
geneous part of the beam profile and the distance between mask and UV focusing

lens is optimized for a certain demagnification of the UV beam (by a factor of ~10).
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F1GURE 2.9.: Photograph of the PLD chamber with the RHEED gun and phosphor screen
(green), the IR laser heating (red), and the UV optics and lens system (purple) highlighted.

Single-crystalline Nb-doped SrTiOj3 has been used as a target for the homoepitaxial
growth studies (see section 3.5 and 3.6 below). The target-to-substrate distance is
fixed to about 60 mm. In the PLD chamber, samples were annealed by shining an
IR laser (DILAS compact evolution; wavelength 980 nm, 50 W = 1000 °C) through
the hole in the sample plate onto the backside of the sample. The temperature
was monitored by an IR pyrometer.

The PLD chamber is equipped with a differentially pumped RHEED system
from Staib Instruments GmbH (TorrRHEED™) that allows monitoring RHEED
oscillations in up to 1 mbar oxygen pressure. The RHEED pattern and the inten-
sity of the specular spot are recorded from a phosphorous screen with a kSA400
acquisition system (camera integration time 16 ms).

Surface-science measurements impose stringent requirements of chemical purity
to all involved processes in sample preparation. We therefore improved the typi-
cal sample mounting by Ag paint, and UV spot size determination with thermal
paper to be compatible with the purity requirements of ultra-high vacuum surface
science. Samples were mounted by spot-welding clips onto the sample holder (see

below). For a clean, UHV compatible way of determining the size and shape of the
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FIGURE 2.10.: (a) Schematic view of the pulsed laser deposition process with in situ RHEED
analysis and the connected UHV chambers. Pulsed ultra-violet laser, continuous infra-red laser,
RHEED beam, and plasma plume are highlighted in pale blue, red, green, and purple, respec-
tively.
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UV laser spot, the laser was directed onto a polished, polycrystalline Cu target
inside vacuum. The spot size was measured outside of vacuum via an optical mi-
croscope (see Appendix Section A.1 for details). For the experiments presented in
Section 3.5 and in Section 3.6, the spot-size was set to 1.05 x 2.35 mm? = 2.47 mm?
or 0.67 x 1.53 mm? = 1.03 mm?. In addition, heating the substrate by an IR laser
ensures that only the substrate and the sample plate is heated to high temper-
atures, again keeping contaminations through outgassing at a minimum. These
consideration of purity are found to be good ways to combine the usually disparate
approaches of PLD growth and surface analysis.

A typical deposition was performed as follows:

e First, the target and the substrate were centered within the red pilot laser
of the heating laser, and the UV laser was focused onto the center of the Cu

alignment target (see Appendix Section A.2 for details).

e The pulse energy of the UV laser was adjusted to obtain the required fluence;

the deposition pressure was set in the chamber.

e The target was pre-ablated with ~150 laser shots to remove all unwanted
adsorbates and residues from grinding. Initially we kept the substrate in
front of the target with the shutter in closed position (covering the substrate
from the pre-ablation). After we found out that this geometry leads to some
deposition onto the substrate during pre-ablation, we kept the substrate in

the transfer chamber during pre-ablation.

e After the substrate was heated to the deposition temperature (ramp rate
1 K/s), the RHEED beam was aligned with the substrate.

e After this, the deposition took place while the variations of the RHEED

intensity were recorded.

e The substrate was then kept at deposition temperature for 10 min before
cool-down (1 K/s), pumping of the chamber, and transferring of the substrate

to the surface analysis chamber.
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2.11. Strontium titanate samples

Single-crystalline SrTiO3 samples, cut and polished parallel to the (110) surface,
have been purchased from commercial crystal vendors MaTecK GmbH and Crys-
Tec GmbH. The specifications submitted to the crystal vendors are shown in Ta-
ble 2.1. Due to the Nb doping, the crystals appear black and exhibit a Hall carrier

3 as measured with a Van der Pauw setup.

concentration of ~1.4 x 10?° per cm
The resulting conductivity is sufficient for surface analysis and for sample heat-
ing. The applicability of IR laser heating has been confirmed by estimating the
absorbtion of IR light in Nb-doped STO. Taking into account the refractive index
(ngto ~ 2.32) [67] and the optical conductance (¢5T° ~ 300) [68] of 0.5 wt%

Nb-doped STO, it is estimated that the intensity of IR light with a wavelength of
980 nm drops to 1/e after penetrating less than 0.05 mm.

SrTiO3(110) sample specifications

Orientation (110)

Tolerance surface vicinal angle | < 0.3 °

Edges parallel to [001] and [110]
Niobium content 0.5 wt %
Dimensions 5x5x 0.5 mm?

TABLE 2.1.: Specifications of SrTiO3 sample orientation, miscut, doping, and size, as submitted

to the crystal producers.

Sample mounting

Ultra-high vacuum (UHV), i.e., p < 107 mbar, is the key to surface science and
all experiments have been performed in different UHV chambers. In order to
manipulate and move the single-crystals in UHV, the samples have been mounted
onto sample holders of Omicron design with spot-welded clips, see Figure 2.11. The
clips are shaped in order to apply a spring force onto the sample after spot-welding
them onto the sample plates. The sample plates were machined with a pocket to fit

the sample and have a through hole for direct heating with an electron beam or with
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an IR laser. For the low oxygen partial pressure experiments (po, < 107> mbar),
sample holders from Ta or Mo with clips made from Ta have been used. Ta and Mo
provide good stability against high temperatures and the clips maintain the spring
force on the sample after annealing multiple times to 1000 °C. For high-po, pulsed
laser deposition experiments (po, > 107> mbar) the samples were mounted onto
sample holders made from a Ni-Cr-Fe, high oxidation resistant alloy (NiCroFer™,
NCF). The oxidation resistance of NCF has been tested successfully by annealing
an STO sample mounted onto a NCF sample holder to 1000 °C in 50 mbar O,
pressure. In contrast to Ta or Mo, NCF does not degrade in a highly oxidizing
environment. However, compared to Ta or Mo it does not maintain the spring
force of the clips when heated multiple times to high temperatures and samples

can become loose.

Sample preparation

Samples were prepared by cycles of sputtering (Ar™, 1 keV, ~5 pA, 10 min) and
annealing (1000°C, 3 x 107® mbar O,). After annealing, the oxygen inlet was
closed after the sample was cooled down (~1-5 K/sec) to about 300°C. Two to
three sputter/anneal cycles were typically used for new samples. The resulting
surface exhibited predominantly the (4x1) reconstruction. Adjustment of the
surface reconstruction was done by deposition of Ti or Sr metal in UHV at RT,
and subsequent annealing at 1000°C in 3 x 107% mbar O, [52]. Adsorbed Ni or

NiO clusters were removed by one or two sputter/anneal cycles.
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3.1. SrTiO3(110) surface reconstructions

As already mentioned in the introduction, the STO(110) surface shows a variety of
surface reconstructions. Wang and coworkers revealed the driving force behind the
formation of a series of reconstructions on this surface. By systematically altering
the near-surface stoichiometry of STO(110) single crystals through evaporation of
Ti metal at elevated temperatures, they found the surface to gradually evolve from
the initial (6 x 1) reconstructed surface via the (5x 1)-, and the (4 x 1)-, to the (2 x
4)-reconstructed surface. This process was fully reversible by depositing Sr metal
in similar conditions. STM images and corresponding RHEED patterns published
in the study by Wang et al. are shown in Figure 3.1, reprinted from ref. [52]. This
study exemplifies that the near-surface stoichiometry determines the formation of
reconstructions on the STO(110) surface. This behavior is advantageous to the
experimentalist, as it provides a straight-forward procedure for surface preparation.
Figure 3.2 shows the STO(110) surface phase diagram reproduced at the lab at
TU Wien. The upper panels show STM images (13.7 x 13.7 nm?) of the different
surface reconstructions. The lower panels show the corresponding LEED patterns
(90 eV).

3.1.1. SrTiO3(110)-(4x1) surface reconstruction

(4%1) structure model

The homologous series of (n x 1) (n=3-6) structures has been solved recently.

By combining transmission electron diffraction techniques with density functional
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» [Til/[Sr]

FIGURE 3.1.: Phase diagram of the STO(110) surface showing STM images (upper panels; image
size ~14 x 14 nm?) and corresponding RHEED patterns (lower panels) of the (a) (6 x 1), (b)
(5x1), (c) (4 x1), and (d) (2 x 4) reconstructed surface. The near-surface cation ratio (Ti/Sr)

is increasing from left to right. Reprinted with permission from ref. [52]. © 2012 American

Institute of Physics.

theory, Enterkin et al. were able to identify the surface structure and building
block of the (n x 1) series [69]. The structure consists of a network of six- and ten-
member rings of corner-sharing TiO, tetrahedra residing on a bulk-like (SrTiO)**
plane. The tetrahedra share oxygen corners within the plane of the reconstruc-
tion, and are connected to the bulk (SrTiO)** plane by sharing either corners or
edges (see Figure 3.3). By increasing the number of tetrahedra in the six-member
ring, the structure can be changed into the (5 x 1) and the (6 x 1) reconstruc-
tion [70]. The stoichiometry per (1 x 1) unit cell of this homologous series yields
Ti(n42)/nO@nsa) /n2* and therefore compensates the polarity of the STO(110) sur-
face perfectly for n =4.

Characterization of the (4x1) reconstruction

Samples introduced into the UHV have been cleaned and prepared by several
sputtering and annealing cycles. The resulting surface typically exhibited pre-

dominantly the (4x1) reconstruction with a small fraction of the surface exhibit-
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STO(110)-(4x1) side view

[110]

[001]

FIGURE 3.3.: SrTi03(110)-(4x1) structure model; side and top view. TiO4 tetrahedra and TiOg
octahedra are highlighted in dark blue and gray, respectively. Sr, Ti, and O atoms are colored

in green, pale blue, and red, respectively. Crystallographic information file taken from ref. [70].
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(b) LEED 90 eV

FIGURE 3.4.: STM image (a), LEED pattern (b), and RHEED pattern (c) of the SrTiO3(110)-
(4x1) surface. The lower panel in (a) shows a zoomed view of the (4x 1) structure with anti-phase
domain boundaries, such as Sr adatoms and TisOg vacancy clusters, highlighted by a white and

a green arrow, respectively. Tunneling parameters: Ug = +2.2 to +2.3 V, I; = 0.2 to 0.5 nA.
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ing either the (5 x 1), or the (2 x 4) reconstruction. As already mentioned above,
fine tuning of the near-surface stoichiometry of STO(110) allows for preparing a
surface with a single reconstruction only. By deposition of Sr or Ti metal with sub-
sequent annealing in 3 x 107% mbar oxygen, the surface structure was adjusted to
exhibit only the (4x1) reconstruction. Figure 3.4 shows the (4 x 1)-reconstructed
surface as imaged by STM (a), and the corresponding diffraction patterns from
LEED (b) and RHEED (c). The surface after annealing to 1000 °C exhibits ter-
races of several hundred nm width, separated by one- or two-unit-cell steps, see
upper panel in Figure 3.4(a). A zoomed view of this surface (lower panel) shows
bright rows oriented along [110] direction separated by dark trenches. The (4x1)
unit cell breaks the mirror symmetry of the STO(110) surface and therefore intro-
duces domain boundaries. Meandering bright dots and dark vacancies are aligned
in [001] direction and are found to be Sr-adatoms and Ti,O3 vacancy clusters at
anti-phase domain boundaries (APDB), respectively [71]. The vacancy-type do-
main boundary is formed by one possible connection of two (4x1) mirror domains.
Calculations showed that these vacancy clusters help to relief the strain that exists
between the STO(110) bulk-truncated surface layer and the ’ideal’ reconstruction
overlayer without domain boundaries. For each (TiyO3)*" complex removed at one
type of domain boundary (cyan arrow in Fig. 3.4), a (Sr)*" adatom is placed in
the other type of domain boundary (white arrow in Fig. 3.4) restoring the charge
balance in the surface layer. The LEED pattern (90 V) and the RHEED pattern
(acquired with the RHEED beam parallel to the [110] direction under a grazing

incidence of ~2°) also reveal a 4-fold periodicity along [001].

Anti-phase domain boundaries on the (4x1) surface

We reported on two different types of vacancy-cluster domain boundaries. This
study was published in ref. [72]. At low oxygen partial pressure during annealing,
the surface only exhibits the type-I domain boundaries [indicated by the cyan
arrows in Fig. 3.4(a) and Fig. 3.5(a)|. At higher O, pressure (po,) during annealing,
the surface exhibits exclusively the type-II domain boundaries, indicated by the red

arrows in Figure 3.5(b). Intermediate pressures lead to surfaces with mixed type-I
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FIGURE 3.5.: Control of the two types of domain boundaries at the SrTiO3(110)-(4x1) surface
through annealing in different Oy pressure. STM images of surfaces with mixed type-I and type-
II (a), and only type-II boundaries (b). The surfaces in (a) and (b) were prepared by annealing in
4 x 1075 mbar and 6 x 10~% mbar O, pressure, respectively. Intrinsic Sr adatoms are indicated
with white arrows. (c) Density of the vacancy clusters versus Oy pressure during annealing at

1000 °C. Figure adapted with permission from ref. [72]. Tunneling parameters: Us = +2.3 V, I
= 0.3 nA.
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and type-II domain boundaries, see Fig. 3.5(a)|]. Figure 3.5(c) shows statistics
over a series of STM images after annealing the surface at different Oy pressures,
indicating that the po, can be used to control the type of domain boundaries on the
SrTiO3(110)-(4x 1) surface. Domain boundaries on the SrTiO3(110)-(4x 1) surface
help to relief the strain and lead to the formation of a (4 x 10) superstructure, as
confirmed by analysis of STM images and density functional theory calculations
[71]. The 10-fold symmetry of the (4x1) surface with the domain boundaries is also
visible in the LEED pattern in Figure 3.4(b). In addition to the bulk-derived spots
highlighted by the red circles, small side spots appear in a distance of 1/10 of the
reciprocal unit cell in [110] direction, supporting the 10-fold periodic arrangement

of APDBs.

Interpretation of the LEED pattern of a mixed (4x1) + (5x1) surface

After several sputtering and annealing cycles, the resulting surface typically ex-
hibits a mix of two surface reconstructions, which depends on the actual near-
surface stoichiometry (cf. phase diagram in Figures 3.1 and 3.2). In Section 3.6.5
below, STM images of surfaces exhibiting a mix of (4x1)+ (2x4) and (4x1) +
(5% 1) reconstructions will be presented. The interpretation of the LEED patterns
of such mixed surfaces will be discussed here shortly. The LEED pattern of a
(4x1) + (2x4) surface is interpreted in a straight-forward way, because of the op-
posed symmetries of the two reconstructions and a resulting minimal overlap of
the spots in LEED, see Figure 3.40(a) in Section 3.6.5. The interpretation of the
complex LEED pattern for a mixed (4x1) + (5x1) surface, however, is not so sim-
ple. This is due to the partial overlap of LEED spots from the (4x1) and from the
(5x1) reconstruction, combined with the superstructure that is formed by (5x1)
lines embedded in the (4 x 1)-reconstructed surface. Figure 3.6(a) shows an STM
image of a (4x1) + (5x 1) reconstructed surface and the corresponding fast Fourier
transformation (FFT) of the STM image is shown in the inset. The STM image
shows that the (5x1) rows are to some extent ordered along [001] direction [(4x1)
rows exhibit the Sr adatoms visible as bright protrusions|. Fig. 3.6(c) compares
the LEED pattern of the surface shown in (a) with the LEED patterns of fully
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(c) comparison LEED and FFT

.FET of STM image
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FIGURE 3.6.: (a) STM image and its fast Fourier transformation (FFT) (b) of a mixed
(4%x1) + (5x1) reconstructed surface. (¢) Comparison of the LEED pattern of the surface shown
in (a) with the LEED patterns of fully (4x1), and fully (5x1)-reconstructed surfaces, and with
the FFT of the STM image in (a). All LEED patterns acquired with 90 €V electrons. Tunneling
parameters: Us = +2.4 V, I; = 0.4 nA
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(4x1)-, and fully (5x1)-reconstructed surfaces, indicating that the pattern in (c)
is not a simple superposition of (4x1) and (5x1) patterns. Bulk-derived spots
are highlighted by red circles. The similarity of the FFT and the LEED pattern
[see panel (c)| confirms the assignment of this LEED pattern to a mixed (4x1) +

(5x1) reconstructed surface.

(4x1) Ti L-edge XAS: Experiment and simulation

To verify the structure model of the (4x1) reconstruction, we performed XAS
(also called NEXAFS) measurements of the Ti L-edge on a SrTiO3(110)-(4x1)
sample. In NEXAFS, electrons from occupied states are excited into unoccupied
conduction band states, e.g., Ti 2p—Ti 3d. NEXAFS gives valuable insight into
the local electronic and chemical structure, because these unoccupied states are
strongly influenced by the chemical environment of the probed atoms. As pre-
sented above, the SrTiO3(110)-(4x1) surface is built up by a network of TiO,
tetrahedra residing on a bulk STO layer consisting of TiOg octahedra, thereby
resulting in a system where Ti is in two different chemical environments. The (in
STO unoccupied) Ti 3d states split into subsets of toy/e, or t/e symmetry in an
octahedral (Oh) or tetrahedral (Td) crystal field, respectively (see experimental
Section 2.2). Figure 3.7 shows NEXAFS spectra of the Ti Ly 3 absorption edge
acquired in the surface sensitive Auger electron yield (AEY) mode, and the more
bulk sensitive secondary-electron yield (SEY) mode (see experimental Section 2.2
for details). The spectra show an absorption peak at a photon energy of approxi-
mately 458.0 eV (Ti 2p3/2 — Ti 3d Oh-ty,) followed by two overlapping peaks at
459.2 eV (Ti 2p3/, —Ti 3d Td-e) and 460.1 eV (Ti 2p3/, — Ti 3d Oh-e;) and two
broad overlapping features at 463.3 eV and 465.4 eV (Ti 2py/2 — Ti 3d Oh-ty,
and Ti 2p,/, — Ti 3d Oh-e;). Note that the absorption feature at a photon en-
ergy of ~459 eV is considerably enhanced in the AEY spectrum. The assignment
of these absorption peaks was determined by simulating L-edge spectra of Ti in
octahedral (Oy,) and tetrahedral (Ty) crystal fields. These crystal-field multiplet
calculations were performed by our co-authors Robert Green and Alex Moewes
with the CTM4XAS code [56], and the results were published in ref. [31]. The
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combination of simulated spectra of O and T, agree very well with the experi-
mental spectra |Fig. 3.7(b)|]. The comparison of AEY and SEY spectra therefore
confirms that the SrTiO3(110)-(4x 1) surface exhibits tetrahedrally coordinated Ti
in the surface layer. The oxygen K-edge NEXAFS spectrum of the pristine (4x1)

surface is presented below in Section 3.26.

3.1.2. Transition from (nx1) to (2xm) reconstructions

We have recently reported about the transition from the (nx1) to the (2xm)
reconstructions of SrTiO3(110) by reactive deposition of Ti. The corresponding
study has been published in ref. [31]. In the following we will present experi-
mental aspects about the preparation of (2xm)-reconstructed surfaces and their
characterization by STM, LEED, and XAS.

Characterization of the STO(110)-(2xm) surfaces

The (2xm) (m=4,5) reconstruction is formed upon deposition of Ti onto the
(nx1) surface at elevated temperature and pressure. A typical recipe to prepare
such a surface starts with the preparation of a pristine surface exhibiting a mix
of (4x1) and (5x1) reconstructions (see previous section for a characterization of
these surfaces). The (2xm) reconstruction is then formed by reactively depositing
~0.8 A Ti (at T=1600°C, and 5 x 10~ mbar O5). A high-resolution STM image of
this surface is presented in Figure 3.8(a). This structure appears as wide, bright
rows oriented along [001] direction. These rows are separated by dark troughs
with bright dots [see white arrow in panel (a)]. Sometimes the rows of periodic
bright dots are shifted by one bulk STO unit cell along [001] direction, as indicated
by the dashed red line. The bright dots are separated by ~7.8 A along the [001],
and ~28.2 A along [110] direction, see red rectangle in panel (a). The size of
the reconstruction unit cell therefore corresponds to a (2x5) reconstruction with
respect to STO(110)-(1x1) unit cell. (It should be mentioned that the value of
28.2 A does not exactly fit the value of 5x1/2x3.905 A = ~27.6 A, probably due to
inaccurate calibration of the STM.) Note that the orientation of the reconstruction

rows is rotated by 90 ° as compared to the (4x1) reconstruction (see Section 3.1.1).
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FIGURE 3.7.: (a) Ti Ly 3 NEXAFS spectra of the (4x1) surface acquired in surface sensitive
Auger electron yield (AEY) mode (red curve), and in the more bulk sensitive secondary electron
yield (SEY) mode (black curve). (b) Simulated Ti Lo 3 NEXAFS spectra of Ti ions in octahedral
(Op; gray curve) and tetrahedral (Ty; black curve) crystal field, and two combinations of the

simulated O, and T4 spectra. Image adapted from ref. [31].
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Figure 3.8(b) shows the LEED pattern (90 eV) of the (2x5) reconstructed surface.
The bulk-derived spots (highlighted by red circles) were identified by comparing the
(2x5) LEED pattern with the LEED pattern of the (4x1)-reconstructed surface
shown in Figure 3.4(b). The white arrow in panel (b) verifies the “2x” periodicity
of the bright dots.

The structure model of the (2x5) reconstruction is presented in Figure 3.8(c)
(DET calculations to find the structure model were performed by Laurence Marks
and coworkers; the crystallographic information file is available in the supporting
information of ref. [31]). It consists of a double-layer of octahedrally coordinated
TiOg units. To better distinguish the different polyhedra in the unit cell, we have
applied different colors in Fig. 3.8(c). Dark blue and orange polyhedra indicate
TiOg units. Pale blue, green, and purple polyhedra indicate TiOg units exhibiting
one large Ti-O bond length. Therefore, these polyhedra are drawn as, and referred
to, as TiO5 units. Starting from the subsurface layer of the (2x5) structure, the
dark blue TiOg octahedra share edges with the substrate STO(110) layer, while
they share corners in-plane. Pale blue TiOs5 units share either edges or corners
with the STO(110) layer, and corners within the plane. Green TiOs units share
oxygen corners with the STO(110) layer, and edges with the surface TiOg units.
The top layer TiOg octahedra (orange) share edges with the subsurface units (dark
blue, pale blue, and green) and with neighboring octahedra. Purple TiO5 units
share edges with orange octahedra and corners with pale blue TiO5 units. Five-fold
coordinated Sr atoms are centered within neighboring pairs of purple TiO5 units in
the surface layer. The ordering of the Sr atoms results in a “2x” periodicity along
the [001] direction. It should be mentioned that the arrangement of the subsurface
layer units also forms a “2x” periodicity along the [001] direction.

Fig. 3.8(d) shows a simulated STM image overlaid on a high-resolution STM
image, verifying the structure model presented in Fig. 3.8(c). Note that the reac-
tive growth of Ti has changed the (nx1) surface, consisting of tetrahedral TiO4
units, into the (2x5) structure, consisting of octahedral TiOg units. While the
tetrahedral coordination of the (nx1) surface is stabilized in spite of large tensile

strain [69], which is partly reliefed by the formation of anti-phase domain bound-
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FIGURE 3.8.: Characterization of the SrTiO3(110)-(2x5) reconstructed surface. (a) High-
resolution STM image of the surface structure. The (2x5) unit cell is indicated in red. The
white arrow in (a) indicates Sr atoms. (b) LEED pattern (90 V) of the (2xm) surface. Bulk-
derived spots are highlighted by red circles. The white arrow in the LEED pattern confirms
the “2x” periodicity along [001] direction. (c¢) Structure model (upper panel: side view, lower
panel: top view). Ti, O, and Sr atoms appear in blue, red, and green, respectively. Outermost
octahedra are orange, subsurface octahedra are dark blue. TiOj in top layer are purple, and light
blue in the subsurface. (d) Simulated STM image overlaid with a high-resolution STM image
of the (2x5) structure. Tunneling parameters for (a) and (d): Us=+2.2 V, I; =0.2 nA. Panels
(a,c,d) adapted from ref. [31].

41



3. Results

aries |71], it appears that at higher TiOy coverages this situation is unfavorable,

resulting in the transition from TiO4 to TiOg units on the surface [31].

Comparison of NEXAFS on (nx1) and (2xm) surfaces

To better understand the structural transition observed in STM, and to support the
structure model presented above, we performed NEXAFS measurements on (4x1)-
and (2x5)-reconstructed surfaces. Figure 3.9 shows the Ti L 3 absorption spectra
acquired in AEY, SEY, and TEY mode (see experimental Section 2.2 for details).
The Ti L-edge spectrum presented in Fig. 3.9(a) is discussed above in Section 3.1.1.
It consists of peaks related to Ti in octahedral coordination (denoted as O at
photon energies of ~458 eV and ~460 eV), as well as Ti in tetrahedral coordination
(denoted as Ty at a photon energy of ~459 eV). As mentioned in Section 3.1.1, the
strong T peak in the surface sensitive AEY spectrum of the (4x1) surface verifies
the tetrahedrally coordinated surface reconstruction, and the Ty peak decreases in
accordance with the surface sensitivity of the measurement (from AEY to SEY and
to TEY). Fig. 3.9(b) shows the spectra of the (2x5) reconstruction. The spectra
show a small difference between AEY and SEY, and the AEY spectrum differs
considerably from that of the (4x1) surface. This indicates that the chemical
environment of Ti has changed upon reactive Ti growth. As expected, the spectra
measured in the bulk-sensitive total electron yield (TEY) mode appear similar
for both surfaces, see Fig. 3.9. It should be mentioned that the AEY spectrum
of the (2x5) surface resembles that of a lepidocrocite-like titania nanosheet [73],
implying structural similarity. This similarity has been used to create the model

for this structure.

Growth of STO(110)-(2xm) surfaces

Often, the resulting surface structure after reactive Ti deposition is defective. Fig-
ure 3.10 shows STM images of a non-optimal (2xm) reconstructed layer [deposi-
tion of ~0.4 A Ti, starting from a (6x4) surface (¢f. phase diagram in Figure 3.1)].
Second-layer islands are observed whenever the amount of deposited Ti exceeds

the “optimal” amount necessary to form the (2xm) structure, see Figure 3.10(a).
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FIGURE 3.9.: Ti Ly 3 NEXAFS spectra of STO(110) (a) (4x1)- , and (b) (2x5)-reconstructed
surfaces. The spectra were acquired in the surface sensitive Auger electron yield (AEY) mode
(red curve), the more bulk sensitive secondary electron yield (SEY) mode (black curve), and the

bulk sensitive total electron yield (TEY) mode (gray curve). Image adapted from ref. [31].

Such a second layer will be referred to as (1xm) in the following, and its structural
details are presented below. Figure 3.10(b) shows a high-resolution STM image of
this surface. Dark defect lines (oriented along the [110] direction) were observed
on the surface. The red lines in Fig. 3.10(b) indicate that the dark defect lines
also act as a domain boundary between (2xm) and (2x/[) reconstructed lines.

In order to obtain a well-ordered and uniformly-reconstructed (2x5) surface, it
is of primary importance to perform the growth on a uniform substrate. As an ex-
ample, Figure 3.11 shows the effect of reactively growing Tion a (4x1) + (2x4) re-
constructed substrate, see Fig. 3.11(a). Note that there are two different structures
with the same (2x4) symmetry on the STO(110) surface. One is slightly Ti-rich
with respect to the (4x1) structure (see Fig. 3.39 in Section 3.6.5), while the other
one [mentioned in Fig. 3.10(b)] belongs to the (2xm) reconstructions with m =4,
which is more Ti-rich. As also mentioned later in Section 3.6.5, the (4x1) and
(slightly Ti-rich) (2x4) reconstructions do separate on the surface. (2x4) areas
are observed near step edges, see Fig. 3.11(a) [also compare Fig. 3.39(c)|]. Ac-
cording to the phase diagram presented in Section 3.1 and Figure 3.1, the (2x4)
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FIGURE 3.10.: STM images of (2xm) reconstructed surface with defects and 2"d-layer islands
indicated. Tunneling parameters: (a) Us=+2.4 V, I; =0.22 nA; (b) Us=+2.0 V, I; =0.15 nA.

structure exhibits a higher Ti-content as compared to the (4x1) structure. Fig-
ure 3.11(b) shows the surface in (a) after reactive deposition of Ti (~1.6 A Ti).
Far from step edges, approximately 83 % of the surface exhibits the second-layer
structure, while in the voids the (2x5) structure is visible [see inset of Fig. 3.11(b)].
(Because of the similarity of the LEED pattern and its appearance in STM (both
shown below) with the (2x5) reconstruction, this second-layer structure is named
(Ixm) in the following.) Close to step edges instead, the surface is fully covered
by the (1xm) structure. By comparing Fig. 3.11(a) and (b), we can conclude that,
upon reactive Ti growth at 600 °C, the (relatively) low diffusivity of the deposited
species does not allow for a large-area equilibration of the surface structures, so
that former (2x4) areas are driven to a Ti-richer surface composition with respect

to the former (4x1) terraces.
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FIGURE 3.11.: STM images (640x640 nm?) before (a) and after (b) deposition of Ti onto a
non-uniform substrate surface (different positions on the sample). (a) Surface with mixed (4x1)
+ (2x4) reconstructions. (b) Surface after Ti deposition. Areas with full 2°¢ layer are indi-
cated. The inset shows a zoomed, high-pass-filtered STM image of the surface in (b). Tunneling
parameters: (a) Us=+1.8 V, I; =0.37 nA; (b) Us=+42.2 V, I; =0.96 nA, inset: Us=+2.2 V,
I, = 0.21 nA.
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Characterization of the 2"d-layer (1xm) structure

In the following, we will briefly discuss the structure of the second-layer (1xm)
structure. This structure is formed upon increasing the amount of deposited Ti,
as compared to the optimal amount necessary to form the (2x5) structure. Fig-
ure 3.12 shows STM images of a surface fully covered by such a second-layer
(1xm) structure. Fig. 3.12(a) shows a large-area STM image of this surface ex-
hibiting ~30 nm wide terraces. Similar to the (2x5) reconstruction, this surface
exhibits (faint) rows oriented along the [001] direction. The inset shows the cor-
responding LEED pattern (90 eV). The bulk-derived spots (red circles) are de-
termined by comparison with the LEED pattern of the (4x1)-reconstructed sur-
face shown in Figure 3.4(b). The LEED pattern looks very similar to the one
measured on the (2x5) surface. Note that the spots indicating the “2x” period-
icity along the [001] direction are missing [cf. Fig. 3.8(b)|. Fig. 3.12(b) shows a
high-resolution STM image of this surface structure. It shows a lattice of bright
dots with a distinct modulation of the brightness along [001] direction. The unit
cell of the lattice (red rectangle) measures (~3.81 Al x 3,00 A, Note that
while the size along [001] direction is similar to the one of the STO(110) unit
cell (~3.905 A0 x 5552 AL it is different along [110] direction. The red,
dashed lines in Fig. 3.12(b) indicate the superstructure along the [110] direction,
with a periodicity of 32.94 A, corresponding to ~11 x 3.00 A=33 A or to 6 x
5.552 A =33.31 A. Therefore this surface is referred to as (1x6) with respect to
the STO(110)-(1x1) unit cell. The larger unit cell size of this structure along
[110] direction, as compared to the (2x5) structure, is also visible in the compari-
son of the corresponding LEED patterns presented in Fig. 3.12(c) — side spots on
the (1x6) surface are closer to the bulk spots (as compared to the (2x5) surface)
indicating a larger unit cell in real-space.

It should be mentioned that the appearance of this surface structure and the
modulation along [110] direction very much resemble that of lepidocrocite-like
nanosheets on (1x2)-Pt(110), as presented in ref. [74].
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FIGURE 3.12.: (a) STM image of a surface fully covered with the (1x6) structure after reactive Ti
deposition. The inset in (a) shows the corresponding LEED pattern (90 €V). (b) High-resolution
STM image of this surface structure. The red rectangle indicates the smallest unit of the surface
(~3.81 A x 3.00 A). The dashed, red lines indicate a superstructure along [110] direction (period-
icity of ~33 A). (c) Comparison of the LEED patterns of a (2x5) and a (1x6) surface, indicating
a difference in the position of LEED spots. STM parameters: Ug=+1.2-1.5 V, I; =0.30 nA.
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3.2. SrTiO3(110)-(4x1) and its interaction with
H,O

The interaction of water with solid surfaces is of great interest not only due to
the omnipresence of HyO in nature. The adsorption of water at surfaces is im-
portant for corrosion, in the field of heterogeneous catalysis, and for solar energy
conversion. Water can adsorb on metal-oxide surfaces either in a molecular, or a
dissociative way. Preferential dissociation can be observed on surface oxygen va-
cancies (Vos) or structural defects on the surface. Understanding the interaction
of water with the pristine substrate surface is a prerequisite for systematically al-
tering the surface properties and reactivity by adsorption of metal, or metal oxide
particles or clusters. In this section, we present experimental (STM, XPS, UPS)
and theoretical (DFT) results on the interaction of HyO with the SrTiO3(110)-
(4x1) surface. We find that the tetrahedral surface layer of the (4x1) structure is
relatively inert towards the adsorption of water at room temperature, and that wa-
ter adsorbs molecularly only at low temperatures (LT), or dissociatively at surface
oxygen vacancies. We identify surface hydroxyls in STM and verify their adsorp-
tion by means of photoemission spectroscopy and density functional theory. Most
of the results presented in this section have been published in ref. [8]. Density
functional theory calculations have been performed by Xianfeng Hao and Cesare

Franchini.

3.2.1. Water adsorption in STM

Adsorbed water, or its dissociation products are normally easily detected by STM,
but the identification and assignment of these features in STM images is often
difficult. Several surface features are typically related to water adsorption, i.e.,
molecularly adsorbed water, dissociatively adsorbed water or surface hydroxyls,
and oxygen vacancies at which water preferentially adsorbs dissociatively. Surface
hydroxyls can also be created by adsorption of atomic hydrogen, which provides
a well-defined way of studying these features. Atomic hydrogen is known to pref-

erentially adsorb on the surface oxygen atoms, forming hydroxyl groups, while
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FIGURE 3.13.: Top view of the topmost layer of the SrTiO5(110)-(4x 1) surface. Different surface

Ti and O atoms corresponding to different adsorption sites are labeled.

molecular water typically adsorbs at the cation sites [54]. The (4x1) surface pro-
vides several possible adsorption sites for hydrogen and water. Figure 3.13 shows
a schematic of the (4x1) surface layer with the different surface Ti and O atoms
labeled with Roman numerals and Arabic numbers, respectively. Figure 3.14(a)
shows an empty-states STM image of the SrTiO3(110) surface after exposure to
atomic hydrogen. The surface is (4x1) reconstructed with some lines of (5x1)
reconstruction present. The bright rows of the reconstruction correspond to Tipg
and Tijp atoms in the six-member ring of the reconstruction, cf. Figure 3.13. In-
trinsic Sr adatoms centered within the (4x1)-reconstructed lines are labeled with
white arrows.

Atomic hydrogen was dosed onto the surface by backfilling the chamber with
a pressure of 1 x 107% mbar H, while keeping a hot tungsten filament in line of
sight with the sample. The hydrogen cracking efficiency was estimated to be 5%
with the W filament at a temperature of about 2000 °C, as determined by Sutoh
et al. [75]. The adsorption of atomic hydrogen introduces new features in STM
images. Bright protrusions appear on the surface, located preferentially at the sides
of the (4x1) rows, see blue arrows in Figure 3.14(a). It has been confirmed by
DFT calculations (see Table 3.1 below) that atomic hydrogen prefers to adsorb at
the O3 site (cf. Figure 3.13) on the sides of the reconstruction lines. Additionally,
simulated STM images of adsorbed atomic H by Li et al. agree well with the

experimental ones, see ref. [70]. Therefore, these features are assigned to hydroxyl
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FIGURE 3.14.: STM images of the SrTiO5(110)-(4x1) surface; locally a few (5 x 1) rows are
present. (a) After exposure to atomic hydrogen and (b) after flashing the surface in panel (a)
to ~300°C. Sr adatoms, hydroxyls, and oxygen vacancies appear in various levels of brightness
and are labeled by white, blue, and orange arrows, respectively. The line profiles in the lower
panels were taken at the lines in the STM images. STM tunneling parameters: Us = +2.3 V,
Iy =0.1 nA
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groups formed by a surface oxygen atom (O3) with an adsorbed hydrogen atom.
The hydroxyls show an apparent height of ~130 pm, in contrast to the Sr adatoms,
which show an apparent height of ~240 pm. It should also be mentioned that we
observe interaction of H with Sr adatoms, as indicated by the streaky appearance
of the Sr adatom highlighted with the white arrow in Figure 3.14(a).

Annealing the hydroxylated surface to ~300°C for 10 min in UHV changes the
surface appearance considerably. The bright OH features have transformed into
less bright features at approximately the same position, as indicated by the orange
arrows in Figure 3.14(b). These features show an apparent height of ~70 pm and
are assigned to surface oxygen vacancies (Vo) sitting also at the side of the (4x1)
rows, similar to the hydroxyls. This assignment is supported by several reports in
literature showing that flash-annealing of hydroxylated oxide surfaces leads to the
desorption of molecular water [76-78|. Additionally, DFT calculations reveal the
lowest formation energy for vacancies created at the O3 site, as shown below in
Table 3.1 and in ref. [70].

Figure 3.15(a) shows an LT-STM image of the SrTiO3(110) surface after ex-
posure to 0.3 Langmuir (1L = 1.33 X 107% mbar s) water at 110 K. Bright pro-
trusions appear in the dark trenches separating the reconstruction rows [features
highlighted by cyan circles in Figure 3.15(a)]. These features show an apparent
height of ~80 pm. A temperature programmed desorption study by Wang et al. on
the STO(001) surface revealed molecular water desorption starting from around
200-260 K at low exposures (< 1 L) [77]. We therefore attribute these features
to molecularly adsorbed water located close to the Ti; site. DFT calculations [§]
confirm the preferential adsorption of water at Ti; sites in the ten-member ring
(cf. Figure 3.13) with an adsorption energy of -0.72 €V to -1.07 eV (depending on
the functional used in the calculation).

Figure 3.15(b) shows an STM image after dosing 3 L water at RT. Features
similar to the hydroxyls formed after dosing atomic hydrogen are found in pairs
on the sides of the (4x1) and (5x1) rows. The features are highlighted by blue
arrows in Figure 3.15(b), show an apparent height of around 90 pm, and are

separated by two unit cells along the [110] direction. It is likely that these features
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FIGURE 3.15.: STM images of the SrTiO3(110)-(4x 1) surface after exposure to (a) 0.3 Langmuir

water at 110 K, imaged at 78 K; (b) 3 L water at RT, imaged at RT. Molecularly adsorbed water,

hydroxyl pairs, and Sr adatoms are highlighted by cyan circles, blue arrows, and white arrows,

respectively. The line profiles in the lower panels were taken at the lines in the STM images.

The STM tunneling parameters: Us = +2.1 V, I; = 0.1 nA
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configurations 01 02 03 04 05

Vo formation energy (eV) | 6.43 5.95 5.60 5.68 5.76
(0.83) | (0.35) | (0.0) | (0.08) | (0.16)

H adsorption energy (eV) | 1.79 1.93 2.19 2.16 1.62
(0.40) | (-0.26) | (0.0) | (-0.03) | (-0.57)

TABLE 3.1.: Oxygen vacancy formation energy F¢(Vo) and hydrogen adsorption energy F,qs(H)
for different oxygen sites obtained with the PBE functional. Oxygen sites names according to
Figure 3.13. Numbers in parentheses refer to the relative energy with respect to the most stable

configuration. See ref. [8] for details.

are formed by the dissociation of water molecules on surface oxygen vacancies.
The density of these hydroxyl pairs is approximately 0.01 ML (1 ML =4.64 x 10*
atoms/cm?, 1 ML is defined as the density of STO(110)-(1 x 1) unit cells) and
does not increase upon further water dosage, supporting the assignment to HyO

dissociating at Vgs.

3.2.2. Water adsorption in PES

In this section, photoemission spectroscopy results acquired at the Maxlab syn-
chrotron facility are presented. The PES geometry (i.e., 55° grazing emission
w.r.t. the surface normal) and kinetic energy of photoelectrons were optimized
for highest surface sensitivity. Figure 3.16 combines photoemission spectra of the
valence band (a) with a zoom into the gap region (b), and the O 1s core level
(c), of differently treated (4x1) surfaces. For comparison, the spectra have been
aligned to the main spectral feature of the valence band of the pristine surface
at g ~ 7 eV. As discussed in the Introduction (see Section 1.2), the valence
band of SrTiOj3 is composed predominantly from O 2p states. In photoemission,
the valence band of the pristine surface shows two prominent features at 7 eV
and 5.2 eV binding energy, see black curve in Figure 3.16(a). The onset of the

valence band was determined by linearly extrapolating the rising edge of the VB
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FIGURE 3.16.: Valence band (a), gap region (b), and O 1s (c) photoemission spectra of the
pristine surface (black), after exposure to water (blue), atomic hydrogen adsorption (red), after
creation of oxygen vacancies (orange), and after dosing water onto the reduced surface (cyan).

All spectra were acquired at RT.

and amounts to E, ~ 3.2 eV. This value is in agreement with values of the band
gap mentioned in the literature [28], and with the n-type doping of the single
crystals and an expected Fermi level close to the conduction band. No states are
observed in the band gap, indicating that the Nb dopants do not induce in-gap
states (IGS). The O 1s spectral feature is shown in Figure 3.16(c). The O 1s
spectrum of the pristine surface shows a main peak at Fg = 530.2 eV with a
small high-binding-energy shoulder at Eg = 531.7 €V. Dosing up to 240 L water
at RT onto the pristine surface does not introduce any additional features, nor
any changes in either the valence band or the O 1s spectra. This indicates that
water does not adsorb on the pristine surface at RT, well in line with the STM
results presented above. After dosing atomic hydrogen on the (4x1) surface, an
in-gap state with a binding energy of around 1.2 eV is formed [see red curve in
Figure 3.16(b)|, as well as a broad feature directly below the valence band. The
O 1s spectrum shows an increased high-binding-energy shoulder, as expected for
surface hydroxyls. According to the STM study presented above, water only ad-

sorbs at the (4x1) surface at low temperature, and interaction of atomic hydrogen
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FIGURE 3.17.: Photoemission spectra of the gap region acquired at RT. (a) Spectra of the gap-
region of the pristine surface (black), of the in-gap state formed after 42 scans (~28 min, orange
curve), and after different time intervals with no illumination (green to dark red). (b) In-gap
state spectra of the pristine surface (black), the surface after creation of Vps by exposure to

synchrotron light (red), and after dosing 3 Langmuir (pale blue) and 6 L (dark blue) of oxygen.

with intrinsic Sr adatoms is observed. We therefore tentatively assign the broad
feature below the valence band to Sr-OH species on the surface. Sr-OH formation
has been reported upon dosing water onto SrO and TiO,-terminated STO(001)
surfaces [79].

Oxygen vacancies have been created by exposing the sample to intense syn-
chrotron radiation. An IGS similar to the one after hydrogen adsorption is formed.
Figure 3.17(a) shows the creation of the IGS. We exposed the pristine surface (black
curve) to the synchrotron radiation for about 28 min by repeating the gap-region
scan 42 times. A clear state is formed after this treatment (orange), whose inten-
sity decreases with time — spectra were acquired after different time intervals with
no synchrotron illumination in between. The pressure in the synchrotron beamline
analysis chamber was below 1071 mbar, suggesting that the decrease of the IGS is
due to diffusion of Vs away from the very surface towards the bulk, rather than
from adsorption of residual gas molecules. In order to verify the correspondence
of the IGS with Vs, we dosed O5 onto the reduced surface. Following this treat-
ment, the IGS was quenched considerably, thus verifying that the IGS originates
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from oxygen vacancies, see Figure 3.17(b).

Dosing water onto the reduced surface does not change the IGS, which formed
upon creation of Vs, while a peak at Eg = 11 eV appears [see Fig. 3.16(a) and (b)].
This peak is indicative for surface hydroxyls (compare experimental Section 2.1)
and suggests that the oxygen vacancies have transformed into surface hydroxyl
species, which is also evident in the O 1s spectra, see Figure 3.16(c). Dosing water
onto the reduced surface induces an increase of the high binding energy shoulder

of the O 1s spectra, similar to the one with adsorbed atomic hydrogen.

3.2.3. Summary and discussion: H,O adsorption on
SrTiO3(110)-(4x1)

Experimental and theoretical results show that HoO does not adsorb on the pris-
tine, stoichiometric surface at RT, while it does adsorb molecularly at the Ti;
sites at LT. Dissociation occurs at surface oxygen vacancies, which preferentially
form at the O3 sites (compare Figure 3.13 for adsorption sites). The resulting hy-
droxyl pair is located at two O3 sites, which are two unit cells apart. One proton
from the dissociated HyO molecule has obviously moved away from its original
Vo adsorption site. Water-mediated proton hopping has already been observed
previously. Merte et al. concluded from STM, TPD, and DFT calculations that
the proton hopping on FeO thin film is facilitated by a water molecule that picks
up the adsorbed proton, moves on as an H;O" ion, and releases one of its protons
somewhere else on the surface [80]. A different proton hopping mechanism has
been observed by Wendt et al. on the TiO2(110) surface. The proton hopping is
facilitated by pseudo-dissociated HoO molecules on neighboring undercoordinated
Ti** sites, i.e., by dissociation and reforming of H,O molecules [81]. Since water
does not adsorb on the stoichiometric (4x1) surface at RT, the latter possibility is
unlikely. It could be speculated that the OH pair after dissociation of H,O on Vs
enhances the adsorption energy of molecular water until the OH group is driven
apart and the HoO molecule desorbs again.

The preferred site for creation of an Vo (03) is also the most stable site for hy-

drogen adsorption. In addition, hydrogen interacts with intrinsic Sr adatoms, as
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indicated by STM and PES results. In order to discuss the results presented here,
we compare the SrTiO3(110)-(4x 1) surface with the anatase TiO5(001)-(1x4) sur-
face [82], which was found to dissociate HyO on the stoichiometric surface [83].
Similar to the STO(110)-(4x 1) surface, the (1x4) reconstruction on anatase (001)
consists of tetrahedral TiO4 units. Active sites on oxide surfaces are typically re-
lated to excess electrons with energies near the band gap [84]. However, there is
no indication of Ti** or states inside the band gap on both stoichiometric surfaces;
on both surfaces, Ti is in 4+ valence state. The biggest difference between the two
reconstructions lies in their geometric structure. The SrTiO3(110)-(4x1) surface
consists of a 2D network of quite regular tetrahedra. According to DFT calcula-
tions, the TiO4 tetrahedra on STO(110) show a Ti-O bond length ranging from
1.83-1.90 A and an O-Ti-O bond angle in the range of 92.8-123.1°. The anatase
(001)-(1 x 4), on the other hand, consists of 1D rows of distorted tetrahedra. The
Ti-O bond lengths along these rows alternate between 2.13 A and 1.83 A, while
the bonds perpendicular to the rows are 1.81 A. Interaction of HyO with oxide
surfaces is typically facilitated by metal cation sites (Lewis acid sites, i.e., electron
pair acceptors) combined with a near-by O atom (Brgnsted base, i.e., proton ac-
ceptor). In case of the STO and the antase surface, Ti acts as the acidic sites on
the surface.

From the geometric considerations above it is evident that the distorted tetra-
hedron on the anatase (001) surface exposes the Ti cation more to its surrounding
than the regular tetrahedron on the STO(110) surface. We therefore propose that
the flexible network on the anatase surface facilitates the water dissociation. At
the SrTiO3(110)-(4x1) surface, the 2D network is more rigid, which contributes
to its inertness. Similar behavior was found for V5,03 films on Au(111) [85, 86,
and TiOy films on Au(111) [87,88]. Both surfaces feature metal cations coordi-
nated in a quasi-tetrahedral arrangement. In case of the TiO,, Ti is adsorbed
in a honeycomb arrangement on the Au(111) surface, and the oxygen atoms sit
in bridge sites between Ti atoms, resulting in three-fold coordinated Ti. On the
V503 surface, V atoms sit in three-fold hollow sites of oxygen atoms without (re-

duced), or with one additional oxygen atom above the V atom (vanadyl surface).
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Both groups reported on weak interaction of water with these surfaces. In case of
the V503 film, only the reduced surface exhibits reactivity toward water, 7.e., the
surface after removal of the terminal O, and therefore with full exposure of the V
atom [86]. In case of the TiOy films, only the so-called pinwheel structure exhibits
reactivity towards H,O, in which Ti is in a mixed 3-, and 4-fold coordination on

the surface [88].

3.3. Single Ni adatoms on the SrTiO3(110)-(4x1)

surface

Single metal adatoms on oxide support have attracted great interest in the catal-
ysis community because of a high activity in heterogeneous catalysis, and a high
efficiency and therefore low cost [89]. Approaches to produce single metal adatoms
include mass-selected soft-landing, wet-chemistry approaches, as well as vapor de-
position in ultra-high vacuum (UHV) conditions [89-91]. However, stabilizing
single atoms on oxide supports has remained a significant challenge because sin-
tering occurs under realistic reaction conditions [92]. Single adatoms are typically
stabilized by surface defects, moiré patterns, or surface reconstructions with strong
modulation of the surface potential. Here we show results of single Ni adatoms
adsorbed on the SrTiO3(110)-(4x1) surface. With STM, we observe the adsorp-
tion of single Ni adatoms at different sites in the reconstruction unit cell at room
temperature (RT), which was confirmed by density functional (DFT) theory cal-
culations. Clustering is only observed at higher substrate temperatures. PES
results show the formation of a state inside the band gap. Combining PES and
DFT calculations, we discuss the charge state of the Ni adatoms. Most of the re-
sults presented here have been published in ref. [93]. DFT calculations have been

performed by Xianfeng Hao and Cesare Franchini.
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FIGURE 3.18.: (a) STM image of the SrTiO3(110)-(4x1) surface. Labeled are Sr adatoms as
well as a few lines of (5 x 1) reconstruction. (b) Top view of the SrTiO5(110)-(4x1) surface. Ti
and O atoms are shown in blue and red, respectively. Ni adatoms (grey) adsorbed at bridging
sites between surface oxygen atoms are indicated by labels (I)-(III). STM tunneling parameters:
Us=42.0V, I, = 0.3 nA

3.3.1. Adsorption of Ni adatoms in STM

The (4x1) reconstruction of SrTiO3(110) serves as an adsorption template. Fig-
ure 3.18(a) shows an STM image of the pristine surface. The surface is mostly
(4x1) reconstructed with some lines of (5x1). As discussed above in Section 3.1.1,
the protrusions (red) on the surface are intrinsic Sr adatoms. Figure 3.18(b) shows
the (4x1) structure model with different surface O atoms (red) indicated by Arabic
numbers. Surface Ti atoms (blue) and most favorable Ni adsorption sites (gray) are
labeled with Roman numerals. The six- and ten-member rings of corner-sharing
TiO, tetrahedra on this surface act as nano-pores, which help to stabilize single
Ni adatoms. The 6-member ring has a diameter of around 5.5 A and also acts as
an adsorption site for single Sr adatoms [71]. Nickel metal was deposited from an
electron beam evaporator with a typical growth rate of 0.1 A per minute. The
growth rate was measured in-situ with a home-built quartz-crystal microbalance.

Figure 3.19(a) shows the surface after deposition of 0.01 A Ni at RT. In addi-
tion to the intrinsic Sr adatoms (white arrows), bright features are observed either
centered within the (4x1) rows (blue arrows), or at the side of the rows (red ar-
rows). These features occupy exclusively these center (side) positions, and exhibit

an apparent height of approximately 136 & 17 pm (157 + 16 pm). In contrast, the
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FIGURE 3.19.: (a) STM image of 0.01 A Ni deposited on the SrTiO3(110) surface at RT. Marked
with arrows are Sr atoms (white), and Ni atoms at the center (blue) and side (red) positions.
(b) High-resolution STM image with a structural model superimposed. (c)-(e) DFT-simulated
STM images of single Ni adatoms adsorbed at the centered Ni; (c), off-center Nij at the side
of the six-member ring (d), and at Niy; at the side of the row in a ten-member ring (e). STM

tunneling parameters: Ug = +2.0 V, Iy = 0.3 nA

intrinsic Sr adatoms have an apparent height of ~240 pm. We therefore conclude
that each of these protrusions contains only one Ni atom. In addition, Ni adatoms
prefer to adsorb close to the Sr adatoms, see Figure 3.19(a).

By superimposing a structural model on a high-resolution STM image, we can
identify the possible adsorption sites of Ni adatoms within the nano-pores of the
(4x1) reconstruction. The center position is close to the bridge site between O4
and O4’, indicated by the blue arrow in Figure 3.19(b), whereas the side position
is close to the bridge site between O3 and O2 (red arrow).

DFT calculations were performed in order to verify the adsorption of Ni at
different sites in the (4x1) unit cell and to determine the corresponding adsorption
energies. Ni adsorbed at the centered Nij site [Figure 3.19(c)| represents the most
stable adsorption configuration, followed by the Nijy and Nipp positions. The

corresponding energies of the adsorbed Ni referenced to a Ni atom in the bulk fcc
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configurations I IT III
E — ER™% (eV/Ni atom) 1.11 1.49 1.38
E — E%? (eV/Ni atom) -3.38 -3.0 -3.1
Ni-O bonding length (A) | 1.790, 1.790 | 1.828, 1.839 | 1.819, 1.832
bonding angle (°) 172 162 168
height (A) 0.801 0.468 0.596
magnetic moments (ug) 0.484 0.927 0.21
Bader charge +0.30 +0.60 +0.20

TABLE 3.2.: Characterization of adsorption configurations of Ni adatom on the SrTiO3(110)-
(4x1) surface. Listed are the energy of the adsorbed Ni E, 4, referenced to bulk Ni and Ni in the
gas phase, respectively, Ni-O bond length and O-Ni-O bond angles, the height of the Ni atom
compared to the plane of the Ti; atoms of the pristine surface, the magnetic moment, as well
as the Bader charge analysis for Ni adatoms in the three configurations shown in Figure 3.18.

Details about the calculation can be found in ref. [93].

lattice (or in the gas phase) are 1.1 (-3.4) eV for Nij, and ~0.3 €V less favorable
at Nipp and Nipy sites (see Table 3.2). Figures 3.19(c)-(e) show STM simulations
of Ni at the most favorable sites. Simulated STM images agree very well with the
experimental ones thus verifying the assignment of center and side positions to Nip
and Nippy sites, respectively.

Figure 3.20(a) shows the surface after deposition of 0.05 A Ni. Still, single
adatoms (blue and red arrows) are found on the surface near intrinsic Sr adatoms
(white arrows). Statistics over a series of STM images shows that the preferential
adsorption site has changed from the center position (blue arrows) at low coverages
to the side position (red arrows) at higher coverage, see Figure 3.20(c). In addition,
features with an apparent height ranging from 350 to 650 pm are present on the

surface. These features appear along the meandering lines of intrinsic Sr adatoms
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(a) STO(110)-(4x1) + 0.05A Ni (b) 0.1A Ni+300°C,UHV,10min

0.01 0.02 0.03 0.24 0.05
Ni coverage (A)

FIGURE 3.20.: (a) STM image (Us = +1.6 V, I, = 0.4 nA) of 0.05 A Ni deposited on the
SrTiO3(110)-(4x 1) surface at RT. (b) The surface after mild post-annealing of 0.1 A Ni deposited
at RT. Marked with arrows are intrinsic Sr adatoms (white), Ni adatoms adsorbed at centered
Nij (blue) and side Nijp (red) positions, and Ni clusters (yellow). (c¢) Histogram of the density of
Ni adatoms adsorbed at center and side positions for various Ni coverages. Error bars correspond

to 1 o standard deviation.
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FIGURE 3.21.: (a) Ni 2p core-level photoemission spectra after deposition of 0.1 A Ni (red) onto
the SrTi0O3(110)-(4x1) surface, and after mild annealing (~300°C, UHV, 10 min) to form clusters
(blue). The inset shows the Ni 2ps3/, feature to emphasize the shift of ~0.2 eV. (b) Valence-band
photoemission spectra of the clean surface (black) and the surface with 0.1 A Ni (blue) and Ni
clusters (red). Panel (c) shows the in-gap states located at 1.9 eV (adatoms) and 1.3 eV (clusters)
below Eg. All spectra were taken at RT.

and are therefore attributed to Ni atoms or small Ni clusters adsorbed on the Sr
adatoms (yellow arrows). Similar clusters appear after mild annealing of a surface
with 0.1 A Ni to 300°C in UHV for 10 min. This treatment leads to sintering of
all Ni adatoms on the surface into clusters with an apparent height of ~600 pm,
see Figure 3.20(b). Apart from the clusters, the remaining surface very much

resembles the pristine surface prior to deposition.

3.3.2. Adsorption of Ni adatoms in PES

Figure 3.21(a) shows Ni 2p core-level photoemission spectra after deposition of
0.1 A Ni on the SrTiO3(110)-(4x1) surface. The blue spectrum originated from
Ni adatoms and some Ni clusters, while the red spectrum was acquired after
mild annnealing the sample (~300°C, UHV, 10 min) and therefore sintering of
the adatoms into clusters. Both spectra resemble the typical Ni 2p line shape of
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metallic Ni [94]. The Ni 2p core-level spectrum exhibits a binding energy of the
j=3/2 component of 853.1£0.3 eV and a 17.3 eV spin-orbit-split (SOS) 2p; , peak.
These values are close to the ones reported for pure metallic Ni with Eg=852.7 ¢V
of the 2p3/, peak and a SOS of 17.3 eV [95]. The main Ni 2ps3/, spectral feature
is shifted by ~0.2 eV to lower binding energies for the clusters, see inset of Fig-
ure 3.21(a). Note, however, that the uncertainty of these binding energies is in the
same order of magnitude.

Figure 3.21(b) shows valence-band photoemission spectra of the pristine (4x1)
surface (black), the surface after deposition of 0.1 A Ni adatoms (blue), and after
sintering of the 0.1 A Ni into clusters (red). The spectrum of the pristine surface
shows the O 2p-derived valence band in the binding energy range of 4-8 e¢V. The
onset of the VB is located approximately 3.2 eV below the Fermi level, similar to
what we reported in Section 3.2.2. In addition, the pristine surface does not show
any density of states inside the band gap [see Figure 3.21(c)]. Upon deposition of
0.1 A Ni, the whole valence band spectrum shifts to lower binding energies, and an
in-gap state with a binding energy of 1.9 €V is formed (blue curve). Interestingly,
this in-gap state changes in position and intensity when the Ni adatoms are sintered

into clusters. For the Ni clusters, the IGS is located at a binding energy of ~1.2 eV.

3.3.3. Summary and discussion: Ni adatoms and clusters on
SrTiO3(110)-(4x1) surface

The adsorption of Ni adatoms, and Ni clusters on the SrTiO3(110)-(4x1) surface
has been investigated with STM, PES, and DFT. Single Ni adatoms are stabilized
on the reconstruction network with two distinct adsorption configurations observed
in STM (centered within the (4x1) rows, and on their sides). The preferential
adsorption at these sites has been confirmed by DFT. Mild annealing (~300°C,
UHV, 10 min) results in sintering of the adatoms into clusters.

PES of the valence band reveals a state at £z = 1.9 €V in the band gap formed
upon adsorption of Ni adatoms (+ a few clusters), which shifts to about 1.2 eV
upon sintering of the Ni adatoms into clusters. In addition, adsorption of Ni

adatoms is associated with a rigid shift of all spectral features to lower binding
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energies, i¢.e., upward band bending. DFT predicts a higher adsorption energy
for the center position (Nij) compared to the side position (Nipg). This behavior
is also observed at the lowest deposition amounts analyzed (0.01 A Ni), while at
higher coverages, the side position is more often occupied. A simple explanation
for this behavior can be rationalized by the fact that within the (4x1) unit cell,
two side positions are available, but only one center position.

Interestingly, the measured apparent heights for Ni adatoms adsorbed at Nij
(136 £ 17 pm) and Niyy (157 £ 16 pm) sites are in contrast to the calculated
heights (with respect to the Ti; atoms in the (4x1) troughs) of Ni atoms in Nij
(~0.8 A) and Nipy (~0.6 A) positions. This could indicate a different electronic
structure of the two adsorption configurations. It is also interesting that all cal-
culated adsorption energies are positive with respect to a Ni atom in its bulk fcc
lattice. This implies that it is thermodynamically more favorable for Ni to form
clusters on the SrTiO3(110) surface, which is also observed in STM — Ni adatoms
sinter into clusters upon mild annealing. Still it is remarkable that Ni adsorbs as
single adatoms, and the reconstruction network kinetically hinders the formation
of clusters at RT. Therefore we conclude that the nano-pores of the SrTiO3(110)-
(4x1) surface play an important role for anchoring and stabilizing single adatoms.

The origin of in-gap states (IGS) in valence-band photoemission spectra of
Sr'TiO; is still under debate. Often these states appear at a binding energy of
~1.3 eV (compare IGS presented in Section 3.2.2, which were formed through
electron doping with atomic hydrogen or oxygen vacancies). In these cases, the
IGS is accompanied by a downward band bending indicating electron confinement
in the near-surface region [33]. However, the IGS observed upon adsorption of
Ni adatoms is different from the ones mentioned above. On the surface with Ni
adatoms, the IGS is located at ~1.9 eV instead of 1.3 eV binding energy. The
energy bands appear to bend upward upon the adsorption of Ni, as seen in the va-
lence band (Figure 3.21) and O 1s spectra (Figure 3.22). In addition, the position
and shape of the IGS is clearly different for Ni adatoms and Ni clusters, indicating
that the IGS originates from the deposited Ni on the surface. However, it should

be mentioned that the photon energies at the synchrotron experiments (due to a
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FIGURE 3.22.: (a) Comparison of O 1s core-level photoemission spectra of the clean surface
(black) and the surface with 0.05 A (blue) and 0.1 A (red) Ni adatoms. The spectra are shifted
by 0.2 eV to lower binding energy after deposition of Ni. (b) Schematic energy diagram showing
the upward band bending and the in-gap state induced by the adsorption of Ni adatoms.

lack of systematic calibration) are not as well-defined as the photon energy of the
lab source. Absolute positions of photoemission features are therefore not fully
reliable.

To further understand the origin of the IGS and the associated band bending, we
have calculated the density of states (DOS) for the most stable Nij configuration,
see Figure 3.23. In line with photoemission data, DFT predicts states just above
the valence band within the band gap. These states mainly originate from Ni 3d
orbitals and are located at the surface. Because they lie below the Fermi level
(dashed line in Figure 3.23), electrons from Nb dopant atoms in the SrTiOj3 layers
can occupy these surface states, and an upward band bending occurs [as visible in
the shift of the VB and O 1s in Figures 3.21(b) and 3.22(a), respectively].

Regarding the reactivity of single adatoms on oxide supports, the charge state
of the adatoms plays an important role. In the case of Au metal adatoms, it
was shown theoretically that charging of the Au adatoms reduces the adsorption
energy of small molecules as well as activation barriers for selected reactions [96].

The results presented above might suggest that Ni adatoms are negatively
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FIGURE 3.23.: Valence and conduction band density of states of the Ni; adatom on the
SrTiO3(110)-(4x1) surface. The upper and lower panels show the total and Ni partial den-

sity of states, respectively. More information on computational details are found in ref. [93].

charged. However, the Ni 2p spectrum for the adatoms is shifted to higher bind-
ing energies, as compared to the spectrum for the clusters. This would suggest a
positive charge on the Ni adatoms. Note that final state effects in core-level PES
could as well lead to such a shift [97]. In addition, the Bader charge analysis for
the Ni atom in the preferred configurations Nij-Niy; reveals positively charged Ni
adatoms. The calculated Bader charges of Ni adatoms at positions Ni; and Nipy
amount to +0.3 and +0.2, respectively, therefore supporting the assignment of
positive charge to Ni adatoms. However, it should be mentioned that the DFT
calculations did not consider the n-type doping of the STO crystals.

3.4. NiO clusters on the SrTiO3(110)-(4x1)

surface

This section presents results about the adsorption of NiO clusters on the (4x1)
surface, and the dissociation of water on the NiO-modified surface. Water disso-
ciation at surfaces is especially relevant in the field of solar energy conversion. H,
is a clean fuel, which can be transformed into electrical power by electrochemi-

cal devices such as solid oxide fuel cells. However, large-scale Hy production is
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often realized by reforming of natural gas, although molecular hydrogen can be
produced by water splitting reactions (electrolysis). By utilizing solar light for
this reaction, i.e., in heterogeneous photo-electrolysis, the production of Hy fuel
becomes a clean alternative to natural gas and oil [98]. Fujishima and Honda
were the first to report the electrochemical photolysis of water over a TiO, elec-
trode [99], and Mavroides et al. reported on the photoelectrolysis of water in cells
with SrTiOg [26]. After the first discovery of the photocatalytically active system
NiO-SrTiOj3 [100], only recently there has been progress in understanding the role
of the co-catalyst NiO [101]. In their study, Townsend et al. explain the activity
of the system in terms of a three-component catalysis, “in which STO absorbs the
light, Ni reduces protons, and NiO oxidized water”. In order to gain additional
information on the system from a surface-science perspective, we performed ex-
periments on the system NiO-STO, and studied the adsorption of NiO clusters
on the SrTiO3(110)-(4x1) surface and their interaction with H,O by means of
LEED, STM, XPS, UPS, NEXAFS, and LEIS. The results of this study have been
published in ref. [102].

3.4.1. NiO cluster on (4x1) in XPS/UPS

Ni metal has been oxidized into NiO clusters in two ways. In the experiments
carried out at the Maxlab synchrotron facility (XPS, UPS, and NEXAFS), Ni
metal has been deposited in UHV (from an electron-beam evaporator) and has
subsequently been post-oxidized (PO) in 5 x 107® mbar of O, slightly below the
onset of the infra-red (IR) pyrometer (T ~ 300°C). The resulting Ni 2p core level
was used as a measure of the oxidation state of the deposited Ni, see Figure 3.24(c).
For the STM, XPS, and LEIS experiments in the lab at TU Wien, NiO clusters
have been created by reactively depositing sub-monolayer amounts of Ni metal
in an O, pressure of 5x 107 mbar at different temperatures (RT, ~300°C, and
355°C). All thicknesses stated below are referred to the total amount of Ni metal
deposited before oxidation.

As discussed in Section 3.3, the (4x1) surface supports the adsorption of single

Ni adatoms. We studied the electronic structure of Ni adatoms (+ some clusters)
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and NiO clusters adsorbed on the SrTiO3(110)-(4x 1) surface. Figure 3.24 shows
valence-band and core-level photoemission spectra (acquired at RT) of the pristine
SrTiO3(110)-(4x1) surface (black), the surface with 0.1 A Ni deposited at RT
(red), and after post-oxidizing the Ni into NiO at 300 °C (blue). For comparison,
the zoomed VB-spectra in Figure 3.24(b) were aligned to the O 2s peak at Eg ~
22 ¢V (not shown). For the spectra in the insets of panel (d) and (e), the main
spectral features of O 1s and Ti 2p, respectively, were aligned. The onset of the
valence band was determined from the intersection of the x-axis with a straight
tangent to the leading edge of the valence band feature, as indicated by the dashed
lines in the Figure 3.24(b). Similar to the findings in Section 3.3.2, the onset of
the valence band for the pristine surface is located ~3.2 eV below the Fermi level,
and there are no states in the band gap.

As reported in Section 3.3, the evaporation of Ni results in a rigid shift of
all spectra features to lower binding energies (upward band bending), and the
formation of an in-gap state located at a binding energy of ~1.9 eV. The Ni 2p3/,
core-level feature exhibits a binding energy of 853.6 £ 0.3 eV (SOS =17.3 eV), see
Figure 3.24(c). Post-oxidation of the adsorbed Ni considerably changes the core-
level photoemission spectrum. The Ni 2p feature changes to the typical NiO line
shape, with a binding energy of the j = 3/2 component of 855.9 4 0.3 eV and a SOS
of 17.6 eV, see Figure 3.24(c). These values are in good agreement with literature
values of Eg—853.8 eV of the 2p3/, peak and a SOS of 17.5 eV for bulk NiO [95].
Upon post-oxidation, the valence band shifts to even lower binding energies, as
compared to the surface after adsorption of Ni adatoms. In addition, the in-gap
state (IGS) of Ni adatoms at ~1.9 eV binding energy transforms into a shoulder
of the valence band. This shoulder results in an apparent change of the onset of
the valence band to binding energies of around 1.7 €V below the Fermi level, see
Figure 3.24(b).

The O 1s core-level shows only a very weak change. The adsorption of Ni
adatoms causes the main O 1s spectral feature to be damped and a small shoulder
at higher binding energy is formed. This shoulder is slightly diminished upon

oxidation, see inset of Figure 3.24(d).
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FIGURE 3.24.: Photoemission spectra of differently treated SrTiO3(110)-(4x1) surfaces. Black,

red, and blue spectra correspond to the pristine surface, the surface after deposition of 0.1 A

Ni, and after postoxidizing the same amount of Ni at 300°C, respectively. (a) Valence band

(VB) spectra. (b) A zoom into the gap region with the spectra aligned to the O 2s feature at
Ep = 22 ¢V. Dotted lines are used to evaluate the onset of the VB. (¢) Ni 2p core levels before
and after oxidizing 0.1 A Ni. (d) O 1s and (e) Ti 2p core-level features. The insets show the O 1s
high binding-energy region (d) and the Ti 2p3/, low binding-energy region (e) after aligning the

spectra to the corresponding main peak. (f) Band bending as determined from the O 1s and

Ti 2p peak positions with Al Ka radiation as a function of the amount of NiO deposited by RD

at 355 °C. Error bars represent 99 % confidence intervals on the fitted peak positions.
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The Ti 2p core-level shows for the pristine surface the commonly observed Ti 2p
feature of Ti** ions (Ti 2ps/2 Ep =459 £0.15 ¢V with SOS of 5.7 V). Adsorption
of Ni adatoms (+ clusters) results in the formation of a small shoulder at lower
binding energies, see inset of panel (e). This shoulder indicates charge transfer
from the Ni to the Ti to form Ti**, indicating a positive charge state of the
adsorbed Ni (compare discussion in Section 3.3.3). Upon oxidation, this shoulder
vanishes, and the spectrum resembles the pristine surface, except for a rigid shift
of 0.2+£0.15 eV.

Because photon energies have not been calibrated thoroughly at synchrotron
experiments, the absolute positions of PES features are not fully reliable. We
therefore repeated the XPS measurements at the lab at TU Wien utilizing an Al
Ka X-ray source producing photons with a constant, reliable energy. Figure 3.24(f)
shows the values of band bending, as determined from the shift of core-level fea-
tures (O 1s and Ti 2p), depending on the NiO deposition amount. The energy
bands progressively bend with increasing NiO deposition amount to lower binding
energies (upward band bending), with a saturation value of ~0.8 eV at deposited
amounts of 1 A NiO.

3.4.2. NiO clusters on the (4x1) surface in STM

Figure 3.25 shows STM images of the pristine Sr'TiO3(110)-(4x1) surface (a), the
surface after adsorption of 0.05 A Ni adatoms (4 a few clusters) (b), and the
surface with differently prepared NiO clusters (c)-(f). Intrinsic Sr adatoms, and
Ni adatoms are indicated by white, and blue and red arrows, respectively. NiO
clusters are highlighted by dashed blue lines, and defects are indicated by orange
lines and orange arrows.

As already reported above, Ni adsorbs as single adatoms and small clusters on
this surface [see Section 3.3 and Figure 3.25(b)|. Upon post-oxidation of 0.1 A Ni in
5 x 1078 mbar O, at 375°C, the Ni forms irregularly shaped clusters [dashed blue
lines in panels (c)-(f)]. These clusters extend over several adjacent (4x1) lines,
and do not exhibit any preferential adsorption site. In addition, these patches do

not show any ordering on the atomic scale, likely indicating a locally defective NiO
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or a mixed Sr,Ti,Ni, structure. Similar morphological features are observed when
the growth is carried out by reactively depositing Ni in a pressure of 5 x 107 mbar
O, at 325°C (d).

Increasing the amount of NiO on the surface does not improve the atomic-scale
ordering of the NiO patches, see Fig. 3.25(e). Increasing the amount of NiO on
the surface only increases the areal coverage of NiO patches. Upon deposition of
0.3 A NiO (not shown), the surface is nearly fully covered, with only little of the
original (4x1) surface visible in STM. LEED images acquired on the sample at
different NiO coverages (not shown) do not exhibit any additional features in the
diffraction pattern. Only an overall increase of the inelastic background in LEED
is observed for increasing deposition amounts.

Note that local distortion of the (4x1) rows in close proximity to the NiO
clusters is observed in STM images. This is mostly evident wherever NiO patches
extend up to the dark tranches separating adjacent (4x1) rows [orange arrows in
Figures 3.25(c) and (d)]. In such regions the dark trenches appear wider in the
in-plane direction, and exhibit a deeper corrugation by 10-20 pm, as measured
with STM.

Fig. 3.25(f) shows the surface with 0.1 A NiO post-oxidized at 600 °C. The NiO
clusters coalesced into rectangularly shaped islands, along with several defects
being introduced in the STO substrate (orange lines). One type of defect appears
as periodic, bright dots centered within the (4x1) rows. Another type of defect
appears as cross-shaped vacancies centered on one of the two rows of periodic
dots that build up the (4x1) structure. The third obvious defect appears in STM
images as depressions next to NiO patches and could indicate locally missing units
of the surface reconstruction. It should be mentioned that despite the relatively
high annealing temperature of 600 °C during post-oxidation, the XPS intensity
(Al Ka) of the Ni 2p core-level decreases by less than 6 %. Therefore, extended

inter-diffusion of Ni into the STO surface layer or bulk can be excluded.
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FIGURE 3.25.: STM images of differently treated SrTiO3(110)-(4x1) surfaces. White arrows
indicate Sr adatoms. Blue and red arrows indicate Ni adatoms adsorbed at center and side
positions, respectively (c¢f. Section 3.3). Dashed blue curves highlight selected NiO regions.
Orange solid lines and orange arrows indicate defects. (a) Pristine (4x1) surface. (b) Pristine
surface after deposition of 0.05 A Ni. [93] Panels (c) and (d) show 0.1 A Ni postoxidized (PO)
and reactively deposited (RD), respectively. (e) Reactively deposited 0.2 A Ni. (f) 0.1 A Ni after
postoxidation at 600 °C. Tunneling parameters for panels (a)-(f): Ug = +2.0 to +2.5 V, I; =
0.02 to 0.3 nA.
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3.4.3. NiO cluster on (4x1) in NEXAFS

To obtain further insight into the adsorption of NiO cluster on the SrTiO3(110)-
(4x1) surface, we performed near-edge X-ray absorption fine structure (NEX-
AFS) measurements. As discussed in the experimental Section 2.2 and in Sec-
tion 3.7, NEXAFS probes the unoccupied conduction band states (Ti 3d) and
gives valuable information about the local coordination of the probed atoms. We
performed NEXAFS in the surface sensitive Auger electron yield (AEY) mode, and
in the more bulk sensitive secondary electron yield (SEY) mode. Figure 3.26(a)
shows the NEXAFS spectra of the Ti L, 3 absorption edged of differently treated
SrTiO3(110)-(4x 1) surfaces.

The assignment of absorption features in Ti L-edge spectra of the (4x1) surface,
and the differences between L-edge spectra acquired in AEY and SEY mode have
been presented above in Section 3.1.1. The absorption peaks at photon energies
of ~458 eV and ~460 eV correspond to Ti ions in octahedral (Oy) coordination,
and the peak at ~459 ¢V corresponds to Ti ions in tetrahedral coordination (Tg).
Small shifts of the Ti Ly 3 peak at 458 eV occur for different treatments of the
surface. These shifts cannot be explained by band bending (BB) since BB origi-
nates from a local difference in electrostatic potential and should therefore affect
all core levels, and valence-band, and conduction-band states equally. The shifts
are therefore attributed to changes in the conduction band, i.e., in the Ti 3d lev-
els. Overall, however, these shifts are below 0.2 eV, indicating that the conduction
band states are only minimally altered upon adsorption. Compared to the spec-
trum of the pristine surface (black curve), the tetrahedral signature in the spectra
is considerably decreased upon adsorption of Ni and NiO, see Figure 3.26(a). This
could indicate that the signal from the surface TiO, gets damped by the adsor-
bates, or that the adsorbates effectively distort the TiO4 tetrahedra. The latter
possibility is consistent with the distortion and disruption of the surface structure,
which was observed in STM on a surface with NiO annealed at 325-375°C [see
Figs. 3.25(c) and (d)] and 600°C [see Fig. 3.25(f)], respectively. Ti Lo s NEXAFS
spectra acquired in the bulk-sensitive secondary electron yield (SEY) mode [see

gray spectrum in Figure 3.26(a)| show the same absorption peaks as in AEY with
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FIGURE 3.26.: X-ray absorption spectra of the pristine surface (black), the surface with 0.1 A
Ni (red), and after postoxidation to NiO (blue curve). (a) Ti Ly 3 absorption edge in Auger
electron yield (AEY) mode and secondary electron yield (SEY) mode. Features related to Ti
coordinated in tetrahedral or octahedral environment are indicated by Td and Oh, respectively.
(b) O K edge in AEY and SEY. (¢) Ni Ly 3 edge in SEY mode.
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the relative peak ratios dominated by the octahedral features, as expected for Ti
in bulk STO.

Figure 3.26(b) shows the NEXAFS spectra of the O K edge. The spectrum
appears similar for all surface treatments. De Groot et al. were able to relate
the absorption spectrum of the O K edge of SrTiO3 directly with the density of
empty states [103]. According to their study, the first two absorption features at
photon energies of ~530.8 eV and ~533.2 eV correspond to transitions from the
O 1s into O 2p states hybridized with Ti 3d tos and ey, respectively. At higher
photon energies, the features relate to unoccupied states of Sr [103]. The spectrum
of the pristine surface does show additional spectral weight at photon energies of
~532.2 eV. The separation of this additional peak |marked by the black arrow
in Fig. 3.26(b)| from the main absorption feature at ~530.8 €V is comparable to
the crystal field splitting observed in the Ti L3 edge absorption spectrum. We
therefore conclude that this peak reflects the tetrahedral crystal field splitting of
Ti 3d states for the pristine surface. The O K edge spectrum acquired in secondary
electron yield exhibits the same features as the spectra acquired in AEY mode
but with a different intensity for the peaks at photon energies of ~543.2 eV and
~550.6 eV.

The Ni Ly 3 NEXAFS spectra for Ni adatoms and NiO clusters are shown in
Figure 3.26(c). Due to a low signal related to the small amount of Ni or NiO
on the surface, this spectrum was acquired in secondary electron yield (SEY).
However, STM and XPS experiments revealed Ni to stay exclusively on the surface.
Therefore, the use of SEY mode for the Ni Ly 3 edge is not limiting the surface
sensitivity of the measurement. The spectrum consists of two peaks at photon
energies of ~853 eV and ~871 eV, corresponding to absorption of light by electrons
in Ni 2p states. The position of these peaks and the shape of the spectrum is similar
to the ones reported by May et al. for both metallic Ni and NiO samples [104]. In
case of the post-oxidized samples typical features of the characteristic line shape
of NiO are observed. The intensity of the Ly 3 white lines with respect to the
background is increased due to the oxidation of the metallic Ni, resulting in an

increased number of empty d states for the oxidized Ni species [104].
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3.4.4. Water interaction with NiO-modified
SrTiO3(110)-(4x1)

We have studied the interaction of HoO with the NiO-loaded SrTiO3(110)-(4x1)
surface by means of UPS, XPS, and LEIS. As already mentioned in the experimen-
tal chapter, photoemission features allow us to identify whether water is adsorbed
on the surface in a molecular or dissociative fashion. Figure 3.27 shows valence
band and O 1s core level photoemission spectra before (blue) and after (green)
dosing 50 Langmuir of HyO on a (4x1) surface with 0.1 A NiO. Increased spec-
tral weight was observed in regions typically assigned to dissociatively adsorbed
H50. In the valence band spectrum in Figure 3.27(a), a state at a binding energy
of ~11 eV appears upon dosage of water. This peak is attributed to the OH 3o
state, indicating dissociated water on the surface, see Figure 3.27(b). In addition,
Figure 3.27(c) shows a small increase of spectral weight inside the band gap, in
line with the results presented in Section 3.2.2 for surface hydroxyls. Furthermore,
the observation of an increased high-binding-energy shoulder of the O 1s core-level
supports this conclusion, see inset of Figure 3.27(d). Although the photon energies
(and therefore absolute binding energy values) were not well calibrated, all spectra
exhibit a rigid shift to higher binding energies upon water dosing.

The adsorption of water has been further studied by means of low-energy ion
scattering (LEIS). In addition to its high surface sensitivity, LEIS is able to resolve
small mass differences of the surface atoms. By using He™ ions as the primary ions
in LEIS, oxygen isotopes 1°0 and '80 can be discriminated in the resulting spectra.
Figure 3.28 shows ion scattering spectra of differently treated SrTiO3(110)-(4x1)
surfaces. The spectrum of the pristine (4x1) surface (black curve) shows peaks
related to He™ ions scattered at 'O (~400 eV), Ti (~710 €V), and Sr (~795 eV)
atoms.

To investigate the adsorption of water on the NiO-loaded (4x 1) surface, we per-
formed LEIS after dosing up to 100 L isotopically labeled water (Ho'®O). (H5'®O
was dosed onto the samples in the preparation chamber to preserve the clean condi-
tions in the analysis chamber.) Dosing up to 100 L Ho®®O onto the pristine surface

does not introduce any additional features in the LEIS spectrum (not shown),
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consistent with the inert nature of this surface, see chapter 3.2. We successively
deposited increasing amounts of NiO onto the surface and subsequently dosed up
to 100 L of Hy'®O. (Each spectrum corresponds to a freshly prepared and treated
surface.) Nickel introduces a peak in LEIS spectra at a kinetic energy of approxi-
mately 770 eV. This peak is partially overlapping with the corresponding peak of
Sr and can only be distinguished from the Sr peak at higher NiO coverages (> 0.2 A
NiO). In addition, a peak at a kinetic energy of ~450 eV is evolving in the spectra.
This peak is assigned to He™ ions scattered at 80 belonging to adsorbed water.
The spectra acquired on samples with different amounts of NiO clearly show that
water binds to the NiO-loaded surface, in agreement with the photoemission data
in Figure 3.27.

The 80 peak is larger for the case of 0.2 A NiO (130/%0 = 12.3 %) compared to
the case of 0.3 A NiO (8.5 %). Because 0.3 A NiO represents a nearly fully covered
surface with only little (4x1) visible in STM, the larger peak at 0.2 A possibly
indicates that H,O either adsorbs or dissociates preferentially at the boundary of
the NiO clusters with the (4x1) surface.

3.4.5. Summary and discussion: NiO and H>O on
SrTiO3(110)-(4x1) surface

By combining various spectroscopic techniques with direct-space imaging, we have
investigated the adsorption of NiO clusters on the SrTiO3(110)-(4x1) surface and
their interaction with water. The oxidation of Ni adatoms into NiO clusters has
been achieved by either post-oxidizing adsorbed Ni, or by reactively depositing Ni
in an oxygen atmosphere, and has been verified by XPS. UPS results revealed
the formation of a shoulder of the valence band maximum (VBM) upon NiO
adsorption. In addition, NEXAFS results showed relatively stable positions of
the Ti Lo 3 absorption peaks for the surface with and without NiO, indicating that
the conduction band minimum (CBM) is not considerably changed. Assuming that
the states contributing to this VBM shoulder are hybridized with O 2p states of
the valence band, the shifted onset of the VBM combined with the stable position
of the CBM indicates an effective decrease of the band gap of the system. The
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FIGURE 3.27.: (a) Valence band and (b) O 1s photoemission spectra of NiO-loaded surfaces
before (blue) and after (green) dosing 50 L of water at RT. Panel (b) and (c) show a zoom into
the OH 3¢ and band-gap regions, respectively (spectra aligned to the O 2s peak at 22 €V). Inset
of (d) shows the O 1s high binding-energy region after aligning the spectra to the main peak

feature.
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FIGURE 3.28.: Low-energy He' ion scattering spectra acquired on the pristine SrTiOz(110)-
(4x1) and after deposition of different amounts of NiO with subsequent dosing of 100 Langmuir

H'®0. 180/160 ratios were determined from peak fitting (Gaussian) after subtracting a linear

background.
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bandgap decreases from 3.2 eV (photons with ~390 nm) to ~1.7 eV (~730 nm),
allowing harvesting of visible light. It should be noted that the present data do
not provide information on hybridization of these states. However, it is known
from experiments with N-doped TiO, that such VBM shoulders can considerably
enhance the visible-light response in photocatalysis experiments [105]. In addition,
a considerable shift of PES features to lower binding energies by as high as 0.8 eV
is observed for the NiO-modified surface. Such an upward band bending supports
the dissociation of photogenerated excitons driving excited electrons toward the
bulk of the substrate and holes to the very surface. It should be noted, however,
that this process requires the existence of extended states necessary to allow charge
transport before electron-hole recombination occurs.

The combination of STM and NEXAFS results indicates the disruption of the
reconstruction network upon adsorption of NiO. Most likely the resulting defects
represent favorable adsorption sites for water, which is also consistent with ion
scattering results. LEIS shows a higher 180 signal for the surface with 0.2 A NiO
compared to the nearly fully covered surface with 0.3 A. This indicates that the
adsorption may take place at the circumference of the NiO clusters, i.e., at the
triple phase boundary NiO/STO/UHV. XPS results indicated no interdiffusion
of Ni, i.e., the two oxide phases are well separated. It should be noted that the
amount of reactively deposited Ni to form a nearly fully covered surface (0.3 A)
approximately corresponds to 33 % of a single NiO(110) layer. This could indicate
that the patches observed in STM are of a mixed Ni-Ti oxide phase. Such a mixed
phase would change the local coordination of Ti in the surface layer, which is also
observed in NEXAFS spectra. In Section 3.2, we discussed the idea about the
inertness of the pristine surface being due to the regular nature of TiO, tetrahedra
of the reconstruction. Therefore, the distortion or disruption of these tetrahedra
could be a reason for the enhanced reactivity of the surface toward water adsorp-

tion.
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3.5. Homoepitaxial growth of STO(110)-(4x1)
with PLD: Early stages of growth

In this section we present results from our pulsed laser deposition system with
in-vacuo transfer of as-grown samples to the surface analysis chamber.

As already mentioned in Section 1.2, Sr'TiO3 has evolved as a prototype for the
class of complex oxides and we followed the homoepitaxial growth of STO on the
(110) surface. Homoepitaxy provides the advantage of performing growth studies
unaffected by misfit strain between substrate and film. In the following, we present
results on the early stages of the homoepitaxial growth of the SrTiO3(110)-(4x1)
surface. We show how the growth is influenced by the substrate temperature
and pulse repetition rate. In addition, by combining highly resolved STM with
RHEED-assisted PLD growth, we were able to test and expand the step density
model that explains the variation of the RHEED specular spot intensity during
growth.

Prior to growth we freshly prepared and characterized the substrate surface
and ensured surface conditions for the pristine surfaces that are consistent for all
depositions. A characterization of the pristine (4x1) surface by STM, LEED, and
RHEED is presented above in Section 3.1.1. Details about the PLD setup are
shown in Section 2.10. If not stated otherwise, all depositions were carried out
in a background pressure of 3 x 1072 mbar Oy, with a UV laser (248 nm) fluence
of 2 J/em?, a target-to-substrate distance of ~60 mm, and a UV laser repetition
rate of 1 Hz. Most of the results presented in this section have been published in
ref. [106].

3.5.1. Island nucleation on the SrTiO3(110)-(4x1) surface

Figure 3.29(a) shows an STM image of ~0.1 ML grown on a (4x1)-reconstructed
surface (substrate temperature =850 °C). The line profile shows an island height
of ~276 pm, corresponding to the height of one ML. Intrinsic Sr adatoms are in-
dicated by the white arrow in panel (a). Due to the relatively high O, pressure

during deposition, the surface exhibits exclusively the type-II domain boundaries
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FIGURE 3.29.: (a) STM image of 0.1 ML on a (4x1)-reconstructed surface. The inset shows the
height profile along the line. Intrinsic antiphase domain boundaries are highlighted by a white
(Sr adatoms) and a red (type-1I vacancy clusters) arrow. The lower part is high-pass filtered to
emphasize the unperturbed arrangement of domain boundaries across the step edge (red line). (b)
Schematic representation of different growth scenarios. (1) The surface reconstruction (red line)
is buried underneath the film, which exhibits a different surface structure. (2) The initial surface
structure intermixes with the film to form an interdiffusion region, again with the film exhibiting
a different surface structure. (3) The film grows as a stoichiometric bulk layer and the surface
structure is transferred to the top. Schematic adapted with permission from ref. [21]. © 2011
American Chemical Society. Deposition and STM parameters: (a) 2 J/cm?, 3 x 1072 mbar Og;
Us=3.3 V, I;=0.7 nA.
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(cf. Section 3.1.1), as indicated by the red arrow in panel (a). A high-pass filter
is applied to the lower part of Fig. 3.29(a) highlighting the unperturbed arrange-
ment of domain boundaries on the islands with respect to the substrate surface
[highlighted by the red line in (a)]. The balance between compulsive interaction
of anti-phase domain boundary (APDB) pairs along [110] direction, i.e., between
Sr adatoms and type-II vacancy clusters, and the attractive interaction between
type-11 vacancy APDBs along [001] direction is therefore also continued across the
step edges [71].

The islands exhibit the same reconstruction as the substrate layer. It has al-
ready been pointed out by Shimizu et al. that there are in general three scenarios
to be considered regarding how a film grows on a reconstructed surface, see Fig-
ure 3.29(b) [21]. For example, the surface reconstruction can get completely buried
underneath the deposited film, which then exhibits a different surface structure
[panel (bl)]. Another possibility is that the deposited material effectively grows
as subsurface stoichiometric bulk layers with the initial reconstruction floating to
the topmost layer [panel (b3)]. An intermediate scenario might be possible as
well, where the buried surface reconstruction intermixes with the film the form a
different reconstruction at the top |[panel (b2)].

The SrTiO3(110)-(4x 1) in its equilibrium (4x10) superstructure (including both
types of APDBs) exhibits a formal stoichiometry of (Sry/40Ti58/400157/40)%" [71]. Tt
is therefore evident that the scenario shown in Fig. 3.29(b1) is not very probable as
it would require the incoming flux of laser-ablated particles to be strongly Ti-rich.
Additionally, the situation of having a double layer of (4x1) reconstruction seems
to be very unlikely. We therefore expect that the existence of STO(110) islands
having the same reconstruction as the substrate layer indicates that deposited ma-
terial, when having Sr'TiOj stoichiometry, effectively grows as bulk-like subsurface
islands, as shown in Fig. 3.29(b3).
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FIGURE 3.30.: (a) Large-area STM image of the pristine surface prior to deposition. The in-
set in (a) shows the profile across the white line. (c)-(h) Series of STM images and corre-
sponding RHEED intensity variations during the homoepitaxial growth of one monolayer on the
SrTi03(110)-(4x1) surface. A freshly-prepared substrate was used each time. (b) Area coverage

derived from an analysis of STM images and a linear fit to the data.
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3.5.2. RHEED oscillations corresponding to layer-by-layer
growth

Figure 3.30 shows STM images and the corresponding RHEED intensity variations
during the growth of the first monolayer (ML). Panel (a) shows the pristine surface;
a similar surface was prepared prior to each deposition. The surface consists of
terraces of several hundred nm in width, and the line profile indicates unit-cell
step heights. Figures 3.30(c)-(h) show the surface in STM after deposition of sub-
ML amounts of STO at 650 °C substrate temperature with 1 Hz repetition rate.
Variations of the RHEED specular spot intensity, recorded during deposition, are
shown in the insets of Figures 3.30(c)-(h). The number of pulses stated in the
insets was applied consecutively, and the substrate was kept at the deposition
temperature for an additional 10 min before cool-down and transfer to the surface
analysis chamber and STM measurements.

After deposition of one pulse [see panel (c)], single-layer high islands appear on
the surface. The considerable drop in the RHEED intensity is consistent with an
increased step density at the surface. Note that we aligned the RHEED beam
parallel to the [110] direction, therefore only steps parallel to the [001] direction
are strongly influencing the RHEED intensity. The islands tend to grow elon-
gated in [110] direction indicating either anisotropic sticking to the island edges
or anisotropic diffusion of adspecies with the fast diffusion direction along [110],
i.e., parallel to the bright (4x1) rows [cf. lower panel of Figure 3.4(a)|. Similarly
elongated islands have been reported by Feng et al. during homoepitaxial MBE
growth on the STO(110)-(4x1) surface [107].

As the number of laser pulses increases, the number and size of the islands on
the surface increase and the RHEED intensity decreases accordingly [panels (d)
and (e)|]. Upon increasing the number of pulses from 4 to 8 [panels (f) and (g)],
the percolation network is progressively filled, leaving only a few open areas on
the surface, and the RHEED intensity increases with each pulse. Note that no
second-layer islands have formed yet, i.e., the growth follows an ideal layer-by-
layer mechanism. The RHEED intensity profile in Figure 3.30(h) shows that the
10*" pulse reduces the RHEED intensity again. This is in line with the STM images
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showing a completely filled first layer and nucleation of 2°¢ layer islands. Thus the
amount necessary for the growth of one ML under these conditions lies between 8
and 9 pulses, and one oscillation of the RHEED intensity indeed corresponds to
the growth of one ML.

Analysis of STM images shows that the island-coverage linearly increases with
the number of UV laser pulses, see Figure 3.30(b). However, it should be men-
tioned that the linear fit in panel (b) does not intercept the vertical axis at zero,
indicating an apparent initial coverage of around 25% prior to deposition. This
issue is related to the shutter of PLD system not entirely shadowing the particle
flux created during pre-ablation in 3 x 1072 mbar oxygen pressure. Indeed, STM
images acquired after pre-ablation with the shutter in front of the substrate (not
shown) reveal that the terraces are covered by single-layer thick islands with a cov-
erage of approximately 0.25 ML. Because the relatively large shutter (9 x 7 cm?)
completely obstructs the sample from the target, ablated particles can only bypass
the shutter by scattering multiple times in the background atmosphere. Because
lighter plasma constituents scatter more strongly [108], this leads to a Ti enrich-
ment of the impinging flux and the first islands nucleating on the surface will
exhibit a slightly different stoichiometry. This was also observed in STM - some
of the islands exhibit the (2x4) structure [whose stoichiometry is Ti-rich with re-
spect to the (nx1) structures|, surrounded by (4x1)-reconstructed terraces (see
below in Section 3.6 for implications of the coexistence of multiple surface struc-
tures on the diffusion and growth). This indicates that the flux originated from
the pre-ablation process was indeed Ti-enriched. In order to minimize the actual
deposition amount during pre-ablation, we designed a new, bigger shutter for the

system that has been mounted recently.

3.5.3. Verification and extension of the step density model

Figure 3.30 follows the completion of one ML by means of STM and RHEED. The
STM images indicate the coalescence of the islands starting between the 2"¢ and
the 4" pulse, where the RHEED intensity reaches its minimum. We analyzed high-
resolution STM images to derive the density of steps parallel to the [001] direction
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FIGURE 3.31.: (a) STM image showing islands after the growth of 4 pulses at 650 °C substrate
temperature in 3 x 1072 mbar oxygen. The border of the islands and the interfaces between
(n x 1) and (2 x 4) regions, all parallel to the [001] direction, are highlighted in cyan and
magenta, respectively. The inset shows the profile along the line in (a). (b) RHEED intensity
overlaid with the step density (analyzed from STM images) with (red squares) and without (blue
circles) considering the interfaces between the different reconstructions, respectively. Note that

the step density axis is inverted.
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on the surface. Interestingly, this analysis revealed a lower step density after the
4™ pulse compared to the 22 pulse [cf. blue circles in Figure 3.31(b); note that the
step density axis is inverted|. According to the step density model [62], this would
cause an increased RHEED specular spot intensity after the 4" pulse, compared to
after the 2" pulse. However, the RHEED specular spot intensity decreases after
the 4*" pulse. This comparison shows that the steps introduced by the border of
the islands alone do not represent a reliable measure of the step density on the
surface.

High-resolution STM images of the islands nucleated on the surface show that
the islands often consist of two inherently different reconstructions. While the
larger portion of the island exhibits the same reconstruction as the substrate layer,
i.e., a mix of (4x1) and (5x1) reconstructions, parts of the islands exhibit the
(2x4) structure, see Figure 3.31(a). (We identified the (2x4) structure through
its appearance in STM and LEED, c¢f. Fig. 3.2.) The line profile in Figure 3.31(a)
shows that the (2x4) reconstruction has an apparent height of around half a ML.
Because (2x4) regions appear as depressions with respect to (nx1) areas in a wide
range of tunneling conditions (1.4 V6.9 V; 0.05 nA-1.9 nA), we conclude that the
depressed appearance originates from a topographic height difference, rather than
from purely electronic effects. Therefore the linear boundaries between (nx1)
and (2x4) domains |highlighted by magenta lines in Figure 3.31(a)] have to be
counted as steps when analyzing the step density from STM images. Indeed the
step density and the RHEED intensity fit very well after considering also the
step density introduced by these interfaces [see Fig. 3.31(b), red squares|. Note
that the axis of the step density in Fig. 3.31(b) has been adjusted to overlay the
minimum (0.0046 + 0.009 nm/nm?) and the maximum (0.1977 & 0.0314 nm/nm?)
step densities (with interfaces considered) with the maximum and the minimum
RHEED intensities, respectively. This is a reasonable representation because the
maximum RHEED intensity is expected at the minimum step density, and wvice
versa. With this overlay, the scaling of the normalized RHEED intensity I(t)
follows quantitatively the well-known relation to the step density as I(t) = 1 —
S(t)/Smax, where S(t) is the step density at a given time (or laser pulse) and Spax
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is the maximum step density, at which the RHEED intensity is a minimum [62].

3.5.4. Substrate temperature versus island density and

shape

Figures 3.32(a)-(c) show STM images acquired after deposition of one laser pulse at
different substrate temperatures. Prior to each deposition, the substrate was again
prepared to exhibit a predominantly (4x 1)-reconstructed surface. The insets show
the RHEED intensity after growth — the sample was still kept at the deposition
temperature for 10 min total before cool-down and STM measurements. The STM
images show a considerable reduction of the island density when the temperature
during growth and annealing is increased first from 650 °C to 750 °C and then to
850 °C. The increase of the substrate temperature has also a prominent influence
on the relaxation of the RHEED intensity, which recovers considerably faster at
higher temperatures. After deposition at 650 °C, the RHEED intensity stays al-
most constant, meaning that island nucleation takes place much faster than the
integration time of the camera (~16 ms), and that the 10 min post-annealing only
causes a negligible change in the surface morphology. The magnitude of the initial
drop of the RHEED intensity is comparable for all sample temperatures indicat-
ing a similar step density right after deposition. The long-term relaxations visible
at higher temperatures therefore indicate a coarsening of the islands, which, at
850 °C, predominantly ends with the attachment of these islands into the terrace
steps.

Comparing the deposition after one pulse at 650 °C and 850 °C [see Figures 3.32(a)
and (c)|, the size, the amount, and the aspect ratio of the islands have changed
considerably. Fig. 3.32 also provides a quantitative evaluation of the island di-
mensions |panel (d), wider circles indicate higher counts| and the island densities
[panel (e)]. Figures 3.32(d) shows that at 650 °C growth temperature, islands pref-
erentially grow elongated along [110] direction with typical dimensions of around
3.5 x 10 nm?. At 750°C, two maxima appear in this plot, i.e., part of the island
population exhibits the same aspect ratio (7 x 23 nm?, AR = 3.0, solid line) as

islands nucleated at 650 °C, while another part of the population has grown elon-
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gated along [110] (7 x 38 nm?, AR =~ 4.6, dashed line). This indicates that 750 °C
can be considered a critical temperature, at which ripening during the 10 min
post-anneal partly leads to the coalescence of the islands. At 850 °C, the aspect
ratio of the islands almost approaches unity (AR & 1.5, dot-dashed line). The AR
values of 3-4.6 at 650-750 °C indicate preferential diffusion (or preferential stick-
ing) of adspecies along [110] direction, while at 850 °C the diffusion (or sticking)
in both directions on the surface is comparable giving rise to AR ~ 1.5.

The number of islands per unit surface area, derived from a quantitative analysis
of STM images, shows an exponential increase with the inverse of the growth tem-
perature, as shown in the Arrhenius plot in Figures 3.32(e). If the critical nucleus
size and the amount of material attached to the steps at higher temperatures were

known [109,110], it would be possible to derive diffusion barriers from this plot.

3.5.5. Using the UV laser repetition rate to tune the growth

mode

Figure 3.33 exemplifies the dependence of the growth mode on the UV laser rep-
etition rate in the homoepitaxial deposition of STO at 850 °C. At 1 Hz repetition
rate, layer-by-layer growth is obtained, see panel (a). STM images show the grad-
ual formation of one ML and the corresponding RHEED intensity variation shows
nearly one full oscillation after 8 pulses at 1 Hz. A drastic decrease of the growth
speed to one pulse every 10 min leads to a predominantly step-flow growth regime,
see Figure 3.33(b). RHEED intensity profiles show nearly full relaxation after
each laser pulse and STM images reveal an essentially unchanged island density
of (1.3 £ 0.3 x 107* islands/nm?) for different number of pulses.

3.5.6. Summary: Early stages of STO(110)-(4x1)

homoepitaxial growth

We have followed the early stages of homoepitaxial PLD growth of the SrTiO3(110)-
(4x1) surface by means of STM and RHEED, and we have shown that well-defined
(4x1) surfaces can be prepared by PLD with the exception of (2x4) patches at-
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FiGUure 3.32.: STM images and corresponding RHEED intensity relaxations of one pulse de-
posited at substrate temperatures of (a) 650°C, (b) 750°C, and (c) 850°C. (d) Distribution of
island dimensions after 1 pulse (+ post annealing) at different growth temperatures. Larger
circles indicate higher number of counts. The lines indicate different aspect ratios (AR). Note
that only rectangular-shaped islands are counted; coalesced islands with different shapes were

neglected. (e) Island density derived from the analysis of STM images in an Arrhenius plot.
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tributed to non-stoichiometry. Islands nucleated on the STO(110) surface exhibit
the same reconstruction as the substrate surface indicating that the deposited ma-
terial grows as sub-surface bulk-like layers with the reconstruction floating to the
top surface. We confirmed the correspondence of RHEED intensity oscillations
with ideal layer-by-layer growth, and point to a problem occurring in probably
all PLD systems. That is, during pre-ablation of the target, particles are able
to reach the substrate surface even with the shutter in closed position. This can
cause uncontrolled growth of the first layer, which might substantially change the
properties of the interface. Although this might not be an issue if pre-ablation
is done in ultra-high vacuum conditions, we assumed that pre-ablation should be
carried out with the actual deposition pressure applied to the system.

We tested the step-density model for the RHEED intensity by interrupting the
growth after deposition of sub-ML amounts and subsequent STM analysis. The
step-density model explains variations in the RHEED intensity by oscillations of
the density of steps introduced by islands on the surface during growth. We
analyzed the actual step density from high-resolution STM images and compared
it with the drop in RHEED intensity for the first few laser pulses. We conclude that
not only the steps introduced by the islands’ circumference add to the step density.
Also the interfaces formed between two inherently different surface reconstructions
have to be counted as steps as well. It should be noted that this is still a simplified
model, which entirely neglects possible differences in electron reflectivity of the two
different reconstructions on the islands. Furthermore, the topographic difference
between (2x4) and (4x1) areas is expected to cause out-of-phase diffraction that
will in addition cause a decrease in the RHEED intensity. However, given the
successful match between the RHEED intensity and the step density including the
interfaces, we believe that the steps are the dominant factor behind the RHEED
oscillations also on this surface with two different reconstructions.

Variations of the PLD parameters, in particular growth temperature and depo-
sition rate were used to tune the island density and the morphology of the surface.
The strong dependence of the island density and morphology on the substrate tem-

perature highlights the need for a uniform temperature across the surface. The IR
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laser directly shone onto the back of the sample ensures a uniform heating with
differences in the temperature across the sample of less than 5°C. The control of
the film structure and morphology should facilitate research on the interaction of
chemical species with this surface, and allows studies of the relation of step edges
in promoting chemical reactions. The growth mode can be tuned by variation of
the temperature, or by large changes in the UV laser repetition rate, correspond-
ing to a different time-averaged flux. This dependence can be used when growing
materials sensitive to high temperature or when strong intermixing is expected at

elevated temperatures.

3.6. Homoepitaxial growth of STO(110) surfaces
with PLD: Growth of multi-layer films

In addition to the results presented in the previous section about the early stages of
growth on the SrTiO3(110)-(4x1) surface, we have investigated the homoepitaxial
growth of thick films on different STO(110) surfaces by means of RHEED, LEED,
XPS, and STM in our setup (see experimental Section 2.9), as well as ex-situ X-
ray diffraction (XRD). The research has been conducted mainly by Stefan Gerhold
and Michele Riva, with considerable input from Bilge Yildiz, Michael Schmid, and
Ulrike Diebold. XRD has been performed at the X-ray center of the TU Wien by
Klaudia Hradil and Werner Artner. The results should be considered tentative —
a manuscript is in preparation.

All films have been deposited following the protocol described in the experimen-
tal Section 2.10, with a deposition rate of 1 Hz, and with a 10 min post-anneal

right after deposition, until the RHEED intensity was fully relaxed.

3.6.1. Overview and Background
Off-stoichiometry in PLD of STO

Growing thick epitaxial films for surface-science experiments is a challenge for

several reasons. Besides the requirements of the analysis techniques, e.g., STM
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requires the films to grow atomically flat and well-defined, and to be free of ad-
sorbates, the stoichiometric material transfer from the target to the substrate is
an often reported problem for PLD grown films [63]. Several processes can lead
to non-stoichiometric deposition, schematically shown in Figure 3.34(a) (reprinted
from ref. [63]). The first process in a pulsed laser deposition experiment is the
laser ablation of the target material. It has been reported for PLD of Sr'TiO3 that
preferential ablation leads to a Sr-rich plasma plume at low laser fluences [111].
Following the ablation, the plasma plume propagates through the background at-
mosphere towards the substrate. It was shown that preferential scattering of the
light plasma constituents (Ti ions) leads to a Ti-depletion of the central part of
the plasma plume [108]. This implies that both, a low UV laser fluence and a high
deposition pressure increase the Sr/Ti ratio of the deposited flux. Furthermore,
there is the possibility of preferential sputtering of the thin film due to high-energy
ablated particles.

Off-stoichiometry and STO(110) surfaces

The STO(110) surface is very sensitive to changes in the stoichiometry. This is
evident from the surface phase diagram, presented in Section 3.1. It describes
the dependence of the STO(110) surface structure on the near-surface stoichiom-
etry. Wang and coworkers have calibrated this phase diagram in-situ by fol-
lowing the evolution of the surface structures by RHEED while depositing Sr
or Ti metal with a well-defined flux. According to their work, a change from
(4x1) to (5x1), and to (6x1) reconstruction can be induced by deposition of
0.15+0.40=0.55 ML of Sr (1 ML corresponds to the density of STO(110) unit
cells, i.e., 4.64 x 10 atoms/cm?) at elevated temperature and pressure (800 °C,
5 x 107% mbar Oy). The same amount (in ML) of Ti is necessary to induce a change
back, i.e., the process is fully reversible. Similarly, a change from the (4x1) to
the (2x4) reconstruction is induced by deposition of 0.75 ML of Ti. Therefore, an
apparent change of the surface structure after growth can be interpreted as a net

enrichment of the near-surface region by either Sr or Ti metal.
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(a) Sources of cation non stoichiometry (b) Determination of non stoichiometry:
: XRD versus UV laser fluence

fe229202 3 Target:

'l
De@eBeH
Seee*E* %% Incongruent 1.5

e o ° D, (mm)

ablation s 40 /./l
10]® % =

Scattering A 48 I
with O, gas:
Preferential
scattering of
light elements

Ac (pm)

: % " P
sV otede g Ay, - 80 Substrate: Fluence F (J/cm’)
e, % q et 2o ¥, Preferential

2080002000800%500.8"89%2%2%  sputtering of

light elements

FIGURE 3.34.: (a) Schematic of PLD showing several processes during the different stages of
PLD that may lead to non-stoichiometric deposition. Heavy and light cations are drawn as large
green and small blue circles, respectively. Oxygen is not shown. Background gas atoms drawn
as small orange circles. Image reprinted with permission from ref. [63]. (b) c-axis expansion
(Ac) of homoepitaxial STO(001) thin films (= 200 nm) versus UV laser fluence (f) at different
target-to-substrate distances (Dtg) grown at a substrate temperature Ts = 720 °C in 0.2 mbar

O, background pressure. Reprinted from ref. [108] with the permission of ATP Publishing.
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Detection of off-stoichiometric growth of STO(001): X-ray diffraction
(XRD)

On the STO(001) surface, slightly off-stoichiometric deposition is typically associ-
ated with the creation of cation vacancies, and results in a tetragonal distortion
of the film. This means that the film grows epitaxial in-plane with an expanded
out-of-plane lattice parameter ¢ [112|. A change of the latter can be detected by
X-ray diffraction and it was shown that a deviation from the optimal Sr/Ti=1
composition yields a Ac > 0. Figure 3.34(b) shows the XRD-derived expansion
of the out-of-plane lattice parameter (Ac) dependent on the UV laser fluence (f)
and target-to-substrate distance (Dryg). The figure shows that for a given target-
to-substrate distance there is an optimal UV laser fluence at which the film grows
essentially unstrained. A lower, or a higher fluence causes the film to expand.
In addition, Figure 3.34(b) indicates that the optimal UV laser fluence depends
on the target-to-substrate distance. Note that an increase in the value Drg is
similar to an increased background-gas pressure, as both parameters directly in-
fluence the probability of scattering of the plasma plume with the background
gas. Out-of-plane lattice expansion has been observed for homoepitaxial films on
STO(001) grown by both, molecular beam epitaxy (MBE) [113], and PLD [112].
It should be mentioned that for a similar deviation from the optimal stoichiometry,
MBE-grown films exhibit a smaller lattice expansion, as compared to PLD-grown
films [113]. This suggests that the PLD process is able to cause stoichiometric
defects in the films. Strongly Sr-rich deposition may also result in the formation
of intersitial SrO planes of Ruddlesden-Popper (RP) type, as has been reported by
Tokuda et al. [114]. Because these RP-type planes are oriented parallel to (001)
planes, such planes are not expected to form during the growth of the STO(110)
surface. In addition, it should be mentioned that oxygen-deficient films do not
show considerable strain in XRD, excluding the possibility that Vgs are the main

cause for the c-lattice expansion [112].
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Outline of this chapter

As mentioned above, the stoichiometry of PLD-grown thin films mainly depends on
two parameters, i.e., the UV-laser fluence and the pressure during deposition [63].
We therefore tested the influence of these parameters on the stoichiometry and on
the growth characteristics of thin homoepitaxial films on STO(110). We present
results of in-vacuo XPS-measurements, and show that these measurements do
not provide an accurate measure of the films’ stoichiometry. We show that non-
stoichiometric growth results in a change of the film surface structure. Following
this, we report on the influence of different surface structures on the diffusion and
island growth, and its implications for thick-film growth. We point out that the
surface structure of the pristine substrate can have a strong influence on the mor-
phology of the resulting film. Finally, we present our approach of determining the
cation composition of thin films by using the stoichiometry-dependent evolution

of surface structures on STO(110).

3.6.2. Stoichiometry measured by XPS

Since our PLD setup is connected to a surface analysis system equipped with XPS,
we have routinely characterized STO(110) surfaces with this technique. We have
measured 18 pristine samples, each exhibiting a well-defined surface structure with
predominantly the (4x1) reconstruction, and computed the apparent Sr/T1i ratios
from XPS spectra (see experimental Section 2.1 for details). We found that these
ratios exhibit a standard deviation of 3.8 %. The present XPS results are therefore
not an accurate measure of the film stoichiometry, but we were able to observe
trends in the results. A possible reason for this spread might be the non-uniform
surface structure across the substrate surface, as determined by LEED. When
moving the focus of LEED across the sample, we typically observed a gradient
from (2x4) to the (5x1) reconstruction. Because the electron analyzer exhibits a
rather large acceptance area (ideally this would be ~0.7 mm in diameter, in reality
probably larger), as compared to the size of STM images (~500 nm), this could

result in differences in the apparent Sr/Ti ratio of the surface.
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FIGURE 3.35.: Summary of normalized Sr 3d over Ti 2p XPS core-level intensity ratios. XPS
intensities from films deposited onto NiCroFer™ (NCF) sample plates have been normalized
to the mean value of the Sr/Ti ratios determined from several measurements of pristine sur-
faces. Homoepitaxial films on STO(110) substrates were normalized to the Sr/Ti ratio of their
corresponding pristine surfaces before deposition. The labels stated in parentheses refer to the
corresponding film thickness in monolayers. Pressures stated are total pressures of pure Os.
The dashed, black lines indicates three times the standard deviation of the Sr/Ti ratios for the
pristine surfaces. The dotted, green line is a guide to the eye. See experimental Section 2.1 for

details about Sr/Ti ratio determination.

Figure 3.35 shows the Sr 3d over Ti 2p XPS intensity ratios for several films
deposited with different UV laser fluences and deposition pressures. We normalized
the Sr/Ti ratios in order to compare the XPS results of thin films deposited onto
sample plates with the results from homoepitaxially grown films. The ratios for
films deposited onto NiCroFer™ (NCF) sample plates were normalized to the
mean value for the different pristine STO(110) surfaces. For each homoepitaxial
deposition, the final ratio of the film was normalized by the corresponding ratio of
the pristine substrate prior to growth. The dashed line represent three times the
standard deviation of the normalized Sr/Ti ratio for the pristine surfaces.

We deposited 2000 pulses onto polished and UHV-annealed (1000 °C) NCF sam-
ple plates at different UV laser fluences and pressures (see green diamonds and

orange squares in Fig. 3.35). RHEED indicated that all films on NCF sample
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plates were polycrystalline. (Using a typical deposition rate of 23.5 pulses per
monolayer (ML), as determined from RHEED oscillations of STO homoepitaxy at
5.7 J/em? in 7 x 1072 mbar O, 2000 pulses correspond to a thickness of approxi-
mately 23.5 nm. Note that the deposited amount scales with the UV laser fluence
— lower fluences therefore indicate less thick films.) Similar to what has been re-
ported previously [112], the Sr/Ti ratio increases for films grown with lower UV
laser fluences. At a pressure of 3 x 1072 mbar only films deposited with fluences
of as high as 5.7 J/cm? resemble the Sr/Ti ratio of the pristine STO(110) surfaces
(the dotted green line provides a guide to the eye).

These results indicate that in the present setup, it is not possible to obtain
stoichiometric growth in a background pressure on the order of 1072 mbar. All
films grown in this pressure range exhibited a normalized Sr/Ti ratio that lies
outside of the spread of the values of the pristine surfaces. Only after reducing the
pressure considerably to 5 x 107% mbar, the films exhibited a Sr/Ti ratio, which is
similar to that of the pristine surfaces (see orange squares). In this pressure range,
also films deposited with a laser fluence of about 3 J/cm? show a normalized Sr/Ti
ratio close to that of the pristine surfaces. The black dots in Figure 3.35 show
the normalized Sr/Ti ratio of homoepitaxially grown STO(110) films of various
thicknesses (see labels next to black dots for the corresponding thickness in MLs).
It can be seen that for a wide range of laser fluences the films show an XPS-derived

cation ratio that lies within the spread of the pristine surfaces (dashed lines).

3.6.3. Slightly Sr-rich growth

In the following two sections, we discuss the homoepitaxial growth with a low and
a high laser fluence resulting in an expected Sr- and Ti-rich deposition. As pre-
sented in Section 3.1, the STO(110) surface structure depends on the near-surface
stoichiometry and off-stoichiometric growth is therefore expected to influence the
surface of the thin films.

Figure 3.36 compares reciprocal-space (LEED, RHEED) and direct-space (STM)
surface analysis before and after deposition of 25 ML onto a mixed (4x1) and

(5x1) reconstructed surface (deposition parameters: f=3 J/cm?, Ts=750°C,
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FIGURE 3.36.: Characterization of STO(110) surfaces before and after homoepitaxial growth of
25 ML. (a,d) RHEED patterns acquired with 35 keV electrons parallel to the [110] direction. (b,c)
STM images of the pristine (4x1) + (5x1) surface, and (e,f) of the 25 ML film surface exhibiting
a mixed (5x1)+ (6x1) reconstructed surface. Lines of (5x1) reconstruction are highlighted in

green in panels (¢) and (f). (g) RHEED specular-spot intensity oscillations during deposition.
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p=>5x107% mbar Oy, 1 Hz). Figure 3.36(a) shows the RHEED and LEED (inset)
patterns of the pristine surface; bulk-derived spots are marked by red circles. In
RHEED, a five-fold periodicity is visible [green dashes in panel (a)|, while LEED
shows a pattern of a mixed (4x1) + (5x1) surface (compare with Figure 3.6 in
Section 3.4 above for an interpretation of this LEED pattern). Figure 3.36(c) shows
a high-resolution STM image of the surface, confirming the mix of (4x1) and (5x1)
reconstruction ((5x1) lines are highlighted in green). Analysis of several high-
resolution STM images of the pristine surface revealed that ~31 % of the surface
was covered by the (5x1) reconstruction (highlighted in green) on an otherwise
(4x1)-reconstructed surface. We determined the coverage of (5x1)-reconstructed
areas by counting the number of (5x1) lines in STM images, and compared this
number to the total number of (4x1) and (5x1) lines (taking into account the
different widths of the two reconstructions).

This surface was used as a substrate for the homoepitaxial growth of 25 ML
(=6.9 nm), as determined from oscillations of the RHEED specular spot inten-
sity, see Figure 3.36(g). The RHEED intensity drops to about 70 % of its initial
value after the first oscillation. We believe this is due to the difference in temper-
ature during annealing and during growth. Annealing was carried out at 1000 °C,
which results in large terraces and a nice ordering of the surface structure on the
atomic scale, see Section 3.4. The substrate temperature during deposition was
set to only 750 °C, which is expected to result in a morphologically more rough
surface. Therefore, this drop in the RHEED intensity is most likely related to
the change in average terrace size, i.e., to a different step density on the sur-
face. Note that the image of the 25 ML film surface presented in Figure 3.36(e)
was acquired after keeping the substrate at deposition temperature for additional
10 min after growth. The resulting film surface appears very similar to the pris-
tine substrate surface. RHEED reveals a smeared out five-fold periodicity [green
dashes in panel (d)|, while LEED clearly shows a six-fold symmetry [see inset of
panel (d)]. Also note the intense Kikuchi lines running through the bulk derived
spots in the RHEED pattern, which indicate a flat surface with a high order of
crystallinity [115]. STM shows a surface consisting of a mix of (5x1)+ (6x1) re-
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constructions [panel (f)] on terraces of several hundred nm in width [panel (e)].
Analysis of several high-resolution STM images revealed a surface after growth
with 21 % (5x1) and 79 % (6x1) reconstruction. Obviously, the surface structure
has changed during growth from mainly (4x1) to mainly (6x1) reconstruction.
However, Figure 3.36 shows that morphologically and structurally well-defined ho-
moepitaxial films on STO(110) can be produced by PLD — even for a Sr-rich PLD

flux.

Defects in the surface structure of thick films

We deposited two films with a thickness of 39 ML and 42 ML. Each of the films
exhibited a flat surface with several hundred nm wide terraces. In addition, these
films showed defects in the atomic-scale surface structure. Figure 3.37 shows the
surface of the 39 ML film deposited onto a mixed (4x1) and (5x1)-reconstructed
substrate. (Growth parameters: f=4.8 J/cm? T =750°C, p=5 x 1075 mbar O,).
The resulting film surface is almost entirely covered with the (5x1) reconstruc-
tion. Panel (a) shows a terrace of the film with the two types of defects highlighted
in green and blue, respectively. One type appears similar to a dislocation — one
reconstruction line begins somewhere on the surface with bright dots at its ori-
gin (highlighted by the green oval). This defect is not necessarily related to a
dislocation-like defect in the subsurface region, because the interstitial (5x1) line
occupies the space of five STO unit cells along [001] direction. Panel (b) shows a
magnified view of such a dislocation-like defect. Another type of defect appears
as big bright protrusions (blue oval), probably indicating subsurface interstitial

atoms.

3.6.4. Slightly Ti-rich growth

In this section we discuss how a Ti-rich deposition causes the film to grow in a
morphologically undesirable way. The substrate was again prepared to exhibit pre-
dominantly the (4x1) reconstruction with a small admixture of (5x1) reconstruc-
tion. Figure 3.38 shows the surface after homoepitaxial deposition of 385 pulses
of STO with a high laser fluence of 5.7 J/cm? (p =4 x 107¢ mbar O,, T'=750°C).
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F1GURE 3.37.: STM images of 39 ML thick film showing two types of defects. Dislocation-like
and subsurface-defects are highlighted by green and blue ovals, respectively. Growth parameters:

f=4.8 J/em?, T=1750°C, p=5 x 10~6 mbar O,.
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FIGURE 3.38.: STM images of a ~20 ML thick homoepitaxial film on STO(110) deposited with
a high laser fluence. The blue arrow in (a) indicates a pit formed on the surface. (b) High-pass
filtered and zoomed image of the pit marked in panel (a) revealing (2x4) reconstructed regions

inside the pit. The inset shows the profile of the line across the pit in (b).
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Unfortunately, the RHEED signal was blocked by the sample mounting for this
particular deposition. However, from depositions in similar conditions we can es-
timate this number of laser pulses to correspond to a 19-20 ML thick film. The
morphology of the surface has changed considerably after deposition — deep pits
have formed on the surface, see blue arrow in Figure 3.38(a). A magnified, high-
pass filtered image of the pit marked by the arrow in panel (a) is shown in panel (b).
Interestingly, most of the surface inside the pit exhibits the (2x4) reconstruction.
From the phase diagram it can be expected that a Ti-rich flux will cause part of
the surface structure to change from the (4x1) to the (2x4) structure. In order to
gain insight into how the (2x4) structure can cause such a change in the surface
morphology, we performed several control experiments, which will be discussed in

the following.

3.6.5. Test-experiments
Stability of (nx1)- and (2x4)-reconstructed surfaces in growth conditions

In a typical PLD deposition, the substrate is heated to the deposition temperature
and remains at this temperature until the RHEED geometry is optimized and the
growth is initiated. We know how the surface responds to annealing at 1000 °C,
which results in flat terraces with well-defined ordering of the surface structure on
the atomic scale, see Section 3.1.1. We do not know, however, how the surface
reacts to the typical deposition temperature of 650 °C in 10~2 mbar O,. In the
following, we will discuss how different pristine surface structures response to the
typical growth conditions.

As shown in Section 3.1, the STO(110) surface exhibits a variety of structures,
which are related to the near-surface stoichiometry, and only a precise preparation
leads to a fully (4x1)-reconstructed surface. However, preparation by sputter-
ing and annealing often results in a surface that consists of a mix of two recon-
structions, i.e., (4x1) + (5x1), or (4x1)+ (2x4), as shown in the STM images in
Figures 3.39(a) and (c), respectively.

The coexistence of (4x1) and (5x1) reconstructions results in a surface with a
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FIGURE 3.39.: STM images of typical pristine SrTiO3(110) surfaces exhibiting a (4x1) recon-
struction (b), and a mix of (4x1) and (5x1) (a), and a mix of (4x1) and (2x4) (c). The white and
cyan arrows in the inset of panel (b) indicate intrinsic Sr adatoms and type-I antiphase domain
boundaries, respectively. Panels (d) and (f) show the (4x1) + (5x1) and (4x1) 4 (2x4) surfaces,
respectively, after annealing in typical growth conditions (7 = 650 °C, p=3 x 10~2 mbar). Panel
(e) shows a quantitative evaluation of (2x4) coverage on a mixed (4x1)+ (2x4) reconstructed

surface before and after annealing. The error bars correspond to 1 ¢ standard deviation.
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homogeneous appearance. Depending on the Sr content of the surface, more or
fewer of the (4x1) rows are changed into (5x1) rows [(5x1) lines are highlighted
in green in the insets of Figure 3.39(a) and (d)|. On the other hand, when (4x1)
and (2x4) reconstructions coexist on the surface, the two structural phases are
separated from each other, with a higher degree of separation observed on samples
annealed at higher temperatures [see Figure 3.39(c)].

Annealing the (5x1) + (4x1) surface does not show any obvious changes in the
overall appearance — the surface appears similar in STM after annealing [compare
panels (a) and (d) in Figure 3.39] and the (5x1) coverage remains unchanged
[(5x1) coverage before: 0.77+0.04 ; after: 0.76 £0.03]. The (4x1)+ (2x4) sur-
face, on the other hand, is considerably changed after annealing. Small islands
exhibiting the (2x4) reconstruction are observed in regions of the initial (4x1) re-
construction [(2x4) areas are highlighted in cyan in Figure 3.39(f)|. This indicates
that a changed surface morphology can be expected during ramping of the tem-
perature when preparing for deposition, where small islands on the (4x1) + (2x4)
surface are formed. The surfaces behave similarly when annealing is carried out
in 5 x 107% mbar O,.

It should be noted that an analysis of the fractional coverage of (2x4) reconstruc-
tion before and after annealing indicates a slight increase of the (2x4) coverage

upon annealing, see Figure 3.39(e).

Island nucleation on (4x1), (2x4), and mixed surfaces

In addition to the information about the thermal stability of different surfaces
presented above, the growth characteristics of these surfaces was tested. The initial
stages of the homoepitaxial growth on the (4x1) surface were already discussed in
Section 3.5.1. Here, we compare island nucleation on the (4x1) and on the (2x4)
reconstructed surface.

Figure 3.40(a) shows submonolayer amounts deposited onto a mixed (4x1) +
(2x4) surface. Islands grow elongated on both surface structures. Islands on
substrate areas exhibiting (4x1) or (2x4) reconstruction show elongation along
[110] [high-lighted in yellow in panel (a)| or [001] direction |highlighted in ma-
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(b) 4 pulses on (4x1)+(5x1) (c) 4 pulses on (2x4)
I
////,/ 4

/\
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FIGURE 3.40.: (a) STM image of 0.34 ML deposited onto a mixed (4x1) + (2x4) reconstructed
surface. Islands nucleated on (4x1) and (2x4) regions are highlighted in yellow and magenta,
respectively. Islands agglomerated at the interface between (4x1) and (2x4) are highlighted in
cyan. (b) and (c¢) show deposition of 4 pulses on fully (4x1) and (2x4) reconstructed surfaces,
respectively. The lower panels show the LEED pattern of the corresponding pristine surfaces
prior to growth. Deposition and STM parameters: (a) 4.5 J/cm?, 5 x 1076 mbar Oy; Us=2.1 V,
I;=0.4 nA; (b,c) 4.8 J/ecm?, 5 x 107% mbar Oo; Us=1.8-2.1 V, I;=0.3 nA.
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gental, respectively |also see Figures 3.40(b) and (c)|. This indicates anisotropic
diffusion or anisotropic sticking to the island edges, with the preferential direction
being determined by the underlying surface reconstruction. Furthermore, the is-
lands tend to agglomerate at the border between the two reconstruction phases
on the side of the (4x1) reconstruction. Several mechanism could cause these
agglomerates. For example, they could be related to the fact that this surface is
somewhat unstable when heated, as discussed above. In Figure 3.40(a), the cover-
age of islands nucleated on (4x1) areas (highlighted in yellow and cyan) amounts
to approximately four times the coverage of islands on (2x4) areas (highlighted in
magenta).

Because the situation might be different if the two structures coexist on the
surface, we performed a direct comparison of island nucleation on two individually
prepared surfaces. We deposited 4 pulses in similar PLD conditions (f = 4.8 J/cm?,
T =650°C, p=>5 x 107% mbar Os), onto exclusively (4x1), and (2x4) reconstructed
surfaces [see Figures 3.40(b) and (c)|. After deposition of 4 pulses, the island cov-
erage on the (4x1) surface amounted to 0.243 £ 0.016, while the coverage on the
(2x4) surface was only 0.159 4 0.015. Since we did not observe any signs of step
flow growth on the (2x4) surface, i.e., no irregularly shaped step edges were ob-
served, we conclude that adspecies are more weakly bound to the (2x4) surface,
resulting in a higher reevaporation rate from this surface.

These results help to explain the mechanism that leads to the undesired growth
of the surface with pits, shown in Figure 3.38. As indicated in Figure 3.35 above,
the relatively high laser fluence of 5.7 J/cm? causes a rather Ti-rich flux, which in
turn will transform the (nx1) structures of the pristine substrate surface partially
into (2x4) patches (see phase diagram in Section 3.1). While the growth proceeds,
adspecies landing on newly created (2x4) areas exhibit intrinsically different dif-
fusion and growth characteristics [see Figure 3.40(b) and (c)]. In particular, the
different re-evaporation rate of adspecies on (4x1) and (2x4) areas causes the
(2x4) areas to grow only 2/3 as fast as the (4x1) areas. For a 20 ML thick film,
this would result in ~6.7 ML deep pits. Given the fact that the pits also exhibit
1-2 ML high rims surrounding them, the 10 ML depth of the pits stated in the

110



3. Results

inset of Figure 3.38(b) is very close to the expected one, supporting the hypothesis

of a different re-evaporation rate.

3.6.6. Using the evolution of surface reconstructions to

determine the stoichiometry of thin films

Similar to our approach of preparing nearly perfect STO(110) surfaces by delib-
erately depositing Sr or Ti metal followed by annealing, homoepitaxial films on
STO(110) exhibit a change in surface structure upon non-stoichiometric growth,
as seen in Figure 3.36. In this particular deposition of 25 ML, the surface struc-
ture has changed from 69 % (4x1) + 31 % (5x1) to 21 % (5x1) + 79 % (6x1). Note
that the XPS analysis shown in Figure 3.35 did not indicate considerable Sr-rich
growth for this deposition conditions (f =3.0 J/cm?, T =750°C, p=>5 x 10~% mbar
O3). In order to obtain a measure of the film stoichiometry we utilize the calibra-
tion of the phase-diagram established by Wang and coworkers [52]. According to
their work, a change from (4x1) to (5x1), and to (6x1) reconstruction can be in-
duced by deposition of 0.15+ 0.40 = 0.55 ML of Sr followed by annealing (800 °C)
in 5x 107% mbar Oy (1 ML corresponds to the density of STO(110) unit cells,
i.e., 4.64 x 10" atoms/cm?). This indicates that the deposition of 25 ML shown
in Figure 3.36 has lead to a Sr enrichment of the near-surface region by about
(1—0.31) x 0.15+0.79 x 0.4 = 0.42 ML of Sr.

In order to relate this apparent Sr-enrichment to the stoichiometry of the PLD-
grown thin film we have to make the assumption that all off-stoichiometry accu-
mulates at the STO(110) surface during growth. This is in contrast to reports on
PLD growth of the STO(001) surface, as discussed above in Section 3.6. However,
in the following we will provide arguments supporting this assumption. We have
already shown that 1 ML high islands on STO(110) exhibit the same reconstruc-
tion as the substrate layer [see Figure 3.29(a)|. This suggests that the surface
layer is in equilibrium with the deposit, which forms sub-surface bulk-like layers.
The question is therefore how much of the deviation from the optimal Sr/Ti=1
composition of the PLD flux is incorporated into the growing film. We tested this

assumption by performing ez-situ XRD on the films, as presented in the following.
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FIGURE 3.41.: X-ray diffraction 260 scan of a 39 ML thick homoepitaxial STO(110) film showing
the (330) Bragg reflection. The vertical axis indicating the diffraction intensity is in logarithmic
scale. Peaks derived from the substrate and the film are indicated. The measurement was

performed using a symmetric parallel beam geometry.

3.6.7. Test-experiment: Ex-situ XRD characterization

As mentioned in Section 3.6 and shown in Figure 3.34(b), off-stoichiometric growth
of the STO(001) surface is typically associated with an expansion of the out-of-
plane lattice parameter. We performed XRD on the 39 ML thick film homoepi-
taxially grown on the STO(110) surface, see Figure 3.41. (This film exhibited an
STM-derived off-stoichiometry of Sr/Ti—1=0.28 %; XPS indicated a Sr/Ti ratio
within the spread of the pristine surfaces.) Two major peaks appear at 26 val-
ues of 113.8° and 114.3°. These peaks originate from X-rays (Cu Koy and Kay)
diffracted at the unstrained bulk STO underneath the film.

In addition to the two main peaks, a side-peak at 20 ~ 113.2° is visible in the
XRD scan. This peak most likely originates from the strained film, indicating an
increased out-of-plane lattice parameter for the film. From the Bragg condition, it
can be derived that the film exhibits a 0.41 % elongated c-lattice parameter. This
clearly shows that the film is not free of defects. Still, the remaining question is

to which extent these defects are related to the composition of the film, or to the
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film 1, 39 ML film 2, 30 ML
STM-derived PLD-flux off-stoich. 2 -1=028% | 2-1=082%
XRD-derived c-lattice expansion % =0.41% ATC = 0.42%
1000 °C post-annealing — 2 _1=1.09%
ac = 0.42%

TABLE 3.3.: Comparison of STM-derived apparent thin film off-stoichiometry with the XRD-
derived c-lattice expansion. The third line shows the corresponding values after 1000 °C post-
annealing in 5 x 107% mbar Oy for 2 h. Growth conditions for both films: f = 4.8 J/ch,
T =1750°C, p = 5x 10~% mbar Oy.

PLD process itself.

To further examine the origin of the lattice expansion, we compare the apparent
lattice expansion of two films exhibiting a different STM-derived off-stoichiometry,
see Table 3.3. Both films were grown with similar PLD parameters (f =4.8 J/cm?,
T="750°C, p=>5x107% mbar O,).

might be related to the properties of the excimer laser gas. We experienced a

(The difference in apparent stoichiometry

trend to Sr-rich deposition with progressive aging of the laser gas. Additionally,
the absorbance of the UV laser entrance window could have changed between the
two depositions.) One interesting observation is that both films exhibit a similar
XRD-derived lattice expansion, while film 2 appears to be four times as Sr-rich
compared to film 1 (as determined by STM). This fact indicates that the stoi-
chiometry has a rather small influence on the defects probed by XRD. In addition,
we annealed film 2 (30 ML, ~8.3 nm) to 1000 °C in 5 x 10~ mbar O, for 2 h. While
slight changes in the STM-derived near-surface stoichiometry were observed, the
XRD result did not change. Even though cation vacancies in STO do exhibit a
rather low diffusivity (~2 x 107'7 ¢cm? /s at ~1050 °C [116], corresponding to a char-
acteristic diffusion length of ~3.8 nm within 2 h), the high-temperature annealing is
expected to lead to a change in the cation vacancy concentration in the film. Fur-

thermore, the chemical gradient of cation vacancies established between substrate

113



3. Results

and film would cause an increased diffusivity. Since no changes were observed by
XRD, we conclude that extended stoichiometric structural defects (e.g., stacking

faults, or Ruddlesden-Popper-like planes) were introduced during the PLD growth.

3.6.8. Discussion: Homoepitaxial multi-layer films on
STO(110) and STM-derived stoichiometry

determination

We have investigated the growth of homoepitaxial films on the SrTiO3(110) surface
by means of STM, RHEED, LEED, XPS, and XRD. We successfully deposited up
to 39 ML (i.e., ~10.8 nm) thick films and were able to characterize the surfaces of
the films with high-resolution STM.

We performed XPS measurements in order to determine the stoichiometry of
the films. However, already for the pristine, as-prepared substrates, the apparent
XPS-derived Sr/Ti ratio varies by a few percent. Such a spread in cation ratios
could be related to a non-uniform surface structure across the acceptance area of
the photoelectrons (probably >1 mm diameter). Furthermore, the preparation his-
tory, ¢.e., the number of sputtering and annealing cycles applied could change the
substrate near-surface cation ratio and result in differences in the apparent com-
position. The latter possibility is not very likely since we annealed the substrates
to 1000 °C during preparation, causing the surface to equilibrate with sub-surface
regions. In any case, the results suggest that, while trends can be observed in
XPS, its accuracy does not allow for a precise determination of changes in the
stoichiometry.

A strong dependence of the surface structure after growth on the substrate sur-
face was found. If two inherently different reconstructions coexist on the surface,
e.g., (4x1)+ (2x4), a different sticking probability of adspecies results in a differ-
ent effective deposition rate. The resulting film surface is covered with deep pits,
i.€., the films do not develop a well-defined surface morphology.

High-resolution STM analysis before and after growth reveals a change in the

surface structure for all films. According to the surface phase diagram (see Fig-
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ure 3.1), such a change corresponds to an effective increase of either Sr or Ti in
the near-surface region during deposition [52|. This approach therefore allows for
a precise determination of changes in the near-surface chemical composition.

In order to relate this apparent enrichment in either Sr or Ti to the composi-
tion of the PLD-grown films, we have to introduce the following assumption: We
assume that any deviation from the optimal Sr/Ti=1 composition of the deposit
accumulates at the surface, while the growth proceeds by forming nearly-perfect
bulk-like layers. This assumption is supported by the observations presented in
the previous section.

Specifically, the results suggest that, in contrast to non-stoichiometric growth
at STO(001), the defects observed via expansion of the c-lattice parameter of the
STO(110) films are not related to cation nonstoichiometry, but are likely more
complex and more stable defects.

If the assumptions we made are valid (we are about to perform high-resolution
transmission electron microscopy on PLD-grown thin films to ascertain our as-
sumptions), the evolution of surface structures on the STO(110) surface can be
used as a highly sensitive probe of the stoichiometry of thin films. This enables
determination of the thin film Sr/Ti ratio with a precision, defined by the film
thickness, of well below 1 %.

Figure 3.42 gives an overview of the different depositions we performed. It
shows the off-stoichiometry of PLD-grown thin films, as derived by the changes in
surface structure from STM, dependent on the deposition pressure and the UV-
laser fluence. The figure shows that all films grown at a pressure of 3 x 1072 mbar
Oy were Sr enriched, in line with the XPS results mentioned in Section 3.6.2.
Stoichiometric deposition was only achieved at a deposition pressure on the order
of 10 mbar. We believe that the low optimal pressure is caused by the rather large
target-to-substrate distance of the present PLD setup (~60 mm). PLD particles
traveling along this distance have a high probability of scattering in the background
gas. An increased pressure causes an even higher scattering rate and therefore a
higher Sr enrichment in the central part of the plasma plume. Therefore, a high

pressure during deposition can only be retained by decreasing the distance between
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FIGURE 3.42.: Total deposition pressure (O3) versus UV laser fluence diagram combining results
of STM-derived off-stoichiometry for several homoepitaxial STO(110) films. Corresponding film
thicknesses (in MLs) are stated in parentheses. The color code indicates different values of %-1.

Information on the derivation of these values can be found in the text.

target and substrate [compare Figure 3.34(b)|. This could be of importance when
growing complex oxides, which are easily reduced. Here, a high O5 pressure during

deposition might be necessary for obtaining sufficiently oxidizing conditions during

film growth.
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We have studied the structure of the SrTiO3(110) surface, the surface chemistry
of the STO(110)-(4x 1) reconstruction, and the homoepitaxial growth of thin films
on STO(110) by PLD.

Central to our study of the STO(110) surface is the surface phase diagram
established by Wang et al. [52]. Tt describes the dependence of the surface recon-
structions on the the near-surface stoichiometry. This enables us to switch between
surface reconstructions on STO(110), e.g., by deposition of Ti or Sr metal and sub-
sequent annealing. Furthermore, it allows us to associate changes in the surface
reconstruction of the PLD-grown thin films with the stoichiometry of the deposited
film.

In this thesis, first the already established structure model of the SrTiO3(110)-
(4x1) surface reconstruction and the characterization of this structure by means
of STM, LEED, RHEED, and NEXAFS were discussed. Two different types of
anti-phase domain boundaries (APDBs) were presented; these can be tuned by the
oxygen pressure during annealing. These APDBs are intrinsic to this structure and
help to relief surface stress.

We further discuss the transition from (nx1) (n =4-6) to (2xm) (m =4,5)
reconstructions on this surface. We characterized the (2x5) surface structure by
highly resolved STM, LEED, and NEXAFS. This transition is induced by reactive
deposition of Ti. In STM, we observed a change from the (4x1) structure exhibit-
ing rows along the [110] direction, to the (2x5) structure exhibiting rows oriented
along [001] direction. NEXAFS revealed a change from tetrahedral coordination
of Ti in the (4x1) reconstruction to octahedral coordination of Ti in the (2x5)

structure. In cooperation with a number of surface scientists, we have solved the
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(2xm) structure. It consists of a closely packed double-layer of octahedrally co-
ordinated TiOg units. The two-fold periodicity along [001] direction is reflected in
the periodic arrangement of five-fold coordinated Sr atoms on the surface, as well
as in the arrangement of subsurface units. We concluded that the high coverage
of TiOy during reactive growth of Ti causes the transition from a network of TiO,4
units to a double-layer of TiOg units on the STO(110) surface.

We further presented details about non-optimal growth of this surface struc-
ture, and showed defects of this structure commonly observed in STM. If the Ti
deposition amount exceeds the (optimal) amount necessary to form the (2x5)
structure, second-layer islands appear. Similar to the (2x5) structure, this sec-
ond layer exhibits a structure consisting of rows along [001] direction. However,
the modulation along [110] direction (causing the striped appearance) is weak, as
compared to the (2x5) structure. In addition, no “2x” periodicity is observed in
STM. We therefore named this structure (1x6) reconstruction.

In the second part of this thesis, results about the adsorption of water on the
(4x1)-reconstructed surface of SrTiO3(110) were presented. The results indicate
that water does not adsorb on the stoichiometric surface at room temperature. It
adsorbs molecularly at low temperature, or dissociatively at surface oxygen vacan-
cies. In STM, we identified adsorbed water, adsorbed atomic hydrogen, and oxy-
gen vacancies on this surface, and confirmed these assignments with photoemission
spectroscopy (PES) results. DFT calculations (performed by coworkers) further
confirmed the adsorption characteristics of water. In addition, PES results showed
that oxygen vacancies (Vps) can be created by exposure to synchrotron radiation,
and that these Vos are associated with the formation of a state (Eg~1.5 €V) in
the band-gap. By comparing our results with reports in the literature regarding
the adsorption of water on tetrahedrally coordinated surfaces, we conclude that
the geometry of the surface structure plays an important role in its reactivity. We
argue that the TiO, tetrahedra on this surface provide a saturated environment
for the Ti*" ions and therefore render them inactive for interaction with water.

This thesis further presented the adsorption of Ni metal on the SrTiO3(110)-

(4x1) surface. STM results showed that single Ni adatoms are formed at room
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temperature. The Ni adatoms adsorb at special sites in the reconstruction unit
cell, as observed by STM and confirmed by DFT (performed by coworkers). PES
results indicated a metallic state of the Ni and the formation of an in-gap state
at Fg~1.9 eV. Mild annealing leads to the formation of Ni clusters on the surface.
DFT predicts a positive adsorption energy, as compared to Ni in the bulk phase.
We therefore conclude that the (4x1) surface provides a special template for the
adsorption of Ni adatoms and their stabilization at RT.

In the last part regarding the surface chemistry of the SrTiO5(110)-(4x1) sur-
face, the adsorption of NiO clusters is presented. The motivation for these experi-
ments comes from reports in the literature showing that the system NiO-STO is an
active photocatalyst for water splitting under UV irradiation. While PES results
indicate that Ni can be fully oxidized, STM results showed that NiO patches grow
on this surface in an irregular fashion. UPS results showed that the adsorption of
NiO patches results in a changed onset of the valence band — the band gap was
effectively reduced by about 1.5 eV. Furthermore, XPS results showed an upward
band bending (up to 0.8 eV) upon adsorption of NiO. Note that these two results
are important properties of a photocatalyst. Combining XAS and STM results, we
conclude that the adsorption of NiO patches resulted in the distortion or partial
disruption of the surface layer. Finally, we confirmed the dissociative adsorption
of water on the NiO-modified (4x1) surface by means of PES, and LEIS using
isotopically labeled water. The results suggested that the active region for water
dissociation is the triple-phase boundary NiO/STO/UHV.

The third part of this thesis presents results of our new pulsed laser deposi-
tion (PLD) chamber, which is connected to our surface analysis system. The
PLD chamber is equipped with a high-pressure RHEED system, which provides a
feedback of the film thickness during growth. The interface of the UHV chambers
enables us to perform growth studies without breaking the vacuum. We performed
homoepitaxial growth studies on the STO(110) surface and investigated the early
stages of growth. For all depositions, we freshly prepared the substrate surface
to predominantly exhibit the (4x1) reconstruction. We stopped the growth at

sub-monolayer (ML) amounts, and directly performed STM after cool-down and
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transfer to the analysis chamber. STM results showed that islands on the sur-
face exhibit the same reconstruction as the substrate layer, indicating that the
reconstruction floats to the top surface and the deposited material forms bulk-
like subsurface islands. By combining STM and RHEED results, we confirmed
the correspondence of a RHEED intensity oscillation with the ideal layer-by-layer
growth on the STO(110) surface. Furthermore, we showed that a simple step-
density model, only counting the steps introduced by the islands’ circumference,
is insufficient for explaining the observed changes in the RHEED intensity. We
analyzed the actual step density on the surface from high-resolution STM images,
and compared it with the changes in the RHEED intensity. We concluded that, in
addition to the steps introduced by the circumference of the islands, the interfaces
between two inherently different reconstructions coexisting on the surface have to
be considered as steps as well.

By systematically varying the growth parameters with subsequent STM anal-
ysis, we observed a strong dependence of the island density and shape on the
substrate temperature. In addition, the growth mode can be tuned with the UV
laser repetition rate from layer-by-layer growth to a predominant step-flow growth
regime.

We further investigated the growth of up to 39 ML thick homoepitaxial films.
We first discussed, which processes in PLD strongly influence the stoichiometry of
the ablated particles, and conclude that the UV laser fluence and the background
gas pressure during deposition are the most relevant parameters. We show that
XPS results of several pristine substrates exhibit a few percent spread in the Sr/Ti
ratios and conclude that XPS does not allow for a precise determination of the
film stoichiometry. However, we confirm literature results regarding the trend for
Sr-rich deposition at low UV laser fluences and high deposition pressures. We
observed that the surface structure of the resulting film is strongly influenced by
non-stoichiometric deposition. Sr-rich deposition (up to 39 ML) results in a change
of the surface structure from predominant (4x 1) towards the (6 x 1) reconstruction.
This is in accordance with the surface phase diagram showing the dependence of

the STO(110) surface structure on the near-surface stoichiometry. Similarly, Ti-
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rich growth (~20 ML) results in the formation of (2x4) patches on the surface.
These patches, when formed during growth, cause deep pits in the film surface.
We have performed several experiments to explain this behavior. We believe that
the reason for this behavior is a different re-evaporation rate of adspecies from
(2x4) areas, as compared to (4x1) areas.

Using the calibration of the surface phase diagram, we were able to translate a
specific change of the surface structure during growth quantitatively to a certain
enrichment of Sr, or Ti metal in the near-surface region. By assuming that any
deviation from the optimal Sr/Ti=1 composition during growth is accumulated at
the surface, these results can be related to the stoichiometry of the PLD-grown
thin films. The assumption is supported by several observations. First, islands
nucleated on the surface indicate that the reconstruction is floating to the top
surface. This also indicates that the surface layer is in equilibrium with the de-
posited material. In addition, we observed a change in the surface structure during
growth. In order to test to which extent this off-stoichiometry remains in the bulk
of the film, we performed XRD measurements, probing the out-of-plane lattice
parameter of the substrate and the film. While we do observe a lattice expan-
sion of the STO(110) films, this expansion does not scale with the STM-derived
off-stoichiometry. Furthermore, high-temperature annealing does not change the
magnitude of this lattice expansion. We therefore conclude that the PLD process
introduces structural defects even in stoichiometric films. Following this approach,
the accuracy of determining the stoichiometry of the PLD thin films is only limited
by the thickness of the film and the possibility of performing highly-resolved STM
after growth.
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A. Appendix

A.1. Determination of UV laser spot size

Figure A.1 shows a zoomed photo of a polished, polycrystalline Cu target, used
to determine the UV laser spot size. The values f indicate different distances of
the focusing lens from the target. The dimensions (in mm) of the UV laser spot
and area are stated below individual spots. Using a Cu target instead of thermal
paper represents a more clean and well-defined way of determining the UV spot
dimensions. Potential problems may arise for the Cu target when using a large UV
laser spot, as the resulting low UV laser fluence may be insufficient for ablating
Cu. We have used the UV spot with f =32 shown in Fig. A.1 for the experiment

presented in Section 3.6 of this thesis.

A.2. Reproducible alighment of target and

substrate

The alignment of the substrate and target with respect to each other is a crucial
step in a pulsed laser deposition. This is because the PLD flux varies strongly with
the angle of emission (ablation). Prior to growth we therefor always aligned the
target and the substrate within the red pilot laser of the heating laser, which pro-
vides a well-defined reference. Figure A.2 shows three steps within this alignment
procedure. First, the Cu target is centered with the red pilot laser. Fig. A.2(a)
shows a photograph from the IR-laser (and red pilot laser) entrance window. The
back-reflection of the red light is used in addition to the align the target rotation

with the axis of the red pilot laser. As a second step, the UV laser is focused into
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A. Appendix

FIGURE A.l.: Zoomed photo of polished, polycrystalline Cu target for determination of UV
laser spot width. The focal distances f indicate different distances of the focusing lens from the
target. The corresponding UV spot dimensions and areas measured in mm are mentioned below

individual spots.
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the center of the Cu-alignment-target. Fig. A.2(b) shows a photograph from the
UV laser entrance window. The inset shows a zoomed view of the target inside
vacuum with the red pilot laser spot visible. Using the last UV laser mirror, the
UV laser is positioned into the center of the Cu target. As a last step, the sub-
strate is positioned within the red pilot laser light. Fig. A.2(c) shows again a view
from the IR laser entrance window. It shows the heater stage with the susbtrate
visible as a black square (¢f. sample mounting in Section 2.11). After these align-
ment steps, the UV laser spot on the target and the substrate are aligned, and the

plasma plume expands directly towards the substrate.

A.3. Magnetic Disturbances influencing the
RHEED

This section exemplifies potential problems that could arise in a lab situated inside
the city center. Upon arrival and commissioning of our new pulsed laser deposition
(PLD) chamber, we immediately recognized a problem with the RHEED analysis.
That is, we were not able to obtain a condition with a stable RHEED specular
spot intensity.

Figure A.3 shows the intensity of the RHEED specular spot acquired during
daytime and during night. The stability of the RHEED intensity is clearly depen-
dent on the time of day. This dependence is especially obvious in Figure A.4(a)
showing the vertical position of the direct RHEED beam on the phosphor screen
measured over several hours (acquired with the kSA software). The different colors
indicate different measurements with and without an additional mu-metal shield-
ing installed. The influence on the direct beam position is considerably reduced
starting from about half past midnight. This indicated that the public transport
might be the origin of the influence. In front of the laboratory building (the lab is
in the 4'" floor) is a streetcar station, and these wagons are powered by a overhead
line. Upon acceleration most likely there is a high drag of current, producing a
strong magnetic field, which in turn influences the RHEED beam in the lab. In-
deed, after installing a specially designed mu-metal shielding (see Fig. A.5), which
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(a) Alignment of the Cu-target with the red pilot laser

back-reflection of
red laser is used
to align the angle
between red laser
and target
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FIGURE A.2.: Photographs explaining the procedure to align substrate and target prior to PLD
growth.
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F1GURE A.3.: Stability of the RHEED specular spot intensity as acquired in the in-phase con-

dition (~1° grazing incidence) during daytime (black curve) and during nighttime (blue curve).

covers the whole RHEED gun outside of vacuum, the magnetic influence on the
direct RHEED spot position is reduced by a factor of two, see Figure A.4(b).
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(a) Vertical position of direct RHEED beam over time
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FIGURE A .4.: (a) Vertical position of the pixel with the highest intensity during an acquisition of
the direct RHEED beam over several hours including daytime (with the streetcar in operation in
front of the university building) and nighttime (with no public transport). (b) Position of direct
RHEED spot (determined from the pixel with the highest intensity) over several hours before
(left), and after (right) mounting of the mu-metal shielding. The color code indicates different

numbers of counts (red stands for high counts, blue for low counts).
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TorrRHEED gun from STAIB

FIGURE A.5.: Upper panel: Technical drawing of the TorrRHEED gun (adapted from a technical
drawing by Staib Instruments). Center panels: Mu-metal shielding designed to cover the part of
the RHEED gun outside of vacuum. The lowest panel shows two mirrored mu-metal shieldings

which are rotated after mounting to cover most of the gun with two layers of mu-metal.
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