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Abstract

In the present work the growth and redox behavidahim Au islands or films with various
thicknesses (two to five layers) deposited on RO{Q0Gvas studied by x-ray photoelectron
spectroscopy (XPS) and scanning tunneling microgd@rM). By exposure of atomic
oxygen at room temperature, small oxidized gold oparticles are formed by the
fragmentation of the metallic gold islands or filfor smaller exposures of atomic oxygen (<
80 L) only the gold islands are attacked, while Bw(0001) surface is unharmed. With
increasing thickness of the Au islands (or filnf)e trate of the Au oxide/Au nanoparticle
formation and the number of formed nanoparticlesreeses, while their size increases. To
describe the thickness dependent oxidation andnfeagation process of the gold islands (or
films), a shoveling mechanism is proposed wheréipgd gold atoms are shoveled from the
gold-ruthenium interface to the rim of the goldargdls (films). The catalytic activity of these
nanoparticles was investigated by CO oxidation grpents at room temperature. However
no activity has been observed. Only the reductibthe Au oxide/Au nanopatrticles occurs,
while the shape and dispersion of the nanopartatethe surface is retained.

This change on the morphologies of the gold islafatsfilms) upon their oxidation or
reduction is elucidated in the context of the tlyemir heterogeneous nucleation and epitaxial
growth. Based on Young’'s equation in particulage #nergy contributions of the interface
energy, the strain energy and the surface freegmsenf the deposited material and the
substrate are related to the growth behavior aadesulting morphology.

In the second part of the present work the growith ) @dox behavior of metallic ruthenium
structures on Au(111) were studied. Again the tesylmorphologies upon oxidation and
reduction of ruthenium are elucidated by the eneedgtion given by Young’'s equation. The
deposition of ruthenium on the Au(111) surface $etidthree dimensional growth of metallic
ruthenium islands. These islands merge to a routffenium film. By exposure of oxygen at
680 K the merged ruthenium islands rearrange tatteer flat ruthenium film with a unique
perforated morphology. XPS measurements indicatiethiis perforated film is stabilized by a
chemisorbed oxygen phase. By using typical Ru(0OGdigle crystal oxidation conditions
(680 K, 510° mbar @, 30 min) the ruthenium islands on Au(111) do digl§m a covering
film of RuG, if the former metallic ruthenium islands had atical thickness of 10
monolayers Ru. Rufstructures bound to the Au(111) surface are assumée not stable,
so a metallic ruthenium buffer layer between thel@xand the gold substrate is necessary. To

describe the transformation of the three dimengi®uaislands to the perforated ruthenium



film with a chemisorbed oxygen phase, a mechansspraposed based on the energy relation
given by Young’s equation.
Finally a brief literature overview of other growslystems is given to further evaluate the

general applicability of Young’s equation.



Zusammenfassung

In dieser Arbeit wurde das Wachstums- und Redoxalesh dinner Goldschichten (Inseln
oder Filme) mittels Rontgenphotoelektronenspekpsk (engl. x-ray photoelectron
spectroscopy, XPS) und Rastertunnelmikroskopie (RT#&hgl. scanning tunneling
microscopy, STM) untersucht, welche auf einer RQ{Q€Einkristalloberflache abgeschieden
worden sind. Durch das Dosieren von atomarem Sadfieb®i Raumtemperatur werden die
dinnen Goldschichten aufgebrochen und in kleinedierte Nanopartikel umgewandelt.
Dabei ist die vorherige Dicke der Goldschicht einésdend fur die resultierende Morphologie
der geformten Nanopartikel. Generell werden ausr s#innen Goldschichten (zwei
Goldlagen) sehr viele kleinere oxidierte Goldnambkel geformt, wéhrend bei dickeren
Goldschichten X vier Goldlagen) deutlich weniger Partikel geformérden, welche aber
deutlich grofer sind. Aul3erdem ist die Geschwinegligknit der die Partikel geformt werden,
fur dinnere Goldschichten deutlich hoher als betkelien Schichten. Um diesen
dickenabhangigen Oxidationsprozess von Goldschichtel beschreiben, wurde ein
sogenannter Schaufelmechanismus (engl. shoveliraceps) vorgeschlagen, der den
Schlusselschritt der Fragmentierung, namlich dasatfbeférdern (Schaufeln) einzelner
Goldatome von der Gold-Ruthenium-Grenzflache zu d@berseite der Goldinsel,
demonstriert. Um ein mogliche katalytische Aktivitdler oxidierten Nanopartikel
nachzuweisen, wurden CO-Oxidationsexperimente benRemperatur durchgefiihrt. Jedoch
konnte bisher nur nachgewiesen werden, dass dikdétaselbst unter stark oxidierenden
Bedingungen, von dem Reaktionsgemisch reduzierdeverDie Dispersion und Morphologie
der Nanopartikel bleibt bei diesen Reduktionsbedtirggn erhalten.

Die beobachteten Morphologien, sowie deren Veramdgn durch Zugabe von atomarem
Sauerstoff, wurden mit Hilfe des allgemeinen Maosleler heterogenen Nukleation und des
epitaktischen Wachstums beschrieben. BasierenddaufYoungschen Gleichung ist es
maoglich das Benetzungsverhalten eines abgeschiedénaterials (Adsorbat) anhand
verschiedener  Grenzflachenenergien zu  beschreibeDiese  beinhalten  die
Oberflachenenergien des abgeschiedenen Materidso(Bats) und des Substrats sowie die
Grenzflachenenergie zwischen diesen beiden Matarial Bei unterschiedlichen
Gitterparametern von Substrat und Adsorbat mus®mudoch die Verspannungsenergie
bertcksichtigt werden.

Im zweiten Teil dieser Arbeit wird das Wachstumsnadu Redoxverhalten dunner
Rutheniumschichten auf einer Au(111)-Einkristalidldehe beschrieben. Wird metallisches



Ruthenium auf der Goldoberflache abgeschieden, koresn zum dreidimensionalen
Inselwachstum, welches, durch Zusammenwachsen ideeleen Inseln, in einem rauen
metallischen Film endet (zum Beispiel nach Absaleidon 4 Monolagen Ru). Wiederum ist
das Hinzudosieren von Sauerstoff mafl3geblich veratiieh fir eine starke morphologische
Anderung des abgeschiedenen Rutheniums. Bei tygnschRu(0001)-Einkristall
Oxidationsbedingungen (680 K,-18> mbar Q, 30 min) wird die raue, metallische
Rutheniumschicht umgeformt in einen glatten l6atmigRutheniumfilm. XPS Messungen
zeigen, dass dieser l6chrige Rutheniumfilm durche echemisorbierte Sauerstoffphase
stabilisiert wird. Damit ein deckendes Ru@ebildet werden kann, muss die Dicke der rauen
Rutheniumschicht erhoht werden (typisch 10 MonatdgeDas impliziert, dass eine
metallische Rutheniumschicht vonnoéten ist, welclsePaifferlage zwischen dem gebildeten
RuG;, und der Goldoberflache liegt, da angenommen wiagds ein Ru@film nicht stabil ist,
wenn er direkt an eine Goldoberfliche gebunden @Wm die Umwandlung der
dreidimensional zusammengewachsenen Rutheniumirgeleinem deckenden l6chrigen
Rutheniumfilm mit einer chemisorbierten Sauerstiodfge beschreiben zu kénnen, wird ein
Mechanismus vorgeschlagen. Dieser basiert auf dssb&htungen in den Experimenten
sowie den energetischen Verhaltnissen, welcheritydengschen Gleichung gegeben sind.
Abschlieend wird die generelle Anwendbarkeit deouiygschen Gleichung anhand
verschiedener Beispiele in der Literatur validiert.
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1. Introduction and Motivation

1.1 Brief introduction into the field of gold cayals

Heterogeneous catalysis today is of central intefi@asthe chemical industry. Estimations
predict that about 80 % of all commercially prodiiahemical products involve catalysts
(mainly heterogeneous catalysts) at some stadeeiprocess of their manufactiifeln 2005
catalyzed processes generated about 900 billion DdBar in products worldwid&
Especially the platinum group metals and their egicare used in manifold industrial
applications, e.g. oxidation catalysts in exhaumsission or fuel cell§® Therefore research
in catalysis is a major field in applied sciencdudher improve the already applied catalytic
processes.

Due to the high complexity of the catalytic systaumsler real process conditions in industry,
model systems are generally used to study one @rofwthe most important aspects of the
system. To account for this well defined metal aces (i.e. single crystal surfaces) under
controlled reaction conditions (usually HV to UHWrditions}, i.e. single elementary
reactions of the more complex reaction mechanismrasestigated. By such surface science
studies it is possible to design clear cut expeniséo investigate and improve the properties
of the catalyst systematically.

Generally, the development of equally active ankkctiwe catalysts is of great interest.
Starting from the same reactant, activation ensrdm different reaction paths may
sometimes differ by less than 1 eV in the fieldheterogeneous catalySlsthus making it
difficult to accomplish a combination of high catat activity and selectivity by noble metal
catalystd!*!]

Since the discovery of catalytically active ancest’e gold nanoparticle catalysts by Haruta
et al. manifold research was performed in the fafldold catalysi$:*'* The unique catalytic
activity and selectivity of gold catalysts is delsed in various review articles within the last
two decade8>'% Using the CO oxidation as a model reaction inanefscience, different
properties have been proclaimed to be responsibtetife high activity of the gold
nanoparticle catalysts. These properties are tHewimg: the gold nanosize effelé???,

dé5,27,30-32]

influence of the substrateat the interfa , electronic effectslike charge

transfelP>?13337land theoxidation statef the gold nanoparticl@é®7:27:38-42

Y HV: High vacuum regime: I8 — 10° mbar. UHV:_Utra-high vacuum regime: 18— 10° mbar.



The nanosize effeavf gold nanoparticles towards CO oxidation is igped by an
increase in reactivity with decreasing size ofgb&l nanopatrticles, with the highest
reactivity at a cluster size of 2 Affi?”! Gold nanoparticles larger than this 2 nm
have shown less catalytic activity towards CO otiafa for a broad operating
pressure range of &nd CO: experiments conducted at UHV condiff3/&%* and

at ambient pressures (mbar regibf).Beside the size of the nanoparticles the
morphology of the gold catalyst is equally impottan?®?®?% The group of
Goodman et al. described a flat gold bilayer filmthe TiG(110)/Mo(112) surface
that is as active as deposited gold nanopartidi@ysts. This activity is explained
by the unique structure of the gold bilayer, whimmsists of a high number of
undercoordinated gold atorfi&222!

The influence of the substrai®vards the reactivity has also been elucidatedd Go
nanoparticles deposited at reducible metal oxides. (TiQ, CeQ) show a higher
catalytic activity than nanoparticles depositedmm-reducible metal oxides (e.g.
Al,O5, Si0,).[252730-3243Ey neriments and calculations showed that oxygdecte

in the metal oxide substrate at the interface petem sites facilitate the O
adsorption and dissociation during the CO oxiddflbfy! The interplay between
oxygen vacancies and undercoordinated gold atonthese perimeter sites are
assumed to be responsible for the high activityasfl [*1434°]

Electronic effectdike the charge transfer from the gold valenceital® to then*
molecular orbital (LUMOj of O, is also a central aspect in the catalytic activity
gold 2213337 Ap increased electron density in gold atoms indubg charge
transfer from the underlying substrate to the gtims, again supports the influence
of the underlying substrat&:?1**3% Also the morphology of the gold catalyst is of
importance in this context. Charge transfer from sbstrate to undercoordinated
gold atoms is assumed to be crucial for thesflitting and therefore for the gold
activity.[20’21'36’37]

The oxidation stateof gold during the CO oxidation is probably the sho
controversial issue. Besides Au(0), Au(l) and Aly(HIso anionic gold has been

[16.17.27,38-42 |t has been

reported to be responsible for the high catalyttvdy.
pointed out that the oxidation of gold using atoraxygen enhances the catalytic
activity, with chemisorbed oxygen on metallic gblkeing more active than a surface

gold oxide specig$®?’31340|n contrast, partially oxidized gold particles kav

2 LUMO: Lowest umoccupied rolecular abital
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been reported to be the active species during Ci@atan!'’***? So even for
oxidized gold species the most active one for C@lation has not been clearly

identified yet.

Altogether, manifold research was carried out tarifyt the influence of each of these
properties on the high catalytic activity of goldnocatalysts. Despite this intensive work the
most active gold species for the CO oxidation resatill elusive. However, the dissociation
of O, is concordantly determined as the crucial step@noxidation due to the generally high
dissociation energy of {pn gold!!®?+333430yndercoordinated gold atoms are determined to
play a key role in oxidation reactidffs’26:28:29.33:34.36.44.51- 5 a1 se the dissociation energy
of O, gets significantly lowereld*5%>4

The availability of undercoordinated gold atomsalso important for CO. Compared to
(atomically) flat gold single crystal surfaceswias shown that CO predominantly binds to
undercoordinated gold atoms at highly stepped esesfadue to a higher binding

energy>2°35°)

It is pointed out that the overall interactionveeén the gold catalyst and the
CO depends less on the size of the gold nanopesticlit more on the total number of
undercoordinated gold atoris.

In summary, the catalytic activity of gold catal/storrelates to the availability of
undercoordinated gold atoms. Besides a well chasamphology of gold catalysts (e.g. small
gold nanopatrticles with size of 2 nm or the golthy®r system), the oxidation of gold also

leads to a higher number of undercoordinated gmiphg!3®-2%:40:51:56-61]



1.2 Oxidation of gold surfaces

Bulk gold is known as one of the least reactivenulcal elements. The oxidation of gold
using molecular oxygen can hardly be achieved amghhoxidation conditions are necessary
like very high temperatures (usually 500 — 800 &6J oxygen pressures (up to 1 B&r§>e°!
Quite contrary is the oxidation behavior of goldvéwds atomic oxygen. By dosing atomic
oxygen towards a gold surface it is possible taliae gold at lower temperatures (below 200
K).1*567 Even at very low temperatures as 28 K, gold oxideAu(110) has been formed by
electron bombardment of physisorbed oxygen 1a§&f8 Recent studies showed that a
catalytic inactive gold single crystal surface che activated by oxidation of atomic

oxygen[16,30,40,60,66,

6770 aAlthough the oxidized gold surfaces revealed ahéigactivity
towards CO oxidation and a highep @issociation probability, it is not clear whethbe
oxidized gold surface can sustain a catalytic cytlexidation reactions, thus only proving a
transient activity so faf%->°®!

The oxidation of gold single crystal surfaces haerbinvestigated using a large variety of
atomic oxygen sources, i.e. exposure of ozonenthledissociation of @using hot filaments,
O" sputtering, radiofrequency-generated plasma spwmzdsorption of N@and HO and

electron bombardment of N3236.58.59,64.66,

07-7"hepending on the source of atomic
oxygen, the oxidation of the gold surface can ckasgnificantly, leading to different
morphologies and oxidized gold specdiés®

Friend et al. systematically investigated and aotter&zed several oxidized gold species that
are formed during the oxidation of a Au(111) singtgstal surface by exposure of ozone at
200 and 400 K, respectivéf?! At 200 K and lower oxygen coverages (< 0.5 ML) a
chemisorbed oxygen phase is formed with the oxtting in the 3-fold hollow sites of the
Au(111) surface. At higher coverages (> 1 ML) aethdimensional bulk oxide phase is
formed alongside with subsurface oxygen. If thedation of the Au(111) surface is done at
400 K, a two-dimensional surface oxide is formestéad of a chemisorbed oxygen ph&%e.
Further investigations showed that oxidation of Bli() at different temperatures and dosages
of atomic oxygen leads to coexisting phases ofaserfoxide, chemisorbed oxygen and
subsurface oxygen speclés®” The surface oxide is preferentially formed at leigh
temperatures and higher oxygen exposures, whilelieenisorbed oxygen phase is usually
prepared at lower temperatures and oxygen do$¥gés.

The oxidation of the Au(111) surface can be brieflynmarized in the following steps:

Fracturing of the herringbone superstructure towatte linear arrangement of the

4



herringbone soliton walls, extraction of singledyatoms from the surface and roughening of
the surface accompanied by further accumulatiomrafercoordinated gold atoms on the
surfacd3394051578lThe adsorbed atomic oxygen has shown to stahiliwercoordinated
gold atoms that are formed during the oxidationgofd surface§®® This explains the
roughening of gold surfaces during oxidation, egdcf no gold oxides are formed.

The undercoordinated gold atoms, which are relefsed the gold surface, form mobile
AuO, species that either diffuse across the surfagearange to structures like the surface
oxide on Au(1115**°"1 The mobile Au@ species has been investigated by DFT, and a linear
O-Au-0"® as well as a angulated O-AUE**" as the mobile precursor structure have been
proposed.

The oxidation of the Au(110) and Au(100) surfacesimilar to the oxidation of Au(111), if
thermally cracked oxygen or,@puttering is used as source of atomic oxytfei}:5568:69.79)

In summary: The oxidation leads to the removalhef surface reconstruction of the Au(110)
and Au(100) surfaces, which is followed by the ation of single gold atoms and the
formation of various oxidized gold structures. Degieg on the amount of dosed atomic
oxygen a chemisorbed oxygen phase, a surface osudbsurface oxygen and bulk oxygen
can be producef® The importance of the atomic oxygen source becewieent, if ozone is
used to oxidize the Au(100) surface. Because themOlecule cannot dissociate on the
Au(100) surface, no chemisorbed oxygen phase aedxirmation has been obsen/&d.

In general, from all metastable bulk gold oxideustures the well described ADg%® is
known to be the most stable dife>*!

The stability of AuOj critically depends on the environment of the oXié* 2882t easily
decomposes by either applying higher temperatureg90 KJ%*® or exposing the oxide to
air for several houf€'. Calculations and experiments were conductedlte@she pathway of
the oxide decomposition, because decompositionyatedike AgpO are considered to be a
reactive species in oxidation reactiéifs.

The thermal decomposition of oxidized gold surfasesummarized in table 1.2-1 showing
the differently formed gold-oxygen species and twerelating desorption temperatures,

obtained from thermal desorption spectroscopy (T®&®griments.



Table 1.2-1: TDS data for the thermal decomposition of varioxslized gold surfaces in literature.

Oxidation conditions Formed oxidized gold species DSTThax Reference
Au(111) O, at high T
Bulk Au,O3 413 K 62,63
and p
Au(111) NG, € .
chemisorbed oxygen 550 K 51
bombardement
Au,0s3 390 K 68
Au(111) O, sputtering
chemisorbed oxygen 590 K 68
Au(111) multilayer Surface gold oxide 490 K 69
Oz, e bombardement chemisorbed oxygen 590 K 69
Au(111) ozone chemisorbed oxygen 520-550 K 71
chemisorbed oxygen 560 K 55
Au(111) ozone
chem. O from lifted herringbone 590 K 55
Au(111) thermally .
chemisorbed oxygen 505-535 K 79
cracked Q
chemisorbed oxygen from terraces 515-530 K 56
Au(211) ozone
chemisorbed oxygen from steps 540 K 56
Au(311) ozone chemisorbed oxygen 560 K 55
chemisorbed oxygen 460 K 60
chem. O at undercoordinated Au 550 K 60
Au(100), O, sputtering
subsurface oxygen 620 K 60
bulk oxygen 720 K 60
Au(100), thermally _
chemisorbed oxygen 470 K 79
cracked Q
Surface oxide 415 K 50,68
chemisorbed oxygen 545 K 50,68
Au(110) O, sputtering
subsurface oxygen 620 K 50,68
bulk oxygen 750 K 50,68




Table 1.2-1: continued from previous page

Oxidation conditions Formed oxidized gold species DSTThax Reference
Au(110) thermally _
chemisorbed oxygen 590 K 65
cracked Q
Polycrystalline Ay .
chemisorbed oxygen 670 K 83

thermally cracked @

Besides the oxidation of single crystal surfacesdkidation of gold nanoparticles deposited
on reducible metal oxides has been investigdtéd’ It could be shown that both the
formation and the thermal stability of the A4 on gold nanoparticles correlates with the size
of the gold particlé®*’* The oxidation rate of smaller nanoparticles isaligthigher but the
stability of gold oxide decreases with decreasizg sanoparticl&® %’ An exception are
the Auss nanoparticles that show an inertness towards oxptgsma’® Nanoparticles larger
than Aus (~ 1.4 nm) are stated to form a core shell strectontaining of a gold oxide shell
covering the metallic core upon oxidation in oxyg;Msma{.”] In addition to the nanopatrticle
size, the supporting material (e.g. 3)@s also important for the stability of the formgdid
oxide shell. For instance, defects or vacancidgbensupporting reducible metal oxide induce
the reduction of the oxide shell by oxygen tran&fem the gold oxide to the supp&#®”

As described before oxidized gold surfaces show igh hactivity towards CO
oxidation!304060.66.70Based on these investigations oxidized gold cstsliyave already been
used to study other oxidation reactions like tlaetipl oxidation of propene, the selective
oxidation of styrene or oxidative coupling reactiéi} 848!

The purpose of this dissertation is to investigdie morphology of (ultra-)thin gold and
ruthenium structures and their morphologic changem oxidation and reduction at variable
temperatures. These morphologic changes will thenelucidated on the basis of the
heterogeneous nucleation and epitaxial growth tegor

In the first part of this dissertation the growthtlein gold islands and films was thoroughly
investigated by scanning tunneling microscopy (SEMJ photoelectron spectroscopy (XPS).
Gold was deposited by physical vapor depositiondPoh a Ru(0001) single crystal surface,
which was chosen as the substrate. A well-defingitecaal growth of gold, with [111]
orientation, on the ruthenium substrate occurstdube small lattice misfit between Au(111)
and Ru(0001). Therefore Au grown on Ru(0001) isideal model system to study the
morphologic changes of thin gold structures undgrgen exposure and to compare their

resulting morphology to the literature, i.e. oxigliz Au(111) surfaces. The oxidation was
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accomplished by using atomic oxygen from a therged cracker as the oxygen source.
Within these experiments, the surface was alwaps &eroom temperature due to the thermal
instability of oxidized gold structures. After oxitiion of the thin gold islands (and films) the
redox chemistry of the oxidized gold was invesggaby CO reduction as well as CO
oxidation experiments. To adequately describe aqdiaan the growth of gold on Ru(0001)
and to explain the morphologic changes upon oxadaéind reduction, an overview on the
theory of heterogeneous nucleation and epitax@aitr will be given.
In the second experimental part of this dissematiee growth of thin ruthenium films on a
Au(111) single crystal surface was investigateda lfirst step the deposition of Ru by PVD
on the gold surface was examined, followed by axadeof the deposited ruthenium by éx
higher temperatures (~ 680 K). Compared to its tapart (Au/Ru(0001)) from the first
experimental section, the growth of Ru on the Adjldurface has been barely investigated
under UHV condition&2%°! Therefore the focus on these investigations was to
systematically grow and oxidize thin ruthenium &lon the Au(111) surface. Based on these
experiments the growth of Ru on the Au(111), esglcits morphology (before and after
oxidation) were characterized and explained bythie®ry of heterogeneous nucleation and
epitaxial growth.
Finally the general applicability of the presenti@ory of heterogeneous nucleation and
epitaxial growth will be evaluated by a brief oview of studied growth behaviors of various
systems in literature. From these systems, thremmpbes were chosen to validate the
applicability in more detail:

(1) Metals deposited on TiQL10)

(2) The growth of Ru@on Ti0O,(110)

(3) The growth of Ru@(110) on Ru(0001), i.e. the oxidation of Ru(000¢ ) at 680 K.



2. Experimental setup and applied methods

2.1 The STM chamber setup

Experiments were performed in a home-built ultrbhigacuum (UHV) chamber system
consisting of three separable chamber parts, waiehthe scanning tunneling microscopy
(STM) chamber, the main chamber for preparation andlysis and the loadlock (high
pressure chamber). The basis pressure of this th@aber system is aboutld*® mbar. A
detailed description of the whole UHV chamber systess given somewhere elSé.
Nonetheless, a brief summary of the used chamlbep s@ll be given in the following. The
figures 2.1-1and 2.1-2 show technical schemes of the UHV chamber systemps In the
STM chamber part (Chamber part (3¥igure 2.1-1 variable temperature scanning tunneling
microscopy (VT-STM, Omicron) and scanning tunnelspgectroscopy (STS) measurements
can be done. A vibration damping system is useithenSTM to improve the quality of the
STM imaging.

In the main chamber (1) analysis by x-ray photdedec spectroscopy (XPS) can be
performed. For physical vapor deposition (PVD), tertbeam evaporators ((9) and (16%),
figure 2.1-)% are attached to the main chamber loaded with guddrathenium, respectively.
Also attached to the main chamber are a sputter(finfor sample cleaning, a quadrupole
mass spectrometer ((12) QMS Pfeiffer Vacuum) feideal gas analysis, a dual x-ray anode
(14) and hemispherical analyzer ((BBJP Vacuum Technology) for XPS measurements and
a thermal gas cracker (not shown, Oxford Applieddech) that is used to produce atomic
oxygen €f. figure 2.1-2. A more detailed description of the evaporatard the thermal gas
cracker will be presented in the chapters 2.2 aBdThe sample temperature is measured
with an infrared (IR) pyrometer, which was calile@ith a K type thermocouple.

The main chamber is separated from the STM charmabdrthe loadlock (5) via two gate
valves ((7) and (8)f. figure 2.1-). The pumping system of the main chamber conseists
titanium sublimation pump (19), an ion getter puifi®) and a magnetically levitated
turbopump (17) df. figure 2.1-2. Together with the smaller ion getter pump frdre 6TM
chamber ((18) idigure 2.1-2 the magnetically levitated turbopump and the getter pump
from the main chamber are able to maintain the Wdxng the STM measurements without

introducing vibrational noise.

% e-beam evaporators: EMF 3 e-beam evaporator flo@US and e-flux mini e-beam evaporator from tectra.
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Linked by a gate valve a gas line with various ga@eg. Ar, @, H,O, CO, borazine) is
connected to the main chamber. Each gas type caitosed very precisely though a leak
valve. The gas line is also connected to the lakdlea a gate valve, so experiments in the
main chamber and also in the loadlock are possiliie.pressure range for experiments in the
loadlock ranges from UHV to the mbar region, ifgdite valves are closed and the loadlock is
used as a batch reactor. The most important fumctigdhe loadlock is the possibility to open
it to the atmosphere, while maintaining the UHM\he main chamber and the STM chamber.
Thereby STM-tips and samples can be exchangeditedser removed from the chamber
system very easily and without interfering the ylakperimental work in the other two
chamber parts.

The sample transfer system is highlightedigure 2.1-1(red chamber parts), which consists
of a transfer rod (6) (transfer from loadlock toimehamber), two manipulators ((2) and (4))
and a wobble stick for the sample handling in tAidMShamber. Sample annealing on the
manipulators is done by boron-nitride resistant térsa With these resistant heaters
temperatures up to 1150 K are applied to the siogystal samples. The single crystal
samples used in this work are adapted Ru(0001)Aal(tl1) crystals (MaTecK GmbH) with
a hat-like form ¢f. figure C1-1 appendix C). With a modified sample holder se¢hgse hat-
like single crystals could be fixed, thus redugnagsible vibrations. Also the direct contact to
the BN resistant heater ensured better annealisgiltities. The top sides of hat-like single
crystal surfaces have an area of 3 mm x 4 mm, whiehe analyzed by STM and XPS,
measurements. The purity of the Au(111l) and theOBQL) single crystals is 99.99 %,
respectively.

Cleaning of the Ru(0001) single crystal was perfmtnby cycles of cold sputtering(Ar) =
1-10° mbar, 15 min at room temperature) with subseqaenealing to 900 K in oxygen
(~1:10" mbar Q, 30 min). The oxygen treatment is necessary tdip&icarbon impurities
that segregate on the sample surface during theaéing.

The cleaning of the Au(111) single crystal surfeecsimilar to the cleaning of the Ru(0001)
surface and was also done by cycles of argon smgtand annealing in oxygen. However if
ruthenium was deposited on the Au(111) surface llysi@nger sputtering times (up to 6
hours) were necessary due to the relatively stnatigenium-ruthenium binding and the
relatively high hardness of bulk rutheniti#i.

Gold (or ruthenium) deposition was carried out lecton beam physical vapor depositiéh

of a gold (ruthenium) source (MaTecK GmbH). Theiyunf the metal sources was > 99.95
%. The amount of the evaporated metal is monitareticontrolled by an ion flux controller.

10



With a certain setting of ion flux and time it iegsible to reproducibly prepare metal islands
or films on the surface of the deposition targéte Total amount the deposited material (gold
or ruthenium) was accurately analyzed and detewintayeSTM images and validated by XPS.
During deposition, the single crystal temperatues \kept at- 620 K. Below that threshold

temperature the deposited metal starts to formension the surface. This evidently shows
that the system did not attain thermodynamic eopiiim during the deposition process. A
more general explanation for the growth of metakwrs at lower temperatures is given in
chapter 3.3.3, where the epitaxial growth far adayn thermodynamic equilibrium will be

described.
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Figure 2.1-1: Top view on the schematic STM chamber setup. atgerl illustration gives an
overview on the sample transporting system (higkdid in red) and the three-chamber setup with
their separation by gate valves: (1) Main or an&@yshamber, (2) main chamber manipulator, (3)
STM chamber including the STM stage, (4) loadloanipulator, (5) loadlock or high pressure
chamber, (6) transfer rod, (7) gate valve betwerlock and main chamber, (8) gate valve between
STM and main chamber. The smaller schematic idfisin shows the positions of the used
evaporators for gold and ruthenium deposition: @beam evaporator for gold, (10) e-beam
evaporator for ruthenium. Figure modified from [92]
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Figure 2.1-2: Schematic view on the STM chamber setup, thusisfpalae arrangement of the used
analytics and the pumping system. (1) Main or asialghamber, (2) main chamber manipulator, (3)
STM chamber, (8) gate valve between STM and mamisér, (11) sputter cannon, (12) quadrupole
mass spectrometer, (13) XPS analyzer, (14) duatl@neray source, (15) flange for CCD camera,
(16) ion getter pump, (17) turbomolecular pump,)(id getter pump, (19) titanium sublimation
pump. Figure modified from [92].
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2.2 The thermal gas cracker

Dissociation of gas molecules yielding atomic fragns can be achieved by many ways, one
of them being thermal excitatié?t! The most common and easiest available method for
thermal cracking is using a hot tungsten filamentttee heat sourd¢®®” This is however
problematic for reactive gases like oxygen or ahirwhich would damage the filament in a
matter of seconds. Because of this a differentkenradesign was needed. The result was the
thermal gas cracker TC50 manufactured by OxfordliagfResearcR®!

The idea behind this thermal gas cracker is to shgoaterial which on the one hand is able
to dissociate the introduced gas but on the othedhs also inert towards the dissociated
gases and the damage that might be caused by them,at higher temperatures. In this
TC50 thermal gas cracker the gas is channeleddhratthin capillary made of iridium. The
gas is leaked into the Ir capillary of the crackl@rough a standard leak valve which is
connected by a CF16 flange to the cracker tubirge Gapillary is heated by an electron
bombardment mechanism. For this purpose two tundsdtenents coated with thorium oxide
are placed at either side of the capillary. By gl high voltage (1000 V) between the
filaments and the iridium capillary, the emittedatons are accelerated towards the capillary.
Figure 2.2-1gives a schematic illustration of the TC50 thergralcker setup. To reduce the
heat load on the UHV chamber generated by thedjotiary, the entire system is cooled by a
copper block heat sink, which in turn is cooled vgter. The temperature of the iridium
capillary can be regulated by the deployed powed( W). Because the acceleration voltage
is constant, the power depends solely on the nurmabempacting electrons and by this
relation on the applied heating current of thenfidant.

Water
Filament Connector
NW35CF

SN
i ﬁ .

. . Cold Hearth

\ H

Figure 2.2-1: Schematic drawing of the thermal gas cracker setiugure taken from [96].

The cracking efficiency (C.E.) depicts how much tbe channeled gas is thermally
cracked®” It is determined by the parent molecule loss nthsing a common Pfeiffer

Prisma 200 quadrupole mass spectrometer (JW%).Because the atomic products of the
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cracked gas react with the chamber walls, theyparmanently lost from the QMS signal of
the parent molecule (i.e. in the case of this thesily Q). The drop in QMS signal after
switching on the cracker can therefore be relaieectly to the C.E. In practice this means
that the partial pressure of the parent moleculéngas chamber was tracked with the QMS
Prisma 200 and controlled by the Quadstar softwarge. The cracking efficiency then is

given as:

CE — pi,off - pi,on - Ii,off - I i,on (22_1)

Pi off | o

With p;orf being the partial pressure of Mat is leaked into the chamber beforehandmpd
being the partial pressure after the gas crackeswgched on.lios and ljon are the
corresponding ion currents measured by the QMS.

To guarantee a stable exposure of atomic oxygenraeweecautionary experimental
procedure steps were done. First the sample waghiranto position in front of the thermal
gas cracker. Then the sample was turned away, ¥posieg the backside of the manipulator
towards the thermal gas cracker and not the santselé until a stable oxygen pressure and a
stable C.E. was obtained. Only with a stable C.E.tharkfore a stable gas beam, containing
the atomic oxygen, the sample was exposed to timt &f the thermal gas cracker. With this
protocol a high reproducibility for all oxidatioxgeriments could be achieved.

The generated atomic species by the TC50 frerar® throughout this work referred to as O".
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2.3 Electron beam evaporator

Epitaxial film growth can be achieved by varioustinoels: physical vapor deposition (PVD),
chemical vapor deposition (CVD), atomic layer depms (ALD), pulse laser deposition
(PLD), molecular beam epitaxy (MBE) and sputterdeposition (SD). For deposition and
growth of metal or oxide films, PVD is a widely dsmethod to produce well defined ultra-
pure films!®%10°)

Standard electron beam evaporators, like the EMfaBufactured by FOCUSr the e-flux
mini e-beam evaporator from tectra, are used im hig ultrahigh vacuum syster$%!

Figure 2.3-1schematically illustrates the setup of the EM&8p®rator.

Filament and
thermocouple

\ NW 35 CF

@ 33 Shutter
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140-145 210
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Figure 2.3-1: Schematically illustration of the EMF 3 evapora{®OCUS). Figure modified from
[99].

In PVD the material, that is supposed to be depdsits vaporized into the gas phase. From
various possibilities to evaporate the depositicatemnal (like sputtering or annealing in a
Knudsen cell) the simplest way for metal evaporai®it's annealing by emitting electrons

towards the deposition material (electron bombardjnghe deposition materials are usually

* Subsidiary company of Oxford Instruments.
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mounted as a rod or are placed in a crucible. Apglyigh voltage between the deposition
material and the filament induces the emission@ftens from the nearby tungsten filament
towards the deposition target, thus leading tamsealing. When the material is evaporated a
small amount of it gets ionized. These ionized at@me monitored and repelled back into an
ion suppressor to determine the flux rate of theod#ion material and to avoid damage to the
substrate by the ionized atofis™"!

For the gold deposition experiments a gold she#t wipurity of 99.95 % (MaTecK GmbH)
was mounted in a tungsten crucible of the EMF Jexator. Typical evaporation conditions
were an applied high voltage of 880 V and an emissiurrent of 16-19 mA between the
filament and the crucible (heating power ~ 14 toMl)Y Ruthenium was evaporated from the
e-flux mini e-beam evaporator from mounted ruthenitods that had a purity of 99.95 %
(MaTecK GmbH). Typical evaporation conditions fathrenium were an applied high voltage
of 1.2 kV and an emission current of 35 mA. Comgéaregold, a significant higher heating
power for ruthenium (~ 41 W) is necessary for itgporation into the gas phase.

It has to be mentioned that due to different pdessietups and positions of the evaporators
towards the target sample the total amount of deggbmaterial and the exact deposition rate
had to be determineex situ In this work this was accomplished by statistiaahlysis of
STM pictures of the deposited material in the sudnalayer region combined and verified

with the integrated intensity of the correspond{RSS signals.
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2.4 Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) is an imagiaghhique used in surface science. Its
possibility to resolve single atoms makes it a pdweool to investigate various systems and
processes at the atomic level, if conducting anchic@nducting materials are used as
samples. The essential phenomenon behind STM isqtiatum mechanical tunneling
effect™®>1%? This effect stems from the fact that the wave fiomcof a particle does not
abruptly fell to zero at a potential barrier with anergy higher than the particle energy.
Instead the wave function decays exponentiallyt.irifiit has not decayed to zero when it
reaches the other end of the potential barriersdillates on the other side with reduced
amplitude. This is shown ifigure 2.4-1 The particle corresponding to the wave function
therefore can "tunnel” through the potential bardespite lacking the energy needed to pass

it under classical conditions.
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Figure 2.4-1: Tunneling of a wavefunction from a potential feeme | to another potential free zone
I, through a potential Il. Upon reaching the pat@&l, the wavefunction decays exponentially. & th
amplitude is sufficient, the wavefunction can starbscillate again after leaving the potentialgkre
modified from [92].

In STM this effect is exploited by placing a metgd very close (Angstrom scale) to a
conducting sample and applying a voltage betweempkaand tig:>>°* The electrons are

then able to tunnel between sample and tip (thenpiad barrier). Depending on the Fermi
level of the conducting surface, the applied vatagtermines the direction of the tunneling

current, i.e. directed current from tip to surfggesitive bias voltage applied to the sample) or
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directed current from the surface to the tip (nigabias voltage applied to the sampled) (
figure 2.4-2. The tunneling current then is defined as a fioncdf the sample to tip distance,
the applied voltage and the local density of stlt€$S) of the surface and tip. The height of
the potential barrieY, is denoted as the work functi@h The work function itself is defined

as the energy that is necessary to excite an eftettom the Fermi levelEg) to the vacuum
level Ev).

Sample -
. Tip
Y 0} 7 Sample +
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%r _____ | 1 e
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Figure 2.4-2: Dependence of the tunneling effect on the electtemsity of the sample. Figure
modified from [105].

Equation (2.4-1) shows the exponential dependeetyden the tunneling currehtand the

tip to sample distance and the work functiond. Given by this simplified expression the
exponential decrease of the tunneling current byukaneous increase of the tip to sample
distance is elucidated. However this equation a@hlgws the topograpic dependency of the
tunneling current to the tip-sample distance. INMSalso the electronic nature is equally

important for the tunneling current, which will hether elucidated later.

|, Oe2s wM1k=JEE@%1E) (24-1)
h

m = massofthetunnelingobject
P=V,-E

The STM can be operated in two modes, keeping anhsither the tip to sample distance or
the tunneling current. The movement of the tip padicular to the surface (in constant
current mode) or alternatively the profile of thiaeling current (in constant distance mode)

are then directly proportional to the height pmféind electronic density of the sample

19



surface. Therefore scanning the STM tip over théasa yields information of both in the
resulting STM image: the morphology and electratiacture of the sample surface.

The movement of the STM tip is controlled by pideotic crystals ¢f. figure 2.4-3. With
this instrumentation, atomic resolution can be ewobd on single crystalline surfaces.
Depending on the material that is investigatederght settings like the applied voltage and
the scanning speed have to be chosen wisely. Eowitdtely used tungsten tips in STM, it is
necessary to consider different scanning settings fclean metallic surface and an oxidized
single crystal surface containing weakly bound @tyd-igure 2.4-3illustrates the STM
imaging process. By moving the tip in x and y dii@t the surface is scanned. From the tip
retraction in z direction, information of the sampbpography and the sample LDOS is
obtained. Based on the information of the contaitages (in constant current mode) of the
piezo tubes an image of the scanned surface igafedeincluding the height information of

the scanned objects.

l

Control voltages for piezo tube

Piezoelectric
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distance control — /\J\/\J\/
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‘ /|  scanning unit WJ\«/
| / and display

Tunneling current

Figure 2.4-3: Schematic illustration of the STM imaging proc&dkile the tip scans the surface in x
and y direction, the movement of the tip in z-dicecgives the height profile of the sample surface
The movement of the tip, i.e. the control voltagfethe piezo tubes (X,y,z) is transferred intoredh
dimensional image of the sample surface. This imeg@bines the information of the surface
topography as well as its LDOS. Figure modifiedvir[92].

As the magnified inset suggests, the tunnelingezurirom the tip is mainly induced through
only a few atoms. Using standard scanning settmidsV (electric potential), 1 nA (tunneling
current) and a tip to sample distance of about 1 lmnge tunneling current densities (up to

10> A/mn?) and field intensities (~ 0.1 V/A) are applied.eBe settings may lead to a local
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annealing of the tip, which results in a highercteaty of the tip material. These effects have
to be considered during the measurement, wheréigheaterial may strongly interact with
the sample surface. For instance a tungsten tipintagact with an oxygen covered surface,
thus reducing the tips stability. One possibilibyavoid this problem is to use platinum tips.
However their fabrication is more complicated andrenexpensive than their tungsten
counterparts. Therefore tungsten tips are widedgdus STM experiments.

A detailed and theoretical description of the tumgecurrent in the STM was first derived by
Tersoff and Hammah®° Here the tunneling currettis directly related to the LDOS of
both the samples and the STM tigr near the Fermi Level. By placing the metal tipyver
close to the sample the Fermi levels of such a woimy metallic system are aligned. As a
result the electrons tunnel in both directionsjrgjva net tunnel current of zero. An applied
electric potential is able to shift the Fermi Levels of sample apdst that electrons start to
tunnel the potential barrier mainly in one direntito travel from occupied states in the
sample to empty states in the tip and vice verspedding on the algebraic signf This
gives rise to a net tunneling current. With thisdtetical framework, Tersoff and Hamman

derived their now widely used equation:

25 [2™Pm ey
1 (x, y,s)=e A Of p,(x.y.Er —eU+¢&)0p,(Ex +¢)de (2.4-2)
0
with @ _ _o.+P
2

One should particularly note when looking at equrai2.4-2), that the tunneling currdpis
related exponentially to both, the distaisdeetween sample and tip and the work function
The convolution of the topographic (first factoxpenential function from eq. (2.4-2)) and
the electronic effects (second factor: integrahfreq. (2.4-2)) of the sample surface are also
clarified.

Because the tunneling current contains informatanboth, the topographic and electronic
nature, the interpretation of STM pictures is netags straightforward. For example: atoms
with a low electronic density can be depicted i@ 8TM image as lying lower than atoms of
the same geometrical height with higher electrateasity. In constant current mode the
retraction of the tip from higher lying atoms om thurface is depicted as brighter spots in the
STM image, however this would only represents tmases topology. But the retraction of
the tip also depends on the LDOS of the scannddairAbove atoms with a higher LDOS
the tip has to retract from the surface to keepttinimeling current constant. Contrary, for
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atoms with a lower LDOS the tip has to approachhi® surface to maintain a constant
tunneling current. Ti@is a well known example, where the electronic @feof the sample
surface predominate in the resulting STM im&&.The protruding oxygen atoms have a
significantly lower LDOS compared to the lower lgiffi atoms. In the STM image the Ti
atoms are shown brighter than the oxygen atomisowdih it would be other way round if
only the topography of the surface would be imagédds example evidently illustrates that
interpretation of STM images can become difficdtill STM is one of the most powerful
methods to identify and visualize different surfapecies and processes on the atomic scale

and is therefore widely-used in surface science.
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2.5 X-ray photoelectron spectroscopy (XPS)

In surface science photoelectron spectroscopy (R&ised to investigate the chemical
composition (e.g. a pure substance or an alloy)ciednical nature (e.g. oxidation state) of a
surface and its adsorbatt8:*'? The PES is based on the photoelectric effect bestiby
Einstein in the early 10 century™**** Herein high energetic, electromagnetic irradiation
(typically x-ray irradiation) induces electronsleave the surface. From the kinetic energies
of these emitted photoelectrons it is not only gmeso identify the chemical elements that
are present in the surface, moreover the chematare of these elements, like its oxidation
state or the element composition, can be determined®*? The photoelectron
spectroscopy was developed from Kai Siegbahn inl@& for which he was honored (in
1981) by the Nobel Prize in physit®) In the following years the PES adapted in surface
science was named x-ray photoelectron spectrosocepguse mainly soft x-ray irradiation is
Used[.lll'114]

In common laboratories usually x-ray sources witbnoenergetic x-rays are used. The
specific energy of the photons depends on the mhtesed in the x-ray source. Widely used
are the so called dual anode x-ray sources thaaicoaf two different anode materials which
are usually aluminium and magnesfurm contrast, at synchrotron radiation facilittee x-
ray energy can be changed by monochromators frat eV up to far over 1000 e/
With a much higher photon flux at lower x-ray eriesgthe XPS measurements at
synchrotron facilities are much more surface sefasit

Figure 2.5-1Ashows schematically the process of the electroisstom of the x-ray source.
With incoming photon energyw, photoelectrons from the core levels of the iaéehl
materials can be generated. If the x-ray energpygiser than the sum of the binding energy of
the atomic orbitaEg and the work functioms of the electron towards the vacuum le\i&L{)
the photoelectron is emitted with a element spe&ifetic energyEin. The kinetic energy of
the detected photoelectron then only depends omdik function of the spectrometegpes
From the conservation of energy the following welbwn equation for the kinetic energy of

the emitted photoelectrons can be derived:

Ekin = hV - EB - ¢Spec (25_1)

® X-ray energies: Al-K1,2 with 1486,6 eV and Mgdd,2 with 1253,6 eV
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Figure 25-1: A) Schema of the energetic processes and levatsatie important for XPS. B)
Development of XPS spectra. AE = Auger electroBss Secondary electrons. Figure modified from
[110].

For conducting metals (and semiconductors) the Flawel is usually used as the reference
value due to the maximal kinetic energy or the lsw@nding energyHg = 0). The binding
energy of the emitted photoelectron correlatedéodifference of the energetic ground state
(E'(N)) of the atom, consisting ®f electrons, and the excited energetic state céthm after
the emission of the photoelectrdd((N-1, n,|). The ground state is called initial state in XPS
while the excited state is usually referred aslfatate. To a first approximation, the so called
Koopmans” theoreft®), no relaxation process of the remainitg-{) electrons is assumed to
occur during the emission of the photoelectronstheaving the ionized atom still in the
energetic ground state of the neutral species. Withapproximation the binding energy can
be assigned to the negative orbital energy(n,]) of the emitted photoelectron. The

Koopmans™ theorem can then be expressed by:
EY(n1)=E"(N-1n,1)-E'(N)=-£(n,1) (25-2)

However this approximation describes only inacalyathe binding energy, due to the so
called initial state and final state effects. Doefdst relaxation processes of the remaining

electrons (initial state effects) as well as catieh and relativistic effects (final state effgcts
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the orbital energies of the atoms change immedgiaiéér excitation of the photoelectrBfy!
Therefore the binding energy has to be correctetthése specific terms:
EY(n,1)=-¢(n,1)- .., -, -0 (25-3)

relax. corr.

A typical example for the initial state effect iset chemical state of an element, which
depends on the chemical environment. The energidenf the element are changed before
the photo ionization, e.g. due to the chemical mgpdo other elements where the valence
electrons are involved. Because the outer (valealsxirons also have electron probability
density near the atomic core, they weaken therelgetic interactions between the protons
and the inner (core) electrons. If chemical bor@sfarmed, this evidently changes the core
level energies (orbital energgn,l)) and therefore the measured binding energies [&. XP
Typical examples for final state effects are thaspion excitation or the electron-hole
excitation. When the photoelectron moves out ofedaftic surface, it can supply some of its
energy to the plasmons. This plasmon excitatioansisally visible by small hillocks, which
are usually shifted by a few e¥ (L0 eV) to higher binding energies compared tontlegallic
XPS signals. The electron-hole excitation is ugualsible by the asymmetric shape of XPS
signals. In this process the emitted photoeledimeas some of its kinetic energy by exciting
another electron to the valence band, thus leaaihgle in the conducting band. Due to the
energy loss the asymmetric shape of the metalli€ Xnal is visible by a flank at higher
binding energies as well as a slight increase ebtickground signal.

Still, due to the unique orbital energies, it isgible to assign the uniquely kinetic energy (or
binding energy) to a specific element. With thegioity to further investigate the oxidation
state of the analyzed material, XPS has been pravdie an important method in surface
science. The development of a XPS spectrum is satieadly illustrated infigure 2.5-1B
After x-ray irradiation, photoelectrons are emitttdm the surface. The amount of the
detected photoelectrons is then plotted againstbthding energy leading to a spectrum
consisting of peaks at specific binding energied ismensities. From the binding energy of
the photoelectrons it is possible to derive thetaklenergy by using Koopmans™ theorem.
From the exact position and the shape of the pieakpossible to assign the chemical nature
of the analyzed element. The intensity of the XRfas (quantitatively) describes the
amount of the specific element type in the samPlgen core level shifts between the same
elements are very small, thus leading to an ovpntap of XPS signals. To provide an

adequate deconvolution such overlapped XPS sigraksy sources with a superior surface
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sensitivity and resolution like synchrotron facdg may be necessary for quantitative analysis
of the XPS data.

Besides the peaks derived from the described pleatoen process, additional peaks are
observable in the XPS spectra. These peaks anadtance related to relaxation processes
like the Auger effect which are subsequent to thetgelectron emissidit® After the
removal of a core electron a hole state is cred&kttrons from a higher energetic orbital can
fall into the hole state by simultaneous releaserwdrgy. This energy can be released by
either emission of another photon or by an exaiatf a second electron, which is ejected
subsequently. This ejected electron is called Aadgetron. The kinetic energy of the emitted
Auger electrons also gives specific informationtloé chemical nature of the atom due to
element specific electron transfer during the Aygecess.

The surface sensitivity of XPS can be illustratgdthee universal curvec{. figure 2.5-2.
While the x-rays can enter up to several micronseitgo the material the escape depth of the
emitted electrons depends on the mean free pathighrthe material. With a kinetic energy
of 100 — 1000 eV the mean free pathway of the echjphotoelectrons is approximately 3 to 8
atomic layers of the material. Therefore emitteeiciebns from the bulk cannot leave the

material. Only photoelectrons from the topmost atoliayers can leave the material, resulting

in high surface sensitivity.
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Figure 2.5-2: The so called “universal curve” depicts the enedgpendence of the mean free path
(given in monolayers) of electrons in solids towhbe surface sensitivity of a used method. Figure

taken from [117].
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3. Epitaxial growth and nucleation theory

The deposition of metals and their growth on a satesis usually a complex process. The
description and explanation of the formed morph@sgs not straightforward and much
information about the system has to be gathereatiémuately describe the observed growth
behavior and structures. For this, the generalrthebnucleation and growth is well known
in literature: Variety of specialized bodk&?* and review papefé>*®® have already been
published to present an overview of mechanismsh@ theory of homogeneous and
heterogeneous nucleation as well as in the fieldpifaxial growth. Based on these general
descriptions more specialized growth models havenbaerived to explain the observed
growth behavior§:28:13¢:137]

This chapter will be subdivided into a generaladtrction of nucleation theory, starting with
the homogeneous nucleation and the heterogenealsatian. Afterwards an introduction
into the theory of epitaxial growth will be givemhe author of this dissertation used the
knowledge of the specialized books and the reviapeps to briefly summarize these general

conceptg &1
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3.1 Homogeneous nucleation

Nucleation describes the phase transition of a mahter element by the formation of small
(hemi-)spheres, e.g. the formation of water dr@plet a moisture atmosphere. The term
nucleation is also widely used by the structuredrmgement of smaller elements or molecules
into larger particles or clusters. Generally nuiteais divided into homogeneous nucleation
and heterogeneous nucleation. The homogeneousatiodle@escribes the transition without
the influence of a surface. A common example isfoheation of water droplets in gas phase
from H,O molecules. In heterogeneous nucleation a sudag#erface is always involved in
the nucleation process.

In the following the theory of homogeneous nuctzatwill be illustrated by the simple
example of spontaneous formation of liquid dropieta gas phagé!®124

Starting from a phase transition between gas auidithe Gibbs free energy is given by:

AG = —nRTEﬂn(p—pJ (31-1)
eq

p : vapor pressure
Peq : €quilibriumvapor pressure
T : Temperatue

R : universalgasconstant

n : amountof substance

The quotienp/peq determines if the formed droplet is re-evaporategrows by accumulating
more molecules or atoms (depending on the matdrgat) the gas phase:

= p>peq accumulation from gas phase favored
= p<peq evaporation favored

Considering the formation and stability of smalhspcal liquid droplets the surface free
energy plays an important role for formation of¢be&roplets. The Gibbs free energy changes

to:
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AG

total

= —nRT[ﬂn(piJ +Am2 o (31-2)
eq

r : particleradius
o : surfacgensionor surfacesnergy

The total free energy decreases with the formatiobulk (first summand) on the one hand
and it increases with the formation of a surfaeeg¢sad summand) on the other hand. If the

formed droplets are spherical, their volume caddseribed by:

= gnW (31-3)

By introducing the molar volumeV/{), equation (3.1-3) can be expressed by the amaiunt

substance:
n:g[-lvlw (31-4)

Therefore equation (3.1-2) changes to:

2Gyy = -2 R et in| P |+ am? (31-5)
3V
m peq

Equation (3.1-5) clearly demonstrates that the &mtrdroplets are not stable for any size: For
a small radius the surface free energy increasgerfdhan the free energy term for bulk
formation. Only by exceeding a certain radius thernied droplets will become stable. This
radius is called theritical radius of a droplet.Figure 3.1-1lillustrates the total free energy

plotted against the droplet radius.
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Figure 3.1-1: Total free-energy changedG,,,, , of a particle as a function of its radius r artet
change of its surface and volume free energy asetibn of r.

As can be seen froriigure 3.1-1the total free energy of the droplet increasea twitical
radiusrciical Where the total free energy reaches its maxima@®, (., ). If the formed droplets
attain the critical size (or critical radius) thbgcome stable and can grow further. If the
formed droplets do not overcome the critical steeytare not stable and evaporate again. The
critical radius of a droplet can be calculated lifecentiation of AGya (equation (3.1-5))

with respect to the radius:

%ﬁﬁﬁzﬂdﬂDﬂﬁm{jﬂ+&hﬂw:O (31-6)
or Vm peq

When the total free energy reaches its maximﬁ(d&((smtal)/ar =0) r becomes theritical

radius Rewriting equation (3.1-6) leads to the desaripfor the critical radius:

Meritical = ﬂ (31_ 7)
RTOn| P
peq
Inserting equation (3.1-7) in equation (3.1A8p, ., is given by:
4 2
A(Bmax =_nlo []critical (31_ 8)
3
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By including the Clausius-Clapeyron relation in afijon (3.1-7) the temperature dependency
of the critical radius can be shown:

L 2w, 2V, 2001V, [T,
critical - -
Rt P | rrcfimgt ) ¢ ogan g t-2
Deq R (T, T T, T

| 25V, T, 2wV, T,

. 7)o, ) 79

€q

Therefore the expression for the total free enetg@nges to:

AG _1one T, 1 (31-10)
ST TR |

The temperature dependent descriptions of the fretalenergy (3.1-10) and the critical radius
(3.1-9) are used to explain a fundamental behamioucleation (assuming tha and AH
are approximately temperature independent):

For small values of TeqT, the critical radius of the nucleus increases as well as its
maximum total free energy.
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3.2 Heterogeneous nucleation

In the following the heterogeneous nucleation wél elucidated by the formation of a liquid
droplet on a solid surface by condensation fromghe phasg®*?¥ This general model is

valid for various nucleation process€gure 3.2-1shows a schematic illustration of a liquid
droplet on a solid surface. The involved interfad¢ensions that determine the nucleation

process are indicated.

gas

solid

Figure 3.2-1: Definition of the contact anglé at the solid-liquid interface: With increasing ¢ant
angle the surface area between the liquid and e ghase increases as well. Therefore the size of
the formed droplet on the solid surface is relatedhe contact angle at the solid-liquid interface.
Related to that are the interfacial tensions betwdlee different interfacesssy (at the solid-gas
interface),a4 (at the liquid-gas interfaceyy (at the solid-liquid interface).

o, ‘interfacia tensionbetweensolid -gas

0, -interfacia tensionbetweenliquid -gas

oy, :interfacid tensionbetweensolid - liquid

The relationship of the contact angle of the cosdenliquid droplet with the interfacial

tensions is given by the well known Young’s equatio
O,=04+0, [©od8) (32-1)
Similar to the critical radius and Gibbs free eryeiryhomogeneous nucleation it is possible

to derive the analogous equations in heterogeneodeation. A detailed description of the
derivation for the critical nucleus and the Gibbsefenergy of a stable liquid droplet on a

® Also known as Young's relation.
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solid surface are given in the appendix A. Thaaaitradius and the Gibbs free energy for the

heterogeneous nucleation process are:

2( v 2( v__ [T
rcritical ,het = 0'9 _— =~ A:'Q [Q-I-msc_ Te)q (32 - 2)
RT D]n[p] m Ve
peq
1673 [T2
AG aer = e - 1 > | 8(6) (32-3)
™ 3faH,)? (T, -T)
with
s(6)= (2+cod0)) iﬂl— codd))’ _2-3 E:os(éz +(cod8))’ (32-4)

S@) is called as the catalytic factor that descrilesdatalytic potential of the substrate with
respect to the nucleation process. Its values raegeeen 0 and 1. Therefore the simplified
relation between homogeneous nucleation and heteengis nucleation is given by (cf.
derivation in appendix A):

AG

= AG 5(0) (32-5)

maxhet max,hom
With a contact angle of 180° the catalytic facteceimes 1 and the nucleation process can be
described by homogeneous nucleation. From equgio25) it becomes evident that

AG <AG and therefore nucleation on a surface is alwayeenfevored than the

maxhet maxhom
corresponding homogeneous nucleation process.
The connection between the catalytic factor, thietact angle and the corresponding degree

of wetting is illustrated ifigure 3.2-2

6=0° 6=90° 6=180°

full wetting  cluster formation no wetting
S(0°)=0 S(90°)=0.5 S(180°) =1

Figure 3.2-2: Schematic illustration of the degree of wettingleapendence of the contact angle from
a liquid on a solid surface.
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3.3 Epitaxial growth

3.3.1 Ideal growth near thermodynamic equilibrium

Based on Young's equation the three widely knowgaidypes of growth for thin films can
be described: Layer by layer or “Frank-van-der-M&hgrowth, three-dimensional island or
“Volmer-Weber” growth and layer plus island or “@tski-Krastanov” growtH223%! |t
should be noted that these ideal growth modes adgcribe the growth near the
thermodynamic equilibrium. At lower temperaturesidtic effects might have significant
influence on the growth behavior, thus changinggiteevth behavior considerally (cf. chapter
3.3.3).

The three ideal growth modes near thermodynamitilequm are:

1. The Frank-van-der-Merwe (FvdM) growth describesva-tlimensional layer
by layer growth. Under ideal conditions a completeletting layer of the
growing film covers the substrate before the groeftthe second layer starts.

2. The Volmer-Weber (VW) growth describes the thremelisional growth of
islands on the substrate which in the followinglesee to form a (rough) film.

3. The Stranski-Krastanov (SK) growth describes thewgin of few wetting
layers on the substrate which changes to a threerdiional growth of islands
after a critical film thickness.

A schematic illustration of these three growth naagbms is given ifigure 3.3.1-1

Frank-van-der-Merwe Volmer-Weber Stranski-Krastanov
layer by layer island growth layer plus island
growth growth

Figure 3.3.1-1: Schematic illustration of the three main film gtbwnodes near thermodynamic
equilibrium. Figure modified from [122].

Young's equation, which describes the energy mhatof the interfacial energies in
heterogeneous nucleation, is also used to destebi@m growth process. Therefore equation
(3.2-1), which displays the nucleation of a ligdidplet on a solid surface,

_ Oy~ 0

o, =0y +0,€od8) - codd) ° (32-1)

Ig
is adapted to the formation of a solid adsorbabevgrg epitaxially on the substrate surface:
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Oy~ 0,

Oy =0 + 0 [8040) = cod6) (331-1)

gA
0, :interfacial tensiongas- subtrate

o4, interfacial tensiongas- adsorbate
0 . . interfacial tensionadsorbate subtrate

For a solid material growing on a solid substréite, interfacial tension between the solid
phases and the gas phasga@nd ogg corresponds to the surface free energies of the
adsorbatgoa) and substratec§), respectively. The interfacial tension betweemthbsolids
(oag) is expressed by the interfacial energy. (

In the following the three ideal growth mechanismid be described and explained by
Young’'s equation. If the interfacial energy canneglected 4 small compared te, andos),

the growth is mainly determined by the surface &eergies of the deposited material and the
substrate. This is the case for the Frank-van-demad and the Volmer-Weber growth
modes, which qualitatively describe the growth cfyatem where the surface free energies
are considered to be more important than the exterfenergy on the overall resulting
morphology. In the case of the Stranski-Krastarm@wh, the transition of a two-dimensional
growth of films to the formation of three-dimensabmslands, the interfacial energy becomes

important and cannot be neglected to explain tléaligrowth mechanism

Frank-van-der-Merwe growthd = 0
The FvdM growth describes the two-dimensional ladyetayer growth of the deposited
material. With a contact angle of 0° the depositederial is wetting the substrate surface, i.e.

cos) must be small. Therefore Young's equation mulilfthe following relation:
o.20 +0, (331-2)

The FvdM growth usually occurs on surfaces if thexeno lattice misfit between the

deposited material and the substrate, e.g. for lepitexial growth wheres, =0. Therefore

the adsorbate with the lower surface free energyisg to completely cover the substrate

" In principle the strain energy is also importamtadequately describe the SK-growth. However is fhist
approach this growth mode is only explained byehergy relations from Young’'s equation, which afiyeaan
be used as a guideline to explain the SK growttatie.
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with the higher surface free energy in order torelase the total Gibbs free energy of the
system.

Volmer-Weberéd > 0

The VM growth describes the three-dimensional ghooft the deposited material. At large
contact angles nucleation processes or three-dioraissland growths occur on the surface,
l.e. cosg) is assumed to be large. Therefore Young’s equatmust fulfill the following

relation:
o.<0, +0, (331-3)

During the initial growth the surface free enerdytlee adsorbate is higher than the surface
free energy of the substrate. The deposited mafaviars internal binding over binding to the

substrate, resulting in a three-dimensional islgoavth.

Stranski-Krastanov:

The SK growth is way more complex than the FvdM dhe VW growth. Additional
explanations are necessary so that the SK growthbealescribed by Young’'s equation. The
terms stress, strain and lattice misfit will be diger the explanation of the SK growth. A
thoroughly explanation of these quantities and tioege contribute to the interface energy is
given in the forthcoming chapter 3.3.2 and in ApfierB.

First of all the SK growth mode consists of twdfeliént growth phases: the initial growth of
several layers wetting the substrate surface, wisclollowed by the three-dimensional
growth of islands on top of these layers. To déschioth of these growth phases individually,
the modified Young's equations (3.3.1-2) and (33).Lan be used. However to describe the
transition from the two-dimensional layer-by-laggowth to the three-dimensional formation
of islands, the interfacial energy now plays a sieei role and has to be included into the
explanations.

In the beginning of the SK growth wetting layere &mrmed until a critical thicknessly is
reached. For the first stage of growth the adserlgabws pseudomorphically due to a
relatively small lattice misfit and small interfatienergy. The growing adsorbate layer is

either under compressive or tensile strain, dependn the lattice misfit For very small

8 E.g.: If the lattice parameters of the adsorbaystal structure are larger than the lattice patarseof the
substrate, the adsorbate film will be compressed.
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lattice misfits the resulting strain in the pseudoph layer isat first small, too. As a result
the pseudomorphic layer-by-layer growth is then niyadetermined by the surface free
energies and Young’s relation (3.3.1-2) is validti\increasing film thickness, the induced
compressive or tensile strain in the growing filnereases, too. This strain then becomes a
relevant term of the interface energy which incesasp to the critical film thicknesk. At
the critical film thickness the strain in the films reduced by either introducing
crystallographic defects like point dislocationskyr changing the growth towards a three-
dimensional island growth. This means that after i adsorbate layer the new adsorbed
atoms more likely bind on top of newly formed twionénsional islands instead of attaching
at its island side. Therefore a three dimensionaith of these islands is facilitated instead of
their two dimensional spreading over tHeadsorbate layer. Evidently the occuring strain in
the adsorbate film significantly influences the wgtio behavior. To give further insight into
the strain of a growing film and the thickness demnt formation of dislocations a brief
overview on the misfit dislocation theory will beegented in the following and in Appendix
B (cf. page 194ff).

Figure 3.3.1-2shows different stages in the SK growth and threesponding expressions of

Young’s equation.

initial interface _new* interface at n"
adsorbate-substrate adsorbate layer
adsorbate =1
substrate
1* layer growth n" layer growth
0,20,%0, 0%<0”,+0%

Figure 3.3.1-2: Schematic illustration of the Stranski-Krastanovowgth mechanism with the
corresponding interfacial energy relationship. lally the sum of the surface free energies of the
growing material ¢,) and the interface energy,] are smaller than the surface free energy of the
substrate €s) and a two dimensional growth occurs. After akthiess of n layers, the growth behavior
changes from two dimensional layer-by-layer grotatithe three dimensional growth of islands. With
increasing thickness of the adsorbate film, theudog strain increases, too. As a result the iraed
energy as well as the occuring strain energy inseeavhich significantly changes the energy relation
given in Young’'s equation. After th® layer the sum of*, andos*, are smaller thars*s, with o* 5
being the surface free energy of the absorbed epemi the H layer, o* 5 the surface free energy of
the substrate and the already grown n layers, @ndbeing the interface energy between thdayer
and the now growing islands.
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With Young's equation it is now possible to deserthe different stages of the SK growth. In
the beginning a pseudomorph two dimensional grawturs on the surface because the sum
of the surface free energy of the adsorbatg &nd the interface energy,) is lower than the
surface free energy of the substrate).(With increasing thickness of the grown film, the
values ofcp, os, andcs, are permanently changing. Therefore new energigesafor the
substrate-gas interface, the adsorbate-gas inéediad the substrate-adsorbate interface have
to be considered, which makes the explanation®fS growth solely based on surface free
energies values of the corresponding bulk mateofa#dsandS nonsensical.

After a thickness of n adsorbate layers the tramwsitrom two dimensional growth to three
dimensional growth occurs. This island formation gaprinciple be described by an adapted
Young’s equation, where the sum of the surfacedneegy of the absorbed species on the n
layer ©* ) and the interface energy between tHelayer and the growing islands*() are
considered to be smaller than the surface freeggredrthe substrate and the already grown n

layers 6*s). These values are very elusive thus depictingtimeplexity of the SK growth.
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3.3.2 Interface energy and strain energy

As described in the previous chapter an occurringirs can have a big influence on the
growth mechanism due to its contribution to theeifsice energy. Generally, the interface
energy represents the various interactions attieeface between two materials. If the growth
shall be described qualitatively on the basis otivgs equation (3.2-1), it is mandatory to
further describe the interface energy and its r&spe contributions. Therefore the different
terms (or contributions) of the interface energil e described in the following:

In the mid 60s crystal interfaces were investigéﬁ@d‘m In a first approach van der Merwe
described the interface energy for different irdeels depending on the properties of the two
crystals at the interface. It could be shown thatinterface energy increases monotonically
with increasing misfit between the crystal lattif894 Also the binding strength between both
crystals and their relative hardness or rigidy hdirect influence on the interface energy,
which is displayed in the increase of the interfaoergy with increasing misfit: soft films
with weak bonding towards the substrate show aetangcrease in interface energy than
hard/rigid films that are strongly bound to the sute’*” Finally, the influence of film
thickness on the interface energy has been inatetig With a defined misfit between both
crystal lattices, the interface energy increaseh wWicreasing adsorbate film thickné¥d
From these conclusions it is evident that the fater energy depends on the following
properties: misfit or strain, relative hardnessidstrength to the substrate and the thickness
of the films. Therefore it cannot be concluded taay single one of these quantities solely
explains the contribution of the interface enermgyhe growth behavior. For instance: A thin
and soft film (low rigidy/hardness) that stronglyndls to the substrate can have a low
interface energy, even if strain occurs due toniefit between both crystal lattices.

A few years later W.A. Jesser and D. Kuhlmann deedrthe interface energy in a general
equation**® As a model two finite semi-crystals are brougto icontact, thus forming a two-
dimensional interface (with directions x and y)eTihterface energy can now be described by

the surface free energies of these two crystalgtabinding energy between them:

=E +E, -E, (332-1)
, . surfacefreeenergyof crystall

: surfacefreeenergyof crystal2

s - bindingenergybetweerbothcrystals

m m

[T [T
N
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In this definition of the interface energy it issamed (at first) that the lattice parameters do
not change during the binding of the binding of thgstals, thus leading to the formation of
dislocations at the interface due to the diffetattice parameters. The binding energy can be

specified by the following equation:

Es =E, - (,Es+,Eq) (332-2)
E, : bindingenergy, if nomisfit wouldexist

. Eq4 :energyof interfacid dislocationin x direction

, Eq renergyof interfacid dislocationin y direction

If the equation (3.3.2-1) is included into equat{Br8.2-2) the interface energy changes to:
E, =E +E, -E,+,E,+,E, (332-3)

This general description of the interface energymarizes the previously summarized
parameters that contribute to the interface enefdne energy ternk, displays binding
strength between both crystals. The energy teffjgsand Ey describe the formation of
dislocations at the interface. To describe the gssorph growth of the adsorbate (crystal 1)
on the substrate (crystal 2), Jesser et al. inte@dhe strain energy that is related to the
deformation of the crystal lattices. The total istranergy at the interface is defined by the

sum of the strain energy of both crystal lattices:

= Eg, +Eq, (332-4)

S
s1 - Strainenergyof crystall

E
E
Es, : strainenergyof crystal2

The strain energy of each crystal depends on itsrm@tion parameters and deformation
properties, i.e. the interfacial shear modulus thedelastic strains in plane (x and y direction).
If it is assumed that the semicrystal of the substrs significantly thicker than the adsorbate
crystal, the elastic strain of the substrate camdéglected and it is assumed that only the
adsorbate lattice will be deformed. Therefore thtaltstrain energy is only determined by the
strain energy of the adsorbate crysi 4.

The total energy is defined as the sum of thefiaaterenergy and the strain energy:
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E=E, +E; =E +E, -E,+E + E,+Eq, (332-5)

For this definition of the total energy, the interp between the dislocation energy and the
strain energy has to be further clarified. Startingm two unstrained semicrystals, the
increasing strain is related to the deformatiorthaf adsorbate crystal to adapt the crystal
lattice of the substrate. As a result the amountooied dislocations at the interface is
reduced. This evidently shows that the strain gnargl the interface energy do not have to
promote the growth behavior of the adsorbate inmélas way. While a low interface energy
might induce a two-dimensional growth of the adateblayers, a strong strain energy can
prevent the two-dimensional spreading and insteadihg to a three-dimensional growth of
islands.

To further explain the strain energy in the filmogth (especially the SK growth) the
equilibrium theory of Matthews and Blakeslee wi# presented in the followiry**33 A
detailed derivation of the following equations ieegented in Appendix B. It has to be
emphasized that in this theory the epitaxial growstldescribed for pseudomorph growing
layers. This means that at the beginning no disimes are formed at the interface and the
growing film is under stress and therefore straindih increasing thickness of the growing
film the strain energy will accumulate, too, uri$locations are formed that reduce the strain
in the film.

In brief summary: the total strain enerdgsofa) is induced by the lattice misfit between the

growing material (adsorbate) and the substrate:

Eoo ~&~f (332-6)
¢ : strain inthe film
f : lattice misfit

The lattice misfit can be expressed by the lathaeameters of the on growing filnag(A))
and the underlying substrat(S):

¢ = 2(S)-ay(A) (332-7)

This simplification of the total strain energy isalid, if the deformation parameters of the

adsorbate film and the substrate are assumed &mba&, meaning both materials have the
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same deformation properties. By this assumption tokal strain energy only depends on the
strain in the film or the lattice misfit.

If a critical thicknessd. gis) is reached, dislocations are formed to releasesthain in the
film. The relation of the critical thickness of tiggowing film and the lattice misfit can be

described:

(332-8)

c,disl

= | =

This inverse proportionality shows that with highas or lattice misfit values, the critical
thickness of the growing film is small. By introdng the strain energy it can be explained
why pseudomorph growing films form dislocations aatcertain thickness, or why three-
dimensional islands on top of a wetting film arenied. In both cases defects are formed that
might either be displayed in the form of point desdtions (e.g. edge or screw dislocation) or
by introducing steps. At these steps, the attachwiemew atoms is inhibited due to the axial
strain in the film. Instead the atoms attach on ¢bpthis step, thus leading to a three-
dimensional growth: the island formation.

By equation (3.3.2-3), the general components efitterface energy are presented. Further
distribution of each of these individual energisspiossible and sometimes necessary to
explain rather complex growth mechanisms in motaiddn surface science the terms and
definitions of adsorption energy, sticking coe#ici and coverage become important for the
adsorption of atoms and molecules on a substratacgy which in turn may have a big
influence on the growth behavior. For example:ai$ been shown, that the adsorption energy
of CO on Ru@(110) depends on the coverage of already boun &

Similarly the adsorption energy of a single metana on the bare substrate surface is
different to the adsorption energy on several lsyarthe already grown material. A recent
example would be the growth of RuOn the TiQ(110) surface: At first the deposited RuO
grows as small, three to four layered, square shegh@nds on the Tig)110) surface. After a
whole covering film of merged RuyQslands is formed, the continuing growth changea t
two-dimensional step-flow mechanish’

Generally, if the growth has already progressed langker or thicker structures have been
formed, the lattice energy of these structures maso become important for the further
growth behavior. Accompanied by this are also ckangf the surface free energy

contribution to the overall growth on the surfa€er flat growing islands on a surface with a
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certain crystallographic orientation, the surfaceefenergy of this orientation has to be
considered in the growth behavior. But with incnegsthickness of this island, the side
surfaces of these islands increase as well. These formed surfaces also have a
crystallographic orientation and the surface freergy of these island sides also start to
contribute in the total surface free energy ofgh@ving material.

These considerations evidently show that the expilam of an observed growth behavior can
become very complicated. As Bauer already declarbd:interplay between the surface free
energies, the interface energy and the strain greng be used as a first guideline to explain
epitaxial growtt>4

The last issue within this section is to deternforewhich lattice misfit values the adsorbate
film grows pseudomorph on the substrate. Van demMelerived an equation with which it
is possible to calculate critical lattice misfitlwes, depending on the film thicknd¥¥! If the
lattice misfit between two crystals is lower théustcritical lattice misfit value at a certain
thickness, the newly formed layer will grow pseudoph. The critical misfit strongly
depends on the relative hardness and the stremdtbnoing between the growing layer and
the underlying crystal lattice. As a general guitelthe results can be summarized as the
following:

* With increasing film thickness, the critical mistialues for pseudomorph growth
decreas&*” This observed trend is similar to the theory offinidislocation
formation from the Matthews-Blakeslee equilibrivineory!>*!

« A soft adsorbate film material with strong bonditmvards the substrate is
generally favorable for large critical misfit vakig¢f = 13%)1*4%. Vice versa, a

rigid adsorbate material with weak bonding towatds substrate surface leads to

[140]

very small critical misfit valuesf(= 0.1%) Besides these rather extreme

cases, van der Merwe also calculated the critigslitwalue for a moderately hard
monolayer film that binds strongly to the substraiée resulting value of
approximately 9 % is widely used in literature agy@adeline to estimate if
pseudomorph growth is possitsie )
In summary, the growth at (thermodynamic) equilibrican be explained by the interface
energy and the surface free energies of the indobmecies (Young's equation) in a first
approach. Including the strain energy of the grgnstressed film into the considerations,
manifold observed growths in literature can be dbed by the interplay of these energies.
Based on this knowledge, the growth behavior arel risulting morphologies can be

manipulated by changing one of these energies.

43



3.3.3 Growth far away from thermodynamic equililomiu

At thermodynamic equilibrium the growth of the dsjped material on the substrate can be
described by the interface energy, the surface émergies and the strain energy. In the
experiment, temperature and deposition rate havéetochosen wisely*®*%% Both are
essential for growth factors like the adsorptionl anrface diffusion of adsorbed atoms as
well as the stability of critical nuclei that mightt as starting points for the formation of
islands or a wetting film. By regulating temperatiand deposition rate different growth
modes can be adjusted. For instance: Consider tansysvhere the deposited atoms are
forming wetting layers in a FvdM-like growth forcartain temperature and deposition rate. If
the temperature is kept constant, but the depasiéite is significantly increased a rough film
of merged islands will be formed instead of a srhoand flat film. This is generally
explainable by the mean free pathway of the adslaltems and the stability of critical nuclei
on the surface. Venable et al. have shown, thatameation of critical nuclei on the surface
does not only depend on the applied temperatuse, @her parameters like the deposition
rate strongly influence the stability of a formddster!**® So if the deposition rate is higher
than the mean free pathway of the adsorbed atonteeosurface decrease, which facilitates
the formation of critical nuclei. Therefore the fation of many islands on the surface is
observed. This evidently shows the influence okekmparameters on the growth behavior.
Working far away from thermodynamic equilibrium hasajor impact on the formed
morphologies, as will be examined in the following.

General description of the growth modes far awaynfrthermodynamic equilibrium can
become very complex, especially for the heterogpitagrowth. Therefore the ideal FvdM
homoepitaxial growth mode was chosen as a modé& sy describe the growth at lower
temperatures because the interface energy anthgedtects like strain, which would further
complicate the growth mechanism, can be negledteerefore the changes in the growth at
lower temperatures can be explained by the inangasifluence of the kinetic processes on
the surfaceFigure 3.3.3-1schematically summarizes the relevant kinetic @sses on the

surface during growth.
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Figure 3.3.3-1: Top: surface processes involved in film growthtt@a: Potential energy hyper
surface of surface diffusion across a step with ¢beresponding diffusion barriers. The involved
diffusion barriers for this step-down diffusion pess are: The Ehrlich-Schwoebel barridiEf), the
terrace diffusion barrier {Epiz) and the barrier for the diffusion across the i), respectively.
Figure modified from [122].

The surface diffusion of adsorbate atoms is coleidby kinetics. By describing the diffusion
process, the kinetic influence on the growth meidmanat lower temperatures can be
explained. The temperature dependent diffusion loandescribed by an Arrhenius-like
expression of the diffusion coefficier), which includes the activation energy) of the

respective diffusion barriers on the surface:
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D =D, ex;{— A, j (333-1)

kT
with
1

D, =— [, [d?
0 2|]) 0

b : dimensionéty of motion:b =1 for 1D,b = 2 for 2D
V, :vibrational frequencyof jumps
d? : mean- squarejumplength

Besides the diffusion over the single crystal te#sa\Epi, cf. figure 3.3.3-1 the diffusion
along and across the steps are important for tbetgrat lower temperatures. The bottom
part of figure 3.3.3-1schematically shows the potential energy hypefasarfor diffusion
across the step. As can be seen the diffusionsieps AEg) has a higher energy barrier than
the diffusion across the terracAHpis). This additional barrier is called the Ehrlich-
Schwoebel barrierAEg).**"**? Besides the activated diffusion across a step faohigher
terrace onto a lower terrace also the strongerimgndf adsorbate atoms along the steps
becomes apparent. This stronger binding can beaigal by a higher coordination of the
atoms. While on terraces the adsorbate atoms cignbencoordinated from below - this is
significantly different at the steps. Additionalordination from the side occurs, which further
stabilizes the binding towards the surface. Furtiuee the diffusion from a lower terrace onto
a higher terrace is very unlikely due to the veighhenergy barrier and worse coordination
towards the surface afterwards. By introducing ¢hdgfusion barriers at the steps of a
surface the temperature dependent growth can blaiegg. At higher temperatures (near
thermodynamic equilibrium) the diffusion acrosspstés not inhibited because the Ehrlich-
Schwoebel barrier can be overcome. By decreasiageimperature the Ehrlich-Schwoebel
barrier becomes too high, resulting in diffusiorclagively on the terrace itself. This would
lead to a three-dimensional growth at lower temjpees although the deposited material can
grow homoepitaxiallyFigure 3.3.3-2shows the changes in the homoepitaxial FvdM-growth

if the temperature is decreased during the deposttiocess:
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Figure 3.3.3-2: Schematic illustration of the non-equilibrium gtbwnodes for homoepitaxy. Ordered
by decreasing temperature: step-flow growth; lageowth by island coalescence; multilayer growth.
Figure modified from [122].

The non-equilibrium growth at lower temperatures b& divided into the following three
mechanisms: thstep-flow growththelayer growth by island coalescenaad themultilayer
growth

At higher temperatures, near thermodynamic equuliby the deposited atoms are so mobile
at the surface that they diffuse to and stay astbps where a higher coordination is possible.
Nucleation on the terrace between several adsordai®s is inhibited due to the high
temperature. As concluded from nucleation theorfiigher temperatures the critical radius
for a nucleus on a terrace is also larger. Witihggdy critical nucleus and the high mobility of
the adsorbate atoms a nucleation and growth modehibited and the two-dimensional
growth starts exclusively at the steps from whlodytspread over the surface.

With decreasing temperature the mobility of thea$#ied atoms and the critical radius of the
nuclei on the terraces also decrease. If the testyreris high enough to still permit diffusion
across steps but low enough to produce criticalenun a terrace, a two-dimensional layer
growth by island coalescence occurs on the surfetee.amount of the formed critical nuclei
strongly depends on the deposition rate. At higlegrosition rates more nucleation processes
occur which leads to a higher number of two-dimemnal islands on the surface.

If the temperature is so low that the diffusion rogeeps is inhibited, the two-dimensional
layer growth by island coalescenckanges to the three-dimensionalltilayer growth Due

to the Ehrlich-Schwoebel barrier the adsorbate ataannot diffuse between different

terraces leading to a three-dimensional growthslainds because the newly adsorbed atoms
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are stuck on their terraces. Depending on the deposrate fewer but larger three-
dimensional islands (at low deposition rates) onyamaller islands (at higher deposition
rates) are formed. If the surface-to-volume ratiovery small islands becomes too high

clusters instead of islands are usually formedndutihe deposition and growth.
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4. Oxidation of Au(111) by atomic oxygen

The oxidation of gold single crystal surfaces haerbinvestigated by a large variety of
atomic oxygen sources, i.e. exposure of ozonenthledissociation of @using hot filaments,
O" sputtering, radiofrequency-generated plasma spwazdsorption of N@and HO and
electron bombardment of N@®3236:585964.66.70.71-77hananding on the source of atomic
oxygen the oxidation behavior of the gold surfaaa change significantly, thus leading to
different oxidized gold species and different maiplyiest*®>°!

In this work the atomic oxygen was produced by errttal gas cracker (TC 50, Oxford
Applied Research), i.e. the molecular oxygen isnaleted trough a heated iridium tube in
order to get cracked. To validate the oxidativeepbal of this thermally cracked oxygen,
oxidation and reduction experiments of the Au(1dihple crystal surface were conducted at
room temperature, investigated by STM and XPS amdpared to the literatur€&igure 4-1
shows a series of STM pictures of the oxidized Aajlsurface after exposure of 40 L

thermally cracked oxygen at room temperature.

E - P - o - nm

Figure 4-1: STM pictures of an oxidized Au(111) surface adtgrosure of 40 L atomic oxygen. The
bigger clusters in picture a) and b) are relatedatpglomerations of carbon impurities on the surface
a) 200 nm x 200 nm, b) 150 nm x 150 nm, ¢) 100 a60xxm, d) 40 nm x 40 nm, €) 13 nm x 13 nm.
The morphology of the rough oxidized gold structune the Au(111) surface are shown (a,b,d) as
well as a illustration on the nanoscale (e). Besittee formed oxide also areas are visible witHtadi
Au(111) reconstruction, which is identified on tiasis of the linear arrangement of the herringbones
(f). Tunneling conditions: U=0.7 - 1.0 V, | = G:11.0 nA.
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The huge clusters depicted in the STM pictufegire 4-la and 4-1b are related to
agglomerations of carbon impurities on the Au(1durface that could not be removed by the
standard single crystal surface cleaning procese (shapter 2.1, page 12)XPS
measurements confirmed that carbon impurities enAf(111) surface existed (C 1s peak
area not presented here).

During oxidation by 40 L atomic oxygen, the herboge structure of Au(111) is lifted and
roughening of the gold surface startd. (figure 4-1a-§. A two-dimensional structure of
connected oxidized gold islands is depictedignre 4-laand4-1b. Magnification of these
roughened overlayer structures reveal that theseemed islands consist of agglomerated
small particlesdf. figure 4-1dand4-16. These agglomerations seem to be randomly (green
circle figure 4-18, but also particles that are quadratically aremhgan be identified (blue
circle figure 4-1¢9. The nearest distance between two of these [emtics always
approximately 1 nm. To investigate the roughnesthefoxidized surface, line scan analysis
was donedf. figure 4-1f. With a height difference ranging from approxistgtl A to 2 A
the roughening is mainly restricted to the firstotwayers of the Au(111) surface. The
morphology and the height of this oxidized goldface fits well to STM measurements from
Friend et al. and calculations of Au-Au distances gold oxides by Stampfl et al.,
respectively?®®482 Besides the roughening of the surface, in somasastaightened soliton
lines of the herringbone structures are visitie figure 4-13.*° These straightened lines
indicate a lifted herringbone structure, which &ated to the formation of chemisorbed
oxygen phase on Au(111) that is known to coexishwhe surface oxide in a wide range of
oxidation condition&”¢**3Only at higher temperatures and significant higharosures of
atomic oxygen nearly the whole Au(111) surface #&hdoe oxidized so that a completely
wetting surface oxide is forméd!

XPS was used to further investigate the oxidatiatesof the surfacd=igure 4-2shows the
XPS spectra of the Au 4f and O 1s peak regionsinguwxidation the metallic Au 4f signals
(84.0 eV and 87.7 eV) decrease while two new Asid@als appear, each shifted by 1.8 eV to
higher binding energies. These oxidized gold spgeigu oxide” 4f,, 85.8 eV, “Au oxide”
4fs, 89.5 eV) are assigned to Ruand the formation of AD;.*8%%" Therefore this gold
oxide probably consists of agglomerated@giparticles.Chemisorbed O on Au(111) in the
Au 4f peak region could not be identified by XP8 tturesolution limitation. However, for
the O 1s signal a differentiation between the clserbled O on Au and AQ;z is more reliable

due to a more evident chemical shifting betweem lspeciesFrom the O 1s spectraf(

° To remove these impurities mechanical polishinthefsingle crystal was necessary.
19 Also known as ,striped soliton wall* structure.
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figure 4-2 right) an oxygen peak for a clean Au(111) surfiacgbservable with its maximum
at 531.7 eV. This species is assigned to subsudaggen, which is a result of the cleaning
process of the single crystal surfAC€® After oxidation the maximum of the O 1s signal
shifts to a binding energy &30.2 eV that is also assigned to the formatioAwf species,
i.e. AyOa.

By dosing 100 L CO at room temperature a partidicéion of the surface occurred as can be
seen from the XPS spectra for the Au 4f and O dsasiregions. For the Au 4f region the
signals for the metallic Au species (84.0 eV and’ 8V) increase while simultaneously the
gold(ll)oxide (85.8 eV, 89.5 eV) signals nearlymgh. In the O 1s peak region the oxygen
signal shifts back to a higher binding energy ®d.2 eV), which confirms the reduction of
the surface. However the oxygen signal does novneedts initial shape, thus indicating that
still some oxide species is left on the surface #medamount of CO was insufficient for a

complete reduction.

Au |4p3/z

Au 4f Au 4f,, O1s

85.8 eV
--530.2 eV

40L O’, 300 K
10 L O’, 300 K
clean Au(111)

40L O’, 300 K
10L O’, 300 K
clean Au(111)

-----89.5 eV

031,78V

Intensity (arb. units)
Intensity (arb. units)

92 90 88 86 8 82 8 560 550 540 530 520 510 500
Binding Energy (eV) Binding Energy (eV)

Figure 4-2: XPS spectra of the Au 4f and O 1s peak signalorsgifor Au(111) oxidation and
reduction experiments done at room temperature.

With these STM and XPS measurements of the oxidaifoAu(111) by using thermally
cracked oxygen (from the TC 50 thermal gas crackerpom temperature the similarities to
the oxidation experiments of single crystal surateliterature are demonstrated. Both, the
morphologic changes observed by STM and the chémictis of the Au 4f and the O 1s
signals are consistent with oxidation of Au(111)fates described in literatuf&>%6466.71.74]
Tables 4-1 and 4-2 provide a brief overview of dmemical shifts of the Au 4f and O 1s
signals for oxidized Au(111) surfaces and Au namigas (NP) and polycrystalline films,

respectively.
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Table 4-1: Binding energies of Au 4f and O 1s XPS signalsttier oxidation auf Au(111) using
different sources of atomic oxygen.

System Binding energies in e Assignment Reference
Oxygen plasma ol Au 4f;,: 84.0 Bulk gold 58,74
AR Au 4f 85.8 AU0s 58,74
Ozone on Au(111) | O 1s:530.1 Au,03 71
O 1s:529.3 O-chem 71
Ozone on Au(111) | O 1s:529.4 Surface oxide 66
400 K O 1s:529.1 O-chem 66
200 K O 1s:530.1 Bulk Au oxide 66
Thermally cracked Au 4f;,: 84.0 Metallic Au 59
O> on AU(LL) N Ay 4, 85.9 AU0s 59
UHV
O 1s:530.2 Au,0s 59
Au 4f;,: 84.0 Metallic Au 59
Reactive sputtering
Au 4f7,: 86.1 Au,O 59
of 0.1 mbar @ on " -3
Au(111) Au 4f7: 85.5 AuO 59
O 1s: 530.0 Au,0; 59
O 1s:532.5 Adsorbed OH 59
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Table 4-2: Binding energies of Au 4f and O 1s XPS signalshferoxidation auf gold NP and bulk like
gold surfaces using various sources of atomic axyge

System Binding energies in e Assignment Reference
x-ray irradiation of Q | Au 4f;,: 84.0 Au foil 64
on Aufoiland NP\ o 4f,,, 85.3 Gold oxide 64
Au 4f7: 84.2 Au NP 64
Au 4f7)5: 85.5 Gold oxide 64
Thermally cracked ©| O 1s: 529-530 Au,03 75
on Au film on Si O 1s:533 Subsurface oxygen 75
Thermally cracked @| O 1s: 530 Au,03 76
AW O 1s: 532-533 Subsurface oxygen 76
Au NP on TiQ Au 4f755: 83.9 Metallic Au 70
Au 4fy: 85.2 Metallic Au* 70
1.0 mbar @+ Au 4f7,: 84.4 Metallic Au 70
x-ray, 1h Au 4f7/,: 86.5 O-chem + Au oxide 70
transferred to Au 4f7)0: 84.2 Metallic Au 70
UHV Au 4f7: 85.8 Non stoichiometric Au oxide 70
Oxygen plasma on A Au 4f;;: 84.6 Metallic Au 32
NZED e AU 4f;;7 86.9 AU in Au,0; 32
Oxygen Plasma on AuAu 4f;,: 84.1 Metallic Au 73
films Au 4fy 5 85.5 AuzOs 73
O 1s:530.4 Au,03 73
O 1s:531.8 Adsorbed OH 73
Electrochemically Au 4f7,: 84.0 Metallic Au 77
DYelpaselAl Au 4y 85.7 AU 77
O 1s: 529.3-532.5 Mixed oxide: AuyOs; and 77

Au(OH)s
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Table 4-2: continued from previous page

System Binding energies in e Assignment Reference
Au film growth in Q Au 4f7,: 84.1 Metallic Au 72

Au 4f7: 85.9 Au,03 72

O 1s:529.8 Au,05° 72

O 1s:530.7 Au,05° 72

O 1s:531.9 O reacted with impurities 72

O 1s:532.7 Adsorbed OH or kD 72

lassigned to very small Au clusters or Au atoms ftbenperiphery of larger clusters
Zaddition of both deconvoluted peak areas leadsatehratio of 2/3 for Au/O
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5. Deposition of Au on Ru(0001)

Based on the research in the field of gold catalygio interesting systems have been
developed and investigated in the last ten yeansgchwshow exceptional high conversion of
CO at low temperatures. These two systems are: lgtagers deposited on reducible metal
oxide surfaces and gold surfaces that have beetizexi using atomic oxygéff-2>**¢lFor
the latter of these systems it has to be empha#ie¢dhe oxidation increases the conversion
of CO at room temperature as well as thesplitting!**>**® However in each case it has to
be discriminated if the oxidized gold surfaces bkha catalytic activity or if only a transient
activity in form of CO oxidation via gold oxide nection is observed.

To further elucidate the unique properties of tloéd goilayer system, flat gold islands and
films were prepared and subsequently oxidized bynat oxygen at room temperature. The
main focus within this work was to identify the pdde morphologic changes that occur
during the oxidation process. Especially by takimg account that the morphology and the
accessibility of undercoordinated gold atoms arsum®d to be crucial for the catalytic

[20,21,26,28,29,33,34,36,44.50.52-5th & information that are obtained from the oxidizkin

activity.
gold films might be useful to understand possihaainic changes of a gold catalyst during
the catalytic process. An explanation for the motpgic changes of the oxidized gold films

is given, based on the theories of epitaxial filmovgh and heterogeneous nucleation
described in chapter 3.

Gold deposited on Ru(0001) single crystal surfacas chosen as the model system because
the heteroepitaxial growth of gold on rutheniunwisll described and understolef¢”) For

the sub-monolayer deposition of gold, the growthoaggen free Ru(0001) surfaces as well
as the growth on oxygen precovered Ru(0001) is destribed!**181621¢3petermined by

the surface free energies of gold and rutheniunvedkas the adsorption energies for gold on
ruthenium, the growth behavior changes by preadsorpof oxygen on the ruthenium
surface. Generally oxygen binds strongly to theORQ{) single crystal surface but only
poorly to the very noble metallic gold. Hwang etsdhted that the adsorption energy for gold
on bare Ru(0001) is larger than the adsorptiongntar gold on gold**” Introduction of a
covering oxygen layer on the ruthenium surface gkanthis situation dramatically: The
adsorption energy of gold on the oxygen coveredenium surface is now smaller than the
adsorption energy of gold on gdfd”

In the case of oxygen free Ru(0001) surfaces tpesiton of gold at temperatures above 650

K leads to a two-dimensional film, which is coverithe ruthenium surface alongside the
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formation of herringbone patterns after only 1 Migold**"**%1%® After the second gold
layer is formed, the gold islands start to growt@m of the gold layer, which evidently shows
a Stranski-Krastanov-like growth mechanism for gmidoxygen free Ru(00014157:16%

The growth changes significantly if oxygen is preatbed at the ruthenium surface before the
gold deposition process. When the Ru(0001) surfaexposed towards molecular oxygen a
(2x2)-3*%8 1% or g (2x1)-&" 1 overlayer is formed depending on the oxygen caeerat
higher temperatures and higher oxygen exposuresddiional oxygen overlayer phases can
be stabilized, namely the (2x2)-86% and the (1x1)-8"". An overview of the different

oxygen overlayer structures is given in literatanel briefly summarized ifigure 5-1'°!

(2x1)-O (2x2)-30 (1x1)-0|

TR R — —— e S , d S

— T PREMEANT - B, = . =S
(2x2)10: 20nm x 20nn /. » o' (IxDO: 14nm x ISnmﬁ
U=-045V, 1=0.5nA U=-049V, I=1.04nA U=-080V, 1=0.59nA U=-032V, |=0.46nA

Figure 5-1: Chemisorbed oxygen (green balls) surface strustore Ru(0001) including the surface
unit cell in blue and corresponding STM images. rirteft to right the (2x2)-O (at 0.25 ML O

coverage), (2x1)-O (at 0.5 ML O coverage), (2x2){a00.75 ML O coverage) and the (1x1)-O (at
1.0 ML O coverage) overlayer structures are presénEigure taken from [8].

With the formation of oxygen overlayer structurbs surface free energy of the ruthenium
surface decreases below the surface free energgldfc < 1.6 J/m).***! As a consequence
the deposited golds(= 1.6 J/mM) tends to form Au-Au bonds rather than Au-O/Ru dmand
three-dimensional gold island growth is obser&t>"1%3 At the initial stage of the gold
island growth on oxygen precovered Ru(0001), thsodsng gold atoms bind towards
oxygen-free ruthenium atoms by pushing the oxygeayaAs a result the oxygen overlayer
iIs compressed, which was first proposed by Hrbe#l.eand later confirmed by STM from
Behm et al****%3 After formation of the (1x1)-O the gold is not altb compress the oxygen

overlayer furthermore.

56



With ongoing deposition the gold islands spread t¢ve surface in a typical VW-like growth
behavior until they merge together. The chemisodedien overlayer gets buried at the gold
and ruthenium interface, which has been shown Her growth of gold on Ru(10-10). A
combination of TDS, LEED and Auger spectroscopyeexpents revealed that oxygen is
again exposed if the covering gold films were regtbby annealin§®**** In summary, the
growth of gold on oxygen precovered Ru(0001) ig/@ctal example for a Volmer-Weber
growth.
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5.1 Gold deposited on ruthenium surfaces — Gefiatsiderations

To appropriately describe the heteroepitaxial ghowft gold on bare and oxygen precovered
Ru(0001), the lattice misfit between both materiated the resulting strain have to be
included in the interpretation of the different gthb behaviors.

Given from equation (3.3.2-7) the lattice midfitis calculated by the lattice parameters of the

hexagonal Ru(0001) and the corresponding gold seig&ructures with similar symmetry, i.e.
fcc Au(111). Taken from literature the lattice paster of Ru(0001) (2.706 A) is larger than
the lattice parameters of the Au(111) (2.884 AYaue!®'’®'8 Therefore the lattice misfit
between Au(111) and Ru(0001) is calculated:

a,(Ru) - a,(Au) _ 2706~ 2884 _

f=
a,(Au) 2884

—-0062

Due to the lattice misfit of about — 6.2 % the gbldh is exposed to an in-plane compressive
strain when growing on the Ru(0001) surface. Tacdles the growth of gold films on the
ruthenium surface the theoretical model for hetenegpus nucleation and epitaxial film
growth from chapter 3 is transferred to the Au am $¥ystem. Starting from the theory of

heterogeneous nucleatidigure 3.2-1(from chapter 3.2) changes to:

gas
6
. < '/1' : 1 o>
O-Al}(Ru g/Ru
Ru(0001); ' G

~~~~~
.....

Figure 5.1-1: Adapted model for heterogeneous nucleation of gwoidthe ruthenium surface.
Definition of the contact anglé at the gold ruthenium interface, the related sceféree energies and
the interface energy to derive Young’s equation.
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0 4w, = interfacid tensiongas— Ru surfacel surfaceenergyRu
04 as = interfacid tensiongas— Au surfacell surfacesnergyAu
O pure = Interfacia tensionAu— Ru

If the surface tension of gold and ruthenium arpressed by their surface free energy,

respectively, the angle dependent Young's equationbe written as:

codd) = UR;& (5.1-1)
A

As described in chapter 3.2: if the wetting angjilacreases the growing film shows a smaller
degree of wetting, i.e? = 0° leads to full wetting and = 180° in complete dewetting. As a
consequence, if the quotient in equation (5.14ydlving the surface free energies and the
interface energy) increases a higher degree ofngatt assumed to occur.

In case of gold deposition on oxygen free Ru(0®1yvo-dimensional growth for the first
layers of gold is expected. To fulfill the adaptéoung’s equation (5.1-1), the wetting angle
has to be very small. As a result the sum of théase free energy of ruthenium and the
interface energy has to be larger than the suffi@eeenergy of gold. It is assumed that the
surface free energies dominate the growth behangar thermodynamic equilibrium, due to
the large difference between the surface free é@®af ruthenium (Ru(0001): 3.1 Jrand
gold (Au(111): 1.5 J/R).[16318218 The interface energy between ruthenium and gold is
assumed to be smaller than 1.5 ?)/mtherwise Young's equation would not fulfill the
condition for two-dimensional growth. Based on tlescription of the interface energy from
van der Mervé®**%and Jesser et & the following properties have to be consideredicbo
strength between ruthenium and gold, rigidy/hardrefsthe gold adlayer, lattice misfit and
strain. The binding strength between gold and nithe is assumed to be rather strong. This
statement is confirmed by TDS data from Hribekletvho measured desorption temperatures
for gold multilayers on Ru(0001) to be higher tH200 K'®! which is to similar desorption
temperatures for chemisorbed oxygen phases on BL{A#%® Moreover the desorption
temperature of one monolayer of gold on ruthenidrfB0Q K) is higher than the gold
multilayer desorption temperature (1200 K), thuslently showing that gold strongly binds
to ruthenium*®>8! Also gold has a low melting point and is a rattactile metal, which

makes a compression of the gold lattice for a bedttoption of the ruthenium lattice

" The desorption temperature of the different cherbisd oxygen phases from Ru(00013} i$100 K.
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parameters likely. With the relatively small lagtimisfit of 6.2 % also the in plane stress is
assumed to be moderately. Altogether it can benasdiuthat the interface energy is small,
thus facilitating wetting of gold on Ru(0001).

The energy relation from Young’s equation changgsificantly if oxygen is preadsorbed on
the Ru(0001) surface. The growth changes from adweensional wetting of gold on bare
Ru(0001) to the formation of single gold islandsattigrow three-dimensional upon gold
deposition. Similarly to the gold island growth ttheygen overlayer gets compressed, so the
deposited gold islands can bind directly to théentum surface without oxygen atoms at the
interface. Generally, with increasing coverage xfgen on Ru(0001) the surface energy of
ruthenium decreas&$>18"]

By simply comparing the degree of wetting for gd&posited on bare and oxygen precovered
Ru(0001) the following relation can be derived, dshon the theory of heterogeneous

nucleation and epitaxial growtbf( figure 3.2-2 page 33):

codd, Au/ Ru) > codd, Au/O/ Ru)

Oru ~ 0 au/ru S Ooiru ~ 9 au/olRu
O-A O-A

u u

Oru " O nuiru ~ orru ~ 9 aurorru (51-2)

This relation evidently illustrates that the sunsafface free energy and interface energy for
the Au/Ru system is higher than for the Au/O/Rueys if the surface free energy of gold is
assumed to be equal for both growth behaviors. ddmsbe explained by both, the decreasing
surface free energy of Ru with preadsorbed oxygen, increased interface energy due to
buried oxygen beneath the gold islands. This buoieghen weakens the the Ru-Au binding
and the strain of the Au film increases becausectlibinding is not always likely due to the
oxygen atoms at the interface. But if it is assurtied all oxygen atoms are pushed away to
form a compressed oxygen overlayer and the intefb@tween the gold islands the ruthenium
is therefore oxygen free, equation (5.1-2) canilpldied to:

Oru = O puru ~ 90iru ~ 9 auiru

Ory 2 Oy (5-1_ 3)
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This result evidently displays the relation of tlseirface free energies given from
literaturel****87 |n summary, the growth of gold on oxygen free axygen precovered

Ru(0001) can be described by Young's equation.
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5.1.1 Gold deposited on oxygen precovered Ru(0001)

To investigate the growth of gold on oxygen precedeRu(0001), 0.5 ML gold were
deposited on ruthenium with a (2x1)-O and (1x1)-@ertayer. The intention of this
experiment was to investigate the morphology ofgfmving gold islands, if the precovered
oxygen layer cannot be compressed further.

During the deposition process of gold, higher terapeges (> 650 K) and low deposition rates
(0.05 ML/min) for gold were used so that the mapibf the deposited gold atoms is high and
kinetic limitations are negligible, i.e. the systé&mat thermodynamic equilibrium. As a result
the growth can be well described by the energy rimritons (i.e. Young's equation)
according to Baudt¥

Figure 5.1.1-1shows STM pictures of the formed gold islands be Ru(0001) surface

depending on the oxygen precoverage.

Figureb5.1.1-1: STM images of gold deposition (0.5 ML) on Ru(0g@k})-O and Ru(0001)-(2x1)-O.
STM pictures (a) and (d) are in the range of 250850 nm. The magnifications (b) and (e) are in
the range of 50 nm x 50 nm. Tunneling conditions: U2 V, | = 1.0 nA.

If the ruthenium surface is precovered with an |2®1overlayer, hexagonally shaped gold
islands are formed and predominately located alibrag ruthenium steps due to a better
coordination towards the surfacef.(figure 5.1.1-1a At steps the nucleation of single gold
atoms is facilitated because the size of a statitieat nucleus of gold, from which the gold
island growth starts, is smaller. Vice versa, time of stable critical gold nuclei on the
ruthenium terraces are significantly larger at &7@hus leading to less formed islands on the
terraces. Simultaneous to the gold island formatibe oxygen overlayer is compressed.
These results fit well to the observations in &tare™***" The three-dimensional Volmer-
Weber like growth of gold, in the presence of oxyga the ruthenium surface, is depicted by
the line scan analysis of a hexagonal gold islahithvhas a height of 6.5 A&f( figure 5.1.1-
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1b,9. The hexagonal shape of the gold islands is iedulcy the underlying hcp(0001)
orientation of ruthenium. Therefore the grown gslldnds are assumed to grow in fcc(111)
orientation.

However if the oxygen coverage is increased tolxid)¢O overlayer the gold island growth
changes as can be seenfigure 5.1.1-1d,eDue to the high oxygen coverage no further
compression of the overlayer is possible. Theretbeedeposited gold atoms have to bind
towards the O/Ru surface, thereby burying oxygematat the interface. The gold islands are
now randomly distributed over the whole rutheniuorface with a significantly higher
concentration of islands if compared with the (ZxXiase (comparison @ijure 5.1.1-1aand
5.1.1-1d. As described previously, the adsorbed oxygemedeses the surface free energy of
ruthenium to an extend that the surface free enefggold now exceeds the sum of the
surface free energy of O/Ru(0001) and the interéamagy. This energy relation and a Au-Au
binding stronger than to the Au-O/Ru binding indutee three-dimensional growth of gold.
The strong influence of precovered oxygen on theetfdimensionality of the gold islands
becomes evident by comparing the heights of theddr hexagonal islands on the (2x1)-O
and the (1x1)-O precovered Ru(0001) surface, i®e.A6and 13.1 A respectively (cf. line
scandigure 5.1.1-1@nd5.1.1-1j. Therefore the thickness of the gold islandseased while
their lateral size decreased significantly, if thveygen precoverage is increased. Also the
nucleation sites for the gold atoms and the stntiaints for the gold islands are strongly
affected by the oxygen overlayer. Induced by thakvw&u-O/Ru binding, the former energy
gain by nucleation at the steps decreases so is@mify, that nucleation on the terraces
became energetically favorable, t@b. figure 5.1.1-1d)e

Derived from statistical analysis, the height dlsttions of the gold islands formed on (2x1)-
O and (1x1)-O precovered ruthenium surfaces areepinfigure 5.1.1-2aandfigure 5.1.1-
2¢, respectively. Statistical analysis of the goldnsls (0.5 ML) formed at 670 K on a (2x1)-
O precovered surface show two distributions. Mdghe gold islands are three layers thick
(distribution around 6.5 A) but also two layereddgislands are formed (smaller distribution
at 4.4 A). As comparison, gold deposition (0.5 M) the (1x1)-O precovered surface
induced the formation of thicker islands with ackmess of 4 to 8 layers and the majority
having an average thickness of approximately 6 lay@rs (13.2 A to 15.4 A). Increasing the
oxygen coverage from 50 % ((2x1)-O) to 100 % ((3®))results in formed gold islands that

are approximately double as thick.
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Another possibility to control the island thickndassthe applied sample temperature during
the deposition process. At higher temperaturegthe:-ruthenium system is even more forced

towards the thermodynamic equilibrium and thickeldgslands are formed.
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Figure 5.1.1-2: Statistical examination of the gold island thickmedepending on the oxygen
precoverage and the Ru(0001) temperature duringdosition process.(a) 0.5 ML Au deposited on
a (2x1)0O precovered surface at 670 K leads to onendtion of two or three layered gold islands. By
increasing the temperature to 700 K (b) the depmsibf 0.5 ML Au now exclusively forms three
layered Au islands. By increasing the temperaturgngy deposition to 800 K the formation of four
layered gold islands is induced (d). The islandckhess can also be regulated by the oxygen
precoverage, which is presented in (c). Deposibbru on a (1x1)O precovered Ru(0001) surface
significantly increases the resulting Au islandcckriess.

From line scan analysis a statistical evaluatiothefisland heights for gold islands prepared
at 700 K ¢f. figure 5.1.1-2pand 800 K ¢f. figure 5.1.1-2fon a Ru(0001)-(2x1)O surface
are obtained, respectively. While at 700 K maitigee layered gold islands are formed, at
800 K the gold islands are usually at least foyeta thick. It is noteworthy that increasing
the temperature from 670 K to 700 K results incbmplete disappearance of the two layered
island, i.e. only three layered islands are formed.

To further comprehend on this temperature deperniti@kness of the growing gold islands,
further considerations are necessary. Gold deposigxperiments, performed at room

temperature, showed the formation of many smalll g@noparticles, which were covering
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the whole Ru(0001) surface (data not shown). Timicates a strong inhibition for surface
diffusion of the deposited gold atoms at room terapge. This growth behavior and the
resulting morphology of the deposited gold can $&gmed to a growth mechanism far away
from thermodynamic equilibrium (e.g. the multilaygowth?). A threshold temperature of at
least 650 K has to be exceeded to enable the wiffusf the gold atoms on the ruthenium
surface during the deposition process.

Finally, XPS measurements of 0.5 ML Au deposited a0i(2x1)O precovered Ru(0001)
surface at 700 K for the Au 4f and O 1s signal ameapresented, before and after the gold

deposition ¢f. figure 5.1.1-3
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Figure 5.1.1-3: Au 4f and O 1s XPS data for 0.5 ML gold depositeadan oxygen precovered
Ru(0001) surface at 700 K. The Au 4f signals evigelisplay the metallic character of the hexagonal
gold islands. The constant O 1s signal confirmsitierpretation of a compressed oxygen overlayer.
It is therefore assumed that no oxygen gets buréekath the gold islands.

The Au 4f binding energies of 84.0 eV and 87.7 e\dently show the metallic character of
the formed hexagonal gold islands. The correspgn@nls spectra show no change of the
oxygen signal after deposition of gold on the stefd\either does the binding energy of the
O 1s signal change nor is the signal attenuatihg. donstant O 1s signal intensity indicates
that no oxygen is buried beneath the gold at tHd-gdhenium interface. With a constant
amount of oxygen exposed on the surface, the csiotiof a compressed oxygen overlayer
is evident consistent with literatufg®*!

In summary, the influence of the oxygen precoveragé the applied temperature on the
growth of gold on Ru(0001) have been presentedn@hg the conditions for the growth of
gold on Ru(0001) by changing the oxygen overlaysisgty (i.e. changing the surface free
energy of ruthenium) is more important for the Hasg morphologies of the ruthenium

12 ¢f. Chapter 3.3.3, page 44ff.
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islands than overcoming kinetic limitations by ieasing the temperature. Based on the
presented experimental data, it is possible torobtite thickness of the growing gold islands,

which will be crucial for the upcoming oxidationpetiments.
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5.1.2 Gold deposited on oxygen free Ru(0001)

To prepare wetting films of gold on Ru(0001), depos and growth was carried out on an

oxygen free surface. For the preparation of an erylgee ruthenium surface, an additional
annealing step in vacuum to 1000 K for 30 minutas added to the typical cleaning process
described in chapter 2.1 (see page 12). This aimgesiep should induce desorption of the
oxygen overlayer that is usually formed during ¢leaning process.

For all preparations of wetting gold films the R2QQ) surface was kept at 700 K and higher
deposition raté§ of 0.1 ML/min were employed. The total amount epdsited gold was

determined by the evaporation ratesitu and afterwards verified by the XPS signal intgnsit

Figure 5.1.2-1: (a) 500 nm x 500 nm area of the 2 ML gold filmezing the oxygen free Ru(0001)
surface. (b) The 300 nm x 300 nm area illustrates formation of wholes in the gold film (blue
circles) induced by residual oxygen from the foricieaning process of the single crystal surfacg; (c
The 150 nm x 150 nm magnification evidently shdwsfarmation of point dislocations within the
gold film (black arrows). (b) and (c) both evidgnghow the influence of the residual oxygen on the
Au film morphology. Compared to literature the féisg gold film is less smooth and does not show
the herringbone structure of thin gold films on Gaq1)**"*** Due to the relatively high roughness,
the typical Stranski-Krastanov growth for gold oard Ru(0001) is not clearly visible by STM. (d)
This 150 nm x 150 nm area from the top of a 50 hitktgold mountain or “mesa” evidently
illustrates the (111) crystallographic orientatiaf gold. Tunneling conditions: U = 0.7 - 1.0 V, | =
0.1-1.0 nA.

3 Compared to the deposition rate used to formalamds on oxygen precovered Ru(0001), i.e. 0.05nit./
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Figure 5.1.2-1shows STM images of a wetting 2 ML thick gold filkdeposited on nearly
oxygen free Ru(0001). Although the lattice misfétween gold and ruthenium is relatively
small (~ 6.2 %) the gold film is not very smoothstead many steps and defects are visible as
well as the formation of flat islands on alreadgwgn gold layersdf. figure 5.1.2-1ap This

Is consistent with the observed Stranksi-Krastagrawth mechanism for Au on Ru(0001) in
literature™>***"*3However many point dislocations (screw dislocatjosee black arrows)
are formed while the typical island formation o& 8K growth is less pronounced.(figure
5.1.2-19.

The depicted STM image fromigure 5.1.2-1breveals several areas where the gold is not
covering the ruthenium substrate (highlighted hyel#llipses). The corresponding XPS O 1s
spectra illustrate that some oxygen from the clegapirocess was still present on the surface
(cf. figure 5.1.2-2black curve). A small and broad O 1s peak atG-B8V is observable that
is assigned to the oxygen residues adsorbed oeniuth'® However the O 1s spectrum after
deposition of 2 ML Au (XPS) evidently shows thae thxygen signal is reducedf(figure
5.1.2-2 red curve). This is an indication of buried oxydeeneath the gold film. With an
applied temperature of 700 K during the Au depositprocess, desorption of, @om the
Ru(0001) surface can be excluded. Due to the higlegrosition rate of gold and the
significantly lower amount of residual oxygen, theygen atoms are rather overgrown by the
gold film than being compressed to a dense overlayevhom the gold less tends to bind.
These incorporated oxygen atoms at the interfaeeassumed to increase the strain of the
wetting gold film, which is released by the fornoatiof dislocationsdf. figure 5.1.2-1cblack
arrows). In some areas the residual oxygen is ghigrtcompressed to a dense oxygen
overlayer on Ru(0001) to which the deposited galdraluctant to bind at 700 K. As a
consequence the observable holes in the gold finficamed (blue ellipsefsgure 5.1.2-1h.

It should be mentioned that the deposition of nthesn 4 ML gold leads to the formation of
very thick gold islands or “mesas” with a thicknedsat least 100 layers (thickness > 20 nm,
lateral size up to 500 nm) at the step bunchingsaref the ruthenium surface. Similar
mountain formation has been observed in literatiore the growth of Cu and Ag on
Ru(0001)*8 STM pictures of these thick gold mountains rexaedlerringbone structure on
top of the mountain surfacef( figure 5.1.2-1y thus confirming the fcc(111) orientation of
gold growing on the Ru(0001) surface.
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Figure5.1.2-2: XP spectra of a 2 ML gold film formed on a nearkygen free Ru(0001) surface. The
O 1s spectrum of the clean Ru(0001) surface (btaske) shows a small O 1s peak of residual
oxygen, which was not removed by the final cleasteg, i.e. annealing in vacuum. After deposition
of Au on the surface (red curve), the O 1s sigrarly vanished, thus indicating that the oxygen is
now mainly buried beneath the Au film.

Overall, gold deposited on the oxygen free Ru(0Gutjace at 700 K leads to the formation
of wetting gold films that is in good agreementtte literaturd®>**5"1% However the
morphologies of these films are slightly differ¢atreference data from Hwang etal:**
These differences in morphology may be explainethbyinfluence of the residual oxygen on
the Ru(0001) surface.

Lambert et al have shown, that gold is able to gnoev an oxygen overlayer on the Ru(10-
10) surfacé®! The vanishing O 1s (530.1 eV) signal as well as kigh amount of
dislocations within the gold film strongly indicatbe presence of buried oxygen at the
interface. It is assumed that these buried oxygemsinduce an additional strain on the gold
film. This additional strain explains the highernmber of defects and point dislocations
within the wetting gold film.

However, these mentioned differences are negligibtenpared to the morphologic
similarities for the growth of Au on oxygen free (R0O01) in the literature, i.e. the two-
dimensional wetting behavior of gold with absende adsorbed oxygen. This is also
consistent with the general thermodynamic constaera for the gold-ruthenium system by

Young’s equation (eq. (5.1-1), page 59).
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5.1.3 Gold deposited on Ry@10)

Wu and Hrbek studied the deposition of gold on dkielized Ru(0001) surface by thermal
desorption spectroscopy> For this heterostructure a higher activity towa@{3 oxidation
has been observed, compared to the pure,@10) surface. As a result a synergistic effect
between Au and RuChas been suggested. Structural details of thiesysave not been
reported in the literature, but will be presentedeh

A completely covering and flat film of Ry(110) on Ru(0001) was prepared by oxidizing the
single crystal surface with molecular oxygen. Taxsdation was conducted at 720 K and
oxygen pressures of 0% mbar to form a wetting oxide filmc{, figure 5.1.3-1aand5.1.3-
1b), which partially consists of relatively broad R010) terraces5%1%

I - ] » fes i

Figure5.1.3-1: (a) 500 nm x 500 nm, (b) 100 nm x 100 nm : SThu@s of RU@110) prepared by
oxidation of Ru(0001) at 720 K by dosind@* mbar Q. The rotational domains of Ry@10), that
are tilted by 120° to each other, are highlighteg the blue arrows in (a). Also a slightly rotated
domain of Ru@is visible in the STM picture (green arrow in (aJhese rotated oxide domains have
been reported in recent studies and are a resulttied relatively high temperature during
oxidation.[191] Besides the relatively rough are#sRuQ, also large and relatively flat terraces of
Ru(G,(110) are formed as indicated in (b). Tunnelingditions: U =0.9-1.2 V, 1 = 1.0 nA.

Depending on the oxidation conditions, the rougbnaflsthe oxide film can be varied. At
lower temperatures (e.g. 650 K) the oxide film ssially rougher and the oxide terrace width
is smallet!®*** A STM image of the resulting Ru110) film (cf. figure 5.1.3-1pdisplays
the overall morphology of the formed oxide. Indeghtby the blue arrows are the three
rotational domains of Ru{110) that are formed due to the difference in sytmynbetween
the Ru(0001) substrat€4) and the growing oxide(}). Additionally formed to those three
rotational domains is a newly growing Ri0L0) domain (green arrow), which is slightly

rotated. Such additional, slightly rotated domdiase recently been reported and are a result
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of higher temperatures (> 680 K) during the Ru(Qa®didation process® The larger scan
area offigure 5.1.3-1aalso shows that the surface consists of regiotis avhigh roughness
(upper half) as well as flat regions with wide atdmically flat Ru@(110) terraces (lower
half). A magnification of these flat Ry®@egions is provided ifigure 5.1.3-1b

Subsequently 0.5 ML gold were deposited on this RUI®)/Ru(0001) surface at 700 K,
which is visualized by a series of STM imagefs figure 5.1.3-2

Figure 5.1.3-2: STM images of 0.5 ML Au deposited at 700 K orptbgiously prepared Ru{i10)
wetting film: (a) Three different kinds of goldastls on Rug§110) are discernible, i.e. flat and
slender islands (green, d), cuboid-like islandsi(ie), and hexagonal islands (blue, c). (b) Theoodib
islands are located on the flat Ry@10) regions. (c) The hexagonal gold islands amfgrentially
located at the intersections of differently rotatbmmains of Rugd110). (d) From the three different
island types the flat and slender islands are fotmbe the minority on Ruy110). For these islands
no preferential location could be determined aneitithemical nature is unclear. The STM image
areas are: (a) 200 nm x 200 nm, (b) 60 nm x 60 1fi@),70 nm x 70 nm, (d) 50 nm x 50 nm.
Tunneling conditions: U =0.7-1.0V, 1 = 1.0 nA.

By STM the three-dimensional growth of gold islamisthe Ru@110) is evidentdf. figure
5.1.3-23. Three different types of gold islands are disebte on the surface: hexagonal
islands ¢€f. figure 5.1.3-2); cuboid islandsdf. figure 5.1.3-2pas well as slender thin islands
(cf. figure 5.1.3-2f While the hexagonal and cuboid islands are assigto gold, the
chemical nature of the thin and slender islandsnslear. Although their morphology is
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similar to thin gold islands formed on Ti@10}?°>?Y these islands might also be assigned to
small RuQ(110) flakes. The shape of the hexagonal and culgoid islands indicates
different crystallographic orientations of the giogr gold on the Ru@® The cuboid gold
islands are assigned to gold with (100). Thesendslaare located on flat terraces of
RuG,(110) (f. figure 5.1.3-2h The hexagonal islands are predominantly foundhat
intersection areas of differently rotated R(110) domainsdf. figure 5.1.3-2¢ From their
truncated triangular shape the fcc (111) orientaiganferred.

Depending on the orientation of the gold islandtliickness differs markedly. A statistical

analysis of the island heights is illustratedigure 5.1.3-3
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Figure5.1.3-3: Statistical examination of the island thicknesthefdifferently shaped islands that are
observable by STM after deposition of 0.5 ML goildadlat Ru@(110) surface. The thickness of the
hexagonal islands ranges between 7 to 12 layegolof, while the much thicker cuboid islands reach
heights up to nominal 22 layers of gold.

The hexagonal gold islands are generally thinnan tthe cuboid gold islands. The height
distribution for each island type is very broadeThickness of the hexagonal islands ranges
from approximately 7 to 12 layers. The cuboid id&rare about as double as thick as the
hexagonal islands and they reach heights up t@@24 of gold. Therefore the gold islands
formed on Ru@® are significantly thicker than gold islands formed oxygen precovered
Ru(0001) (4 to 8 layers on the (1x1)O phas$efigure 5.1.1-2¢

The thickness of the gold islands grown on RUA®O0) strongly depends on the complex
relation between the interface energy, the surfdee energy of each respective

crystallographic orientation of gold and on thewcdng strain energy, which is assumed to
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be very large if the gold grows epitaxial on thedR{110) surface. To give a first impression
how the gold may bind to the Ru®urface, a schematic illustration is giverfigure 5.1.3-4
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Figure 5.1.3-4: Schematic illustration of the top view on the cti@metric Ru@(110) surface (a). By
removal of the bridging oxygen atoms, two diffef@nting structures of a single layer gold atoms on
this mildly reduced Ruf110) surface are shown. (b) Gold layer with a gguanit cell, which is
similar to a strained single layer of Au(100) tledclusively binds to ruthenium atoms. (c) Gold taye
with a hexagonal unit cell, which is similar to mgle layer of Au(111) but with much larger strain
within the layer. For comparison, the nearest neighdistance between Au atoms in Au(111) and
Au(100) are 2.885 A, respectively. Therefore ti¥®)1Au overlayer is more favorable, if gold growths
pseudomorph on the mildly reduced R{1Q0) surface.

3.11A

lllustrated infigure 5.1.3-4as the top view on the stoichiometric Ri{010) surface. Due to
the weak gold-oxygen binding, it is reasonable thHa adsorbed gold atoms would
preferentially bind to the ruthenium atoms i.e.top-to the 1f-cus ruthenium atoms and in
bridge position between two 2f-cus ruthenium atdayseplacing the bridged oxygen atoms.
Figure 5.1.3-4billustrates this situation where gold binds tostkb called mildly reduced
RuO»(110) surfacé® This first overlayer of gold is very similar to &00). By considering
the nearest neighbor distance for Au(100) (2.886 23885 A) a linear tensile strain of 7.8 %
results in the [001f direction and a linear tensile strain of 10.6 %cuws in the
[-110] direction, if the first gold layer grows psomorph on the mildly reduced Rg(D10)

surface. In principle it is also possible to ermisa gold overlayer, where all gold atoms bind

* The directions are given with respect to the RA@0) (cf. figure 5.1.3-4a).
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from the on-top position to the 1f-cus and the @$-cuthenium atoms, respectivety. (figure
5.1.3-4¢. By this arrangement a strained hexagonal goldrlayer becomes visible. But
comparing this overlayer to a unstrained Au(11ijefa(with nearest neighbor distance of
2.885 A x 2.885 A), nominally linear tensile strain7.8 % and 23.1 % are introduced, with
additional shear strain becausefaf 60° (cf. figure 5.1.3-4¢ These two illustrations of gold
binding to the mildly reduced Ry(110) surface indicate why the crystallographieotation

of Au(100) is more favored on the flat terracestedBuconsidering the surface free energy of
Au(100) and Au(111) (Au(111): 1.3 JnAu(100): 1.6 J/M)1*82184 the formation of Au(111)
would be favored. But taking the two illustratedustures offigure 5.1.3-4into account and
estimating the interface energy and the strainggnef these structures, the growth of (100)
oriented gold islands is more prefered than thevtiramf (111) oriented gold islands. With a
significantly smaller in-plane strain and in-plalagtice misfit, the interface energy and the
strain energy of Au(100) islands is assumed to belnsmaller than the interface energy and
the strain energy of Au(111l) islands on the flatOXd10) terraces, thus explaining the
observed growth of gold in (100) direction. At ti@ersection of different Ruf110)
domains, the formation of Au(111) islands is fawbfef. 5.1.3-2c). This indicates a strong
influence of the symmetry of the Rp(@10) at these intersections. Obviously at these
intersections the complex energy relation of irsteef energy, surface free energy and strain
energy changes in favor of (111) oriented goldnidta But without any further information
about the binding between the gold islands anditiaerlying Ru®(110) on the atomic scale,

it is not possible to derive which of the energytributions mostly determines the resulting
crystallographic orientation of the gold island.

In conclusion: the three-dimensional growth of g@idnds on Rug§l110) is reasonable. At
first, the surface free energy of gold is signifittg higher than the one of Ru@oa,: >1.3
JIN?; 6ruoz 0.7 JINA), 182184193y hich facilitates the three-dimensional growthc@welly, the
lattice mismatch between gold and the RUQ@O0) surface is assumed to be high. This induces
a strain at the interface that leads to higherrfate and strain energies. As a result the
deposited gold is even more pronounced to growettdmmensional on the Ry(110) surface.
Evidently, the symmetry of the RyQ210) substrate favors the formation of gold iskmdth

a similar symmetry, i.e. Au islands with (111) oiztion are formed on the intersections of
different RuQ domains while (100) oriented Au islands are formadhe flat Ru@terraces.
Therefore, the energy relation of interface enesgsain energy and surface free energy is

assumed to determine the crystallographic oriesmatdf gold on the Ru110) surface.
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5.2 Redox chemistry of thin gold islands

5.2.1 Oxidation at room temperature by atomic oxyge

Supported thin gold layers (Au bilayer system) e@,{110) have shown a extraordinary high
catalytic activity towards CO oxidation at room feeraturd®?Y However, it was mentioned
by the authors that under realistic catalytic neactonditions, these flat gold bilayers may
restructure, exposing the substrate to the readfdhtin the forthcoming chapter this
particular issue will be elucidated by investiggtile oxidation of thin gold islands and the
undergoing morphologic changes. As presented ipteeious chapter, the thickness and the
morphology of thin gold islands and films can bentcolled properly by the applied
temperature during the gold deposition and the emygrecoverage on the Ru(0001) single
crystal substrate.

The thin gold islands were formed on a (2x1)O pveced Ru(0001) surface by deposition of
0.5 ML Au at 670 K. As described in the previouspter 5.1.1 (page 62ff) two and three
layered hexagonal gold islands are formefdf{gure 5.1.1-2a The subsequent oxidation was
carried out by dosing 40 L atomic oxygen towardeséh thin gold islands at room
temperaturefFigure 5.2.1-1summarizes the oxidation experiments of the toid gslands.

The first STM imagedf. figure 5.2.1-1pand the corresponding line sca. figure 5.2.1-1¢
show the morphology of thin gold islands on the (R@()-(2x1)O surfacerigure 5.2.1-1b
shows the surface after the oxidation by 40 L atormokygen. During oxidation the
morphology of the gold islands changes significarfhe former flat islands are fragmented
into gold nanoparticles. They are located at thsitpms of the former gold islands, thus
reflecting the former shape of the hexagonal gslanids. From line scan analysis the height
of the nanoparticles was determined to be 18.2fAfigure 5.2.1-13 This height distribution
illustrates that the oxidized gold nanoparticles #ricker (~ 17.4 A) than the relative flat
former gold islands (~ 6.2 Ap{. figure 5.2.1-1¢ With a lateral size ranging from ~ 5 nm for
the smallest nanoparticles to ~ 9 nm for the layghe fragmented gold islands are more like
flat droplets instead of spherical particles. Atke variation in lateral size reveals that the
fragmentation process does not occur uniformly dkergold island surface. This indicates
random positions where the fragmentation procesiseofold islands starts.

XPS measurements were performed to elucidate tegehof the chemical nature of the gold

due to its oxidationdf. figure 5.2.1-1p The Au 4f XP spectra of the gold islands on
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Ru(0001)-(2x1)O «f. figure 5.2.1-1ered curve a) reveals signals at 84.0 eV and 8Y.,7
which are assigned to the metallic Ag,4and Au 4§/, species.
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Figure 5.2.1-1: Overview of the morphologic changes due to oxaatf thin gold islands. The STM
images illustrate a section of 300 nm x 300 nm.daposition of 0.5 ML Au at 670 K on a (2x1)O
precoverd Ru(0001) surface; (b) Oxidation of thim thold islands by 40 L atomic oxygen at 300 K;
(c) Line scan analysis of a thin gold islands; (@)e scan analysis of an oxidized gold nanoparjicle
(e) Corresponding Au 4f spectra of prepared Aunidfa(a, red) and oxidized Au islands (b, gray)
including a peak deconvolution of the Au 4f sigaiaa into the metallic Au (red) and the Au oxide
(light blue) signals to elucidate the oxidationgaiid. Tunneling conditions: U = 1.1 - 1.2 V, | =01.
nA.

After oxidation of the Au islands these signals rdased while new peakshoulders are
evolving shifted to higher binding energied. (figure 5.2.1-1ggrey curve b). The peak
deconvolution of the Au 4f signals gives furthesight into the chemical nature of the formed
nanoparticlesdf. figure 5.2.1-1ginlet). Besides the metallic Au 4f signals (decalnted red
peaks) two new Au 4f signals are found, each shifte 1.6 eV to higher binding energies. By
comparison to the chemical shifts for the oxidizad111) single crystal surfaces presented
in chapter 4 (cf. tables 4-1 and 4-2), this addaiodoublet is assigned to gold oxide, most
probably AyO;.P8647073.7477 Additionally, an inhomogeneous broadening of the
deconvoluted Au 4f signals is visiblef(figure 5.2.1-1ginlet). The width of the Au 4f oxide
signals is broader than the width of the correspanthetallic Au 4f signals. This broadening
of the Au 4f peak is induced by several effectsfisst, the fragmentation of the gold island
leads to size-dependent final state effects of Auedtures for the small oxidized gold

nanoparticles, thus broadening the peaks. This shthe Au 4f signals has been reported in

76



the literature for gold nanoparticles smaller tfamm!"®*9+1%! secondly, this broadening
may be explained by different gold-oxygen specidsich are formed during the oxidation
and fragmentation process. Besides the formed BHoxitle species also the metallic gold
atoms that are directly bound to the oxide as waellgold atoms with chemisorbed oxygen
contribute to the Au 4f signals that are shiftechigher binding energies. This interpretation
is similar to the one given by Gottfried et al., avlalso observed an inhomogeneous
broadening of the Au 4f signals upon the oxidatbsmall gold nanoparticld&”

To further elucidate the oxidation of the gold m&la, the corresponding O 1s signals are

presented ifigure 5.2.1-2
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Figure 5.2.1-2: O 1s XPS signal area before (red curve) and gibéwe curve) the oxidation of the
hexagonal gold islands by 40 L atomic oxygen atraemperature. With no visible chemical shift of
the O 1s signal, the strong increase is assignethéoformation of gold(lloxide and a (1x1)O
overlayer on Ru(0001).

From literature it is known that the gold islandnf@ation on a (2x1)O precovered Ru(0001)
surface leads to the compression of the adsorbsgeoxto a denser (e.g. (2x2)30)
overlayert’®® Therefore the O 1s peak that is observable atl58@. cf. figure 5.2.1-2red
curve) is assigned to such a compressed oxygetageeron Ru(0001Y°® After oxidation

no shift is observable for the O 1s signal, but txggen signal intensity at 530.1 eV
increased significantlyc§. figure 5.2.1-2blue curve). This additional O 1s signal at 538V1
can be assigned to the formation of gold oxide rtikely Au,0s3).59¢71737578}t should be
mentioned, however, that the increase of the oxgjgmal at 530.1 eV can also be assigned
to the formation of a denser oxygen overlayer smmet®'® Herd et al. observed the

formation of a (1x1)O overlayer on the Ru(0001)face after exposure of 10 L atomic
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oxygen at room temperatufé’”! With the elucidated formation of oxidized Au specbn the
basis of the Au 4f signals, the increase of thes@idnal is assigned to both: The formation of
a more dense oxygen overlayer and the oxidatiorthef gold islands to Au oxide/Au
nanoparticles.

On the basis of the STM images and the XPS datarexshell structure for the fragmented
Au particles is proposed. In particular, the peakahvolution of the Au 4f signals does not
only provide the information for the presence oL@gi(cf. figure 5.2.1-linset, deconvoluted
light blue peaks) but also shows that metallic gsldatill present ¢f. figure 5.2.1-1inlet,
deconvoluted red peaks). Since gold oxide has @&rmurface free energy than metallic
gold®? the oxidized gold species tend to cover the nietgbld. The occurrence of the
metallic gold and the oxidized gold in the formednaparticles indicates a core-shell
structure, with the Au oxide shell covering the aflet Au core. Such a core-shell
nanoparticle structure is consistent with curretgrpretations in the literatut&:”*! However,
without thickness-dependent high-resolution XPS suesments the composition and

structure of the formed nanoparticles from thigifn@ntation process remain elusive.
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5.2.2 Au oxide/Au nanoparticle reduction and Aaumgl reformation

To gain insight into the chemical properties of thaedized gold nanoparticles, reduction
experiments at higher temperatures were carrietba@store the structure of flat gold islands
on the ruthenium surface. Similar experiments wawae on the Ru(10-10) single crystal
surfacg!®0161]

The restoration of metallic gold islands can beiaad by either reducing the Au oxide
nanoparticles in CO at higher temperatures, otifople annealing to higher temperatures due
to metastability of oxidized gold structures in UHBY TDS, the decomposition of Au oxide
and the desorption of chemisorbed oxygen from nietAl has been observed by annealed
to 390-473 W26368691%8lq 15 520-590 [@1:5556.6568.69.71 ragpectively. The restoration of
metallic gold islands was performed by two expentae At first the Au oxide/Au
nanoparticles were reduced by 100 L CO (p(COY19% mbar, 14 min) at 670 K. In the
second reduction experiment the nanoparticles warealed to 670 K in vacuum for the
same time period as in the chemical reduction exmet, i.e. for 14 minutes. By this
procedure the influence of CO at higher temperatwe the gold island restoration is
elucidated. Figure 5.2.2-1 summarizes the chemical and the thermal reductibrthe
fragmented Au nanoparticles.

By STM the reformation of hexagonal islands dueeduction becomes evident. In case of
the chemical reduction process (100 L CO, 670 Kgdahexagonal islands were formex. (
figure 5.2.2-1h. From line scan analysis a thickness of aboutl3fdMl these gold islands has
been determinectd. figure 5.2.2-11 Therefore the former island thickness could dstared

by reduction in CO. These gold islands are maiolyated at the steps of the ruthenium
surface, but STM also reveals that not all goldrnids have the same lateral size as the as-
prepared 3 layered gold islands on oxygen precavet€0001). Evidently the mobility of the
gold atoms was not sufficient to facilitate the gieg of all smaller gold islands during the
chemical reduction process.

If the fragmented gold nanoparticles are thermakgluced the resulting gold island
morphology is different. A higher concentrationlaferally smaller gold islands are formed
on the Ru(0001) surface, which are located nearutmenium step<c{. figure 5.2.2-1k Line
scan analysis revealed that the height of thesealyt smaller islands is about 6 layers of
gold (cf. figure 5.2.2-1p Therefore these islands are as double as tlidkeaagonal gold
islands that are formed during the chemical redacprocess at similar temperature. XPS

confirms the reduction of the oxidized Au particlébe metallic Au 4f signals at 84.0 eV and
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87.7 eV increase while the Au oxide features a6 &/ and 89.3 eV decreasd.(figure
5.2.2-1j.
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Figure 5.2.2-1: Chemical and thermal reduction of oxidized 3 MickhAu islands on Ru(0001)-
(2x1)0O: (a) STM image (300 nm x 300 nm) of the iaeid islands. (b) Chemical reduction of Au
oxide/Au nanopatrticles by exposing 100 L of CO7l K (STM image area: 300 nm x 300 nm). (c)
Thermal reduction by annealing to 670 K in a vacdeml14 min (STM image area: 300 nm x 300
nm). Both, the line scan analysis (d, €) and XP& dathe Au 4f signals (f) and the O 1s signa)s (g
evidently show the reduction of the nanoparticlesneell as the gold island reformation and their
lateral expansion on the surface depending on ®ygen overlayer. Tunneling conditions: U=1.1V,
| =1.0 nA.

Also the O 1s signal at 530.1 eV decreasésfigure 5.2.2-1y This confirms the reduction
of the fragmented Au oxide nanoparticles and tks tif oxygen from the surface.

By the Au 4f and the O 1s spectra, the resultingré size and thickness of the formed
hexagonal islands, depending on the reduction proeg can be confirmed, too. The Au 4f
signal intensity of the formed gold islands afteemical reduction is higher than the Au 4f

signal intensity of the thicker gold islands thes éormed after thermal reductioaof.( figure
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5.2.2-1j. Also the O 1s signal is lower for the chemica#guced surface than the O 1s signal
after thermal reductioncf. figure 5.2.2-1p With a desorption temperature of > 1200 K for
Au from the Ru(0001) surfal€!8% it is excluded that Au desorbed from the surfdiseng
both reduction experiments. Instead the lower Agidhals for the thermally reduced surface
are explained by the thickness of the resultingghands ¢f. figure 5.2.2-1forange curve c).
After chemical reduction, the formed Au islands asehick as freshly prepared Au islands on
the (2x1)O precovered Ru(0001) surface. The AuighHa intensities for these two surfaces
are equal, i.e. the same amount of gold is detdntexPS.

The difference in gold islands thickness after otidumn can be explained by the oxygen
overlayer on Ru(0001) surrounding the Au oxide/Anoparticles. By comparing the O 1s
signals, the influence of CO on the removal of atydrom the surface during the reduction
process becomes evident. The reduction of theéth 100 L CO at 670 K does not only
lead to the reduction of the nanoparticles. Itdsuaned that the oxygen overlayer is reduced
at these conditioncf, figure 5.2.2-1ggreen curve b), thus giving the reduced gold atom
more space to rewet the ruthenium surface with xygen bound at the interface. The
adsorbed CO also increases the mobility of the gtddhs on the surface during the reduction
process, thus further facilitating the rewettingpdéor on the ruthenium surfafe’

However this does not happen by the thermal reolneti 670 K because the temperature is to
low to desorb oxygen from the Ru(0001) surfa&t&herefore the oxygen stays in the
compressed (1x1)O or (2x2)30 overlayer structutrass giving the gold atoms less space to
rewet the surface, which leads to more three-dimeatgold islands on the surface.

The effect of the oxygen overlayer on the rewetbegavior of the reduced Au nanopatrticles
becomes even more evident by comparing the islamatphology (i.e. the island thickness
and its lateral expansion after the reductionhtds-prepared Au islands on the (2x1)O and
(1x1)O precovered Ru(0001) surface (cf. chapterlh.Iespectively. The height and the
lateral expansion of the Au islands after thernedluction is similar to gold islands prepared
on the Ru(0001)-(1x1)O surface. This also indicadeslense (1x1)O overlayer on the
ruthenium surface after the thermal reduction. Ha tase of the chemical reduction, the
morphology of the formed Au islands is similar i@ tmorphology of as-prepared Au islands
on the Ru(0001)-(2x1)O surface. This comparison algpports a reduction of the oxygen
overlayer by CO during the chemical reduction pssce

!> Desorption of chemisorbed oxygen from the Ru(0G®4its above 1100 K.[185]
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5.3 Thickness dependent oxidation of gold islands

Upon oxidation at room temperature, the formerthat gold islands are fragmented into Au
oxide/Au nanoparticles. Depending on the gold dlahickness, the size of the formed
particles as well as the degree of the fragmemtatbanges significantly, which is
summarized in the following series of STM pictufek figure 5.3-). To study this thickness
depending oxidation, very thin gold islands withtheckness of 2 and 3 layers as well as
thicker gold islands with a thickness># layers were prepared. These gold islands were al
oxidized using the same conditions, i.e. 40 L atorokygen at room temperature. As

previously described, the thickness of gold islamm@ds be controlled by the applied

temperature and the precoverage of the chemisarbggken layer.

Figure 5.3-1: Gold islands were formed on a (2x1)O-Ru(0001)am#rfat different temperatures to
regulate their thickness. The STM images (a), (@)illustrate a section of 300 nm x 300 nm. The
magnifications (d), (e), (f) are in the range of 6t x 60 nm. (a) Two layered gold islands after
exposure of 40 L atomic oxygen at room tempera(biethree layered gold islands after exposure of
40 L atomic oxygen at room temperature, (c) foufive layered gold islands after exposure of 40 L
atomic oxygen at room temperature. (d),(e),(f) Magation of a former two, three or four layered
gold island that is oxidized by 40 L O, respedyivdunneling conditions: U =1.1-12V,1=1.0
nA.
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From this series of STM images, the following cosabn is drawn:

With increasing thickness of the former gold isand the number of fragmented gold
oxide nanoparticles decreases whiletheir lateral sizeincreases.

The STM images show the thickness depending oxiddtehavior of the gold islandsf(
figure 5.3-1a-§. The corresponding magnifications of the respectoxidized surfaces
elucidate these thickness dependent morphologiogasa(f. figure 5.3-1d)t After dosage of
40 L atomic oxygen to two layered gold islandé figure 5.3-13 nanopatrticles are formed
that are completely separated from each other.okigation of three layered gold islana. (
figure 5.3-1¢ leads to particles that are still connected tcheather. For even thicker gold
islands £ four layers) the exposure of 40 L atomic oxygemgufficient to either form a
single gold particle, or to fragment the gold islanto a network of connected nanoparticles
(cf. figure 5.3-1}

Although the resulting morphology is differentsiiould be noted that further oxidation of the
three or four layered islands also leads to sepadra@noparticles but with larger size.
Therefore not only the size and the amount of tnenéd nanoparticles depend on the former
island thickness, the rate of the Au oxide/Au nambples formation is also thickness
dependent.

The corresponding Au 4f XPS data indicate thateheigger particles also consist of Au
oxide and metallic Au (not shown due to its similato the previously shown spectra in
figure 5.2.1-1f'°. In principle, with high resolution XPS measuremseof the oxidized Au
nanoparticles it would be possible to determine #meount of the formed Au oxide,
depending on the Au nanoparticle size. Also furttezonvolution of the Au 4f signals would
be desirable to determine the influence of thelfstate effects on the one hand and to
distinguish between the different gold-oxygen spedn the fragmented Au nanoparticles on
the other hand. However this quantitative evalumatbthe amount of formed Au oxide was
beyond the scope of this work.

In the following a more detailed description of tedation of three layered and four layered
gold islands will be presented. Especially the rhotpgic changes during the oxidation
process will be elucidated by stepwise increashmy amount of atomic oxygen at room

temperature.

® The XPS data is not shown, because the Au 4f spkadk similar to the previously presented datarfr
figure 5.2.1-1e.
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5.3.1 Incremental oxidation of three layered gsldnds

Successive exposures of atomic oxygen (5 L, 10LL.,240 L, 80 L, 150 L, and 250 L) were
introduced to three layered gold islands at roommperature. With ex-situ STM

measurements a deeper understanding of the prescedésthe atomic level during the

oxidation were gainecf. figure 5.3.1-1L

Figure5.3.1-1: All STM images illustrate a surface area of 100>n&00 nm. (a) 0.5 ML Au deposited
at 700 K on the (2x1)O precovered Ru(0001) surfégeb, (c) 10, (d) 20, (e) 40, (f) 80, (g) 150dan
(h) 250 langmuirs of Odosed to the three layered gold islands, respelgtivntil 80 L of O only
oxidation and fragmentation of the gold islandwvisible (b—f). At higher dosages of atomic oxygen
(9, h) the morphology of the fragmented Au nanoglag does not change furthermore. Instead the
oxidation of the Ru(0001) substrate is more prormedn(highlighted in h). Tunneling conditions: U =
11-12V,1=0.7-1.0nA.

Compared to the oxidation of a two layered goldndl ¢f. figure 5.3-1a,dpage 82), this
series of STM images evidences that higher expssofeatomic oxygen are necessary to
form separated Au oxide/Au nanopatrticles from anfer three layered gold island. Between
total exposures of 40 to 80 L O” the fragmentatbmost of the three layered gold islands
into separated nanoparticles is completef{gure 5.3.1-1end5.3.1-1j. A closer inspection

of the STM images reveals the simultaneous oxidatiothe gold islands from on-top and at
their sides: The oxidation at the side is visibjetlire continuous loss of the hexagonal shape
of the gold islandscf. figure 5.3.1-1d)e while the oxidation from the top is visible byet
formation of cracks and holes in the gold islanfl {igure 5.3.1-1b-d These cracks are
enlarged at higher dosages of atomic oxygen leadins§y to a network of connected

nanoparticlesdf. figure 5.3.1-1d)e followed by the complete separation of the nambges
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(cf. figure 5.3.1-Df Between an exposure of 100 L and 250 L atomyger €f. figure 5.3.1-
1g and 5.3.1-1h respectively), the size of the separated nanicpestdoes not change
furthermore. This leads to the suggestion thabthidation of gold is saturated. By assuming
a core shell structure for the oxidized gold namiiglas, the formation of the covering As
shell inhibits further oxidation of the gold coreedto the lack of exposed metallic gold atoms
to the atomic oxygen. At dosages of 80 L atomicgexythe oxidation of the ruthenium
surface becomes noticeable by the formation of Ismatlenium oxide nanoparticles on the
terraces ¢f. figure 5.3.1-1f At higher dosages of atomic oxygen (150 L to 250the
oxidation of the Ru(0001) terraces is now favorefd figure 5.3.1-1g,h For comparison: to
form similar concentrations of these small Ru€usters on the bare Ru(0001) surface,
significant lower amount of atomic oxygen are neede. 10 L O" to 20 L O*%"?% Thjs
observation confirms the interpretation that mdshe dosed atomic oxygen first oxidizes the
gold islands (< 80 L O"). The oxidation of the RMQ) surface starts after most of the
covering gold oxide shell is already formed, theaving decreasingly amounts of metallic
gold atoms left on the surface for the oxidatiohefefore the oxidation of the gold islands
and the fragmentation into nanoparticles dependteravailability of metallic gold atoms,
which itself strongly depends on the degree of fragtation and the size of the formed

oxidized gold nanopatrticles.
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5.3.2 Incremental oxidation of four layered golmgls

To further elucidate the thickness dependent oxidathicker gold islands>(4 layers) were
exposed to successive amounts of atomic oxygen {®L, 20L, 40L, 80 L, 150 L, and 250
L) at room temperature. STM measurements were ipeeid to monitor the morphologic

changes of four layered gold islands due to theutation €f. figure 5.3.2-1
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Figure5.3.2-1: A series of STM images (100 nm x 100 nm) dispheysxidation of four layered gold
islands at room temperature by increasing amourfitatomic oxygen: (a) clean Ru(0001)-(2x1)O
surface; (b) 0.4 ML of Au deposited at 800 K; (d),5e) 10 L, (f) 20 L, (g) 40 L, (i) 80 L, (j) 120
and (k) 250 L of atomic oxygen. During oxidation frmgmentation into several nanoparticles was
observed, instead the transformation of single gslands into one bigger nanoparticle occurred at
higher dosages of atomic oxygen (j, k, I) simultarseto the oxidation of the Ru(0001) substrate.
From the line scans (d, h) the shoveling of Au atoéanthe rim of the islands during the oxidation
becomes evident. Tunneling conditions: U = 1.12\,.1 = 0.8 — 1.0 nA.

From this series of STM images the differences betwthe oxidation of thinner gold islands
(cf. three layered gold islandsgure 5.3.1-) and these thicker gold islands.(figure 5.3.2-
1) becomes evident. To form separated gold oxid®peanicles, approximately 80 to 150 L

O” of atomic oxygen is neededf( figure 5.3.2-1liand 5.3.2-1). Therefore more atomic
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oxygen is necessary to form separated nanoparsticeapared to the oxidation of three
layered gold islands.

The oxidation process of the four layered goldndiis different from the oxidation of the
three layered gold islands: Neither the formatibdeep cracks and holes nor a fragmentation
of the island into many nanopatrticles is observdblefigure 5.3.2-1e-g Instead the four
layered gold islands already lost their hexagohalps after exposure of 40 L atomic oxygen
(cf. figure 5.3.2-1e)g STM images and corresponding line scans illtstthat most of the
oxidized gold is shoveled to the top of the Aunslact. figure 5.3.2-1c,d)e With ongoing
oxidation (20 L to 40 L O"), the shoveled gold atoagglomerate at the rim of the island,
thus leading to the shape of a volcano-like islsindctures ¢f. figure 5.3.2-1gand5.3.2-11).

At even higher exposures of atomic oxygen (80 — 15@°) very few but big gold
nanoparticles are formedcf( figure 5.3.2-1i. The four layered islands are directly
transformed into single big nanoparticles, becawss&agmentation of the gold island occurs.
Again the oxidation of the ruthenium surface statthigher exposures of atomic oxygen (
150 L O)) €f. figure 5.3.2-1i-k after most of the gold islands are already @ddi and

transformed into nanoparticles.
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5.3.3 Statistic evaluation of the gold nanopartieeght

By line scan analysis in the STM images, the heigihthe fragmented three and four layered

gold islands are obtained and presented in thewallg histogramscf. figure 5.3.3-L
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Figure 5.3.3-1: Statistics of the gold nanoparticle thickness etioh with increasing exposures of
atomic oxygen. Starting from three layered goldnsls (red distributions, left) or four layered gold
islands (blue distributions, right), the heighttbk formed gold nanoparticles increases steadibj wi
increasing dosages of atomic oxygen. In both casasiration at around 2.6 nm is obtained after

exposure of 250 L atomic oxygen.
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Starting from a very narrow height distribution fine three (~ 6.3 A) and the four layered
gold islands (~ 8.4 A), the thickness of the rdsgltseparated gold nanoparticles is
significantly higher. Although the thickness of theld islands was different, the height of the
formed nanoparticles is similar. After a total espie of 250 L atomic oxygen, the thickness
of the formed gold particles saturates around 2&itA a relative broad height distribution of
+5 A. It should be mentioned that, although the panticle height is similar for an oxidized
three layered or four layered gold islands, the @amhof formed nanoparticles and their lateral
size differ significantly. A three layered gold aeld is fragmented into more gold
nanoparticles that are smaller than the nanoparficmed by oxidation of a four layered gold
island. They are either fragmented into very fevgger nanoparticles or completely
transformed into one single big nanoparticle. A®sult, the oxidation of the three layered
gold islands leads to a higher surface to voluntie td gold on the surface than the oxidation

of four layered gold islands.
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5.3.4 Oxidation of thick Au islands grown on R(T10)

While thinner gold islands are fragmented into mmawticles upon exposure of atomic
oxygen, thicker gold islands (> 5 layers) are eitihhansformed into only a single oxidized
gold nanoparticle or seem to stay mainly unaffeckedood example is the oxidation of the
hexagonal or the cuboid islands deposited on Rwhich are 7-12 or 11-22 layers thick,
respectively ¢f. figure 5.3.4-1 For oxidation of these thick islands, 40 L obraic oxygen

were dosed at room temperature.
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Figure 5.3.4-1: Oxidation of 0.5 ML gold deposited on R(I10) by dosing 40 L O" at room
temperature. STM image area range: (a) 300 nm x 800 (b) 150 nm x 150 nm. The former
hexagonal islands are now round-shaped, while ti@oi islands are still recognizable. Only their
corners are slightly rounded. (c) The line scanstrates the shape of the oxidized gold island. (d)
XPS data of the Au 4f signal area shows the padiatiation of the gold islands, i.e. gold oxide
signals evolving at higher binding energies white tAu 4f signals for metallic gold decreases.
Tunneling conditions: U =1.1V, | = 1.0 nA.

The STM images show round-shaped islands thatcarallg distributed over the Ry(110)

surface after the exposure of 40 L atomic oxyge#nfigure 5.3.4-1ab No fragmentation of
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any of these thicker islands is observed on théaser While the former hexagonal islands
lost their former shape, the cuboid islands cdhlstirecognized by their overall shape. Only
a slight chamfer of the cuboid island corners sble cf. figure 5.3.4-1p From STM, no
reaction of the underlying Ry(10) film with the exposed atomic oxygen has been
observed. The partial oxidation the hexagonal armbid gold islands is confirmed by XPS
(cf. figure 5.3.4-1¢ The Au 4f signals for oxidized gold (e.g. A) located at higher
binding energies are visible as well as the deereathe metallic gold signal intensity at 84.0
eV and 87.7 eV, respectively.

Evidently the oxidation of the hexagonal gold islaroccurs mainly at the corners of the
islands and therefore at the island sides. Fronfiasteformation of roundly shaped islands, it
is assumed that the oxidized mobile gold atomshateexclusively shoveled to the top of the
islands. With island heights up to 5 nm, the islames are considered as larger facets of
gold, i.e. a different crystallographic orientatiohgold. With increasing height of the gold
islands, it is possible that the mobile gold at@ais® start to agglomerate at the island sides,
thus facilitating the rounding of the gold islandsline scan of an oxidized gold island shows
droplet like form, which confirms the shoveling gbld atoms to the top of the former
metallic gold island. However the height of appmately 3.5 nm reveals only a rather small
increase of height due to the agglomeration of galdms on-top of the island. For
comparison: the four layered gold island thickniesseased from 8.4 A to about 17 A after
exposure of 40 L atomic oxygen, thus evidently shgwhe shoveling of gold atoms to the
top of the gold island. In case of the already whigk gold islandsdf. figure 5.1.3-3page
72) on Ru@, this increase in height is significantly loweathone would expect if all the
oxidized gold atoms are transported to the top sidthe gold island, too. Therefore it is
assumed that either these thicker gold islandsw®@®10) are significantly less oxidized by
the 40 L O7, or the oxidized atoms do not exclugiagglomerate on the top of the island. An

agglomeration of the oxidized and mobile gold atanthe island sides may also be possible.
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5.4 Oxidation of gold films

5.4.1 Oxidation of thin gold films by atomic oxygen

After the investigation of the thickness dependeadiation of thin gold islands grown on the
Ru(0001) surface, one major question is still nkicidated: Is the ruthenium substrate
involved in the gold oxidation and island fragmeiota process? To deal with this particular
question, thin and wetting films of gold were pnegzhon the oxygen free Ru(0001) surface.
By covering the complete Ru(0001) surface, the sdm® of atomic oxygen at room
temperature can solely oxidize the gold film, itee direct influence of the Ru(0001)
substrate on the oxidation and fragmentation poeexcluded. However, the influence of
the underlying ruthenium substrate on the chenpoaperties and the electronic structure of
the thin gold films (or islands) remain elusive.

The oxidation of the thin gold films was carriedt @t room temperature by the exposure of
atomic oxygen, which has been produced from a thkegas cracker-igure 5.4.1-1shows
Au 4f spectra and STM images of the oxidation 8fML gold film'’ by 40 L O".

As described previously, the deposition of goldoaggen free Ru(0001) at 700 K leads to the
formation of wetting films of gold on the rutheniusarface. However these covering films
exhibit several holes, thus exposing still soméhefunderlying Ru(0001) surfacef.(figure
5.4.1-19. This is explained by residual oxygen, which coulot be removed during the
cleaning process of the Ru(0001) single crystafaser Although the gold film is not
completely covering, the two-dimensional growth gild on this oxygen free Ru(0001)
surface is evident. By the holes in the gold fithe final height of the grown gold layer could
be confirmed by STM line scan analysis. The morpgwlof the covering 2 ML thick gold
film changes to separate gold nanoparticbésfigure 5.4.1-1ylafter the exposure of 40 L O".
The oxidation of the gold film is monitored by XRS. figure 5.4.1-1a By STM the former

holes in the gold film are still recognizable aftiee oxidation and the fragmentation process.

" The preparation of gold films and its morphologyrathenium has previously been described in cha&plie2
(cf. page 67ff).
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Figure 5.4.1-1: XPS data of the Au 4f region (a) and the serieSTa¥l images ((b),(c),(d): 150 nm x
150 nm) evidently show the oxidation of the 2 Mh told film by the dosed atomic oxygen at room
temperature. Similar to the oxidation of thin gadklands, the exposure of atomic oxygen, the
morphology of the covering gold film changes tcasafed oxidized gold nanoparticles. (b) The clean
and oxygen free Ru(0001) surface; (c) Covering 2tMh gold film formed at 700 K; (d) Oxidation of
the gold film by exposure of 40 L O” at room terapee. Tunneling conditions: U=0.7-1.0V, | =
0.1-1.0 nA.
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Figure 5.4.1-2: Peak deconvolution of the Au 4f region to display formation of gold oxide due to
the fragmentation process of a 2 ML gold film thais exposed to 40 L O at room temperature. The
red XPS-fit nicely matches to the XPS data of théfAegion. The Au 4f signals shifted by 1.7 eV to
higher binding energies are assigned to gold oxégecies (e.g. AQ@s). Therefore the formed
nanoparticles evidently consist of metallic goldaas| as oxidized gold.

The peak deconvolution of the Au 4f signals evitlenlustrates the oxidation of the gold
film (cf. figure 5.4.1-2 Shifted by ~ 1.7 eV to higher binding energighg evolving Au 4f
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signals ¢f. figure 5.4.1-2 light blue signals) are assigned to oxidized g@il,0Os).
Simultaneously the Au 4f signals for metallic gal@ decreasingf. figure 5.4.1-1a

The deconvoluted Au 4f XPS signals indicate thasénanoparticles have a similar structure
and morphology as the previously described goldoparticles that are formed by the
oxidation of thin gold islands. Also the fragmeidat process and the morphology of the
formed separated gold nanoparticles are similahéonanoparticles formed by oxidation of
equally thin (2 ML) gold islands. Due to these ¢amiies the fragmentation process is
thought to be independent on the lateral size ®fgihld island or the amount of the exposed
Ru(0001) surface.

Thermal reduction of the gold nanoparticles wa$goered by annealing the fragmented gold
film to 700 K for 15 min ¢f. figure 5.4.1-3 XPS measurements (not shown) reveal the
increase of the metallic gold signals, while thgmais for gold oxide (Au 4f at 85.7 eV and
89.4 eV) disappear. STM images show that no complegtting gold film on ruthenium is
formed during this thermal reduction. Instead maeyagonal gold islands are distributed
over the surfacecf{. figure 5.4.1-3 This island formation is assumed to be inducgdab
formed oxygen overlayer on the Ru(0001) surfaceirguoxidation most of the ruthenium
substrate stays covered by gold, even after thexdde/Au nanoparticle formatioref( figure
5.4.1-1d. So where does the oxygen for the overlayer of@®il) come from?

During this thermal reduction at 700 K, the goldmas are mobile on the ruthenium surface.
By annealing the fragmented nanoparticles to 70@h& gold oxide decomposes, thus
releasing the oxygen. The oxygen atoms can eitlffesd and bind to the ruthenium substrate
or recombine and desorb as molecular oxygen froengibld. Cuenya et al. suggested an
oxygen spillover mechanism from oxidized gold naartiples to the underlying, partially
reduced TiQ substrate surface as a possible decompositiorwpstff! With the strong
oxygen-ruthenium binding as a driving force, therthal reduction of the gold oxide
nanoparticles on Ru(0001) is assumed to proceeddmmilar oxygen spillover process. TDS
experiments of different oxidized gold surfacesHar support this suggestion: As already
presented in table 1.2-1 the decomposition of galides occurs at lower temperatures than
desorption of chemisorbed oxygen from gold (cf.ptha 1.2)%8% Even if some oxygen
immediately desorbs during the decomposition prmdéss assumed that most of the oxygen
atoms diffuse to the ruthenium surface where thmynfa strongly bound chemisorbed
oxygen species. As previously described, the metglhld does not tend to bind to the
oxygen covered Ru(0001) surface. Therefore theeasing amounts of chemisorbed oxygen

on Ru(0001) leave less space for the metallic goldewet the surface. As a consequence

94



thick hexagonal gold islands (6 to 9 layers) aremfed besides a compressed oxygen
overlayer on Ru(0001).

The applied temperature of 700 K during this thérmeluction process excludes the
desorption of gold from the Ru(0001) surface, whatttur at temperatures above 1200
K 1165186 Tharefore the former 2 ML gold film has been comtgly rearranged to these thick
hexagonal gold islands by this reduction proceddm.reform a wetting gold film on

ruthenium it is necessary to remove the oxygen layer. This could be achieved by

reduction at higher temperatures in a reductiveoaprhere (i.e. CO or M)

Figure 5.4.1-3: The STM images ((a) 300 nm x 300 nm, (b) 140 A#Oxnm, (c) 60 nm x 60 nm)
show the thermal reduction of the oxidized goldapamticles, which was accomplished by annealing
the surface to 700 K in vacuum for 15 min. The g®leeduced and rearranged into broad and thick
Au islands (6 to 9 ML). Thick thickness of the gsldnds is significantly higher than the thickne$s
the former gold film (2 ML). Because the annealiemperature of 700 K is much lower than the
desorption temperature of gold from ruthenium iagsumed that the gold from the nanopatrticles is
completely transformed to the hexagonal islandso®ygen spillover process from the decomposing
gold oxide to the ruthenium surface is suggestduclwform an oxygen overlayer on the Ru(0001)
surface to whom the metallic gold less tends tal.binstead of rewetting the ruthenium surface and
forming a thin gold film, the gold coalescenceghree-dimensional hexagonal islands. Tunneling
conditions: U=09-1.2V,1=1.0nA.
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5.4.2 Thickness dependent oxidation of gold films

Gold films with variable thickness were prepared amoxygen free Ru(0001) surface, to
further investigate their oxidation behaviéigure 5.4.2-1shows a series of STM images of
oxidized gold films depending on their former tmelss after an exposure of 40 L atomic

oxygen at room temperature.
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Figure 5.4.2-1: The STM images (150 nm x 150 nm) show the oxidatiggold films with different
thickness after exposure of 40 L of atomic oxygeB08 K. Similar to the oxidation of thin gold
islands, the degree and the rate of fragmentatiodently depends on the former film thickness. dor
2 ML thick gold film the complete fragmentationoimanoparticles is visible ((a), (b)) while for a 3
ML thick gold film a network of connected particlsformed ((c), (d)). The oxidation of very thick
gold islands (more than 100 layers thick) is simi@ the Au(111) single crystal oxidation ((e),)(f)
Tunneling conditions: U =0.7-1.1V, 1=0.2 -0DhA.

After the exposure of 40 L atomic oxygen to a tagered gold film ¢f. figure 5.4.2-1pat
room temperature, separated nanoparticles are ¢bonehe surface. In the case of a three
layered gold film ¢f. figure 5.4.2-1t a network of connected nanoparticles is obserabe
The formation of separated gold nanoparticles awodnected nanoparticles, due to
fragmentation of a two layered and three layereld §oms, respectively, is similar to the
fragmentation of two and three layered gold islamts only are the oxidation mechanism of
gold islands and films evidently the same (i.e.gfn@ntation and formation of small
particles), in fact they show the same resultinggpess in fragmentation depending on the

former thickness of the metallic gold. The corresgfing line scans confirm the similarities to
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the oxidation of two and three layered gold islamdth heights of about 17 A after the
dosage of 40 L O’cf. figure 5.4.2-1b,d This increase in height also indicates a shaogeli
process of released gold atoms to the top of tHd filon. Moreover the oxidation and
fragmentation of thin gold layers does not necéysaeed rims or step edges. Evidently gold
atoms can be released directly from the top gotdrlavhich leads to defect sites from whom
the disruption of the gold film can proceed. Thegrde of fragmentation of the thin gold
layers is assumed to depend on the number of sutedl disrupting defect sites.

In figure 5.4.2-1ethe oxidation of a very thick gold island (> 10@Mu) is depicted. The
oxidation shows the typical morphology that is alsable after oxidation of a Au(111) single
crystal surfac&® For these thick Au layers, no fragmentation ottiper formation occurs.
Instead its surface starts to roughen by 2-Zf flgure 5.4.2-2f which is consistent to the

observed roughening of the Au(111) single crystafese!®®
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5.5 Proposed mechanism for the fragmentation psooéghin gold

islands and films

The combined results of STM and XPS show the tle@skndependent oxidation behavior of
thin gold islands and films. During oxidation theldjislands fragment into nanoparticles that
consist of metallic gold as well as gold oxide.gksviously discussed, the formation of core-
shell structures for these small nanoparticlesgessible interpretation based on the XPS data
and similar interpretations in the literature fartgally oxidized gold nanoparticlé€:"! The
formed gold nanoparticles, due to fragmentatiothof gold films or islands, are assumed to
consist of a gold oxide shell covering the metailice. After a completely wetting oxide shell
is formed, no metallic gold is exposed to the gaasp and further oxidation by the atomic
oxygen is inhibited. This is shown by the STM imsgehere the morphology of the
nanoparticles does not change further on, afteri@io amount of atomic oxygen was dosed
and the formation of separated nanoparticles wasptaied. Instead the oxidation of the
ruthenium substrate is more and more favored aedRb(0001) steps and terraces are
decorated by small Ry(articles.

The STM experiments lead to the following genewaisiderations: After an exposure of 40 L
atomic oxygen at room temperature, a sinie island € 3 layers)is fragmented into
severaloxidized gold nanoparticledn contrast, a singléhicker island (4 layers)which
contains the same amount of gold as the thinnandslis now transformed into onlyfew
nanoparticlesthat are still connected to each other, but sépathigher dosages of atomic
oxygen. Even thicker gold islands 5 layers)are transformed into one single big gold
nanoparticle. These nanoparticles are usuallydbyelarger and contain more gold than the
nanoparticles formed after the fragmentation airkr gold islands.

In the following an oxidation mechanism will be gegted to describe the thickness
dependent fragmentation process. For this oxidatimechanism a mobile gold-oxygen
species needs to be introduced. The existenceabf aumobile Au@ precursor species is
based on the literature of the Au(111) single alyskidation: During the oxidation of the
Au(111) single crystal surface undercoordinateddgatoms are produced, leading to a
roughening of the surface with ongoing oxidaffGri®°*1%8-Unduced by atomic oxygen,
single gold atoms are released from the gold serfacform a mobile Au@specied®” "
These AuQ species are determined to be the precursors, whralm gold oxide structures

with ongoing oxidatiort:>*%>7]
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Figure 5.5-1shows a schematic illustration of the suggestezkiless dependent oxidation

mechanism of thin gold structures at room tempegatu

Thin Au island or layer £ 3 ML Thick Au island or layer > 5 ML

o o

o
o
o

(@) o
- O
ﬁ@' Bhoocood
f ‘ A/\) /— —\/DA NV Y AN &;{
OO 0000000000 u00. O Y / D D& Si& \( \/ & ;S Av NYXY
NV AN ANAAAN A )
XX XXX 0000666660666 60) X

Ru(0001) Ru(0001)
] o
) o
) o o o
o o o

o 0
o

Q
00000
X005

Secssssrecsssses
Ru(0001)

Ru(0001)

o atomic oxygen O  oxidized gold
() metallic gold Q0P mobile AuO species

Figure 5.5-1: Schematic illustration of the proposed oxidationchamism of thin gold islands (or
films) by the exposure of atomic oxygen at roonpé&ature via a shoveling process of mobile gold
atoms. By adsorption of atomic oxygen at room teatpee single gold atoms are released from the
gold surface, thus forming a mobile Au@ecursor species (here illustrated as AuGeveral AuQ
precursors form a Au oxide, which covering metailidd atoms. Because the mobile Ap@ecursors
are assumed to be unstable on the Ru(0001) surfaddized gold atoms are expelled from the
AuU/Ru(0001) interface, which results in the fragtagan of the island. The degree of fragmentation
for thin gold islands< 3 layers) is high because the formation of Ap@cursors at the Au/Ru(0001)
interface is more probable compared to thicker geldnds (> 4 layers). With increasing thickness of
the gold islands (or films) the probability of forch AuQ precursors at the interface decreases, thus
prohibiting the fragmentation.

At room temperature the atomic oxygen adsorbs eririm gold islands. If two oxygen atoms
bind to a single gold atom, the mobile Aufrecursor species is formed and the gold atom
can be released from the gold island. Generallerombrdinated gold atoms can be oxidized
easier by atomic oxygen than highly coordinatedl giibms due to a higher reactivity. As a
consequence the steps and defect sites of gofdiskre preferentially attacked by the atomic
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oxygen. By generating a defect in the flat terrbgeaeleasing a single gold atom, additional
AuOy precursors are formed at these new defect sitéiseblyighly reactive atomic oxygen.
These precursors are able to diffuse over the gtdthd surface due to its high mobility at
room temperature. By a nucleation and growth pe¢kes mobile Au@ precursors start to
arrange themselves to a covering Au oxide on thialfieeAu islands. In principle gold oxide
could also bind to the Ru(0001) surface. But if thebile AuQ precursor stays on the
ruthenium surface its stability is assumed to desmedramatically. By comparing the weak
Au-O binding and the strong Ru-O binding it is @@able that the mobile AyCprecursors
should decompose rather easy on the metallic Raj0f@face. The instability of the AyO
precursor on the Ru(0001) surface is assumed théeeason for the fragmentation of the
thin gold structures into oxidized gold nanopaetsc|Starting from defect sites, the additional
atomic oxygen induces the penetration into thenaslay shoveling the mobile precursors onto
the upper layers of the metallic gold island (bmji

For thin gold structures the continuous shovelihgw atoms leads to the formation of AuO
precursors at the interface. An extreme examptadsoxidation a single monolayer of gold
on Ru(0001). By the exposure of atomic oxygen, A, precursors would be formed
immediately at the interface. The amount of goldna that have to get oxidized and
shoveled on top of the metallic gold islands, befauQ, at the interface is formed, increases
with increasing thickness of the gold structurelserfore larger amounts of atomic oxygen
are necessary to produce separated gold nanopartithis becomes evident by comparing
the oxidation of two and three layered gold islanwisere 40 L and 80 L O" are needed for
the formation of completely separated nanoparticlespectively. Besides the rate of
fragmentation, the degree of fragmentation is alssumed to critically depend on the AuO
formation probability at the interface. If many AuQ@recursors are formed during the
oxidation the degree of fragmentation and the armotithe formed nanopatrticles is higher,
too. For thicker gold structures (5 layers) the penetration into the gold layersnat
sufficient to form AuQ species at the interface. As a consequence theealegf
fragmentation is much lower and larger particles farmed. In case of the oxidation of a
thick gold island, its transformation into one Ipigrticle is more likely than a fragmentation
into several smaller particles.

So the amount of formed AuOy precursors at the interface determines the degree of
fragmentation of a single island and therefore the amount and the size of formed

oxidized gold nanoparticles.
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5.6 Activity of the oxidized gold nanoparticles

5.6.1 Transient activity of the oxidized gold naadjzles

To get a first impression about the activity of tteemed gold nanoparticles, reduction
experiments were performed with CO at room tempegatBy these experiments a transient
activity of the oxidized gold nanoparticles towai@d® conversion is investigated. At first,
oxidized gold nanoparticles were prepared by dodidd. atomic oxygen to a 2 ML thick
gold film. These Au oxide/Au nanoparticles wereuesdd by dosing 100 L CO (p(CO) =
1-10"" mbar, 15 min) at room temperature. Usually theicédn experiments were conducted
immediately after the formation of the oxidized djolanoparticles due to the metastability of
gold oxide. Chen et al. determined a half-life tioie22 hours for ApOs at 22 °C in air. This
slow decomposition over time is neglected for tauction experiments by CO, which were
conducted at a much shorter timescale (15 minutes).

Figure 5.6.1-lillustrates the reduction of the formed oxidizeoldgnanoparticles by the
respective XPS measurements. After exposure ofL10® at room temperature {Tycle)
the Au 4f signals for metallic gold increase whilee Au 4f gold oxide signals decrease
significantly €f. figure 5.6.1-1red curve). After this reduction, a reoxidatioasaperformed
by again dosing 40 L O” to the surface (XPS spextedogous tdigure 5.4.1-1and therefore
not presented here). Afterwards a second reduttyohO0O L CO at room temperature was
conducted (¥ cycle) ¢f. figure 5.6.1-1blue curve). This reoxidation and reduction of th
gold nanopatrticles is nicely observable on thedasithe shifted Au 4f signals (at 85.6 eV
and 89.2 eV), which increase after treatment withméc oxygen and decrease after exposure
of CO, respectively. However the Au 4f signals aftee second oxidation-reduction cycts. (
figure 5.6.1-1 blue curve) differ from the Au 4f signals that remeasured after the first
reduction ¢€f. figure 5.6.1-1red curve). This decrease of the total Au 4f gigntensity, with
continuing oxidation and reduction cycles, can xjglaned by an increase of the nanoparticle
thickness.

The peak deconvolution of the Au 4f signals reveladd the reduced nanoparticles may still
consist of some gold oxide (signals at 85.6 eV &@ eV in inletcf. figure 5.6.1-1 From
literature it is known that CO reduces only theeoydart of thicker gold oxide shells at room

temperature, thus leaving the deeper layers of gxilde uneffecte?
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Figure 5.6.1-1: Au 4f XPS data of a 2 ML Au film prepared on theae Ru(0001) surface (black
curve). After the oxidation by 40 L O at room tengpure subsequent reduction by 100 L CO was
done and monitored (red curve). A second cycleximfation (40 L O") and reduction (100 L CO) of
these nanoparticles is also illustrated (blue corvighe inlet shows the Au 4f peak deconvolutioer aft
the second oxidation and reduction cycle. The gmesaks Au 4f signals in the inlet are assigned to
metallic gold while the orange signals (at 85.6a\ 89.2 eV) can either be assigned to gold oxide o
to final state effects from the nanoparticular foofithe reduced gold. The overall decrease of the A
4f signal intensity is an indication for the incesaof the gold nanopatrticle size.

Because the gold nanoparticles remain their shéipe this reduction proceduref( figure
5.6.1-2¢9, these small Au 4f signals (at 85.6 eV and 8% @uld also be assigned to final
state effects of the nanoparticular gold. Becausdd gxide is metastable, it is possible to
determine if these small signals are either relt&tea buried oxidized gold species or to final
state effects. For this the slow decomposition @l gxide in vacuum has to be monitored
with XPS for several days. However, this experimeas not done and the nature of these
small signals remains elusive.

The STM measurements reveal that no obvious moogimlchange appears after the
exposure of 100 L CO at room temperatucd. figure 5.6.1-2c to the Au oxide/Au
nanoparticles df. figure 5.6.1-2a Evidently, the gold nanoparticles remain theuemll
droplet-like shape on the surface at these redudcomditions. This is explained by the low
mobility of the metallic gold atoms at room tempgara, which inhibits a restructuring of the
reduced nanoparticles to thin gold islands or filihss assumed that an additional annealing
step to 700 K is assumed to lead to the formatiogotd islands or films. The subsequent
reoxidation by 40 L O" does not noticeably chartge morphology of the nanoparticles. (
figure 5.6.1-2¢
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The STM images support the previous conclusion eersibility between oxidized and
metallic gold nanoparticles, which can be obtaingtiout losing the dispersion by reduction

and oxidation cycles at room temperature.

oxidation by 40 L O" at 300 K

16.1 A

Number of counted heights @

0 5 10 15 20 25 30 35
Height / A

reduction by 100 L CO at 300 K

17.7 A

S 'Y

0 5 10 15 20 25 30 35
Height / A

Number of counted heights |§|

=

reoxidation by 40 L O at 300 K

12

20.0 A

Number of counted heights

0 |5 1|O 15 20 2‘5 3IO 3|5

Height / A
Figure5.6.1-2: STM image and height distribution of formed gaddiaparticles after oxidation of a 2
ML gold film by 40 L atomic oxygen at room tempearat ((a),(b)). The reduction of these
nanoparticles was accomplished by dosing 100 L €@a@m temperature ((c),(d)). The reoxidation of
these particles was done by dosing again 40 L @haametallic nanopatrticles ((e),(f)). The dispsrsi
of the nanoparticles is remained by the reductibmo@m temperature (c). The increase in particle
height (cf. (b),(d)) after reductions is assumedbéoa tip effect in STM. With the different elecito
structure of metallic gold and oxidized gold nandjg#es, their height is not equally described by
STM. But with each oxidation cycle, the thickndgh® nanoparticles increases (b),(f). This confirm
the interpretation of the decreasing Au 4f totainsil intensity ¢f. figure 5.6.1-). All STM images are
in the range of (300 nm x 300 nm); the height dhistions are determined by line scan analysis ef th
nanoparticles. Tunneling conditions: U =0.9 — ¥11 = 0.8 — 1.0 nA.
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However statistical analysis reveals an increasemgpparticle height with each oxidation and
reduction cycle @. figure 5.6.1-2band5.6.1-2j. This slight increase in nanoparticle height
confirms the previous interpretation of the dedrea#\u 4f signal intensity irfigure 5.6.1-1
With more three-dimensional gold nanoparticles loa surface, less gold is detected due to
the limited depth information of XPS. The heighttbe reduced nanoparticlesf.( figure
5.6.1-29 is unexpected, but will be explained in the faling: With an average thickness of
about 16.1 A prior to the reductionf( figure 5.6.1-2) the nanopatrticle thickness increases
further on to 17.7 A after the exposure of 100 L @® figure 5.6.1-2)1 However, the
reduced metallic gold nanoparticles should be snétlan their oxidized counterpart, due to
removal of oxygen from the particles and a smalkdtice constant for the metallic
gold'88%82 Therefore this increase in height is assumed ta tip effect. With different
electronic structures for the metallic and the @ad gold, the measured height in the line
scans does not only reflect the geometric struchutealso the electronic structure of the
nanoparticles. Because the same tunneling condition the metallic and the oxidized
nanoparticles were used, the influence of the et structure on the nanoparticle height
becomes evident, i.e. the metallic nanoparticlegseap higher then the formed oxidized
particles, although a decrease of the nanopattieight was expected. Therefore the overall
increase in nanoparticle height is evident by caingananoparticles that have similar
chemical nature, e.g. the oxidized nanopartiaédigure 5.6.1-2land5.6.1-2j.

Figure 5.6.1-3schematically illustrates the morphologic changéshe gold nanoparticles
with continuing oxidation and reduction cycles. Tack arrows indicate the movement of
the gold atoms during the oxidation, based on tiegipusly described shoveling mechanism
(cf. chapter 5.5).

The proposed mechanism includes the following stafisr the oxidation of a thin gold film
(e.g. 2 ML) by 40 L atomic oxygen, oxidized goldhoparticles are formed that may consist
of a core(metallic Au)-shell(gold oxide) structuréhe exposure of 100 L CO at room
temperature induces a partial reduction, i.e. ¢inéyoxidized gold atoms exposed to CO are
reduced, thus leaving gold oxide atoms from deémpars uneffected. The reduction of the
nanoparticles is related to the removal of oxygethout further diffusion of metallic gold
atoms. As a consequence the nanoparticles retaindioplet like shape without rewetting
the ruthenium surface during this reduction at raemperature. The reoxidation by 40 L
atomic oxygen leads to even thicker nanopartidekeaexpense of their lateral expansion on

the Ru(0001) surface, i.e. gold atoms from the partale side are shoveled to its top. The

'8 The nearest neighbor distance between two golsafor fcc bulk gold is approximately 2.885 A.[1180]
In Au,0; the Au-Au distances are elongated to 3.3 — 3.B€£.[80,201]
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subsequent reduction by CO is again consideredheasetmoval of oxygen without further
diffusion of the metallic gold atoms, thus retamithe overall dispersity of the thicker
nanoparticles. By continuing such oxidation anduotidn cycles at room temperature, the
thickness of the nanoparticle increases steadily.

This increase may be an additional explanationtifier deactivation of gold nanoparticle
catalysts with ongoing oxidation reactions besitiesnanoparticle sintering process.

after 1° oxidation

Au film and reduction cycle
A AN AN AT
Ru(0001) Ru(0001)
after 2™ cycle after n" cycle
0 WA W W AN AN AN AN
Ru(0001) Ru(0001)

Figure 5.6.1-3: Schematic illustration of the proposed mechanisntHe increasing thickness of the
gold nanopatrticles with continuing cycles of oxidatand reduction at room temperature. Within this
mechanism the previously proposed shoveling mestma(df. chapter 5.5, page 98ff) is displayed by
the diffusion of oxidized Au atoms from the AuffRarface to the top side of the nanoparticle. The
resulting thicker particles after thé"rtycle are assumed to adapt a hemispherical moggyol
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5.6.2 CO oxidation by the oxidized gold nanopagscl

Many oxidized gold nanoparticles were prepared xpgosure of 40 L atomic oxygen to a 2
ML thick gold film at room temperaturecf( figure 5.4.1-1f CO oxidation was done by
simultaneously dosing molecular oxygen and carbonaride with a ratio of 10:1 to the Au
oxide/Au nanoparticles at 300 K. The CO pressure kept constant at-10"’ mbar while
oxygen was set to-10"° mbar during the CO oxidation.

The oxidation state of the gold nanoparticles wasitoredex situon the basis of the gold
oxide Au 4f signals (at 85.6 eV and 89.2 eV) befand after a total exposure of 100 L, 200
L, 300 L, 400 L, 600 L, 800 L and 1500 L CO, redpety. The corresponding amounts of
molecular oxygen are: 1000 L, 2000 L, 3000 L, 4@Q06000 L, 8000 L and 15000 L,
respectively. With an €CO ratio of 10:1 it is expected that the gold @xiflu 4f signals
remain constant if sufficient amounts of &e activated during the catalytic oxidation of.CO
As described in the literature, oxidized gold scefaand undercoordinated gold atoms show
an increased dissociation probability fos.[&§-1:5482

Figure 5.6.2-1summarizes the CO oxidation experiment by plotthegrelative integrated Au

4f signal areas of the gold oxide signals (at lmgdnergies 85.6 eV and 89.3 eV) against the
exposure of CO (black squaréd)For comparison the simple reduction of 1.6 nm (red
hexagon) and 2.0 nm (blue cross) thick oxidized ga@noparticles after exposure of 100 L
CO at room temperature is included, too.

During CO oxidation (@CO ratio of 10:1) the amount of gold oxide is @é=ging linearly
with continuing CO and ©exposures at room temperatucé figure 5.6.2-1black squares).

A linear fit (dashed green line) for the gold ox&lgnal decrease during the CO oxidation is
additionally plotted. A direct comparison betwebr CO oxidation experiment and the pure
reduction by CO is possible for the gold oxide algnafter a total exposure of 100 L CO.
After simultaneously dosing 100 L CO and 1000 k, @e integrated gold oxide signal
decreased to 84 % of its initial integrated golddexsignal value. For comparison, the pure
reduction (100 L CO) of gold oxide nanoparticleshasimilar height ¢f. figure 5.6.2-1red
hexagon) leads to a decrease to 39 % of its irgb&d oxide signal value. Evidently the gold
oxide layers are more stable with the excess ofemyn the gas phase than in the pure CO

environment.

!9 Despite keeping the oxidation parameters consthate was a slight variation in the resulting gokdde
signals of the as-prepared Au oxide/Au nanopasgiclde integrated gold oxide signal areas afteosuye were
divided by the integrated gold oxide signal arefithe as-prepared Au oxide/Au nanoparticles to antdor
this fact.
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Figure5.6.2-1: The decay of the integrated Au 4f gold oxide dgyat85.6 eV and 89.3 eV is plotted
against the total dosage of CO ang @spectively. For this plot the integrated goldde signals are
compared to those of newly formed Au oxide/Au namiges, i.e. the integrated gold oxide signal
area of the as-prepared Au oxide/Au nanopartictedafined as 100 %. The decrease of the gold oxide
signal during CO oxidation experiment with ag/@O ratio of 10:1 is presented (black squares). For
comparison, the simple reduction experiments byl1Q®D are used as a reference (red hexagon and
blue cross).

The Au 4f oxide signal decreases below 20 % oitial value over several hodfsof CO
oxidation. This signal decay is even more pronodriban what was observed for the case of
the pure reduction in CO. One possible explanaiothat the reduction of the upper Au
oxide layers by the 100 L CO at room temperaturedemplete and higher exposures of CO
are necessary for a complete reduction of the gride layers that are accessible by CO. The
second possible explanation for this distinct deseeof the gold oxide signal would be a
decomposition of the deeper gold oxide layers dutaé metastability of gold oxid& ™! To
identify the correct explanation, either CO redoictexperiments with higher exposures of
CO, or life-time experiments in vacuum could bedimted to investigate the metastability of
gold oxide.

Considering that CO reduces the gold oxide in tledRidation experiment as well as in the
CO reduction experiment, two explanations for thetdr reduction of the gold oxide species
in the pure CO environment are possible:

? The dosage of 1500 L CO was performed over a fien®d of 210 minutes.
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(1) The molecular oxygen from the gas phase is distutiy the undercoordinated
or oxidized gold atoms during the reaction. Thesaltsated oxygen then
subsequently reoxidizes the gold nanoparticles. édaw the reduction by CO is
assumed to be more favored than the reoxidatiothéyissociated £ which is
consistent with the linear decrease of the Au osideals. Otherwise saturation to
a constant Au oxide signal would have been expected

(2) The adsorbed £s poisoning the surface of the catalyst, thusifeathe CO less
adsorption sites to reduce the gold oxide sheliclwkeads to a slower reduction.
In general: @ binds stronger at step regions, defect sites amtkrngoordinated
gold atoms than on flat single crystal terrdé®¥! Therefore the undercoordinated
gold atoms of the oxidized nanoparticles facilithte adsorption of ©while the
adsorption of CO is inhibited.

With a gas ratio of 10:1 during the CO oxidatidre amount of CO adsorbing on the surface
is assumed to decrease approximately by one ofdeagnitude, if CO and ©£Ohave similar
sticking coefficients. As a result a reduction lo¢ tAu oxide/Au nanoparticles in the/OO
gas atmosphere should show similar results to tine gduction by 100 L CO (red hexagon),
if the surface is exposed to a tenfold higher amofil€O and @ (i.e. 1000 L CO and 10000

L O,). This hypothetical decrease is presenteiibire 5.6.2-1by the intersection point of the
dotted lines. The linear fit of the gold oxide sajdecrease (dashed green line) matches well
to this calculated intersection point, thus indivgia decreased adsorption probability of CO.
To differentiate between a possible catalytic afgtiof the oxidized gold nanoparticles and a
poisoning effect of @during the CO oxidation reaction, a thicker galthf(6 ML) and a
Au(111) surface were both first oxidized by 40 bratc oxygen, followed by an exposure of
oxygen (p(Q) = 1:10° mbaf?) for several hours at room temperature. If thenfed gold
oxides are able to dissociate fhe Au 4f signals at 85.6 eV and 89.3 eV shoulldegiremain
constant or increase over timéigure 5.6.2-2shows the change of the gold oxide Au 4f
signals depending on the &xposure.

L The applied oxygen pressure is equal to the oxpgessure during the CO oxidation experiments.
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Figure 5.6.2-2: Change of the gold oxide signal due to exposur@, @&t room temperature over time
for an oxidized gold film (red triangle) and a At{d single crystal surface (blue rhombus). For a
better comparison to the previous figure, the Aid@xsignal decrease during the CO oxidation
experiment (grey square) is also shown with theeetive amount of dosed.O

After keeping the gold oxide nanoparticles in®l@bar Q for 4 hours, the gold oxide Au 4f
signals decreased significantly, thus revealing reduction of the gold oxide. Keeping in
mind that Au oxide is metastable, the reductioniated infigure 5.6.2-2suggests that the
partial pressure of oxygen is too low to eithebsize or reform the gold oxide by dissociated
O,. A similar decrease of the Au 4f signals is obable if & is exposed to an oxidized
Au(111) surfacedf. figure 5.6.2-2blue rhombus). A slow decomposition of the gotdde in
UHV over time (4 hours) may be a possible explamafor the gold oxide signal decrease.
Another possibility to explain this signal decreasmuild be the reduction of the Au oxide/Au
nanoparticles by a reducing gas component. Exchaegetions of the dosed molecular
oxygen with different filaments in the chamber (igauges, x-ray source) and the chamber
walls could have released CO angihto the gas atmosphere, which then slowly redulked
gold oxide.

To conclude the question of a possible catalytiovigg for the Au oxide/Au nanoparticles,
CO oxidation experiments as well as @issociation experiments were conducted. Both
experiments showed a linear decrease of the goideo&u 4f signals upon continuous
exposure of CO/@or O,, respectively. In case of the CO oxidation de@ezshe gold oxide
signals is proportional to the CO exposure, indicp simple reduction of the Au oxide/Au
nanoparticles. The simultaneously doseddOes not reoxidize the gold nanoparticles, more

likely a poisoning of the catalyst surface by atiedrQ is assumed, which then extends the
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needed amount of CO to reduce the gold nanopati€las interpretation is confirmed by the
O, dissociation experiment where the gold surface Was$ oxidized by atomic oxygen,
which was followed by the exposure of @ further oxidize the gold by dissociation of the
molecular oxygen. Although a facilitated @issociation over oxidized gold surfaces has been
reporte®®> this could not be confirmed for the Au oxide/Awunpparticles presented in this
work. The linear decrease of the gold oxide signadlently illustrates the instability of the
oxidized gold nanopatrticles at the chosen reacttorlitions.

This inactivity towards CO oxidation could be expkd by the formation of a catalytic
inactive gold oxide species. Generally, variousdgmtygen species can be formed upon
exposure of atomic oxygélf:®® From these, chemisorbed oxygen atoms bound to
undercoordinated metallic gold atoms are proposetiet the most active species for CO
oxidation!*62738:3%967 |n gl experiments within this work, this specibas never been
observed in XPS, based on its characteristic Oirddirig energy at 529.1 eV. Therefore it is
assumed that the oxidative potential of thermalacked oxygen is too high, and an inactive
gold oxide (e.qg. bulk like AiD3) has been formed.

However, even with no visible catalytic activity thie formed oxidized gold nanoparticles on
the ruthenium surface the morphologic changes dwxidation of thin gold films have been
presented. The systematic investigations on thehwodogy, during oxidation and reduction,
and the presented oxidation mechanism of thin ditas and islands can be used as a
guideline for further understanding of gold nandipbe catalysts. Moreover these
experiments can be used as a model for a re-dispedc$ inactive gold catalysts. With
sintering being one of the biggest problems in galthlysis, the formation of thin gold films
by annealing of these sintered nanoparticles abdesjuent oxidation by atomic oxygen can
lead to newly formed small and active gold nanogad. Still further investigations are
necessary to find oxidation conditions to prepatlgtic active chemisorbed oxygen phase

and to prevent a completely oxidized bulk like @xgtructure.
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5.7 Conclusion considering the growth and oxidatimih Au on
Ru(0001)

Based on the STM measurements and the correspoxd& data for the Au/Ru(0001)

system, the following conclusions are drawn:

1. Gold deposited on oxygen precovered Ru(0001) gnome VVolmer-Weber-like
behavior. Separated (111) oriented gold islandpaaferentially formed along the
steps of the Ru(0001) surface while the oxygenlayer on the ruthenium surface
is simultaneously compressed. The thickness ohéxagonal gold islands can be
controlled by the oxygen overlayer density on the(R01l) surface and the
applied sample temperature during the gold depwosiprocess. This growth
behavior can be rationalized by Young's equatiod enassumed to be mainly

induced by the significant difference between thdage free energies of Au and

oxygen covered Ruf,, > 0 r,)-

2. Gold deposition on an oxygen free Ru(0001) surfae€s to the formation of a
covering gold film, which shows a Stranski-Krastatike growth behavior.
Again Young's equation and the significant diffezenn the surface free energies

of Ru and Au in particular describe the observenwn behavior &,, <oy, ).

3. If gold is deposited on Rufl10) the morphology the formed gold islands
strongly depends on the position where they amnddr Gold islands formed on
the flat RuQ(110) terraces are cuboid-like shaped, which irideghe growth of
(100) oriented gold. At intersection areas, wheafler@nt RuQ(110) domains are
rotated by 120° to each other, hexagonally shapddl iglands are formed. This
strongly indicates correlation between the symmaetfythe underlying Ru®
patches and the resulting crystallographic oriéoabf the growing gold islands.
Therefore it is assumed that crystallographic aagon of gold on the Ruf110)
surface is determined by a complex energy reldbemnveen the strain energy of
the growing islands, the interface energy and thd&ase free energies of
RuQ0,(110) and the gold islands.

4. The exposure of atomic oxygen to the thin gold ng& or films at room
temperature lead to the formation of small oxidizigold nanoparticles, which
consist of a At species (most probably ADs) and metallic gold. The size of the
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formed Au oxide/Au nanoparticles as well as theinfation rate strongly depends
on the former thickness of the metallic gold iskarfdr film). While two or three
layered gold islands readily fragment into manyd@ed nanoparticles, a thicker
gold island £ 4 ML) is usually transformed into very few big peles. The
oxidation of the thin gold islands (or films) angpéained by a proposed shoveling
mechanism, which describes the diffusion of oxidizgold atoms from the

perimeter sites of the Au-Ru interface to the tbthe gold islands/nanoparticles.

. The reduction of these Au oxide/Au nanoparticledernrCO environment at room

temperature lead to metallic gold nanoparticlesjclvimostly remained their
shape and size. Restoration of flat and hexagorgtiigped Au islands was
accomplished by reduction in CO at 700 K. If thad@ed nanoparticles are
thermally reduced at 700 K significantly thickerldjaslands are formed, thus
indicating a oxygen spillover process from the degosing Au oxide to the
Ru(0001) surface.

. CO oxidation experiments were conducted to invagtighe catalytic activity of

the Au oxide/Au nanoparticles. But even under w@xiglizing reaction conditions
the particles were reduced to metallic gold whdaming their shape. Therefore
only a transient activity but no catalytic activityr the Au oxide/Au nanopatrticles

could be demonstrated.



6. Deposition of Ru on Au(111)

In electrochemistry bimetallic anodes have gaimgdrest as model catalyst systems for fuel
cells?%? Especially platinum based PtRu bimetallic eleatsodhowed higher activities then
the pure platinum counterpal&2°! To further investigate the high activity of thisR@
bimetallic system, Ru/Au(111) was chosen as theahsygstem due to the high nobility of
gold %213 with gold as the substrate reactions like thedX{@lation can be studied in more
detail because the activity of the system is lichite the deposited Ru. To prepare these
bimetallic Ru/Au electrodes, ruthenium was eledimuically deposited on a Au(111l)
surfacé?®®?'% The nucleation and growth of the deposited rutimnfilm depends on the
electrochemical conditions. It was shown that roihwe first forms small islands which are
preferentially located at the “elbow sit&sof the reconstructed Au(111) surfa@®:207:2141jf

the Au(111) herringbone reconstruction is liftedidg the deposition process, the deposited
ruthenium is preferentially located at defect sitesl steps of the Au(111) surfaces. The
nucleation and growth of ruthenium islands on #reaces is significantly less favored. With
ongoing deposition a three-dimensional growth ofdgenally shaped ruthenium islands is
observable resulting in a rough film of ruthenitfi?*2

Quite in contrast, the deposition of ruthenium om(JA1) under UHV conditions has only
been carried out by chemical vapor deposition (CYDRW(CO)., so far®¥ Y By annealing
the covered gold surface to 500 K thes@®D)-precursors were decomposed with release
and desorption of CO. By this procedure small babite ruthenium clusters are formed on
the surface. But during the precursor decompositmarbon impurities are formed and
intercalated in the ruthenium clusters due to tissatiation of CO at the freshly deposited
metal clusters. A possible simultaneous contanonably oxygen is inhibited because the
underlying gold substrate induces desorption pfAter Ru(CO),», decomposition at 500 K,
the exposed ruthenium clusters agglomerate to sandlflat islands at the ordered “elbow
sites” of the Au(111) herringbone pattern, whickules in an ordered distribution of these
small ruthenium islands on the gold surface. Ihkigtemperatures (> 500 K) are applied, less
Ru islands are formed that are larger in latemd.sinduced by the grown ruthenium islands,
the herringbone patterns of the Au(111) surfacedgstorted, thus leading to more and more
randomly distributed ruthenium islands on the stgfd-or lower coverages of ruthenium at

500 K, a two-dimensional aggregation of clusterslamer Ru islands is observable. A

22 |n figure 6-1 the STM picture illustrates the Al) herringbone structure with its unique strudtura
properties.
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temperature of 500 K was too low, so the ruthenamsters did not rearrange to atomically
flat islands, thus retaining their spherical shapahe agglomerated cluster network. For
higher coverages three-dimensional growth is oladsevbefore the whole Au(111) surface is
completely covered by the two-dimensional aggregatif Ru cluster§™

A closer inspection of the literature of the Ru/ALI{) system revealed that the deposition of
pure metallic ruthenium by PVD on Au(111) in UHVsh@aot been investigated yet.

From the knowledge of the well described growtiyatti on Ru(0001)****"the relationship

of surface free energies has been derived:

Oy > Op = Oruo,

Based on this order of the surface free energiesgtowth behavior of Ru and Ry®@n
Au(111) in UHV by PVD are estimated. As a first dgline, the interface energy and the
strain energy are neglected at this point:
1. Ru on Au(111)Deposition of metallic ruthenium on a Au(111l)fsge at higher
temperatures with low deposition rates should leadhe formation of three-
dimensional ruthenium islands on the surface duehto significantly higher

surface free energy of rutheniur(, >0 ,,).

2. RuG on Au(111)Deposition of ruthenium in £atmosphere on a Au(111) surface
at higher temperatures with low deposition ratesukhlead to the formation of a
wetting layer of oxidized ruthenium due to the lowsurface free energy of

ruthenium oxide &, > g, )-

3. Oxidation of Ru/Au(111) using,@t higher temperature©xidation of the three-
dimensional ruthenium islands should form a wetlanger of ruthenium dioxide
on the Au(111) surface if the oxidation conditiare chosen properly. Again the

morphology would be determined by the surface émergies ¢ ,, > g, )-

It should be mentioned that for these first assuonptthe interface energy is neglected
completely. Also the unique structural propertiéshe Au(111) are not considered. But from
the literature it is known that the herringboneusture strongly influences the growth of
ruthenium islands, as can be seen by the prefaueléation sites of ruthenium. Therefore the
unique structure and properties of the reconstduaig111) surface will be briefly elucidated

in the following:

Compared to other transition metals, gold has adowtace free energy, a low melting point,

a low hardness and is a very ductile metal. Theetlsingle-crystalline fcc gold surfaces with
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lowest miller indices (Au(111), Au(110) and Au(1pPOjlo reconstruct in UHV. The
reconstruction of the Au(111) surface is well dimmt in literaturé! 88215 |ts most

important properties are depicted in the follow8iDM image ¢€f. figure 6-).

—

,pinch in“
elbow site
fce stacking

area
hcp stacking o |
area ype-y line
,pinch out” - type-x line
elbow site

Figure 6-1: The STM (32 nm x 31 nm) image of the reconstruAm(dll) surface displays and
summarizes the unique structural properties of shidace. U = 0.5 V, | = 1.0 nA. Picture taken from
[216].

The so called “herringbone pattern” consists oéraliting lines (the so called type-x and
type-y lines) which enclose and separate the fdchap stacking areas, respectively. At each
bend of the herringbone pattern, point dislocatioosur in the type-x lirfé resulting in the
formation of the so called “pinch out” and “pinch”ielbow sites. By forming this
reconstruction the gold atom density is approxitgat® % higher than in the not
reconstructed (1x1) Au(111) surfdc€:®

Physical vapor deposition of many metals on goltJiV usually leads to the formation of
clusters or islands at the elbow sites of the Ali{isuirfacd®®?°"#"??!lja an excited atom
exchange process, single gold atoms are released tfie gold surface to incorporate the
adsorbed metal atoms or islands at these elbows!%fté*>?%® This place exchange of
deposited metals is assumed be possible for alalméihat exhibit a significantly higher
surface free energy compared to gold at elevategeeature$>®! Using this process, surface
alloys of immiscible metaf§ have either be prepared or predicted in the titleed*®22%22°l

Within these predictions was also the possible &tiom of an surface alloy between

% The type-y lines are free of point dislocations.
4j.e.: Ni, Co, Mo, Ru with Au(111), respectively.
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ruthenium and Au(1115%? This subject will be discussed in the followingapter, where the
investigations of the growth of Ru (by PVD) on Alif} are presented.
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6.1 Deposition of ruthenium on Au(111) in vacuum

In the following the growth of ruthenium on Au(11Wjll be presented. By physical vapor
deposition (PVD) from a metallic ruthenium targehigh purity of the formed ruthenium
islands on the gold surface is accompli¢feuring the deposition of ruthenium the Au(111)
surface was kept at 620 K. The amount of depositddenium was determined by
guantitative STM analysis of the deposited ruthenan the surface. XPS was used to verify

the amount of the deposited ruthenium.
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nm x 300 nm; (b) 0.5 ML Ru, 120 nm x 120 nm; @)ML Ru, 300 nm x 300 nm; (d) 1.5 ML Ru, 300
nm x 300 nm; (e) 1.5 ML Ru, 150 nm x 150 nm; ()\2L Ru, 300 nm x 300 nm; (g) 3.0 ML Ru, 300
nm x 300 nm; (h) 4.0 ML Ru, 300 nm x 300 nm; (ip2dL Ru, 300 nm x 300 nm. With increasing
amounts of deposited Ru the roughness of the ggofiim of merged ruthenium islands increases,
too. Tunneling conditions: U =0.5-1.0V, | = 6:8.5 nA.

%5 For comparison, the previously described formatibrmetallic ruthenium islands on Au(111) by CVD of
Rus(CO),, lead to carbon impurities due to decompositiothefCO molecules.[89]
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Figure 6.1-1shows a series of STM images after 0.5 ML, 1.0 Wb, ML, 2.0 ML, 3.0 ML,
4.0 ML and 10.0 ML of ruthenium have been depositedhe Au(111) surface, respectively.
After deposition of 0.5 MLdf. figure 6.1-1a ruthenium, small islands are formed, which are
randomly distributed over the surface. Simultanetuthe growth of ruthenium islands, the
distortion of the nearby herringbone pattern (ldirele, cf. figure 6.1-1byand the serration of
the Au(111l) steps can be observed in the STM iméfedigure 6.1-1a,c The ruthenium
islands are preferentially located on the terraedsle leaving a thin area along the serrated
steps where no islands are formed (dotted bladkegicf. figure 6.1-1b). These serrated steps
also show a distorted herringbone pattern. Withcgeding deposition of ruthenium, the
serration of the steps increases as well as tree-imensional growth of the ruthenium
islands ¢f. figure 6.1-1c,Jl In a magnificationdf. figure 6.1-1¢the hexagonal shape of the
deposited Ru is visible, thus indicating a hcp(Q06ifcc(111) orientation of the growing
ruthenium islands. Eventually a rough rutheniummfis formed after the growing ruthenium
islands merged togethecf( figure 6.1-1h). With the merging of the ruthenium islands the

former step arrangement of the Au(111) substrateivisible anymore.
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— Ru 3d,,
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Figure 6.1-2: XPS data of the deposition of ruthenium on Au(EtB20 K. The increasing thickness
of the merged Ru islands is observable by the &samef the Ru 3d signals, while the Au 4d signals
decrease simultaneously.
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From XPS studies, an evolving Ru 3d signal is olmde at 279.9 eV (Ru 3g) that is
assigned to the growth of metallic rutheniuch figure 6.1-2. The steady increase of the Ru
3d signals and the simultaneous decrease of th&dAsignals confirms that the deposited
ruthenium is covering the Au(111) surface.

The growth of ruthenium on gold, presented in tinsk, is very similar to the growth of Mo
on Au(111) described by Friend et&f! Similar to Ru on Au(111), small Mo islands are
formed at the elbow sites of the Au(111l)-surfaceonstruction. Also the formation of
serrated steps and the distortion of the herringlymttern have been observed. The authors
interpret these morphologic changes as the formatia surface alloy besides the growth of
metallic Mo islands on top of the Au(111) surfatteis also mentioned that the alloying
process competes with the nucleation and growtMafislands, depending on the sample
temperature. DFT calculations performed by Hrbekleexamine the rather unusual growth
of Ni, Mo and Ru on Au(1115%? They determined that a Au/metal/Au sandwich comple
would be energetically more favorable than a simgtmolayer of the metal on top of the
Au(111) surface. Therefore the formation of a stefalloy between Ni/Au, Mo/Au and
Ru/Au might be possible. However only for the Ni(Alil) system the formation of a surface
alloy has been proven so 4 It has to be mentioned that the interpretatiomgHe surface
alloy formation in the Mo/Au(111) system are maitdgsed on STM observatioi&> 22!
Without atomic resolution this interpretation ofsarface alloy is insufficient and a final
conclusion remains elusive.

The absence of Ru islands near the serrated stepsha distorted herringbone pattern
structure ¢f. figure 6.1-1a,pis explained by the following: Nucleation and wth of the
ruthenium islands at the elbow sites is accompaloyeain atom exchange process of gold and
ruthenium atoms, leading to incorporated ruthenatoms and released gold atoms at the
elbow sites. Due to the applied temperature of K2the released gold atoms are able to
diffuse and agglomerate at the steps of the gotthseL This would explain both: why no
ruthenium islands can be found on the upper terreae the steps and why the steps are
serrated and show a distorted herringbone structure

The random distribution of the ruthenium islandeeiated to the distortion of the herringbone
pattern ¢f. figure 6.1-1b blue circle). A similar distortion of the herringne structure by
metal deposition has been observed in literdtfifé® The deposited ruthenium atoms
nucleate at the elbow sites of the Au surface, thuming small islands. After the formation
of this ruthenium island the nearby herringbonetgpat gets distorted and new point

dislocations are formed in the Au(111l) surface.ti®d¢se new point dislocations the next
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ruthenium islands are formed, which induces furttlistortion of the herringbone pattern.
These growing islands are generally hexagonallpathawhich is induced by thiec andhcp
stacking areas of the underlying Au(111) surface.

Due to the small lattice misfit between Au(111) d&Rd(0001) (+6.6 %, @11 = 2.884 A,
aruoon)= 2.706 AJe178181 the resulting strain energy and interface enargyis assumed to
be small, too. Therefore the observed three-dino@asi(Volmer-Weber-like) growth of Ru
islands is explainable by the significantly higlserface free energy of ruthenium compared
to Au(111)%*

An important question is how the ruthenium atonesiacorporated in the first Au(111) layer
after the atom exchange process. The (single) muthe atoms may either form a surface
alloy like in the case of M#*?®! or small ruthenium islands are formed, which were
embedded into the gold surface. Such a subsurétenedi growth or island encapsulation has
been reported for the growth of Cu on Pb(111), wlestire copper islands are overgrown by
Pb.[136]

With STM experiments the growth of Ru on Au(111¥ Heeen systematically investigated.
The observed three-dimensional growth nicely réfléloe previously stated growth behavior
of metallic Ru on Au(111), which is simply based tre surface free energy relation

(Og, >0,,)- Therefore the general growth behavior is assutméx significantly affected by

the surface free energies of both metals. Howevegtailed description of the growth on the
atomic level cannot be given at this point. It && possible to decide if Ru and Au(111) form
an alloy in the initial growth phase or if a partncapsulation of small Ru islands occurs.
Further experiments are mandatory, to elaboratetaildd and reliable description for the

initial growth of Ru on Au(111).

% 6a0 = 1.50 JImpg, = 3.05 J/m2.[182]
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6.2 Oxidation of ruthenium islands by molecular gey

6.2.1 Formation of a perforated ruthenium film

In the following section the exposure of © the rough film of merged ruthenium islands will

be presented. Typical oxidation conditions for finenation of a covering film of Ru110)
on Ru(0001) were chosen to oxidize 1.5 ML Ru/Au(1did 4.0 ML Ru/Au(111), i.e. dosing
molecular oxygen (p(§ = 210> mbar) for 30 minutes towards the gold surface thas
annealed to 680 K. On the basis of STM imagespitygen treatment of a 1.5 ML and 4.0
ML Ru/Au(111) surface is presentedf.(figure 6.2.1-1a-@and6.2.1-1d-f respectively).

Figure6.2.1-1: STM images after the oxidation of 1.5 ML (a,b) 4@ ML (d,e) deposited ruthenium

on Au(111) by @at 680 K, respectively. In both cases an inhomeges film covers the surface,

containing minor (highlighted in dotted black cigslin a) and major defects (highlighted in green
circles in a). An average step height of 2.5 A tlis film was determined by statistic line scan
analysis (c,f). STM images: Oxidation of 1.5 ML @y 400 nm x 400 nm, (b) 150 nm x 150 nm;
Oxidation of 4 ML Ru (d) 400 nm x 400 nm, (e) 180x150 nm. Tunneling conditions: U = 0.4 — 0.8
V, 1=3.0-10.0 nA.

As depicted by the STM images the morphology chdngjgnificantly for both, i.e. the
former 1.5 ML and 4.0 ML thin ruthenium film, respizely. Contrary to the oxidation of a
Ru(0001) single crystal surface no typical R(Q0) structures could be found, which should
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have formed at these oxidation conditions. Ins&@&dt but inhomogeneous film is covering
the gold surfacec{. figures 6.2.1-1@and6.2.1-1g. A zoom in of the surfacef, figure 6.2.1-
1b,e show that the inhomogeneous film consists of oamg distributed minor holes (dotted
black circles figure 6.2.1-1q as well as larger defect areas or holes withenfitst several
layers of the perforated film (green circlégure 6.2.1-1& In the following, the minor holes
will also be referred as “minor defects” and thegyé&holes as “major defects”.

From the major defects in the film, the structufetree underlying layers becomes visible,
which also contains these minor holes, thus gitimg impression of a porous structure. It
should be noted that only the top film layers abtherforated structure is observable by
STM. Therefore itcannot be determined via STM alone if this perforatecuctire is
continuously formed between the Au(111) surface dnedtopmost film layer. Besides the
morphologic similarities between the oxidized 1.% nd 4.0 ML ruthenium film, some
structural differences are revealed by STM. Afteygen exposure to the 4.0 ML Ru/Au(111)
surface, small clusters are formed additionallyjciwhare located on top of the perforated
film. Furthermore the lateral size of the minored#$ has decreased significantty. figure
6.2.1-1¢.

But what is the chemical nature of this perfordigd? In the following it will be elucidated
that this film most likely consists of metallic ha&nium with a chemisorbed oxygen species.
In principle an alloy between gold and rutheniunuldoalso be responsible for this rather
unique structure, too. But this assumption is efuty the following considerations: At first,
even if a surface alloy was initially formed betweawetallic ruthenium and metallic gold by
the incorporation of ruthenium atoms in the first(Al1) layer, the exposure of oxygen leads
to the formation of rather strong ruthenium-oxygeimdings compared to the weaker
ruthenium-gold bindings. Therefore the oxygen treait induces the release of the ruthenium
atoms from the first gold layers, regardless offtrener structure, i.e. a Au-Ru surface alloy
or embedded small ruthenium islands in the firgeda This oxygen induced de-alloying
between two metals has been reported for the MA/BL)( system, to6%! Secondly the
complimentary system (Au/Ru(0001)) has never shtvenformation of a surface alloy. The
assumption of a surface alloy between metallic goid ruthenium was only made on the
basis of the STM images where ruthenium is incateat in the first layer of the Au(111)
surface. However this is not the case for the A(@BOL1) system, where the ruthenium
surface is too rigid and gold atoms are not incafesl. So if the perforated film may consist
of a gold-ruthenium alloy, gold atoms from the ALL) surface have to get incorporated into

the rough ruthenium film of merged islands, whigerss rather unlikely, especially if the
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rough film is thicker (e.g. 4 ML). Based on thisgamentation, the perforated film is
considered to consist solely of ruthenium with mddgincorporated. A ultimate conclusion
would be possible by depth profiling via a highalesion XPS or time of flight secondary ion
mass spectrometry (TOF-SIMS).

An explanation for the perforated structure israfieed, based on the assumption that the
ruthenium film is gold free. The minor defects arest probably induced by the lattice misfit
between the ruthenium film and the Au(111) surfabes leading to a lateral strain in the
growing film. If the strain is too large the attaoshnt of an additional ruthenium atom is
energetically not favorable and defects or holesfarmed to release the lateral strain. The
observed decrease of the lateral size of theses,hai¢h increasing thickness of the former
rough film of merged ruthenium islands, corrobosates view.

The major defects can be explained by the mohifitthe diffusing ruthenium atoms on the
surface. Considering that oxidized ruthenium wdatorm a covering film on the Au(111)
surface (due to the lower surface free energyhemniim atoms have to diffuse from the top
layers of the three-dimensional islands to the gwldface. If the amount of diffusing
ruthenium atoms is significantly higher than theaméree pathway or the mobility of these
atoms, a rougher film with more and larger defeatsbe formed due to a higher nucleation
rate.

The formation of clusters after the oxygen treathwérthe 4 ML Ru may be an indication for
the beginning of the RuCiormation €f. figure 6.2.1-1d)e It is known in literature that the
gas phase oxidation of Ru(0001) leads to the faonaif RuQ(110) via an nucleation and
growth mechanis?® The observed clusters on the perforated rutherfilm might be
similar to the critical nuclei that are formed imetinitial gas phase oxidation process on
Ru(0001). However the chemical nature of theset@lsshas not been determined yet. But it
is assumed that these clusters consist of aRtrGcturg??2%!

An average step height of 2.5 A was determined ibg kcan analysis for this porous
ruthenium layersdf. figures 6.2.1-1and 6.2.1-1j, which rather fits to the step height of
metallic ruthenium (2.2 A) than to Ru@10) (3.2 A)*®® The corresponding XPS
measurements of the O 1s, and the Ru 3d signad aregresented figure 6.2.1-2

After oxygen treatment an O 1s signal at 530.2 £¥9hliservable as well as the simultaneous
decrease of the neighboring Ausdpsignal €f. figure 6.2.1-2h The Ru 3¢, signals do a
slight shift from 279.9 eV (black curve, rutheniymor to oxidation) to 280.2 eV (blue curve,
after oxidation) upon the oxygen exposure, andragse decrease of the neighboring gold
signals (Au 4d) is visiblecf. figure 6.2.1-2a
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Figure 6.2.1-2: XP spectra of the Ru 3d and O 1s signal regidnstiate the oxidation of a 4 ML
ruthenium film by @at 680 K. The XPS data for the exposure of 36001 (ted curves) corresponds
to the STM images frofigure 6.2.1-1d,eThe O 1s signal at 530.2 eV and the slightlytetiiRu 3d
signals (by 0.3 eV to higher binding energies) ently show the oxygen evolution on the surface and
the formation of Ru-O bonds.

The observed decrease of the Au signals (Au 4ddahdan be explained by the morphologic
changes of the deposited ruthenium. After the déposof 4 ML Ru, gold is either still
exposed at the surface or is only slightly overgravhere the ruthenium islands just merged
together. By oxidation a more and more continuaus @vering perforated Ru film with a
rather uniform height is formed, thus attenuatihg Au signals due to the limited depth
resolution of XPS.

The interpretation of the Ru 3d signals and thes@i@nal is more complicated. The chemical
shift of the Ru 3d signals by 0.3 eV to higher limgdenergies can be assigned to the loss of
electron density of ruthenium after the oxygen expe due to the formation of Ru-O
bindings??” However, discrimination between the formation ofughenium oxide or a
chemisorbed phase on ruthenium on the basis oRth&d signals is difficult. In principle
these species are discriminable, but the diffeent¢he binding energies are very lowQ.3

eV for RuQ(110) or Ru®(100) vs. (1x1)0-Ru(0001§§?*"! The energy resolution of the
used XPS spectrometer is to low (~ 0.5 eV) to bdiaifferentiate between ruthenium oxide
or chemisorbed oxygen phase. But a differentiatietween Ru@or a chemisorbed oxygen
phase on the basis of the O 1s signal is morebiel@due to a larger binding energy difference
(> 0.6 eV) and a significant higher peak intendiy RuQG,, compared to a chemisorbed
oxygen phase. During the oxygen treatment andutinenium film formation the O 1s signal
stays at 530.2 eV and does not shift to lower bigdenergiesof. figure 6.2.1-2h This
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strongly indicates the formation of a chemisorba&gigen phase on metallic ruthenium. For
comparison: the O 1s binding energies for RA®0) or a (1x1)O phase on Ru(0001) are
529.5 eV or 530.1 eV, respectivélyAlso the O 1s signal intensitgf( figure 6.2.1-2pred
curve) is qualitatively comparable to a (1x1)O ghasm Ru(0001). The slight increase in
height for further dosages is assigned to the foanaf the RuQ clusters ¢f. figure 6.2.1-
1d,8.

In conclusion, the exposure of @ the rough film of merged Ru islands 4 ML Ru) with
typical oxidation conditions (p() = 210> mbar, 680 K) did not lead to the formation of
RuQ,. Instead a perforated inhomogeneous film is formhed consists of metallic ruthenium
with chemisorbed oxygen. The transformation of ¢hdénensional metallic ruthenium
islands to a rather two-dimensional wetting filnfasilitated by the chemisorbed oxygen. The
oxygen evidently reduces the surface free energytbenium so significantly that the energy
relation from Young's equation is now in favor oftwo-dimensional film instead of the

three-dimensional islandgr(, > 0, z,)- The question, why no Ruas been formed under

these typical oxidation conditions, will be eludigldin the next section.
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6.2.2 Formation of Rug0110) by oxidation of 10 ML Ru/Au(111)

Although a first indication for the oxidation ofel ML film of merged Ru islands is visible
on the basis of the formed clustedd. (figure 6.2.1-1d)e it is still unclear why flat Ru@®
layers have not been formed by using the typicd0B@d) single crystal oxidation conditions.
With a (0001) orientation of the 4 ML depositedheriium, its oxidation is assumed to be
similar. In literature, the thickness of a growinlgrathin RuQ(110) is determined to be at
least 3 to 4 layer$?>19%9Uwhijle the interface is well defined in the Ryi10,(110) system,
the binding the oxide and the metallic substratethat interface is unknown for the
RuGQ,/Ru(0001) system. In case of the oxygen treatmétiteo4 ML Ru/Au(111) surface, a
hypothetical 3 to 4 layered Ry@ould either bind directly to the Au(111) substraurface
or only a very thin layer of metallic ruthenium wWdwbe located at the interface between the
oxide and the gold substrate. Due to the weak antems between oxygen and the gold
surface it is assumed that Ru€ructures are not stable on or near the Au(ladase. This
raises the question how much deposited Ru is nagess the Au(111) surface before it can
readily be oxidized to RuQ To investigate this question, larger amountsutfignium (10
ML) were evaporated to the Au(111) surface to iaseethe thickness of the film of merged
Ru islands and to create a “buffer” layer of mételu on which Ru@can be formed.

At first 7000 L molecular oxygen were dosed to ftte ML Ru/Au(111) surface at room
temperature to form a chemisorbed oxygen phaséh@mierged ruthenium islands, which
have (0001) orientation. Generally, at room temijpeeathe oxidation of Ru(0001) by,
prevented and only a chemisorbed oxygen layer aitbverage up to 0.5 ML can be formed
by this procedur&’¥ Afterwards the 10 ML Ru were oxidized by annealthg surface to
680 K in an oxygen environment of p{CG= 210> mbar for 30, 50 and 80 minutes. By the
exposure of these high dosages efdd the 10 ML Ru/Au(111) surface, the oxidation and
formation of a Ru@110) film was facilitated. The corresponding XP&adof this oxidation
are presented ifigure 6.2.2-1

The XP spectrum of the as-prepared 10 ML ruthenifilmm shows a small and broad O 1s
signal with its maximum at ~ 531.0 e¢f(figure 6.2.2-1black curve a). The subsequent
exposure of 7000 L ©at room temperature towards the rough ruthenium feads to an
increase of the O 1s signal without any measuralanical shift ¢f. figure 6.2.2-1 purple
curve). Upon oxidation, the O 1s signal has ina@dasignificantly and is shifted to lower
binding energies from 530.1 eV after 30 minutesxfgen exposurecf. figure 6.2.2-1green

curve c) to 529.8 eV after 80 minutes of oxygenasxpe ¢f. figure 6.2.2-1blue curve e).
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STM images are presented figure 6.2.2-2to illustrate the surface after 80 minutes of

oxidation.
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Figure 6.2.2-1: XP spectra of the O 1s signal after exposure pb®the 10 ML ruthenium film of
merged islands at room temperature and the subsegquédation at 680 K with increasing amounts
of oxygen (c,d,e). The shift to lower binding ereg@nd the increase of the O 1s signal indicdtes t

formation of Ru@

The STM images evidently display the formation lat RuG(110) islandsc.f. figure 6.2.2-
2a,b). Magnification of the flat Rugj110) terraces reveals the typical oxygen bridgesro
with its interatomic distance of 6.3 Af( figure 6.2.2-2p The thickness of the oxide is
determined by line scan analysi. (figure 6.2.2-2¢ With a height of 16.5 A and 19.9 A, a
thickness of five and six layers can be assignedth® formed Rug{110) patches,
respectively. The stripe-like patches of R(10) seen irfigure 6.2.2-2bshow two distinct
rotational domains, that are rotated by 120° witbpect to each other. This growth behavior
is analogous to Ru110) grown on Ru(0001). For the Ru(0001) singksial surface, the
formation of three rotational domains results fritva transition of the higher symmetry of the
underlying Ru substrate (3-fold) to the lower synmeof the rectangular unit cell of
RuO,(110) (2-fold)**? When applying this information to the STM picturgem figure
6.2.2-2 it can be concluded that the substrate belowRin®,(110) patches must also exhibit

3-fold symmetry.
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Figure 6.2.2-2: STM images of the oxidized 10 ML ruthenium filtarad total exposure of 96000 L
0O, at 680 K. (a) 1.0 um x 1.0 um scan of the oxidaethce; (b) 200 nm x 200 nm magnification of
an area with grown Ruf110) patches (marked blue in (a)); (c) The linarsanalysis illustrates the
thickness of the formed Rp(@10) film (d) magnified 120 nm x 120 nm area wheoeRuQ(110)
islands are present on the surface; (e) 30 nm xnB80 magnification of the Ry(110) patches,
showing atomic resolution of the oxygen bridgeglifie scan analysis illustrates the height of one
formed RuQ@crystallite. Tunneling conditions: U =1.2 - 1.5M= 0.8 — 1.0 nA.
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Besides the flat Rup110) films very high islands or clusters are fodn®o, which are also
rotated by 120° with respect to each other (cfegrercles iffigure 6.2.2-2h. With regard to
the symmetry relations between the R(IQ0) domains and the underlying film figure
6.2.2-2h this indicates a faceted oxide structure for ¢hegated islands. Line scan analysis
reveals that these clusters and islands are signtfy thicker (~ 6 nm) than the flat oxide
patches (< 2 nm)ct. figure 6.2.2-2f But with no atomic resolution the exact struetaf
these faceted islands remains elusive. The maghdit shown irfigure 6.2.2-2ddepicts the
morphology of the surface to which these facet&hds are binding. A closer inspection of
the underlying surface reveals an inhomogeneous \iiith many larger defects in its top
layer (f. figure 6.2.2-2dlight blue circle). From the morphology of thisf, its similarities
towards the previously described perforated ruthniilm are evidentdf. figure 6.2.1-L
But due to the very big height differences (> 6 ran)the surface, a better resolution of the
underlying substrate was not achieved. Therefadythical minor defects or holes could not
be resolved and a firm assignment is not posdthlefrom the rotation domains of the grown
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faceted islands, the symmetry of the underlying flan be determined to be either trigonal or
hexagonal, which supports the interpretation ofuhéerlying perforated ruthenium film.

By comparing the observed structures in the STMgesato the corresponding XPS data,
further interpretations of the O 1s signals aresfids. The O 1s signal with a high intensity
and a binding energy 529.8 edf.(figure 6.2.2-1blue curve e) is now clearly assigned to the
formation of flat Ru@(110) structures. For comparison the O 1s sigrtar &0 minutes of
oxygen treatment has a binding energy of 530.2 I&/intensity and binding energy is
comparable to the O 1s spectra of the perforatedviith many clusters located on top of it.
Therefore the exposure ot @t these conditions is related to the so-calledeation phase of
the Ru(0001) oxidation mechanism, where small RalOsters are formed from which the
growth of RuQ(110) is enable#® The binding energy difference between the peréotat
ruthenium film and the grown oxide (~ 0.4 eV) pashs comparable to the binding energy
difference for a chemisorbed oxygen phase andragfdrRu®(110) on the Ru(0001) single
crystal surface (0.6 eV}y.

The interpretation of the O 1s signal after expesoir 7000 L Q at room temperature is
elusive. By this preparation a chemisorbed oxydeasp with coverages up to 0.5 ML on the
rough ruthenium film should be formed. While the 1® signal intensity is in principle
comparable to a (2x2)O overlayer structure on RadpOthe binding energy difference
towards the Ru@ O 1s signal ¢f. figure 6.2.2-1 at 529.8 eV) is too large>(1.1 eV).
Therefore a clear assignment for this oxygen speenot possible at this point and an
interpretation would be speculative.

In conclusion, the oxidation behavior of a rougthemium film on the Au(111) surface.f.
figure 6.1-) has significantly changed by increasing the anhofieposited Ru. Due to the
weak gold-oxygen binding, RyCbound directly to the Au(111) surface is assunwede
unstable. But Rugj110) can readily be formed if the rough Ru filnckmess on the Au(111)
substrate is increased, e.g. by deposition of 10 Rti.on the Au surface. This evidently
proves that the Au(111) substrate significantlyibite the oxidation of the deposited
ruthenium. If the amount of deposited Ru is too w4 ML), only a reconstruction of the
rough ruthenium film of merged islands to an oxygéabilized, flat and perforated film on
the Au(111) surface is observed. Although the faromaof RuQ has only be proven for the
oxidation of 10 ML Ru/Au(111) surface, it is assuirthat about 6 ML of Ru might already
be sufficient, so a three layered Ru€an be formed on a 3 ML thick metallic ruthenium

buffer layer. As already shown, the oxygen treatnoérthe 4 ML Ru/Au(111) surface leads

"0 1s binding energies: for chemisorbed oxygen of0801) 530.07 eV; for RuQL10) on Ru(0001) 529.5
eVv.[8]
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to the formation of critical nuclei on top of therforated ruthenium film. Starting from these
nuclei the formation of thin (3 layered) Ru@m may occur, which is partially covering the
metallic ruthenium, if the amount of deposited amium is sufficientX 6 ML in total).
However this threshold value for the critical ambwh deposited ruthenium, which can
readily be oxidized, needs to be verified. Oxidatexperiments of rough ruthenium films
with stepwise increasing amounts of deposited Rg. @ ML, 6 ML, 7 ML, etc.) are one
possibility to clarify this question. Also the inéince of the Au(111) surface on the deposited
ruthenium is still unclear. It evidently inhibitee oxidation capability of the (0001) oriented
rough ruthenium film. Evidently 1 ML of metallic thenium, acting as a buffer layer, is not
sufficient to stabilize the formation of a threg/deed Ru@ film at the chosen oxidation
conditions (cf. the oxygen treatment of the 4 ML/ARuy111) surface, chapter 6.2.1).
Theoretical investigations (e.g. DFT calculatiorsy well as thickness dependent STS
measurements are one possibility to examine thkieinfe of the underlying Au(111)

substrate on the electronic structure of the (0@diEnted rough ruthenium film.
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6.2.3 Thermal stability of the perforated ruthenifim

Besides the described STM and XPS measurementseobxidation of Ru deposited on
Au(111), further studies are mandatory for a beiteterstanding of the chemical nature and
properties of the perforated ruthenium film. Ondhefse questions is related to the influence
of the chemisorbed oxygen on the film morpholdf§yhe oxygen is removed, is it possible to
restore the three-dimensional structure of hexafjamatallic ruthenium islands on the
Au(111) surface?

The following experiment addresses this questiombsgstigating the thermal stability of the
perforated ruthenium film. The series of STM imagessented irfigure 6.2.3-lillustrates
the morphologic changes by annealing the rutheriiloamto 750 K in vacuum.

Starting from the rough ruthenium film (4 ML) forch@n Au(111) at 620 Kcf. figure 6.2.3-
1la), a perforated but flat ruthenium filntf( figure 6.2.3-1p can already be prepared by
exposure of 2000 L Q(p(O,) = 210°° mbar) at 680 K. By STM the typical smaller andy&ar
holes in the film are visible. However this filmr=ists of a rather flat morphology with wide
terraces, which is different to the previously diés morphology of the perforated
ruthenium films ¢€f. figure 6.2.1-) that have been prepared at higher exposures yafeox
(36000 L Q). Further oxygen exposure of 12000 L 1O the rather flat perforated ruthenium
film led to an increase of its overall roughness, the terrace size decreased while the
serration of the step edges increasg#dfigure 6.2.3-1¢ These STM images evidently show
that the formation of the perforated ruthenium fisrfast and low dosages ob ©-2000 L)
are already sufficient for its preparation.

The thermal decomposition of the porous rutheniulm fvas achieved by annealing in
vacuum to 750 K for 30 mincf. figure 6.2.3-1f The ruthenium film is still covering the
Au(111) surface, but its structure has changediti@none hand the roughness has slightly
decreased, while on the other hand the top layeghefruthenium film rearranges to more
hexagonally shaped islandsf.(figure 6.2.3-1dblue circles). This change is intensified by
further annealing in vacuum for additional 90 mesi€f. figure 6.2.3-1p After this second
annealing step, connected hexagonal rutheniumdslare clearly visible by STM. Line scan
analysis revealed that these ruthenium islandsvarg high, i.e. up to 4 layersf( figure
6.2.3-1j. Although the perforated film has rearrangeddrdgonal islands, the morphology is
significantly different to the as-prepared Ru islanby PVD ¢f. figure 6.2.3-1a The
hexagonal structure of the rearranged Ru islantdstier pronounced and the top layer terrace

width is much larger.
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Figure 6.2.3-1: Thermal decomposition of the porous oxidized mita film. (a) 4 ML Ru deposited
at 620 K (200 nm x 200 nm); (b) Oxidation by 2000.L(p(O,) = 2-10°° mbar) at 680 K (200 nm x
200 nm); (c) Additional dosage of 12000 L @(0,) = 2:10° mbar, 680 K) (200 nm x 200 nm); (d)
Annealing in vacuum: 750 K, 30 min (200 nm x 200; fe) Annealing in vacuum: 750 K, additional
90 min (200 nm x 200 nm); (f) Line scan analysishaf reduced porous ruthenium shows the
formation of thick ruthenium islands (up to 4 lagerTunneling conditions: U=0.9-1.3V, | = &0
8.0 nA.

As previously described (cf. chapter 6.2.1), tren@angement of the merged Ru islands to the
rather flat perforated ruthenium film is accompédhby the diffusion of a mobile ruthenium
species (Ru@ from the top layers of the Ru islands to the Aud(lsurfaceFigure 6.2.3-1b
evidently illustrates the high formation rate ofetlperforated film. This leads to the
assumption that the mobile Ru®pecies is formed rather easily so the rearrangefmam

the rough three-dimensional ruthenium islands &ftht (perforated) ruthenium film occurs
quickly. The increase in overall roughness of teefqrated ruthenium film with increasing
exposures of @ (cf. figure 6.2.3-1¢is assumed to stem from the continuous formation,
diffusion, agglomeration and decomposition of Ru@recursors. By comparing the
morphology of this roughened filnef( figure 6.2.3-1gto the morphology of the underlying
substrate beneath the Ru@lusters and the Ry(110) patchescf. figure 6.2.2-2d blue
circle), the similarities are evident. Thus the exved corrosion indicates an onset of the

oxidation of the perforated ruthenium film.
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But the most important information of this experithés the applied temperature of 750 K,
where the thermal decomposition of the perforatgtienium film is visualized by STM.
Although this decomposition was confirmed situ after annealing in vacuum for 120
minutes, this temperature is a first set pointthe thermal stability of the porous ruthenium
layer. Based on the STM images, the restoratiothr@e-dimensional ruthenium islands on
the Au(11l) surface is assumed to occur betweemiBdtes ¢f. figure 6.2.3-1fand 120
minutes ¢f. figure 6.2.3-1p of annealing in vacuum. A precondition for thisland
reformation is the loss of chemisorbed oxygen, Wwhie assumed to stabilize the two-
dimensional spreading of ruthenium on the Au(lliyfaze. However the applied
temperature of 750 K in vacuum is below the meabulesorption temperatures for
ruthenium-oxygen species from the Ru(0001) surface literaturel’® The thermal
decomposition of Rugd110)/Ru(0001) and the resulting @esorption of this decomposition
process is observable around 1040 K. If chemisobgden phases (e.g. the (1x1)O) were
present on Ru(0001), the desorption maximum pb€xurs above 1100 K. In recent studies a
ruthenium-oxygen species was prepared whose detigpmo and Q desorption is
observable around 750 K to 800"R” Herd et al. suggested that this @esorption signal
stems from the thermal decomposition of the ciitR@CO, nuclei from which the formation of
RuO,(110) startd’>!%! This shows that ruthenium-oxygen species exist tiaae a lower
stability in vacuum than the well known R(@10) or chemisorbed oxygen phase on the
Ru(0001) surface. This leads to assumption thap#réorated ruthenium film is also a less
stable ruthenium-oxygen structure that can readilgompose at temperatures below 800 K
due to a partial loss of chemisorbed oxygen byl€sorption.

However, it has to be emphasized that within thatroeed TDS experiments from literature
the high temperatures are usually reached by $teafing ramps (several K/s). Therefore the
mentioned @ desorption temperatures for the different ruthemaxygen species>(1040
K)*8! cannot be compared directly to the thermal decaitipa temperature of the
perforated ruthenium film. For a better comparisbrthe thermal stability of the perforated
ruthenium film to the literature, TDS experimentadaa series ofex situ thermal

decomposition experiments, which are monitored BysXand STM, are mandatory.
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6.3 Proposed mechanism for the formation of thefopated

ruthenium film

The oxygen treatment of the merged Ru islands ldadthe formation of a covering
perforated ruthenium film. To explain the uniqueusture of this film a mechanism for its
formation is proposed. A schematic illustratiorgigen infigure 6.3-1by a top and side view
on the different atomic processes that are includedhe mechanism. This proposed
mechanism is solely focusing on the oxidation & ththenium islands and the formation of
the perforated ruthenium film by mobile rutheniutoras. The distortion of the Au(111)

herringbone structure is not shown within this naegtm.
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Figure 6.3-1. Schematic illustration of the proposed mechanismte formation of the perforated
ruthenium film on Au(111) by oxygen exposure torthugh ruthenium film. Top view (a-c) and side
view (d-f). The changes of the Au(111) herringb@@m®nstruction are not included in this schematic
illustration, because the proposed mechanism ferprforated ruthenium film solely concentrates on
the oxidation of the Ru islands and the rearranganoé the Ru atoms on the surface. (a,d) Physical
vapor deposition of Ru on the Au(111) surface ghér temperatures (e.g. 620 K) leads to the
formation of ruthenium islands. (b,d) Exposure afgen to the Ru/Au(111) surface induces the
dissociative adsorption of exclusively on the ruthenium islands with the sghgnt formation of
the mobile Ru@precursors. The RuQrecursors diffuse downwards to the Au(111) s@fatere
they either get stuck at the perimeter sites o tdd#fuse on the Au(111) surface. (c,f) Further
attachment of diffusing Ruy(precursors causes the formation of a covering eatbm film with
oxygen bound on top of it. The mobile Rp&cursors are assumed to bind to certain perimgtes

but not others, due to increasing local strainte truthenium film. This leads to small areas wheye
ruthenium atoms are attached, i.e. the so-calletbmilefects or holes.
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After the deposition of ruthenium on the Au(lllyface at 620 K, small and isolated
ruthenium islands are formedf(figure 6.3-1a,Ji From the hexagonal shape of the islands, a
hcp(0001) orientation for the deposited rutheniwmassumed. On these small islands the
exposed @ can adsorb dissociatively thus forming mobile Ryfecursors at 650 Kcf,
figure 6.3-1b,& The formation of such mobile Ry@recursors was proposed in literature for
the initial oxidation of Ru(0001) single crystal riace by Q.['*® With the same
crystallographic orientation of the grown Ru islansh Au(111), it is also expected that a
similar mobile RuQ species is involved in this oxidation proc&s®ue to the nobility of
gold, the dissociative adsorption of G the Au(111) surface is very unlikely, espeygiall a
temperature of 680 K, where every known gold-oxygpecies should be decomposed
immediately (cf. TDS data in table 1.2-1). The fedrmobile Ru@ precursors are diffusing
downwards from the top of the Ru islands towardsAl(111) surfacecf. figure 6.3-1bp
Depending on the stability and mobility of the Ru@ecursors on the gold substrate, either
further diffusion over the Au(111) surface is pbssior the attachment of the precursors at
the perimeter sites of the Ru island and the Aussate occurscf. figure 6.3-1g The
continuous formation of RuQprecursors on the top ruthenium layers inducesattaehment

of more and more ruthenium atoms at the perimetes 9y the downward diffusion
precursors, thus leading to a wetting ruthenium fith adsorbed oxygen bound on top of it
(cf. figure 6.3-1c)t The chemisorbed oxygen on the flat and perfdraséhenium film is very
important for its wetting behavior. While metallfathenium rather tends to grow three-
dimensional to islands in absence of oxygen, thidifferent if chemisorbed oxygen is
available. By significantly decreasing the surfafree energy of ruthenidff”? the
chemisorbed oxygen phase facilitates the two-dimeas spreading on the Au(111) surface.
The porosity of the wetting ruthenium film is inadc by local strain. A similar effect of a
inhibited lateral attachment of atoms at perimei&s has been reported for the system of Ag
nanoparticles on CeQ(111)™3”! Campbell et al. pointed out that the local straiximizes

at the Ag nanoparticle island edges, which prosibitrther agglomeration of Ag atoms at
these nanoparticles. They also stated that thesé $train effects are very important for the
morphology and the nucleation and growth of depdsihetals. Adapted from this model of
local strain, the formation of the small holes e fperforated ruthenium film is assumed to
stem from a similar effect of local strain withimetruthenium film. It is assumed that not all
perimeter sites are energetically equal for thechtihent of Ru@precursors due to increasing

strain with increasing lateral expansion of the tingt film. Accordingly the precursors

8 Keeping in mind that the oxidation conditions tbe oxidation of the hexagonally shaped Ru islamuls
Au(111) are the same as in the Ru(0001) singlaarggidation.
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preferentially bind to perimeter sites where thealcstrain is not too big. As a consequence,
small (minor) holes in the ruthenium film are fownat the perimeter sites, where the local
strain is too high for the attachment of Ryfdecursors.

With this mechanism it is also possible to desctite presence of the larger holes in the
perforated ruthenium filmc§. figure 6.2.1-1green circles). The exposure of © the surface
results in the formation of tremendously high amewf RuQ precursors on the surface. For
these many RuQprecursors, their mean free pathway for surfaéigion is significantly
reduced, which results in a higher nucleation eatd therefore a higher density of smaller
islands. If these islands do not merge togethemdetaly, larger holes in upper layers of the
perforated film structure are formed.

In principle this high nucleation rate is compaeatd an epitaxially growing material which is
deposited on a surface with very high depositidestaFor instance: In the FvdM-growth a
single covering adlayer is formed, before the hayer starts to grow. This can be achieved if
lower deposition rates are applied, so the depbsitems can freely difftuse on the surface
and no nucleation on top of the formed layer occBid if the deposition rate is strongly
increased, nucleation of the deposited atoms owftdipe already formed layer gets more and
more pronounced. As a result a rough film of mengéghds will be formed instead of a flat
and homogeneous film.

This simplified mechanism describes the formatiowl she morphology of the perforated
ruthenium film. However the disadvantages of thigppsed mechanism are also revealed. By
excluding the morphologic changes of the subst(atg. the loss of the herringbone
overstructure and the reformation of the primitié@(111)-1x1 surface) the important
influence of the supporting substrate on the ragulnorphology of the ruthenium film is not
considered, yet. Additionally the interface betwebe ruthenium film and the Au(111)
substrate is unknown. Therefore the local straid #s influence on the porosity of the
ruthenium film needs to be proven by experimentsheoretical investigations. Generally,
this mechanism is used as a first guideline to m@s@nd understand the formation of the
perforated ruthenium film and its morphology. Aroption of this mechanism on the basis of

conducted experiments in the future will be mandato
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6.4 Conclusion considering the growth and oxidatomih Ru on
Au(111)

Based on the STM measurements and the corresponXih® data for the Ru/Au(111)

system, the following conclusions can be drawn:

1. Ruthenium deposited by PVD on the Au(111) surfawavg three-dimensional in
a Volmer-Weber-like behavior, thus forming islanggh hexagonal symmetry.
This observed growth nicely reflects the expectealmth behavior of metallic
ruthenium on Au(111) based on the huge differein¢dbeir surface free energies

(0g, > 0,,)- Simultaneous to the growth of Ru is the distortand rearrangement

of the gold herringbone reconstruction. The obddevamount of Ru in the STM
images is lower than the expected amount of Ruviiaatcalculated on the basis of
the deposition rate. This indicates an insertiomuttienium into the top Au(111)
layer by forming either a ruthenium-gold surfacéwlor partially embedded
ruthenium islands.

2. Oxygen exposure to the ruthenium islands leads peréorated ruthenium film,
which is covering the Au(111) surface. The porositgms from small holes and
larger holes or defects within the first layerglod ruthenium film. The small holes
are formed to release strain of the ruthenium filvhjch is induced by the lattice
misfit between Au(111) and the ruthenium film. Tlheger holes or defects in the
first layers are explainable by the formation ad tonany mobile ruthenium atoms
that nucleate to new islands instead of attachingnt already formed island step
edge. By this high nucleation rate, a completeadfee growing film by merging
of these growing islands is not formed. This is ieimto the principle of
deposition rate in epitaxial growth: A high depmsitrate can lead to low mean
free pathway of diffusing atoms and a high nucteatate. As a result a rough film
of merged islands would be formed instead of a gedlvn two-dimensional film
(in case of FvdM-like growth behavior).

3. The characterization by XPS was done by prepatiegviell known Ru@110)
film on the Au(111) surface and using its O 1s algas a reference value for the
oxygen treated Ru/Au(111) system. With assigning @ 1s binding energy of
529.8 eV to the formed Ry(110), a binding energy of 530.2 eV is assigneith¢o
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perforated ruthenium film. This shift by ~ 0.4 eW higher binding energies
indicates a chemisorbed oxygen phase on metathenium. Also the O 1s signal
intensity of the perforated ruthenium film is comgdale to a (1x1)O phase on the
Ru(0001) single crystal surface. The formed cherbest oxygen phase is
assumed to stabilize the perforated metallic ruthrerfilm. By the formation of

ruthenium-oxygen bindings, the surface free enesgyRu is assumed to be

lowered (0,5, <0,,) that the formation of a two-dimensional film cowg the

Au(111) surface is favored.

4. The influence of the underlying Au(111) substratetlte grown ruthenium islands
becomes evident by taking a closer look on thecatiatmount of Ru, which is
necessary for the formation of Ry(®10) on the gold surface. Compared to the
Ru(0001) single crystal surface, higher dosageffare necessary to form
RuG,(110) from the hexagonally shaped ruthenium isladso the amount of
Ru, deposited on the Au(111) surface, for the oXaenation is crucial. In the
Ru(0001) single crystal oxidation Rp@10) grows to a minimum thickness of
about three to five layers, which spread laterallyer the surface without
significant further increase in oxide thickness.thaonly 4 ML Ru deposited on
the Au(111) surface, most of the ruthenium woulchbeded for the formation of
an oxide with equal thickness. Therefore the oxideld bind either directly to the
Au(111) surface, or only a single layer of rutheniwould be at the interface
separating the oxide from the gold. Due to the weakgen gold interaction,
RuQ,(110) bound to the Au(11l) surface is assumed tondie stable. This
becomes evident by the oxidation of 10 ML Ru/Au(lixhere Ru(110) is
readily formed, thus supporting the assumption ofitcal thickness (or amount)
of ruthenium, which acts as a buffer layer betwten Au(111) surface and the
Ru0,(110).

5. The thermal stability of the porous ruthenium filmas investigated by annealing
to 750 K in vacuum for 120 minutes. By STM a congleearrangement to
hexagonally shaped Ru islands is observable, thudemtly revealing the

decomposition of the perforated ruthenium film.

The presented experiments are the first systergaediwth and oxidation investigations on the
Ru/Au(111) system under UHV conditions. Similar ttee complimentary Au/Ru(0001)

system, the exposure of oxygen significantly chantfee morphology of the deposited
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metallic Ru film. The growth behavior and resultimprphologies of both systems (with or
without the presence of oxygen) can be describaditgtively by Young’s equation, with the
surface energy relation between ruthenium and lyeidg the main driving force.

Although various results have been obtained yethén XPS and STM experiments as well
as a combination of TDS and LEED experiments haveet performed to further investigate
and clarify the structural properties of the peated ruthenium film on the one hand, and its
redox behavior on the other hand. Moreover the umigtructural morphology of the
perforated ruthenium calls for intercalation expennts of different molecules. For instance,
it could be used as a template for water intercadabind the preparation of hydrous
ruthenium oxide under UHV conditions.
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7. Inhibition of the Ru(0001) oxidation by goldasids

As described in chapter 5.1.1 the deposition ofl 615 ML) on Ru(0001)-(2x1)O at 700 K
induces the growth of hexagonal gold islands altre step edges as well as at the high
coordination sites of the surface. Coincidentaltytteese high coordination sites, critical
nuclef are formed, from which the growth of Ry(®@10) starts during the initial oxidation of
the Ru(0001) surfade® Due to the nobility of bulk gold towards,Cthe formation of the
rather large hexagonal gold islands at these numfesites is assumed to inhibit the
formation of the critical nuclei and the furthenaation of the Ru(0001) surface. Comparable
experiments have been carried out by Chorkendo#f. avhere the dissociative adsorption of
N, on the Ru(0001) surface was inhibited by the digposof gold?*®!

Figure 7-1schematically illustrates the critical steps fog formation of the critical nuclei in
the initial gas phase oxidation of Ru(0001) by O

a) Schematic illustration of a nucleation site on B&0001) surface. The numbers in
brackets represent the difference in layers towtHrddowest terracecf. figure 7-1a
indicated by 0). The double- or multistep is highted by a thicker line while the
single step is depicted by a thin line.

b) Dissociative adsorption of £and surface diffusion of chemisorbed oxygen.

c) Mobile RuQ precursor formation and diffusion along the doulde multi-steps
towards the nucleation sites.

d) Formation and growth of the critical nucleus by #gglomeration of RuQprecursors
at the nucleation site as well as the one-dimemsioarrosion of the steps to form
more mobile precursors.

e) Growth of a two-to-four layered Ry(110) film initiated by the active clusters at the
nucleation sides.

To achieve the inhibition of the Ru(0001) singlgstal oxidation, 0.5 ML Au were deposited
on the Ru(0001)-(2x1)O surface at 700 K. Afterwa2d900 L molecular oxygen (pgD=
310 mbar) at 680 K were dosed to induce the oxidatly.these oxidation conditions
usually many critical nuclei and a partially coveyithin film of RuGQ(110) is formed on the
bare Ru(0001) surfad®:%

% The critical nuclei, which are formed in the ialtgas phase oxidation, are also simply calledi¢et) clusters
in the recent publications.[92,190]
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Figure 7-1: Summarized initial gas phase oxidation of the BO{) single crystal surface near the
nucleation site. (a) Schematic illustration of thgcleation site; (b) dissociative adsorption of &d
surface diffusion of chemisorbed oxygen; (c) foramaof the mobile RuQorecursors as well as their
diffusion along the steps to the nucleation sit; ggglomeration of RuQprecursors induces the
formation of the critical nucleus; (e) growth oftllin RuQ(110) film (2 to 4 layer thick) along the
neighboring step edges.

Figure 7-2: This series of STM images illustrates the infleen€t deposited gold on the oxidation
process of the Ru(0001) surface by typical oxigetionditions: p(@) = 3-10° mbar, 680 K. Image a)
(300 nm x 300 nm) displays a larger area of thefama before the exposure of 27000 L The
images b) (200 nm x 200 nm) and c) (150 nm x 150shiows the strong corrosion at the Ru steps
while the Au islands remain unharmed upon the axygEatment. Tunneling conditions: U =1.2 V, |
=1.0 nA.

Figure 7-2shows STM pictures of the Ru(0001)-(2x1)0 surfaté deposited gold (0.5 ML
at 700 K,cf. figure 7-2a and the subsequent oxygen treatment of this A@BAL) surface
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by exposure of 27000 L L&t 680 K €f. figure 7-2b,k The STM images give no indication
for the formation of Rugf110) or critical nuclei during this preparationhel grown gold
islands are blocking most of the step edges andcedly the intersections between single
steps and double (or multiple) stegs. figure 7-2a. Instead of the Ru(0001) single crystal
oxidation, a strong corrosion of the steps is olsdde €f. figure 7-2b,& This is insofar
noteworthy because such a corrosion of the rutinesiurface has only been observed for the
oxidation by atomic oxygeh®”?*” The gold islands retained their hexagonal shapeaae
not attacked by the exposed (©f. figure 7-2b,¥. This is confirmed by the corresponding Au
4f XPS signalsdf. figure 7-33, which give no indication for the oxidation oktigold islands.
The slight increase of the O 1s signal at 530.1(ef\Vfigure 7-3p can be assigned to the
formation of a more dense oxygen overlayer. Bdik,® 1s signal intensity and its binding

energy confirm that no covering film of Ru@10) is formed on the surfac®.
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Figure 7-3: The inhibited oxidation of the Ru(0001) surfac@listrated on the basis of Au 4f (a) and
O 1s (b) spectra. After deposition of 0.5 ML goatdao(2x1) oxygen precovered Ru(0001) surface, the
formation of metallic gold islands is confirmedthg Au 4f signals at 84.0 eV and 87.7 eV. After the
deposition of gold, 27000 L,Wvere exposed to the Au/Ru(0001) surface at 68 Kné formation of
RuGy(110). However, the O 1s signal in (b) evidentlpved that no Rugd110) is formed by this
oxygen treatment. The slight increase of the Qdisaintensity at the binding energy of 530.1 &V,
assigned to the formation of a (1x1)O chemisorbegyen phase. For the formation of a R(Q0)
film, a significant shift to lower binding energi¢s 0.6 eV) of the O 1s signal is expected. The
unchanged Au 4f signals in (a) indicate that thieigslands are not attacked during the featment.

A more careful analysis of magnified STM imageseads a selective corrosion of certain
steps while other steps remain mostly uneffectédfigure 7-4. Line scans of corroded (cf.
line scan7-4b) and uneffected stepsf( line scans/-4a and7-4¢ show that only the single

% The O 1s binding energy of Ru@10) on Ru(0001) is 529.5 eV.
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steps of the Ru(0001) surface are attacked upo®ihexposure. However, the corrosion of
the single steps has never been observed in tti@ igas phase oxidation of Ru(0001) upon

0, exposuré™®’
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Figure 7-4: A STM picture shows the selective behavior ofasion on the Au/Ru(0001) surface.
Using line scans at certain positions on the swefdte single steps (line scans b) were identifeed t
corrode during the exposure of,Qwhile the double or multi steps remain mostly arnted (line
scans a and c). Tunneling conditions: U = 1.2 ¥,1.0 nA.

Therefore the deposited gold islands may changextraction process of ruthenium atoms
from the steps: Instead of the double steps ofRb€D001) surface, the single steps are
attacked by the dosed,OUpon oxygen exposure a two-dimensional corrositn the
terraces of Ru(0001) and the agglomeration of th&Rrecursors along the corroded steps
is visible f. figure 7-2b,§ At this point it cannot be determined if the aadion of the
Ru(0001) surface is only inhibited or completelgymnted. It is possible that the oxidation
starts at (significantly) higher exposures of molac oxygen. Long term oxidation
experiments are a possibility to clarify this issue

Statistical analysisc{. figure 7-5 of the agglomerated Ry(precursors reveals no clear

structure information. For a direct comparisoniterature, the height of metallic ruthenium
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layers and bulk Rufare indicated by the blue and green dotted linespectively’* The
broad height distribution ranges from 1.8 A to &0Therefore no reliable assignment is

possible, neither to metallic ruthenium nor to R{IQO0).
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Figure 7-5: Statistical height analysis of the agglomerateda$it along the Ru steps shows a broad

distribution, ranging between 1.8 A and 8.0 A. Matkby the blue and green dotted lines are the
thickness of single or multiple layer spacings wkiRu(0001) or bulk RuQrespectively. Compared

to these reference values no clear assignment ¢oofrthese ruthenium species is possible by this
statistical height distribution.

Herd at al. recently suggested that the activatio®, on the Ru(0001) surface solely appears
at double or multi steps and not at single st&g&” During O, exposure at higher
temperatures a dense (1x1)O overlayer is formedhenRu(0001) surfacde’”??% On this
(1x1)O precovered ruthenium surface the disso@atidsorption of additional Adnolecules
becomes improbable as can be seen by the stickiefficent of Q.12 On the oxygen free
Ru(0001) surface the sticking coefficient is estedato be approximately 1, i.e. every O
molecule that hits the surface is immediately boand not reflected back into the gas phase.
On the Ru(0001)-(2x1)O surface the sticking coéfit already decreased to ~1@nd for
the (1x1)O overlayer it even drops to ~18°%%% Also the O-Ru binding energy, with
respect to a free oxygen atom, displays a simiéarct Due to repulsive interactions between
the oxygen atoms in the overlayer structure thedibgn energy between ruthenium and
oxygen decreases with increasing oxygen coveidf@. Table 7-1 summarizes the

correlation between the oxygen coverage apdd3orption properties on Ru(0001).

%L The height of a single metallic Ru(0001) and Ri&yer are 2.2 A and 3.2 A, respectively.[92,190]23
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Table 7-1: Adsorption properties for the dissociative adsmanptof G, on Ru(0001) depending on the
oxygen coverage. Values taken from ref. [8,168,230]

O-Ru binding energy

Chemisorbed oxygen . Sticking
Oxygen coverage with respect to free o
phase on Ru(0001) coefficient of Q
oxygen atoms
(2x2)0 0.25 ML 5.55 eV ~1
(2x1)0 0.5 ML 5.10 eV ~ 18
(2x2)30 0.75 ML 5.28 eV -
(1x1)0 1.0 ML 4.84 eV <16

Considering that @activation occurs only at the double or multi stepthe Ru(0001) during
its oxidation, the micro faceting of the rutheniwgurface is assumed to becomes crucial.
Generally adsorption and activation of @& undercoordinated ruthenium atoms is favored
due to the change in the local density of stat&J8) of the d-orbital€3? However this is
not the key factor for @activation during the oxidation of Ru(0001) be@agherwise @
may also be activated at single steps, too. Mdliat the micro faceted double or multi
steps, two neighboring adsorption sites are avaitfao the Q activation®®”

In case of the exposure of atomic oxygen in theOBQI{) surface, the adsorption properties
change significantly. It is assumed that the adsmrpprobability of atomic oxygen on the
Ru(0001)-(1x1)O surface is significantly higherrtthe adsorption of §°%*7 If high local
density of chemisorbed oxygen atoms is necessarthérelease of ruthenium atoms from
the steps, the formation of Ry@recursors at single steps by exposure of atomygen can

be explained: Hammer et al. calculated chemisodxgden phases at the single steps of the
Ru(0001) surface thus depicting that the ruthensioms at the step edges are slightly lifted
at very high oxygen coveragé®” Such a lifting of ruthenium atoms is assumed tuodue

to adsorption of atomic oxygen on the rutheniuniasg and especially at the single steps. In
principle the local density of chemisorbed oxygémlaruthenium steps should be increased
by the adsorption of atomic oxygen. However thenfation RuQ precursors upon exposure
of atomic oxygen predominantly occurs at the sirgjlEps, and only at higher dosages of
atomic oxygen the double and multi steps are atthickoo™®” This indicates a kinetic
limitation for the RuQ@ precursor formation at the faceted double or msiéps upon
exposure of atomic oxygen.

In conclusion, these observations confirm the irtgpare of faceted double or multi steps for
O, activation on the Ru(0001) surface. With a neblgiadsorption probability at single
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steps, the dosed molecular oxygen can increask®dthEoxygen coverage only at the micro
faceted multi or double steps where the disso@adsorption of @is possible.

The question within this context is noWow do the formed gold islands on the Ru(0001)-
(2x1)O surface change the location for the Rp@cursor formation from double to single
steps?

The formation of the RuQprecursors at the single steps and their corrasyoaxposure of
O, is assumed to be induced by the deposited AuthdriSITM images the shape and size of
separated gold islands is visible. One could thinak a very thin line of gold is attached at the
double and multi steps of the Ru(0001) surface.tBisthas never been observed by STM. As
has been presented in the previous experimentsddiemic oxygen predominantly attacks
the deposited gold. If a thin line of gold is forthalong the steps of the ruthenium surface,
then the formation of small gold nanoparticles gldhese steps is expected due to the
preferred oxidation of gold. But this has neverrbebdserved by STM. Instead only the
fragmentation of the hexagonal gold islands intsi@rs has been monitored, thus indicating
that these islands contain all of the deposited.gbherefore a specific passivation of double
or multi steps by a thin gold line is rather unlke

This leads to the assumption that the activatimtgss of @ may have changed due to the
deposited gold. Many studies investigated the bmdand activation of © on gold

§£5.2631:41,42:44-99.58 activation on the Au nanoparticles itself is hewdhchieve

nanoparticle
due to the weak oxygen—gold binding. Insteadpg@dominantly adsorbs at the triple phase
boundary (tpb) by binding one oxygen atom to thessate and the other binding to the gold
island, if a reducible oxide is used as a supfbtt:** The Q readily dissociates at the tpb so
one oxygen atom can strongly bind to the suppoitewthe other oxygen atom, which is
bound to the gold atom, is assumed to participateidation reactions, e.g. the CO oxidation
reactionl*>4¢49 This active atomic oxygen species is proposedvin eoxidize the gold
atoms at the interfa¢&:*® Based on these investigations it is assumed Heattivation
process of @on the Au/Ru(0001) surface may be similar. Instefathe exclusive activation

at the double or multisteps,@ is possible that molecular oxygen adsorbs atglrimeter
sites of the gold islands with one oxygen atom llotnthe ruthenium surface and the other
bound to the gold island. The activation of & these sites then induces the formation of the
RuQ precursors at single steps instead of double sképsever, due to lacking knowledge
of the Q activation mechanism on bare Ru(0001), the chamgexidation behavior when

introducing gold cannot be explained conclusively.
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In conclusion, the influence of the deposited gaoid the oxidation of Ru(0001) is

schematically illustrated ifigure 7-62.
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Figure 7-6: Summarized steps of the initial gas phase oxidatioRu(0001) with previously formed
gold islands at the nucleation sites: (a) Gold dgfion leads to surface diffusion of gold islanas o
the oxygen precovered ruthenium surface towardsitideation sites; (b) dissociative adsorption of
O, at 680 K as well as surface diffusion of chemiedrioxygen; (c) formation of mobile RuO
precursors exclusively at single steps and thefiiugion along these steps; (d) due to the blocked
nucleation sites the formation of critical nucldi these positions and the subsequent formation of
RuG,(110) is inhibited. Instead more and more mobil®©Rprecursors are formed at the single steps,
thus resulting in a two-dimensional corrosion ahd igglomeration of Ru@eposits.

The inhibition of the Rug{110) formation and the observed two-dimensionalosion of the
ruthenium single steps are summarized in the foligw
a) Gold deposition and its diffusion to the nucleatwites forms hexagonally shaped
(mostly) three layered islands at the chosen grawetiditions (0.5 ML Au on (2x1)O
precovered Ru(0001) at 700 K).
b) Dissociative adsorption of £and surface diffusion of chemisorbed oxygen.
c) RuGQ precursor formation and diffusion along the singleps towards the blocked
nucleation sites.
d) Due to the blocked nucleation sites no Ruwlusters are formed. Instead more and
more RuQ precursor species are formed, leading to a tweedsional corrosion of
the gold free ruthenium single steps.

%2 please note that (although this graphic lookslamtd the one from figure 7-1) the nomenclaturéhef steps
and the terraces has changed. The double and silegie are exchanged and the higher lying terseanew the
right one.
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8. Brief survey about growth behaviors in the atere

The growth mechanism of a deposited material onbstsate surface on the atomic level is

usually very complex and includes many variableat timfluence the growth behavior

substantially. Therefore a detailed predictiontfar growth behavior of a particular system is

usually not reliable. Experimental and theoretizalestigations are mandatory before an

interpretation of the growth is reasonable.

Based on the general model for nucleation theony epitaxial growth, it is possible to

qualitatively describe and explain the observedwtjndoehavior: By using Young’'s equation

an explanation for the observed growth morpholaayy lee given. The tables 8-1 and 8-2 give

a brief overview of growth behaviors for varioustgms in literature. General assumptions

can be concluded by these observed growth behaviors

Table 8-1; Growth on metal surfaces

System Growth conditions Growth behavior Reference
MoOs/Au(111) | FVDofMoinvacuumwith | 5 5 g orowih 234
subsequent annealing i O
2 D film growth: at
PVD of Mg in background © | 700 K flat film with
MgO / Mo(100) with subsequent annealing in| dislocations, at 1000 235
vacuum K flat film with
Moiré pattern
. . 2 D growth of
FecSiO2/ | 60 Sl bcequent anncaiing | UIrathin Fe-doped | 5o
Ru(0001) 2 o silicate films with
2 Moiré patt
pattern
PVD of ZnO in background © | 2 D layer by layer
Zn0 [ Pi(111) with subsequent annealing in @ growth 231
ZnO / Au(111) RVD of ZnO in backgro.und'»,_o 2D fllm growth with 238
with subsequent annealing in ¢ Moiré pattern
Fe deposition: 300 K
3 D VW growth, at
_ _ 520 K wetting of the
FeO and F¢O, / PVD of Fe in vacuum vylth Pt(111) 239,240
Pt(111) subsequent annealing i O o
Oxidation: FeO and
Fes04 2 D film
growth
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Table 8-1: Growth on metal surfaces, continued from previgage

System Growth conditions Growth behavior Reference
CeQ: 2 D film
CeQ: PVD of Ce in backgroun¢ growth with small
Au NP / O, with subsequent annealing | free areas due to O
CeOy(111) / O, overlayer on 241
Ru(0001) Au NP: PVD of Au at low Ru(0001)
temperatures Au: 3 D cluster
growth
CeQy: PVD of Ce in backgroung
O, with subsequent annealing
Oz CeQs: 2 D film
AgNP / Ag NP: pulsed atomic beam growth
CeQ-x(111) / ¢ hi 'h Husi 137,242,243
Pt(lll) rom nig temperature errusIor Ag 3 D cluster
cell growth
Ag NP: MBE evaporation in
vacuum
TiO,: PVD of Ti in background TiO,: 2 D island
AUNP / TiOy / O, with subsequent annealing coalescence SK
. ' O rowth
Ru(0001) '2 | 9 244,245
Au NP: PVD in vacuum with Au: 3 D cluster
subsequent annealing growth
PVD of Mg in background © g
MgO / Mo(100) with subsequent annealing in 2D UItrz)thvrt';]n film 246
vacuum g
NaCl / Al(111) or . .
Al(100) PVD of NaCl in vacuum 3 D island growth 247
0.25 ML, 300K: 2D
island growth
Cr / Ru(0001) PVD of Cr in vacuum 2ML, 300K: 3D 248
island growth
2 ML anneal to 500 +
700 K: SK growth
Oxidation of Cu- Al seareaation and oxidation a Formation of a
9at% Al(111) (Cu- gregation ar wetting thin AbOs 249
680 °C using @ .
Al alloy) film
TiOx / Mo(112) TiOx: PVD of Ti in vacuum with 2 D growth of
and TiGQ/ SIG, / b idati itrathin TiO | 250
Mo(112) subsequent oxidation ultrathin TiOx layer
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Table 8-1: Growth on metal surfaces, continued from previgage.

System Growth conditions Growth behavior Reference
1. PVD of Ti in vacuum with _ ]
subsequent oxidation using | SK gr(:;/]vtf}.tﬁ Df_f'”tn
i atomic oxygen e I
o { FELE) N e layer. Afterwards 3 O 22l
with subsequent annealing
MBE of Ce in oxygen .
CeO(111)/ . 3 D island VW i
Ru(0001) atmospher_e w_|th subsequent growth 252-254
annealing in oxygen
. . . 2 D film SK growth.
Al\ljl(/)(Tllf;)/ PV;S;:(;JUZ‘”\{zziuer;li\ggh 3 Disland growth at| 20,21
2.5 ML Au
h-BN/Rh(111) | CVD of borazine in vacuum| 2 O.fim growth with | o0 57
Moiré pattern
h-BN/Ru(0001) | CVD of borazine in vacuum | 2 P.fIim growth with | - 50 55
Moiré pattern
. . 3 D cluster growth
Au/ h-BN/ PVD of Au in vacuum Wlth with additional flat 2 261
Ru(0001) subsequent annealing , .
D island formation
Graphene / Me CVD of various carbon 2 D film growth with 262
(overview) containing molecules Moiré pattern
Table 8-2: Growth on oxide surfaces.
System Growth conditions Growth morphology  Refeeenc
CeQ: 2 D film
CeQ: PVD of Ce in backgroun¢ growth with small
Au NP / O, with subsequent annealing | free areas due to O
CeQy(111) / Oz overlayer on 241
Ru(0001) Au NP: PVD of Au at low RO
temperatures Au: 3 D cluster
growth
At low T: Cu islands
covering the surface|
Cu/ ZnO(OOO].) PVD of Cu in vacuum Annea”ng leads to 263-265

dewetting and 3 D
island formation
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Table 8-2: Growth on oxide surfaces, continued from previoage.

System

Growth conditions

Growth morpholog

)y Refeeenc

Pd /a-Al ,05(0001)

Ag NP /
CeQx(111) /
Pt(111)

Au / TiO;

Pd and Co /
NiAI(110) (thin

TiO, / Pt(100)

Au / TiOx(110)

Pt / TiOy(110)

PVD of Pd in vacuum

CeQy: PVD of Ce in backgroung
O, with subsequent annealing
O,

Ag NP: pulsed atomic beam
from high temperature effusior
cell

Ag NP: MBE evaporation in
vacuum

PVD of Au in vacuum

PVD of Pd and Co in vacuum

1. PVD of Ti in vacuum with
subsequent oxidation using
atomic oxygen

2. PVD of Ti in background ©
with subsequent annealing

PVD of Au in vacuum with
subsequent annealing

PVD of Pt in vacuum with

subsequent annealing

At 300 K: initially 2
D cluster growth with
a transition to 3D
growth at 0.25 ML

Annealing to 1000 K
induces sintering an(
3 D cluster formation

CeO: 2 D film
growth

Ag: 3 D cluster
growth

Initially 2 D island
growth with a 2 D to
3 D transition at a
temperature
dependent critical
coverage

Co and Pd 300 K: 3
D cluster growth

SK growth: 2 D film
growth of the first
layer. Afterwards 3 D

island formation.

3 D growth of Au
clusters at 300 K and
sintering at higher
temperature. Higher
amounts of Au
induces formation of
rough films by island
coalescence

3 D growth of Pt
clusters

266

137,242,243

267

268

251

23,269,270

271
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Table 8-2: Growth on oxide surfaces, continued from previoage.

System

Growth conditions

Growth morphology

Refeeanc

Me / TiOy(110)
(overview)

RUO; / TiOx(110)

RUO; / TiOx(110)

RuG, NP / P25-
TiO;

RUO; / TiOx(110)

RUG,/TiO,(110)

PVD of various metals with
subsequent annealing

MBE of Ru in oxygen plasmal

CVD of Ryi(CO)2in O,
atmosphere with subsequent
annealing in @

RuQO;, NP deposited on P25-T;Q
by impregnation from acidic
RuCk solution

CVD of Ruy(CO), with
subsequent annealing i O

PVD of Ru in @atmosphere

3 D cluster formation
of metals with low
reactivity towards O

2 D film growth of
metals with low
reactivity towards O.
Simultaneous
reduction of TiQ and
oxidation of adsorbe(

Me

2 D layer by layer
growth

3 D VW like island
growth

3 D NP redistribute
during deacon
process at 300 °C
forming a wetting 2
D layer

1 D wire formation

covering the surface

for lower RuQ
amounts

Annealing to 800 K

reduces the oxide an

forms 3 D metallic
particles

Formation of 3 D

square shaped islands

(£4 ML RuQy)

followed by 2 D step

flow multilayer

growth & 6 ML
RuQ,)

108,270,272

273

274

275

276

145

Metal oxides usually have significant lower surfdoge energies compared to pure metal

surfaces. Near thermodynamic equilibrium the growthan oxide on a metal surface is

assumed to result in the formation of a covering-timensional film, if the contribution of

the interface energy and the strain energy aragibelg for the growth behavior. Vice versa,
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the deposition of a metal on an oxide surface madstds to the formation of either clusters
or three-dimensional islands on the surface. As lmarseen by various examples given in
table 8-1 the growing oxide usually tends to cahermetal surface in a Stranski-Krastanov-
like or Frank-van-der-Merwe-like growth. In table28xamples for the deposition of metals
on oxide surfaces are listed for which three-dinmra Volmer-Weber-like growths are
mainly observed. Besides the general growth behafithese systems (two-dimensional vs.
three-dimensional growth), their structures on nla@oscale are strongly influenced by the
interface energy and strain energy. The introdactb defects or the formation of a moiré
pattern is often observed for covering films, whigxe interface between the adsorbate and the
substrate determines the structure of the growiaprial!?3>236:238]

In cases where the interface energy and strainggneecome more decisive, the growth
behavior changes substantially. Although a lowefase free energy of the adsorbate would
induce a two-dimensional growth, a dominant intfaenergy can lead to a three-
dimensional growth. A good example for this stramduence of the interface energy is the
growth of Ce® on Ru(0001§°?%* Instead of a flat covering oxide, triangularly sbd
isolated Ce@islands are growing on the Ru(0001) surface. Ago#xample is the growth of
Ag deposited on CeQ.*”! By deposition of Ag, nanoparticles are formed ba €eQ.
surface, whose increase in size is limited duetallstrain effects between the nanoparticles
and the oxide substrate. For both examples theteffestrain has a strong influence on the
resulting morphology.

To elucidate the general applicability and limbas of the simplified model of
heterogeneous nucleation and epitaxial growth,ethneensively studied systems will be
described in more detalil, i.e. the formation of ahetusters on Tig the growth of Ru@on
TiO2(110) and the formation of Ry(110) by oxidation of a Ru(0001) surface.
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8.1 Deposition of metals on T3O

Since the discovery of high activity and selecyiwf gold nanoparticles on reducible metal
oxide surfaces by Haruta et al. manifold researak performed in the field of gold catalysis,
with TiO, used as the underlying substrate surf&ce! As already summarized by Diebold et
al. the deposition of metals on TiQurfaces generally leads to the formation of three
dimensional clusters on the surfa®&2>2"1This is confirmed by the simplified model of
epitaxial growth, i.e. the energy relation given ¥gung’'s equation (cf. equation 3.2-1,
chapter 3.2). Generally Tihas a significant lower surface free energy tl@nnost metals,
which facilitates the three-dimensional growth otls a deposited metaf®2"22" 1However
for metals with a high reactivity towards oxygeng(eNa or Hf) the formation of flat films
has been observéd?

By using surface sensitive low-energy ion scatte(bEIS)* the decrease of the Ti signal
due to deposition of the adsorbate was measurdure 8.1-1the normalized Ti intensities
are plotted against the overlayer thickness of dbposited metal. For Hf, the Ti LEIS
intensity decreases linearly and reaches zero wabent 1 ML of Hf was deposited on the
surface. Due to the higher surface free energyfad Hiree-dimensional growth would have
been expected. As a consequence one could assamth¢hinterface energy significantly
changed the growth behavior of Hf on Bi@®ut further investigations revealed that during
the deposition of Hf the top Ti¥dayers are reduced to metallic Ti while simultamsy the
adsorbed Hf is oxidized. This observation is againsistent with Young's equation due to
the higher surface free energy of the metallic difeece compared to the formed Hf-oxide
layer. In case of Cu deposition the LEIS signal Tordecreases parabolically and is still
observable, even for high amounts of deposited L£uhree-dimensional growth of Cu
clusters or islands on the Ti@®urface explains this parabolic pattern. Thesengkas show
the importance of understanding the chemical psEsswhich may occur during the

deposition and growth of a metal on an oxide sexfac

% In LEIS, ions (usually from a noble gas) with avlenergy are directed towards the targeted surfage.
applying energies below 10 keV the ions are scadtet the top layer of the surface. By either fiemisng
energy to or from the surface atoms during thetedag process, the noble gas ions change theacitglin
vacuum. This changed velocity is usually monitobgda time-of-flight analyzer coupled with a micracimel
plate detector or electron multiplier. By the cltdeaistics of the noble gas beam and geometricpsefithe
different components of the ion scattering systerfiormation about the surface species can be oddailue to
the element specific scattering process.[278,279]
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Normalized Ti LEIS Intensity

Cr
7 S
Hf
ﬁfv//////////////’f

Overlayer Thickness (ML)

Figure 8.1-1: Trends for the attenuation of the Ti LEIS sigral four different deposited metallic
species (Cu, Fe, Cr and Hf) on B{®10) (left). Corresponding schematic illustratioofsthese metals
visualize the early growth stages, i.e. three-disimmal cluster formation (Cu), flat island formatio
(Fe), two-dimensional flat island formation follogivby three-dimensional cluster growth (Cr) and the
formation of a flat wetting film (Hf). Figure takérom [272].

Another good example is the deposition of gold @éd,TWhile gold deposition on Ti§110)
single crystal surfaces leads to the formation bfed-dimensional clusters on the
surfacd?2¢927% the morphology of gold deposited on ultrathin Ti®ms changed to thin
gold layers, which are wetting the surf&%* How can this contradiction be explained? The
formation of three-dimensional gold clusters on Ti®,(110) single crystal surface confirms
that the growth is induced by the surface free giasrof the involved materials A, > o1i02).

As a consequence, the ultrathin 7i@m must have different chemical and physical
properties than bulk Tig110), thus inducing the two-dimensional growth gufid. This
change of the chemical and physical properties olftrathin film will be elucidated on the
basis of the Rh/Ru(0001) system: It is known fordeposited on Ru(0001) that the first layer
adopts the lattice constants and continues thestagiing of the Ru(0001) substrate, although
Rh is an fcc metdf®®?81 O, exposure at 535 K leads to the formation of a JOxadverlayer

on 1 ML Rh. This is insofar interesting that on tR&(111) single crystal surface the
formation of the (1x1)O overlayer cannot be achielay molecular oxygen. Therefore the
first layer of Rh is not only continuing the Ru(@Q0stacking, more likely the (chemical)
properties of the underlying ruthenium are adopte,?>*Y In recent studies on the
properties of thin oxide films formed on metal duhies, it was shown that charge transfer
through ultrathin films occurs, which changes theperties of such oxide/metal systeffi€.
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Similar effects probably change the propertieshefdltrathin TiQ film formed on Mo(112),
thus forcing the deposited gold to wet the Ji@yer instead of forming three-dimensional
islands or clusters. By comparing the surface émergies of gold (1.5 JAnand Mo (2.9-3.0
J/nf), a two-dimensional growth of gold on bare Mo(1i2pxpected:®®!83 By considering
that ultrathin layers can adopt the propertieshefunderlying substrate, the two-dimensional

growth for gold on the TigdMo(112) surface becomes comprehensible.
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8.2 Growth of Ru@on TiO,(110)

The system of Ruon rutile TiGQ(110) has gained major interest for the HCI| oxiati
While Ck formation from HCI is usually performed by eledtyiis, Sumitomo chemicals
offered an alternative and more energy efficienprapch for the gas phase chlorine
formation, using the RuTiO,(110) system as the active cataf&?%¥ Due to its unique
properties and a well defined structure with a ataity sharp interface, the system of
RuO,/TiO»(110) can be used as a photocatalystBbThe grown Ru@acts as a cocatalyst
while TiO»(110) is the photoabsorber. Their synergy enhatlvesphotocatalytic activity,
making it a suitable model catalyst for reactiake the water splitting.

With versatile applications in electrochemistrytdmiegeneous catalysis and photocatalysis,
in-depth understanding of the Ry@O,(110) system is desirable. Recent studies presented
the importance of the morphology of the R{O,(110) system and its related catalytic
properties®’ The growth of Ru@on rutile TiQ(110) has been done by CVD and PY8:

2781 For multilayer thick films (> 40 layers) of Ru®n TiOy(110), the growth was determined
to be FvdM- or layer-by-layer liKé”®! For smaller amounts of deposited Ru, different
morphologies have been reported, i.e. flat one-dsiomal RuQ@ row-like structures as well
as small three-dimensional islands of RIf&?’® In a recent STM work, the growth of
RuG,(110) on rutile TiQ(110) near thermodynamic equilibrium has been Vized by
systematic STM investigationsf( figure 8.2-1.1*°! To form RuQ(110) on TiQ(110),
metallic ruthenium was evaporated in an oxygen aphere (p(@ = 1:10° mbar) to the
titania surface, which was kept at 600 K. In théahstage of the Rug110) growth £ 2 ML
RuQ,), square islands are predominantly formed at thpssof the TiQ(110) surface df.
figure 8.2-1b,& Significantly fewer Ru@islands are formed on the terraces, indicating the
importance of defect sites for the nucleation ofDRon the TiQ surface. By increasing the
number of defects on the TiQ210) terraces the amount of formed Ru€lands on these
terraces increases, and the islands are more howoggy distributed on the T110)
surface. Line scan analysis revealed a criticatktiess of 3-4 ML for the square-shaped
islands. This thickness is largely maintained dysobsequent growth of RgQhus leading
mainly to the lateral growth of the islands untiey coalesce to complete a wetting film of
RuG,(110) (f. figure 8.2-1d-p This wetting film flattened with ongoing depasit of
ruthenium in @ atmosphere leading to large terraces of Rirther growth of Rugj110)

(> 6 ML) continues via the typical step flow mechamjsi.e. newly formed Rufare

exclusively attached at the steps and no nucleatiaie terraces occurs.
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Figure 8.2-1: STM images (300 nm x 300 nm) for Ruslands and films grown on T}(10) at 600
K with increasing amounts of deposited Ru: (a) Bl&&,(110), (b) 1 ML, (c) 2 ML, (d) 3 ML, (e) 4
ML, (f) 5 ML, (g) 6 ML, and (h) 7 ML. Figure takénom [145].

- : 1

The step flow growth of RugXits very well to the reported layer-by-layer gibwfor thick
RuQ; films on Ti0y(110)?"® This growth behavior is consistent with severaluasptions
that can be made for the growth of Rusd Ti0,(110): Rutile bulk Ru@110) and TiQ(110)
have similar lattice parametéfsleading to a rather small lattice misfit and dnateral
strain. Therefore a pseudomorph growth behaviourscwith a sharp interface between both
oxides, i.e. their atomic structure is well defined

The surface free energy of Ti@nd RuQ@ are approximately equ&f® with such a small
difference of the surface free energies, the iat&rfenergy or the strain are very important for
the initial growth. The formation of square-shapsdnds strongly indicates an important role
of the strain energy. From the rectangular unit @eRu0,(110) a preferred growth direction
and rectangular islands would be assumed. The tmmaf square-shaped islands could be
explained by the different lateral strain in theQRuayer, i.e. compressive strain by ~ 4.8 %
in the [001] direction and tensile strain by ~ 24n the [1-10] directio®**! To elaborate on
the square-shaped morphology of the RufSlands further temperature dependent
investigations are required.

Although the square-shaped island structure cabaatompletely explained at this point, it
confirms and visualizes the previously reportedaghoof three-dimensional Rylusters or
islands on Ti®(110) for small deposition amounts of ruthenitiffl. Besides this square-

shaped morphology the sharp height distributior8-@f ML in particular is of interest. By

¥ RUuO,(110): (6.35 A x 3.11 A), Tig{110): (6.50 A x 2.96 A).[145]
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keeping the surface at 600 K during the growthkinetic barriers are assumed to occur. That
the RuQ/TiO2(110) system is near thermodynamic equilibriumhese growth conditions
can be confirmed by the following observations fr8&MM: (i) No nucleation on top of the
atomically flat RuQ@ islands or terraces occurs, indicating diffusionitations have been
overcome at 600 K; (ii) the observed step flow glgwor RuQ multilayers, is typical for
homoepitaxial growth very close to thermodynamicilgrium. With the RuG@/TiO»(110)
system being at thermodynamic equilibrium the fdramaof three-dimensional islands would
in principle implicate that the surface free eneofiyRuGy(110) is (slightly) higher compared
to TiO,(110). However the three-dimensional growth stdfer 8-4 ML of RuQ are reached,
leading to an exclusive lateral expansion of thekmds with continuing growthVhy does
the three-dimensional growth stop after tffe(@r 4" layer of Ru@?

The formation of such thin 3-4 ML layers of Ru@n TiO, under HCI reaction conditions or
thermal treatment have been reported, but witheepdr explanatioi’ In Wang’s work,

2 nm RuQ nanoparticles, impregnated in mesoporous,,Tuzere transformed to 1 nm thick
(~ 3 ML) film of RuG; at 300 °C. Assuming that this system was also tleamodynamic
equilibrium the transformation from the 2 nm thic&noparticles to 3 ML thin RuyCfilms
strongly indicates a further structural stabili@ati Interestingly at similar temperatures (580
K) the oxidation of Ru(0001) by Oeads to the formation of ultrathin Rp(@10) films
covering the ruthenium surfafé®**' The thickness of such thin oxides has been detedni
to be< 3 ML. Again the thickness of approximately 3 MLashieved rather fast, but then the
three-dimensional growth of RyQ@10) is negligible compared to the lateral expamsver
the Ru(0001) surface. This also indicates a staibn of thin three-layered Ru(10)
structures. But further experiments and theoretioadstigations are necessary to elucidate a

possible structural stabilization mechanism for B4 thick RuG; films or islands.
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8.3 Formation of Ru¢§110) by oxidation of Ru(0001)

The system of Rugd110) grown on Ru(0001) is known to be an activialgat for oxidation
reactions even at ambient pressures. Due to itsdeBhed structure, Ru{L10) is used as an
model catalyst in various research fiefliswith various possible coexisting surface
orientations for rutile Ru®(e.g. Ru@®(110), RuQ@(100) and Rug(101)) the conditions for
oxidation are crucial to predominantly grow a certauthenium oxide and simultaneously
preventing the formation of the other oxide ori¢iotas**1?872%% During the gas phase
oxidation of the Ru(0001) single crystal surface@ymainly RuQ(110) is formed. Due to
the reduction in symmetry from the Ru(0001) substigs)*® to the Ru®110) C.) three
energetically equal oxide domains are formed orstiréace rotated by 126

Recent studies by Herd et al. gave insight intoithigal gas phase oxidation of Ru(0001)
using molecular oxygef?'®® The formation of Rug110) on Ru(0001) by gas phase
oxidation using @is induced by a heterogeneous nucleation andtgrpvocess:®™ He et
al. already showed an Avrami like growth behavior RuG(110) on Ru(0001) by SXRD,
which was confirmed and further investigated byeredc LEEM, LEED and SXRD
studies®+?882%UThe growth consists ofiaduction time(or nucleation phase where Ru@
nuclei are formed along the steps of the ruthersunface, which act as starting points for the
growth of flat Ru@(110) patches. The nucleaction phase is followedheygrowth phase
where the oxide spreads two-dimensionally overstivéace leading to a ultrathin (2-4 layers)
RuQ,(110) film covering the Ru(0001) surface. The figaturation phasés reached after a
thickness of ~ 5 layers of Ry@10) on Ru(0001) where the further thickness ghoaftthe
oxide occurs very slowl{*0:191:288-291]

For the oxidation of Ru(0001), a threshold pressamd temperature were determined. If
either the temperature or the pressure are bel®w58r p(Q) = 1:10°° mbar, the oxidation
is strongly inhibited and RuQ110) is formed very slowl}***°" For comparison, a
completely covering film of Rugd110) on the Ru(0001) surface is formed after 60utas, if
the temperature and oxygen pressure are set to K63@nd p(Q) = 1:10° mbar,
respectively?®® It should be mentioned that the growth of R@IQ0) can be continued at
pressures below I®mbar, if some nuclei are already available onstidace!**2°+2%?This
can be explained by nucleation theory, where thlilgly of a formed oxide nucleus is related
to the applied oxygen pressure. If the @essure is too low (e.g. p{fO= 1:10"" mbar), the

% For simplification the symmetry only refers to tt@p layer and not to the real symmetry groups wkb
Ru(0001) and Rug110).

160



formation of critical clusters is strongly inhibit€?°”! But if the oxide nuclei have already
been formed, the growth can readily continue &t kbwv pressure because the growth of the
patches itself is not as pressure dependent asltister formatio®®® The threshold
temperature simply reflects the activated oxidafioocess of Ru(0001) by,?

Recent studies showed that the growth of KiMD) on the mesoscale can vary significantly
by changing the applied temperature andp@ssure8?*?°I By increasing the temperature
during the oxidation the lateral size of the R(Q0) flakes increases, while the roughness of
the oxide film decreasé¥® Figure 8.3-1shows the temperature dependent morphology
change of the Ruf110) flakes after a Ru(0001) single crystal swefacas oxidized by
dosing 16 L O, at 650 K(a), 700 K (b), 800 K (c) and 900 K (d).

Figure 8.3-1: STM images of the morphology of the Rd®0) oxide film grown at various
preparation temperatures,I, on the mesoscale,d, = (a) 650 K, (b) 700 K, (c) 800 K, and (d) 850
K. With increasing temperature the terrace widthha&f grown oxide patches increases, too. V=- 0.6
V;1=2.2nA; STM image area: 270 nm x 270 nm.urgtaken from [189].

Comparing the calculated surface free energieleotiifferent coexisting surface orientations
for RuQ, i.e. RuQ(110) (0.114 J/R), RuGy(100) (0.139 J/ff) and Ru®(101) (0.123 J/f),
with the surface free energy of the Ru(0001) simgiestal surface (3.050 Jfinthe wetting
behavior of Ru@ can readily be explainétf>*® Due to the different symmetry and lattice
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parameters of RufQand Ru(0001) the growth is incommensurate, althaugs not known in
detail how the Ru@110) binds to the Ru(0001) surface on the atomnelf®%? But it is
assumed that the interface and the resulting axterfenergy has a major impact on the
morphology of the formed Ru{110) on Ru(0001).

The formation of two-to-three layered Ri{@10) islands and its two-dimensional spreading
over the surface with ongoing oxidation is of fertlnterest. The formation of such ultrathin
RuO; films has been confirmed by Freund et al., #3® This supports the interpretation that
a stabilization for two-to-four layered Ru@10) structures occurs, which calls for future
theoretical investigations to elucidate this inséirey observation.

After completing a covering film of two-to-four layed Ru®(110), STM shows that the
oxide film is not atomically flat. It consists ofamy flake like patches or islands with
different heights, which merged during the growthys leading to a rough RuQ@210)
surfacg?>189191.28%| EEM measurements illustrate that the film growserothe surface
starting from several nucleation poifit:**% Evidently the growth of Rug110) and the
resulting morphology cannot be described by onéhefideal growth modés More likely
this rough Ru@110) carpet is the result of a complex interplay various energy
contributions at the interface. The conclusion ttie interface determines the resulting
morphology becomes more evident by comparing titmatRuG(110) grown on the
Ru(0001) surface to equal thin films formed on A0). In the previously described system
of RuGy(110)/Ti0,(110) significantly larger terraces of Rp@re formed, which are also
atomically flat. By considering that in both systean ultrathin film of Rug{110) with equal
thickness is formed, the importance how the Ku@)) binds to the underlying substrate
becomes evident.

Because the formation process of these both systam®ot be compared directly (epitaxial
growth of RuQ on TiQ, versus the oxidation of Ru(0001)), ruthenium weaperated to the
Ru(0001) in oxygen atmosphere to grow Ru@ the same conditions as in the
RuG,/TiO,(110) system, i.e. same deposition rate (1 ML FRuniin), substrate temperature
(620 K) and oxygen pressure (p{& 110 mbar)?** By using these growth conditions the
deposited ruthenium atoms attach to the step edigdse Ru(0001) surface and an oxygen
overlayer is formed. Both, STM and XPS showed tittabxide was formed on the Ru(0001)
surface. By this experiment, the importance ofdghlestrate that induces the rutile structure of
RuG, on the one hand and has a well defined interfaci® other hand becomes evident for

the epitaxial growth of Rufby deposition of ruthenium in an oxygen atmosphere

% Frank-van-der-Merwe growth: Volmer-Weber growtiraBski-Krastanov growth.
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As mentioned before an increase in temperature iateases the flatness and size of the
Ru(0,(110) terraces. The decrease of the Rfiltdh roughness can be explained by a simple
mind game. With increasing temperature the amotifirmmed RuQ clusters decreases from
which the formation of the flat Ru(110) film startd!****¥|f for instance, only one cluster
iIs formed on the surface from which the oxidatidarts, then no oxide intersection areas
should occur, thus reducing the overall roughnéseeooxide film. But experiments showed
that the oxidation process is far more complex #mal resulting morphology cannot be
explained by the nucleation rate alone. OxidatibiRo(0001) by @ at temperatures above
740 K leads to the simultaneous formation of RAM0), RuQ(100) and Ru@(101)!28%2%°l
Additionally recent studies demonstrated that ghér temperatures (> 680 K) new rotational
domains of Rug(110) begin to appear. With respect to the highreginy direction of Ru@

on the Ru(0001) substrate, these new RLID) domains are slightly rotated by up to 28
The formation of differently oriented Ru@s well as occurrence of the rotated RA@0)
increases the overall roughness of the growingefich. The influence of the temperature

on the growth behavior has been further visualizgd EEM measurementsf( figure 8.3-
2).[191]

Figure 8.3-2: Low energy electron microscopy images obtainednduthe oxidation of Ru(0001) by
p(O,) = 4-10° mbar at 580 K after an exposure time of 25 minu@ 37 min (b) and at 680 K after
an exposure time of 25 min (c) and 37 min (d), eespely. While at 580 K (a,b) the Ru@omains
grow needle like, i.e. predominantly in the [001jedtion of the oxide, which is also along the main
symmetry direction of the Ru(0001) substrate (whiteows). The width growth of the oxide is
inhibited. At 680 K (c,d) broad oxide islands appeehich grow discoidal over the surface. Again the
oxide grows along the high symmetry direction efshbstrate with their oxide width being increased.
But the growth behavior changed from a mergingegfasated needles to a disc-like spreading over
the Ru(0001) surface. Figure taken from [191].

At temperatures around 580 K narrow, needle lik©R110) patches are formed, which are
mainly growing along the high symmetry directioristtte Ru(0001) surfacecf; figure 8.3-
2a,b. From the needle-like shape it is concluded thatoxide grows preferentially in its
[001]" direction while the growth in the [-110] directida inhibited. By increasing the

" This direction is referred to the growing R(®L0) film and noto the underlying Ru(0001) substrate.
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temperature to 680 K the growth of the Rysatches changesf( figure 8.3-2c,ll Instead of
many separated needles, which grow simultaneousih® surface and form a covering film
of RuGy(110) by merging together, at temperature880 K the Ru@110) seems to grow
more uniformly and discoidal over the Ru(0001) scef starting from one nucleation point.
With micro LEED the growth directions of differelRuQ,(110) domains are visible
(indicated by the white arrows figure 8.3-2c,4l

The width of the growing oxide patches increasetth wicreasing temperature. Also the oxide
patches are still growing predominantly along tB81] direction. It is still unclear if the
oxide solely grows one-dimensionally in its [001dedtion, or if also a (significantly) slower
growth in the [-110] direction occurs. It is theyed not possible to discriminate if the oxide
grows two-dimensional on the surface or if a omaatisional growth of continuously formed
needles along an already existing R(IQ20) patch occur$®™

The temperature depending broadening of the JRuD) terraces (cf. STM images from
figure 8.3-1 has been further investigated by SXRD measuresnetere the oxide width at
temperatures between 590 K and 680 K has beemulatst ¢f. figure 8.3-3.12902%1
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Figure 8.3-3: lllustration of the temperature dependent mean exidtch width, derived from SXRD
measurements. (a) Oxidation of the Ru(0001) surfatiee temperature range of 590 K to 680 K with
an applied oxygen pressure of 5°Lénbar. With increasing temperature during oxidatitime mean
oxide patch width increases, too. The values dfatoxide widths are derived after the saturation of
the mean oxide patch width signal (dashed blue iimb). (b) Time dependent growth of the mean
oxide patch width (red triangles) and the corresgiog overall growth of Rug)110) on the surface
(black squares) at 680 K. The mean oxide patchhwddturates earlier than the corresponding overall
growth signal for the RuCformation on the surface. After reaching a paf@cuvidth, the growth of
RuG in its [-110] direction is inhibited. Therefore dhateral spreading over the surface is done by
the growth in the [001] direction of the oxide, whiinduces the needle-like morphology of KuC0)

on the surface. Figure modified from [290].
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The mean oxide patch width is plotted against #raperature. For each temperature the
surface was oxidized at pfo= 510 mbar. The mean oxide patch widths are derived afte
its saturation is monitored by SXRDf(figure 8.3-3bdashed blue line).

The mean oxide width of the RuQ10) patches increases with increasing temperatinis

is consistent with the previous interpretation bé tSTM images. The relatively large
deviation between the linear fit and the data inffigure 8.3-3acan be explained by the
RuQ,(110) morphology in this temperature regicef. (figure 8.3-1% In STM, a broad
distribution of Ru@ patch widths is observable. With SXRD, a mean @xidtch width from

all grown RuQ(110) patches with the same growth direction weravdd. Therefore, this
broad distribution is assumed to be one of the measons for the deviation between the
linear fit and the data points.

By plotting the increase of the mean oxide patcHthvi(red triangles) together with the
overall growth of Ru@(110) (black squares) against the time, the kisaifdhe oxide growth

at 680 K are presentedf(figure 8.3-3p/*° The plots for the other temperatures (590 K, 615
K and 640 K) show a similar Avrami-like curve pregsion and are not presented here,
because only the time scale is different and therpnetation of the growth kinetics is not in
the focus within this work. Because the oxide ieading as a two-to-four layered film two-
dimensionally over the surface, the Avrami curvenbmes the growth of the mean oxide
width in [-110] direction as well as the mean oxidegth in [001] direction. The comparison
of the two curves evidently illustrates, that theam oxide width is reached very fast,
compared to the overall lateral growth of the oxiteethe Ru(0001) surface. This means that
the growth in the [-110] oxide direction is versfat the beginning but then inhibited. The
lateral growth over the surface is then accomptidhne the growth of the oxide in the [001]
direction. The LEEM experiments confirm this ex@#aon, where the formation of needles is
observabledf. figure 8.3-2, which also predominantly grow in the [001] diiea while their
width increases very slowly. Furthermore, by conmmgaithe observed growth behavior by
LEEM and by SXRD for the whole temperature rang@0(K — 680 K), the oxide width
always saturates before the overall lateral expansver the surface has been accomplished.
This shows that even for the uniformly growing disial carpet of Ru@observed by LEEM
(cf. figure 8.3-2c,jithe increase of mean oxide width is inhibitedjsthndicating that new
RuG,(110) patches are continuously formed at the sifletready grown Rugj110).

The main question derived by all the presented rxgats is: What determines the overall
morphology of the covering Ry(110) film on the Ru(0001) substrate? Can the rathe
simplified model for heterogeneous nucleation apitagial growth describe the temperature
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dependent morphology and growth behavior of Ku@0) on the Ru(0001) surface?
Evidently the complex growth of Ry(110) on Ru(0001) exposes the limitations of the
simplified epitaxial growth model at the currentvdé of understanding for the
RuQ,(110)/Ru(0001) system. Although the two-dimensismkading of Rug)110) over the
ruthenium substrate is nicely explainable by thefase free energy relationsg,oz <<

)1182193] the resulting overall morphology and the tempesatiependent broadening of

GRu000
the oxide patches cannot be explained that ea$ijth no information about the
RuGQ,/Ru(0001) interface and no explanation of the atoprtbcesses during the Ry(D10)
growth over the surface, the resulting (temperatdepending) morphology cannot be
described at this point and descriptions aboutgtiogvth mechanism on the atomic level are
speculative. This evidently shows the importanceadfetter understanding of the growth
mechanism of Rug110) on Ru(0001) on the one hand and the bindinthe interface
between the oxide and the substrate on the othed. though the resulting morphology
cannot be explained without further informationtleé oxidation mechanism on the atomic
scale, the description of the temperature depenaemphologies might become helpful to
understand the growth behavior and therefore béhanonportant piece of the overall picture

of the oxidation of the Ru(0001) single crystalface by Q.
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8.4 Summary and conclusions

The previously presented model of heterogeneouleatimn and epitaxial growth (cf. chapter
3) is widely used in surface science. Many obsergemivth behaviors and the resulting
morphologies can be explained qualitatively, onfytbe basis of the relation between the
surface free energies, the interface energy anstthm energy (cf. tables 8-1 and 8-2).
Generally, epitaxially growing materials can be lgatvely described by the surface free
energy relation between the deposited material thedsubstrate. For many systems the
difference of a two-dimensional growth or three-dimsional growth is assumed to be
determined by the surface energy relation. Forstegy, where the deposited species has a
significantly larger surface free energy than thiestrate, a three-dimensional Volmer-Weber-
like growth of islands or clusters is expected.@A@rsa a system, with the deposited species
having a significantly lower surface free energgrihthe substrate, is expected to form
wetting film structures by either a two-dimensioRahnk-van-der-Merwe-like layer-by-layer
or by a Stranski-Krastranov-like layer-plus-islangtowth. However these general
assumptions are only valid for systems with sigaifitly different surface free energies and
only small contributions from the interface eneegd the strain energy due to a small lattice
misfit between the deposited material and the satestBut even if a two-dimensional growth
is observable due to significantly higher surfaceefenergy of the substrate, the more
complex structures at the atomic level (e.g. mpiagtern) of the grown film can only be
explained if the interface energy and the stragrgy are included into the model.

Moreover other parameters might strongly influetioe general growth behavior. This was
shown on the basis of the changing oxidation stiabkeng metal deposition on the TiO
surface. For this Me/TiPsystem the redox chemistry between the depositgdrral and the
substrate substantially changes the growth behavidthe resulting morphologi€é&?

Therefore the applicability of the heterogeneousleation and epitaxial growth model
presented in chapter 3 to predict the growth belndar any given system is only possible
with strong reservations. Even if the overall marolgy and growth behavior can be roughly
estimated, the real structure (especially on tbenat level) cannot be predicted. Predictions
are only reliable if sufficient knowledge about thgstem has already been gathered. For
instance, the temperature dependent growth beh&i@ny given system can be estimated
for a certain temperature range if the growth bedraer this system for another temperature

range has already been investigated.
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The applicability of the epitaxial growth theory an transformation process, like the
transformation of the Ru(0001) surface to R{IQO0) via oxidation, is basically possible. But
usually the oxidation of a surface (especially e tatomic level) is so complex, that
knowledge of the oxidation mechanism is mandataryttee model can be adapted and
improved to describe certain observed morphologigke growth behavior itself.

In conclusion, the epitaxial growth and heterog@seaucleation theories are a first guideline
to qualitatively explain and conditionally preditte growth behavior and morphologies of
well defined systems. This becomes evident by teegmted systems within this dissertation.
The growth of Au on oxygen free and oxygen preceddRu(0001) can be well described
based on Young’'s equation. And even the oxidaticth@thin gold islands (or films) and the
resulting fragmentation is described by the prodag®oveling mechanism for which general
assumptions on the basis of Young’s equation wened

The complimentary system of Ru deposited on Au(lis) however, conditionally
describable. The Au(111) surface with its uniquerihgbone reconstruction significantly
incluences the growth of the deposited rutheniuma Ifirst approach, the general growth
behavior of metallic Ru on Au(111) and the formatad the perforated Ru film under oxygen
exposure can be described qualitatively on thesbaislyoung’'s equation. However, several
issues like the discrimination between a Au-Ruaefalloy and embedded Ru islands in the
first Au(111) layers remains elusive. Evidently tbis more complex system the applicability
of Young’s equation reaches its limitations andHer knowledge of the Ru/Au(111) system

is mandatory to adequately explain the observegphaogies and the growth behavior.
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10. Appendices

A: Theory of heterogeneous nucleation

The formation of a liquid droplet on a solid sudacan be described by a spherical cap or
spherical dome. To derive the critical radius amel Gibbs free energy of a stable droplet on

the solid surface, the volume and the total suri@ea has to be describdeéigure Al-1
shows the schematic illustration of the spherieal.c

curved surface area
of the spherical cap

gas
?
¢osg
contact area
towards the % _
solid \ solid

Figure A1-1: Two-dimensional illustration of a spherical caphieh describes the form of a droplet

on a solid surface. The curved surface area ofdpleerical cap is marked by the blue line. The
contact area at the liquid solid interface is higihted by the red line.

The curved surface area of the spherical cap sngoy:

Auunvea = 277X [h (A1)
By inserting the angular dependency of the radios figure Al-1

code)=""" < h=rifi-codo) (A2)
into equation (Al), the expression of the curvedaie area changes to:

Aurea = 27100 % [{L - co48)) (A3)
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The contact area (between the droplet and the sotfdce) of the spherical cap is given by:

A\;ontact = ”l}z (A4)
By inserting
sin(0)=2 - a=rsin(6) (A5)

r

into (A4), the expression of the contact area ckang:
A&ontact = ]Tl] ? Blnz (e) (AG)

The volume of the spherical{) cap is given by:

2
v, = dfor ) (A7)

By inserting (A2) into (A7), the volume of the spical gap changes to:

v = i tft —3c05(6’))]2 [{3r —r (ft- coq0)))

sC

v, = % - codd))? (2 + codd))

v =40 E(1— cod8))’ ({2 + cod))
* 3 4

v =40 E(1— 2cog6) + co (6)) 2 + cogh))
* 3 4

v =4 ne 2T 4codB) + 2cos’ (6) + codd) - 2cos* (8) + cos’(6)
5 4

sc

The term of equation (A8) that contains the angdiyendency of the spherical cap volume

is called as the wetting function or the catalfaictor S(@).

S(0) = (1- cos(H))24[QZ +codf)) _ 2- 3005(62 +cos' (8) (A9)
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This function describes the tendency for the foramabf nuclei instead of a wetting film on
the substrate.

The total Gibbs free energy of the droplet fornratmnsists of two summands: One that

describes the formation of the bulk, and anothat diescribes the formation of the surface.

A(Btotal,het =-nRT [ﬂn(ij + Z (A Hj-i ) (Alo)
peq
By introducing the molar volumeVg, o9, equation (A8) can be expressed by the amount of
substance:
n =gE—IVLD3 rs(6) (AL2)

msc

To derive the summand of the surface formationhefgpherical droplet, the curved surface
area and the contact area are both multiplied byctrresponding surface free energy terms,

which are shown ifigure Al1-1

Z (A |]J-i ) = A;urved |]J-Ig + A\:ontact Eﬁo-sl - asg) (A12)

By substituting(o, - o,,) with -0, [tod8)*® and inserting (A3) and (A6), equation (A12)

changes to:

3 (A )= 272002 L~ cod)) ,, + 732 Bin?(6) - 7, Eog6))

= 7103 [, (21 - cod8)) - sin? () o)

- A, 2= 2codd) - [cos(@) Eﬁl— cos (49))]

4

i’ 2- 2cod8) - codd) + cos’(6)
0 4

= 41’ , E2—3cos(9£2+ cos*(6)

= 4n3? b, (5(6) (A13)

*® Rearrangement of Young's equatiadi,, = 0 + 0 [tod6) - (Jsl - Jsg) =-0, [oq6)
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Inserting (A11) and (A13) into (Al10), the total ®# free energy for the formation of a
droplet can be described by:

N%mm:—g%;LE3B@ﬁRﬂmP§J+4HB%EJBW) (A14)
eq

msc

Analogous to the homogeneous nucleation, in cas¢h@fheterogeneous nucleation the
critical radius of the droplet on the solid surfaaa be calculated by differentiation AGota
(Al14) with respect to the radius:

O(ch;‘;ta'vhe‘) = -4 DVRT 7 [ﬂn[LJ [8(6) + 8k &, [5(6) (A15)

msc peq

When the total free energy reaches its maxima(t\((;mtalvhet)/ar =0), r describes theritical

radiusof a stable droplet. Solving equation (A15) for thitical radius leads to:

. _ 2[00, IV s (A16)

critical - 7N
RTOn P
peq

or by inserting the Clausius-Clapeyron relation:

r :_leflg m/mscEreq
critical AH . o T)

(A7)

By inserting equation (Al6) into (Al4) the Gibb®drenergy of a stable droplet with its

critical radius can be derived:
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RTOn >
4 peq

AGmax,het = _5 DTl]c:iitical Gvi [8(3) +4r |]czritical mj-lg EB(H)
msc
RT On (pj
= _ﬂ DTl]c?itical |jo-lg Gipeq EB(H) +4r |]czritical |]D-Ig EB(H)
3 20, VW o
RT n (p]
= _ﬂ Ijlec:);itical |2O-Ig Gipeq [S(e) +4r |]czritical |]Tlg [S(e)
3 20, Vo
= _g DTﬂczritical |]j-lg |:8(3) + 4” chritical Hj-Ig |:8(3)
4
= 5 DTﬂczritical Hj-Ig |:8(3) (A18)

To derive the temperature dependence of the Gibbs &nergy of the heterogeneous

nucleation (A17) is inserted:

16y, 02 1
AG = 9 = (8@ Al19
e = L |t (w29

For better comparison to the homogeneous nucledaherequation (A19) can be simplified if
the surface free energy of a droplet on the surfageis assumed to be equal to surface free
energy of a droplets] from the homogeneous nucleation. By this asswmpthe Gibbs free
energy of a stable droplet in homogeneous nucledtib equation (3.1-10)) can be inserted

and the well known relation is derived:

A£G, ... =G, . [S(6) (A20)

maxhet maxhom

Depending on the wetting angle, the catalytic fa&@) has values ranging between®=
0°, full wetting) and 14 = 180°, no wetting) (. figure 3.2-2 page 33). With the contact
angle of 180° the nucleation process can be degtiily homogeneous nucleation because

the substrate surface becomes irrelevant in thieation process.
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From equation (A20) it becomes evident tiA <AG and therefore nucleation on

maxhet maxhom

a surface is always more favored than the correipgrhomogeneous nucleation process, if
the critical radius in both cases is equal.
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Appendix B: Basic elastic theory - strain energyd adlislocation

energy

In the following the formation of dislocations ingaowing film will be described, which are

induced by the lattice misfit between the growinighfand the underlying substrate. Within

this section several quantities from elasticityoityeand continuum mechanics are used and

therefore explained:
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Stress (mechanicsy:= % (B1)

The mechanical stress is defined as the force pieravea that is put on an area or
surface. Stress is classically divided into twoegaties: If the applied force is
perpendicular to the surfac& { A), the corresponding stress is usually named as
normal stresgcf. figure B1-1& Depending on the direction of the force the ssiris
more classified t@ompressive stregforce directed towards the area) or tensile stres
(force directed away from the area). If the applede is parallel to the surface, the

(F /| A) the corresponding stress is caldbar stresécf. figure B1-1h.

Strain (deformation)z = AI—I (B2)

The strain is defined as the deformation of a se@smaterial. Depending on the
direction of the deformation, the strain is furtletassically divided intdensile strain
compressive strairffor deformation perpendicular to the areé, figure B1-1a or

shear strain(for deformation parallel to the ared, figure B1-1p.

stress_ F Il
strain  A[CAI

Young’'s modulus is defined as the ratio of normtedss to normal strain. It describes

Young’s modulusy = (B3)

the material’'s response a uniaxial stress and fverés stiffness. The largéf is the
bigger is the inelasticity of the material. A typiexample for a linear deformation is

shown infigure B1-1a

shearstress_ Y

= B4
shearstrain  2(1+v) (B4)

Shear modulusy =

The shear modulus is defined as the ratio of s¢te@ss to the shear strain. If describes

the material’'s response to shear stress. Analog¥®ung’'s modulus, the elasticity



of a material is described, but the direction & #pplied force is differentf, figure
B1-1b.

. , de
Poisson’s ratioy = —% (B5)
£

axial

The Poisson’s ratio is defined as the negative @tithe transverse strain to the axial
strain.Figure B1-1cgives an example for the linear tension of a gk to the linear
extension of the rod, its transverse section deeeto maintain the overall volume of
the rod.

Burgers vectorfb] = % h? +k? +12 (B6)

The Burgers vector represents the magnitude aedtdin of the atomic displacement
resulting from a formed dislocation in the crydttice. It quantifies the difference
between the distorted lattice around the formetbdaion and the perfect lattice. In
many metals the absolute value of the Burgers vastapproximately equal to the
lattice parameter of the respective metél figure B1-14l

(S)-a,(A) (87)

Lattice mismatch or misfit (strainj: = %
3(A)

The lattice misfit strain describes the quantitysthin that occurs in a pseudomorph
growing film due to different lattice parametersdatie resulting compression or
expansion of the binding length between the adlay@ms. Therefore it displays how
good (or bad) two crystallographic lattices fitdach other based on their unstrained
lattice parametersy(S) and ag(A) (lattice parameters of the substr&eand the
adsorbate filmA, respectively). For simplification, the substrete@ssumed to be rigid
and no strain occurs in its top layeEsgure Bl-leillustrates the derivation of the

lattice misfit for a growing film with tensile sira For positivef values, the first
growing layers are stretched under tensile sthdice versa, for negativé values the

growing layers are under compressive strain.

Note that the convention for the lattice misfitagtr can differ, depending on the
derivation. If the lattice misfit is derived forgrowing film with compressive strain,

the numerator from (B7) changes #g(A)-a,(S). As a consequence the definition
for f changes: Now negative values describe a tensile strain of the growihg fi

and positivef values a compressive strain. Both conventionsuaesl in literature:
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a,(A) - a, (S) 81221241320 g (S) - a, (A) M2222%] Within this work the equation

(B7) will be used.

@
_1
Vi

N

l A
/
- #

[+Al
Poi re g u= — Ah/h
oisson’s ratio: v=— =57
IE‘ Burgers vector
[ Al
a,(4) —_
o—o ——o
a,(S) a(S)

f=e=Al/I=(a,(S)—a,(A4)) / a,(4)

Figure B1-1: Schematic illustration of different quantities fidbasic elastic theory: (a) basic stress
and strain, (b) shear stress and strain, (c) Pasaatio from a linear deformation, (d) point
dislocation in a crystal lattice and the derivatiai the corresponding Burgers vector, (e) lattice
tensile strain of the growing film and the derieatiof the lattice misfit.

For simplification it is assumed that the shear atesland Young’s modulus of the adsorbate
film and the substrate are equal, meaning bothnatdave the same deformation properties

and the strain energy therefore is only relatetthéodifferent lattice parameters.
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At the initial film growth @ < d. g4is) the elastic strain energy of the wetting filngigen by:

E, = Flv) [Yde? (B8)

£ : biaxial strain
Vv : Poissofsratio
Y :Young snodulus

With increasing film thicknesd the elastic strain energy increases linearly asbeaseen in
equation (B8). Beneath a critical film thicknegsisi no dislocations occur in the growing
film. To form a dislocation energy is needed, tiedatation energy. So even if the formation
of the dislocation releases strain and reducestten energy, the total (strain) energy of the
system might still get higher after the formatiohtlee dislocation due to the dislocation
energy. Beneath the critical film thickness<{d. qs), the increase in the total energy by the
gain of dislocation energy is larger than the stan#dous decrease of the strain energy.
Therefore dislocations only appear if the sum ef dislocation energy and the strain energy
of a film with formed dislocations is lower tharettotal energy of an equal thick film without
dislocations.

If the growing film reaches the critical thickngsls> d. 4is)), dislocations are formed to reduce
the strain energyFigure B1-2 illustrates schematically the formation of dislbcas

depending on the film thickness.
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film

A 4
A
QL
3

A 4
A
QO

substrate

substrate

d<d, coherent film growth

b/S —»

total

d > d. . film with misfit dislocations

b/S —»

Figure B1-2: lllustration of the Matthews-Blakeslee equilibriutheory of misfit-dislocation

formation. For d < dgg the coherent film growth is shown with correspogddependence of the
dislocation number b/S towards the total strainrggeEq,. For d > d. g film growth with misfit

dislocation and the corresponding energy diagram stiown. Figure modified from [133].

To describe the reduction of the strain in the filgnthe formation of dislocations filgure

B1-2 thedislocation numbeb/Sis introduced:

b
=f-= B
£ S ( 9)
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Dislocations are formed at somewhat regular digtarmfS at the interfacecf. figure B1-2
left bottom). The dislocation number is the quatief Burgers vector and the distance
between the formed dislocations and representdehsity of formed dislocations. The strain

at the interface is reduced by the formation ofodistions and it disappears if the dislocation

number is equal to the lattice misfif_(zg). By introducing the dislocation number in

equation (B8) the elastic strain energy changes to:

Em=@}VfY{i—%f (B10)

By introducing the dislocation energy,

_ pm’ g
= e 28 (613

[ :numericalconstant

it is possible to describe the total strain energhe growing film:

1 b ub?

_ _ _bY Jefu
Eiow = Eei + Eqq _FI/)EYd E€£ S) + 277(1—I/)[S D]n( b j (312)

In figure B1-2the total strain energy is plotted versus theodeion number for the coherent
or pseudomorph film growth beneath the criticahfihicknessdf. figure B1-2 middle right)
and for a grown film with formed dislocations abdte critical film thicknesscf. figure B1-
2, bottom right). As described in equation (B12) tiocation energy increases linearly with
increasing dislocation density (blue curve). Siniyldhe elastic strain energy is reduced with

increasing number of formed dislocations at therfate untilf_:% (orange curve). The

sum of both curves represents the total strainggnafrthe film and is illustrated by the green

curve.

Beneath the critical film thicknessl & d. gis) the total strain energy continuously increases
with increasing formation of dislocations. Therefaro dislocations are formed during the

initial growth phase because the total strain gnergninimal if b/S = 0.
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Above the critical film thicknessi(> dc qis) @ minimum occurs for the total strain energy.sThi
means that with a certain number of dislocations ipossible to reduce the strain in an
energetically favorable way and therefore redudivgtotal strain energy, if the critical film
thickness is obtained.

To calculate the critical thickness of the growifign it is necessary to determine the
minimum of the total strain energy. Therefore thimltstrain energy is derived with respect to

the dislocation number:

ZEmbtaj BN (1th) Eéf‘_gj 277(ﬁ1/O e (ﬂmj 0 (813)

S

It is assumed that at the critical thickness offtime (d. 4is) No dislocations have been formed
yet (b/S = 0), but their formation starts immedateith the next growing layer. If the
thicknesdl is not exchanged by the critical thickneéssis, equation (B13) changes to:

dCdIS| /Ub :Bl]jc,disl
0= 2L )ty (19

By rearranging equation (B14) the critical thickme$ the film can be obtained:

cdst2v(f) 2m1-v)
= Eﬂn(ﬂd”’is' j (B15)
4y O b

If the shear modulusp(:z(l%)) is inserted in equation (B15), the expression tfor
vV

critical film thickness changes to:

b Elln('gd wl ] (B16)

degs = gL+ V)i b
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With the approximation done before, all the defaioraparameters are set as constant for
both materials during the growth. This leads toithportant inverse proportion of the critical

film thickness and the lattice misfit between bothterials:

(B17)

cdisl

= |

In conclusion the total strain energy of the grayviitim is related to the lattice misfit and the
film thickness. From this follows that if the lat misfit is low the total strain energy is low
and the growth is mostly determined by the surfaee energies of the materials in case that
the interface energy is not influenced by othee@# (e.g. charging). If, in principle, the
lattice misfit between the adsorbate and the satesis zero a homoepitaxial FvdM growth
occurs. However in heteroepitaxial growth the ¢attmisfit between two different materials
usually is not zero. Even for well-fitting matesait usually is only a question of the film
thickness until defects need to be introduced lease the strain of the growing film. This can
vary from< 1 layer for a bigger lattice misfit to 50 layers for nearly equal lattice parameters

between both materials.

%9 Shear modulup and Young’s modulu¥ are constant: Both materials have the same defamproperties.
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C: Blueprint of the used Ru(0001) and Au(111) snglystals

Ru(0001) or Au(111)
surface

wwi |°g

3.0mm,  40mm | 3.0 mm,

side view

top view

3.0 mm

wyl

13

Figure C1-1: Blueprint of the Ru(0001) and Au(111) single aigsfrom top and side view, with the
respective length specification. The used singstaf surfaces are highlighted in grey.
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