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Zusammenfassung

In der vorliegenden Arbeit wurden das Wachstum und die Oberflichenstruktur von definier-
ten V203-, V205- und MoO3-Filmen auf Au(111) sowie deren Einsatz als Modellsysteme
zur Untersuchung von Elementarreaktionen auf Vanadiumoxid- und Molybdinoxid-basierten
selektiven Oxidationskatalysatoren untersucht. Im Falle von V203(0001) befindet sich an der
Oberflache der Filme eine Lage von Vanadylgruppen, welche kein Bestandteil der Kristall-
struktur sind. Die O Atome der Vanadylgruppen konnen durch Elektronenbeschuss definiert
entfernt werden, wodurch eine partiell oder vollstindig V-terminierte Oberfliche erzeugt
werden kann. Der Grad der Oberflachenreduktion wird durch die Elektronendosis festgelegt.
Dieses ermoglicht eine Untersuchung des Einflusses der Vanadylgruppen und der unterkoor-
dinierten V-Ionen auf die Reaktivitit der Modellkatalysatoren. Die Praparation von defektar-
men V205(001)- und MoO3(010)-Filmen ist erstmals in der vorliegenden Arbeit dokumen-
tiert. Diese Filme wurden mittels Oxidation in einer Hochdruckzelle bei einem
Sauerstoffdruck von 50 mbar hergestellt. Anders als in vielen Publikationen berichtet sind
diese hochkristallinen Schichten unter UHV-Bedingungen weitgehend reduktionsbestdndig.
Oberflachenverunreinigungen und Defekte scheinen aber einen groBlen Einfluss auf die Redu-
zierbarkeit zu haben. Die von den Strukturen der reguldren Oxide abweichenden Strukturen
der Koinzidenzgitter von V205- und MoO3-Monolagen werden durch die Wechselwirkung
mit der Au(111)-Unterlage stabilisiert, was vermutlich durch die einfache Verschiebbarkeit
von Koordinationseinheiten in V und Mo-Oxiden erleichtert wird. Fiir beide Oxide beginnt
das Wachstum reguldrer Oxidstrukturen erst nach Vollendung der zweiten Lage. Die fiir
getragerte  V205-Katalysatoren  hdufig  vorgebrachte = Annahme, dass V205-
Kristallkeimbildung direkt auf einer Monolage stattfindet, sollte somit mit Vorsicht betrachtet

werden.



Abstract

The growth and the surface structure of well-ordered V203, V205 and MoO3 thin films have
been investigated in this work. These films are seen as model systems for the study of ele-
mentary reaction steps occurring on vanadia and molybdena-based selective oxidation cata-
lysts. It is shown that well-ordered V203(0001) thin films can be prepared on Au(111). The
films are terminated by vanadyl groups which are not part of the V203 bulk structure. Elec-
tron irradiation specifically removes the oxygen atoms of the vanadyl groups, resulting in a V-
terminated surface. The fraction of removed vanadyl groups is controlled by the electron dose.
Such surfaces constitute interesting models to probe the relative role of both the vanadyl
groups and the undercoordinated V ions at the surface of vanadia catalysts. The growth of
well-ordered V205(001) and MoO3(010) thin films containing few point defects is reported
here for the first time. These films were grown on Au(111) by oxidation under 50 mbar O2 in
a dedicated high pressure cell. Contrary to some of the results found in the literature, the films
are not easily reduced by annealing in UHV. This evidences the contribution of radiation and
surface contamination in some of the reported thermal reduction experiments. The growth of
ultrathin V205 and MoO3 layers on Au(l11) results in formation of interface-specific
monolayer structures. These layers are coincidence lattices and they do not correspond to any
known oxide bulk structure. They are assumed to be stabilized by electronic interaction with
Au(111). Their formation illustrates the polymorphic character and the ease of coordination
units rearrangement which are characteristic of both oxides. The formation of a second layer
apparently precedes the growth of bulk-like crystallites for both oxides. This observation is at
odds with a common assumption that crystals nucleate as soon as a monolayer is formed dur-

ing the preparation of supported vanadia catalysts.
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1 Introduction

Vanadium and molybdenum oxides are extensively used in heterogeneous selective
oxidation catalysis, where they act as one of the key components of the catalysts . Both ox-
ides have interesting physical properties and are characterized by a very rich chemistry, which
somehow mirrors the diversity of possible vanadium and molybdenum formal oxidation states
(ranging from +2 to +5 for V and from +4 to +6 for Mo) and coordination geometries '

It is known that the conversion between vanadium oxides of different stoichiometry is
rather easy, and this property is one of the important factors that make vanadium oxides very
good oxidation catalysts . They are used for instance for the oxidation of SO, to SO; (an
important step in the production of sulphuric acid) and for the selective oxidation of various

1,4-6

hydrocarbons . In these applications, a small quantity of vanadium pentoxide (V,0Os) is

dispersed on the surface of a supporting oxide such as SiO,, Al,O3, TiO; or ZrO,. These sys-

4
tems are often referred to as “monolayer catalysts” *’

and depending on the support, they can
have much higher reactivity and selectivity than V,0s alone >*. Although it is rather clear that
the supporting oxide plays an important role in influencing the electronic properties and the
structure of the vanadium oxide layer, the physical origins of the improved catalytic proper-
ties are still not fully understood. Also, the exact nature (atomic structure, thickness) of the
VO layers loosely called “monolayer” has still not been clearly elucidated. This was evi-
denced in a recent study, where it was shown that some of the common conclusions made on
the structure of the layers based on frequency shifts observed with vibrational spectroscopy
might be wrong °. More generally, in spite of their importance, many questions about the sur-
face structure and the reaction mechanisms related to these highly complex systems remain
unanswered. The same holds true for molybdenum trioxide (MoOs3) based catalysts, where the
nature of the active sites and the reaction mechanisms at the surface are still debated '*. As
detailed in section 5.1, MoOs and V,0s have a lot of properties in common.

One of the factors hampering a more precise understanding of these systems is their
considerable structural complexity. A useful approach to gain insight into these problems is
the use of well-defined model surfaces, systems that are much simpler and that can be studied
at the molecular level using the range of surface science techniques that are nowadays avail-
able. The V,05(001) and MoO;(010) single crystal surfaces are relevant model systems and
they have been the subject of experimental and theoretical studies *'®!!. Although such sin-
gle crystals can be grown, their preparation is involved and time consuming 2. They are also

13-15

sensitive to beam damage and must therefore be cleaved frequently when electron based



surface science techniques are applied, which is uncomfortable and can be a problem in view
of the small crystal sizes. To avoid these complications, the possibility of growing well-
ordered V,0s5 and MoOs thin films would be advantageous. This has not been reported yet in
the literature.

The growth of both V,0s and MoOj thin films on a Au(111) substrate was investigated
in the present study and the results are presented in Chapters 4 and 5, respectively. Due to the
high oxygen content of the oxides, oxygen pressures which are not suitable for UHV systems
have been used for the preparation of both systems. A dedicated high pressure cell was built
for these experiments and it is described in section 2.1.3. The films have been investigated
with a combination of several surface sensitive analytical methods, including low energy elec-
tron diffraction (LEED), scanning tunneling microscopy (STM), photoelectron spectroscopy
(PES) and near-edge X-ray absorption fine structure (NEXAFS). In the context of model reac-
tivity studies, the thermal stability of the V,0s and MoO; surfaces under UHV conditions is
an important factor that has to be taken into account. For that reason, the thin films were also
investigated with temperature programmed desorption (TPD).

Ultrathin metal oxide films are generally important for a wide range of technological
applications. They do not only play a crucial role in heterogeneous catalysis, but also in semi-
conductor devices and in the protection of metals against corrosion, for instance '°. Oxide
layers with thicknesses in the sub-nanometer range are also interesting on the fundamental
scientific level because they may exhibit physical and chemical properties that considerably

1718 This is due to their limited thick-

differ from those of the corresponding bulk materials
ness (spatial confinement) and to the relative importance of their interface with adjacent mate-
rials. Thus, understanding the properties and the growth of oxide “nanolayers” is interesting
and relevant to the development of novel materials and applications. In this context, the for-
mation of V,0s5 and MoOj layers on Au(111) has been investigated for different thicknesses,
ranging from a single oxide layer to films with a thickness in the ~ 5 nm range. In particular,
the formation of surface specific monolayer structures on the Au(111) substrate has been
given a special attention (see sections 4.3.1. and 5.3.1.).

The catalytic oxidation reactions occurring at the surface of vanadium and molybdenum
oxides are often described by the Mars-van Krevelen mechanism *'°, where oxygen is trans-
ferred from the oxide to the reacting molecules (the oxygen content of the oxide being subse-
quently replenished from the gas phase). This implies that reduced sites will invariably form

at the surface of the oxide during the catalytic reactions, even though they might be transient

states (i.e. they may afterwards be reoxidized with oxygen from the gas or from the bulk of



the oxide). For vanadium oxides, it is actually often argued that lower oxidation states might
play an important role in the processes occurring on the V,0s based catalysts 2*?'. For in-
stance, the interaction of gas phase O, with the reduced sites may lead to activated oxygen
species that can participate in the reactions (see ref. 22 and references therein). For these rea-
sons, and also due to its interesting physical properties, V,0O3 has been the subject of many
theoretical and experimental investigations (see refs. >, for instance). Vanadium sesquiox-
ide, V,0s, can be produced by the reduction of V,0s. The (0001) surface of V,0; is preferen-
tially exposed during the growth of thin films and it has consequently received considerable
attention. A detailed STM, LEED and XPS investigation on the preparation of
V,03(0001)/Au(111) thin films is presented in Chapter 3. The surface structure and the pres-
ence of point defects have been characterized (section 3.3.1). Earlier work has shown that the
V,03(0001) surface is terminated by vanadyl groups under typical UHV preparation condi-
tions ***. Dupuis et al also reported that the vanadyl groups can be removed by electron
bombardment *°. Nevertheless, the reduction process along with the structure of the resulting
reduced surfaces remained unclear until now. This has been investigated in details in the pre-
sent study and the results are presented in sections 3.3.2. and 3.3.3.

A more detailed description of the relevant characteristics of the three systems investi-

gated in this study, V,03, V,05 and MoOs, are given in Chapters 3, 4 and 5, respectively.



2 Experimental

The experimental setup and the various analytical methods that were used throughout
the present study are presented in this chapter. The ultrahigh vacuum (UHV) systems in which
the experiments took place, the high pressure cell used for the preparation of both V,0s and
MoOs thin films, and the Au(111) substrate are first described. Following this, the surface
characterization techniques are briefly introduced. The experimental conditions that were used

for each technique are also given.

2.1 Experimental setup

2.1.1 UHV systems

Most of the experiments were performed in the UHV system depicted in Figures 2.1 and
2.2. This is a commercial system (Omicron) which consists of a single UHV chamber contain-
ing facilities for sample preparation (sputtering, metal evaporation) and surface characteriza-
tion. The system is evacuated by a combination of a turbomolecular and an ion pumps. The
base pressure of the system after bakeout is 1 x 10™'° mbar or lower. The system is equipped
with a non-monochromatized dual anode (Mg and Al) X-ray gun and a hemispherical electron
energy analyzer for X-ray photoelectron spectroscopy (XPS). For surface structure characteri-
zation, the system comprises LEED optics and a room temperature STM. The STM stage is
contained in a side compartment which is directly connected to the main chamber. The system
also includes a quadrupole mass spectrometer that can be used for residual gas analysis and
for temperature programmed desorption (TPD). It is housed in an individually pumped Feul-
ner cup *° consisting of a gold-plated tube terminated by a cone which ends with a nozzle with
a diameter of ~ 5 mm. This assembly can be seen on the right side of Figure 2.1 (b). In a TPD
experiment, the sample surface is brought close (~ 1 mm) to the nozzle entrance. The sample
is then heated at a constant rate and the mass spectrometer signal of desorbing molecules is
detected as a function of the temperature. The purpose of the Feulner cup is to limit the detec-
tion of molecules desorbing from other surfaces by geometrically shielding them from the
mass spectrometer. In this study, TPD was used to investigate the thermal stability of the
V,0s and MoO; films. The desorption of oxygen and VOx or MoOy fragments was monitored.
The heating rate was kept constant at 0.5 K/s with a computer-controlled feedback system

(manufactured by H. Schlichting, Germany).



Figure 2.1. Ultrahigh vacuum system. (a): general view, (b): interior view of the vacuum
chamber showing the sample position and the surrounding analysis equipment (STM com-
partment removed), (c): closer view of the high pressure cell.
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Figure 2.2. Scheme of the ultrahigh vacuum system with the high pressure cell.

The positioning (XYZ, rotation) of the sample in the UHV chamber is achieved with a
manipulator. Figure 2.1 (b) gives a view of the setup along the rotation axis of the manipula-
tor. The sample can be transferred between the manipulator and the STM stage with a wobble
stick mechanism. A magnetically coupled transporter allows the transfer between the UHV
chamber’s manipulator and the high pressure cell (see Figure 2.2).

The NEXAFS and valence band photoemission spectroscopy experiments were carried
out in another UHV system connected to the UE52-PGM undulator beamline of the BESSY 11
synchrotron radiation center in Berlin. This system is attached to a plane grating monochro-
mator which delivers photons in the energy range from 90 eV to 1500 eV. The system con-
sists of two chambers which may be separated by a gate valve. One of the chambers contains
facilities for sample preparation and LEED optics. The other chamber contains a Scienta
SES200 electron energy analyzer which was used for photoelectron spectroscopy. NEXAFS
spectra were acquired in the same analysis chamber, either by measuring the current flowing
between the ground potential and the sample (total yield detection) or by using a partial yield
detector. The valence band PES and NEXAFS spectra have been recorded with linearly polar-
ized synchrotron light. This system had a base pressure of about 5 x 10™'° mbar during the

experiments.
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In both systems, vanadium and molybdenum were evaporated with an Omicron EFM3
electron beam evaporator. The evaporation rate was calibrated in-situ with a quartz crystal
microbalance. The same high pressure cell, sample transfer system and sample holder setup

have been used in both UHV systems.

2.1.2 High pressure cell

The high pressure cell which was constructed for this study is shown in Figure 2.1 (¢)
and it is schematically described on the right part of Figure 2.2. It is directly connected to the
chamber via a gate valve, which allows sample transfer without exposure to air. It basically
consists of a small UHV chamber containing a movable sample heating stage. The high pres-
sure cell can be evacuated by its own turbomolecular pump and it is baked-out before the ex-
periments, allowing it to reach a base pressure around 1 x 107" mbar. This is important to
limit possible surface contamination of the sample in the high pressure cell. With the sample
inserted in its heating stage, the high pressure cell can be fully isolated from the rest of the
system (i.e. from the main chamber, from the transfer mechanism and from its own pumping
line) via a set of gate valves. Oxygen (99.999% purity, Linde) is then leaked from the top of
the high pressure cell until the desired pressure is reached (50 mbar in the present experi-
ments). In order to establish an oxygen flow over the sample, the gas is then evacuated from
the bottom of the cell with a roughing pump. The pumping speed and the gas flow are ad-
justed to keep the pressure constant at 50 mbar. The use of an O, flow limits the possible ac-
cumulation of gas phase contaminations originating from molecules desorbing from the
heated surfaces during annealing. As a further precaution, the inner walls of the high pressure
cell are coated with gold (to limit adsorption of contaminations). The cell can also be water-
cooled via a copper tube welded on its exterior surface. The heating stage of the high pressure
cell is a movable assembly consisting of a socket for the insertion of the sample holder (see
below), some thermocouple connectors for temperature measurement and a halogen lamp.
The latter is located below the sample and is used to heat it from the backside. It is a 150 W
halogen lamp (Osram Xenophot) which has an elliptical mirror and a focal length of 2 cm.
The distance between the lamp and the sample is fixed in such a way that the backside of the
sample is at the focal point of the lamp. After an oxidation step at 50 mbar and before trans-
ferring the sample back to the main chamber, the high pressure cell is evacuated with the tur-

bomolecular pump.
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2.1.3 Sample setup

To allow the transfer between the manipulator of the main chamber and the high pres-
sure cell’s heating stage, the sample was mounted on a small sample holder, as schematically
described in Figure 2.3. This holder fits in the sockets built in the manipulator, the STM stage
and the high pressure cell’s heating stage. It is designed to enable sample heating and tem-
perature measurement in both the main chamber and the high pressure cell. Clamps are in-
serted in slits on the sides of the sample to fix it against the base plate of the holder. A chro-
mel/alumel thermocouple is fit between one of the clamps and the slit and it is pressed against
the sample. The two sides of the thermocouple are connected to isolated pins, which are in-
serted in corresponding thermocouple plugs in the manipulator and high pressure cell sample
stages. The base plate of the holder has a hole behind the sample for heating. In the manipula-
tor of the main chamber (both UHV systems), the sample could be heated radiatively from the
backside with a tungsten filament. For temperatures higher than 400°C, electron beam heating
was applied by setting the sample to a positive high voltage (the W filament is electrically
isolated from the rest of the manipulator and remains at ground potential). In the high pressure
cell, the sample was heated from the backside with a halogen lamp (see above). Most of the
sample holder parts (the base plate, the clamps and the screws) are made of platinum. This is
to avoid extensive oxidation/oxygen adsorption or any gas phase transport of oxide from the

holder to the sample surface during the high pressure (50 mbar) oxidation.

Top view Bottom view
Handle for transfer
mechanism
© ©
© © Ceramic
— Thermocouple
pins

Figure 2.3. Scheme of the sample holder.
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2.1.4 Au(111) substrate

The atoms in the (111) plane of Au have a hexagonal arrangement with a 2.884 A unit
cell vector *'*2. The Au(111) surface exhibits a characteristic “herringbone” reconstruction,

31,32 . .
. This reconstruction

which has a rectangular unit cell with lattice vectors V3a and 22a
arises form surface stress relaxation, which increases the density of Au atoms at the surface
by about 4.55%. This leads to a uniaxial contraction of the topmost atomic layer with respect
to the subsurface atoms and to the formation of fcc and hcp stacking regions that are separated
by rows of bridging Au atoms (see Figure 2.4). The latter appear as bright stripes in the STM
images. A regular arrangement of rotational domains of uniaxially contracted areas allows for
a more isotropic stress distribution and gives rise to the observation of the characteristic zig-

zag (herringbone) pattern.

fee hep fcc

@ subsurface layer unit cell
@ surface layer

Figure 2.4. Au(111) “herringbone” surface reconstruction 3

The Au(111) sample was cleaned by cycles of Ar' sputtering (4000 eV, ~ 7 pA) at room
temperature and annealing at 700°C for 20 min in UHV. This procedure was repeated several
time until no contaminants were detected using XPS and extended terraces displaying the
Au(111) herringbone reconstruction could be observed with STM (see Figure 2.5 (a)-(d)). For
a clean and well-ordered surface, faint satellite diffraction spots pertaining to the reconstruc-

tion could also be observed in the LEED pattern (Figure 2.5 (e)).

14



(¢): 10 nm x 10 nm,

(d): 5nm x 5 nm. All images: 0.1 V, 1 nA) and LEED pattern of the clean Au(111) substrate.

(b): 100 nm x 100 nm,

>

STM images ((a): 500 nm x 500 nm

Figure 2.5.
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2.2 Experimental Techniques

The analytical techniques that have been used in the present study are rather well estab-
lished surface science methods. Their basic principle is only briefly described here. Refer-

ences are given for more detailed descriptions.

2.2.1 Low energy electron diffraction (LEED)

LEED allows the determination of the surface structure of crystalline materials *>~*. A
typical LEED experiment uses a collimated electron beam of a well-defined low energy (usu-
ally in the range 20 — 200 eV) incident normally on the sample. As the electrons hit the sam-
ple surface, they are coherently scattered by the regular arrangement of surface atoms. The
waves associated with the scattered electrons undergo a constructive interference if the path
difference between waves scattered from different surface atoms is equal to an integral multi-
ple (n) of the wavelength 1. The wavelength 4 of an electron of momentum p may be calcu-
lated from the de Broglie formula:

PR

p mv
where / 1s Planck's constant, m is the electron’s mass and v its velocity. The range of wave-
lengths of electrons employed in LEED experiments is comparable with inter-atomic dis-
tances. The condition for a constructive interference of the scattered electrons in one dimen-
sion is given by:
a sinf = ni
where a is the distance between the scattering atoms and 6 is the scattering angle with respect
to the normal incidence beam. The integer n is often called the order of diffraction. The back
scattered electrons can be detected on a phosphorescent screen, on which the diffraction pat-
tern becomes visible. In the present work, photographs of the diffraction patterns were made
with a digital camera. Only the elastically-scattered electrons contribute to the diffraction pat-
tern; secondary electrons and the primary electrons that have lost energy due to inelastic scat-
tering are removed by energy-filtering grids placed in front of the fluorescent screen that is
employed to display the pattern. The basic reason for the high surface sensitivity of LEED is
the fact that interaction between solids and electrons with energy in the 20-200 eV range is
particularly strong. The electrons quickly lose kinetic energy upon penetrating the crystal due

to various inelastic processes (plasmon excitations, electron-electron interactions, etc...).
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2.2.2 Scanning tunneling microscopy (STM)

STM is based on the concept of quantum tunneling *>*’. When a sharp conducting tip is
brought very near to a metallic or semiconducting surface, the wave function of the two sur-
faces overlap and a bias between the two can allow electrons to tunnel through the vacuum
between them. A rough approximation of the resulting current, 7, is given by *":

1=Cpipsexp(-Z ")

where Z is the sample-tip separation, ¢ is a parameter related to the barrier between the sam-
ple and the tip and C is a constant. p, and p, are the electron density of the tip and of the sam-
ple, respectively. Note that this expression is a significant simplification of the STM tunneling
process. Nevertheless, it shows that the current is exponentially dependent on the sample-tip
separation. This forms the basis of the very high spatial resolution of tunneling microscopy.
The tunneling current also varies as a function of the local density of states (LDOS) close to
the Fermi level of the sample. As the probe passes over the surface of a sample, changes in
the tunneling conditions due to variations in the surface topography or LDOS are translated
into an image. An assembly of piezoelectric transducers is used to raster the tip over the sam-
ple surface.

In principle, images can be recorded in two different ways. In the “constant height” op-
eration mode the variation in tunneling current is recorded as the tip scans the sample surface
at an overall constant height. Local variations in the topography or in the density of states at
the sample surface will influence the tunneling current. In the “constant current mode”, which
was used in the present study, a feedback mechanism maintains a constant current by adjust-
ing the sample-tip separation. As the tip is scanned over the sample, the vertical position of
the tip is altered to maintain a constant current. An image is then formed by the signal re-
quired to alter the vertical tip position at each point.

Tunneling spectroscopy performed in the STM provides information about the elec-
tronic structure of the sample by probing the sample surface density of states as a function of
energy. In the present study, this was done by turning off the feedback mechanism and then
recording the variation in current while varying the sample bias (I/V curves).

The STM apparatus used in this study is a commercial room-temperature microscope
(Omicron STM1). It is based on a “tripod” configuration where the tip is rastered over the
sample surface with three piezoelectric elements: two are used for the XY positioning and a

third element adjusts the tip-sample separation (Z direction). The images were recorded with
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both etched tungsten (Omicron) and Pt/Ir (Molecular Imaging) tips for the V,0j; thin films
(the results were similar). However, in the case of the V,0s and MoOs layers strong tip-
surface interactions rendered the use of W tips difficult and only Pt/Ir tips could be reliably
used. Tips were cleaned in-situ by mild Ar sputtering and field emission. The scanning x and
y dimensions have been calibrated by imaging the unit cell of Au(111). The analysis of the
images has been done with both the Omicron Scala Pro and the WSxM ** softwares. Most of
images presented here are unfiltered and only background corrected. FFT filtering was used in
some cases to decrease spurious noise. However, this did not influence the interpretation of

the images.

2.2.3 Photoelectron spectroscopy (PES)

Photoelectron spectroscopy is based on the photoelectric effect. It utilizes photo-
ionization and energy-dispersive analysis of the emitted photoelectrons to study the composi-
tion and electronic state of the surface region of a sample *****°. During a photoemission ex-
periment, a sample is irradiated by monochromatic photons which excite electrons from occu-
pied states into empty states within the solid. These electrons can then travel through the
surface layer and be released into the vacuum, where they are detected by an electron energy
analyzer. Depending on the photon energy, electrons from different energy levels can be
photo-emitted with varying cross-sections. Typically, photons in the ultraviolet range (UPS)
are used for the photoemission of valence electrons and X-rays (XPS) are employed for the
investigation of core levels. The excitation by a fixed photon energy /v populates empty states
above the vacuum level in the sample and the energy distribution of the electrons measured
outside the sample gives information about the distribution of occupied states (valence and
core levels, depending on the photon energy). The kinetic energy (E%) of the electrons meas-
ured in the energy analyzer is related to the binding energy of the initial states (£;) by the fol-
lowing formula:

Ei=hv—-E; —¢
where ¢ is the spectrometer work function. The excitation of electrons from each occupied
states will give rise to peaks in the photoelectric spectrum (intensity as a function of the elec-
tron kinetic energy or binding energy). These peaks generally appear superimposed on a sec-
ondary intensity background, which is due to the detection of electrons that have lost quasi-
continuous amounts of energy due to multiple scattering in the crystal. The kinetic energy of
the photoelectrons is usually around a few hundreds of eV for XPS, which corresponds to an

inelastic mean free path in the range of 10 A. This makes photoelectron spectroscopy a sur-
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face sensitive technique. XPS can be used to identify the chemical elements present in a solid
surface since the various elements have different core level binding energies. The exact core
level binding energies of a specific element can also yield additional information about the
chemical environment of this element. For instance, the position of the V2ps;, signal (which
shifts from ~ 512.4 for V** to ~ 517.2 for V") is usually used to identify V oxidation states *’.
Generally, a higher oxidation state increases the effective nuclear charge which acts on the
inner core electrons and increases their binding energy. A higher oxidation state also gener-
ally leads to a reduced screening of the core holes in the final state, which translates in a shift
towards higher binding energy.

The XPS data presented in this study were acquired using Mg Ka radiation (1253.6 eV).
The binding energy scale of the spectra was referenced to the Audf;, peak of the clean
Au(111) substrate at 84 eV *'. No background intensity was subtracted from the reported
spectra. However, the spectra have been corrected for X-ray satellites using the routine sup-
plied with the CasaXPS program **. The valence band photoemission spectra were recorded at

the BESSY II synchrotron in Berlin with a photon energy of 121 eV.

2.2.4 Near-edge X-ray absorption fine structure (NEXAFS)

NEXAFS measures the excitation probability as a function of photon energy near to the
core level excitation thresholds ****. This technique requires an X-ray source with a tunable
energy and must therefore be carried-out at a synchrotron. In a NEXAFS experiment, the pho-
ton energy is varied in an energy range close to an absorption edge, where core electrons are
excited to unoccupied states. These transitions may lead to pronounced fine structures, which
are called NEXAFS resonances. This occurs when the X-ray photon energy corresponds to
the energy required for the excitation of a core level electron into a partially-filled or empty
final state in the solid. Such a final state may be an unoccupied molecular orbital, for instance.
Therefore, NEXAFS can give information about both the occupied and the empty electronic
states in a sample. Because NEXAFS measurements involve dipole transitions from well-
defined initial and final states, the application of the dipole selection rule often provides in-
formation about the local symmetry of the molecular orbitals. In this sense, NEXAFS can also

be sensitive to the bond orientations in a sample.
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3 Growth and surface reduction of V,03(0001)
thin films

3.1 Introduction

At room temperature, vanadium sesquioxide (V,03) has a trigonal crystalline structure
isomorphic to corundum a-Al,O;3 and is paramagnetic metallic '. The oxide undergoes a phase
transition at a temperature around 150-170K, below which it is antiferromagnetic insulating
and has a monoclinic structure. The origin of this phase transition, often considered as an ex-
ample of a Mott-Hubbard transition, has been debated over the last years and it is still not

14 and references therein). The structure of trigonal corun-

completely understood (see refs.
dum V,0s3 along [0001] is described by alternating rows of O planes and two hexagonal V
planes that are very close together (arbitrarily named V and V’ here) in the stacking sequence
...OVV’OVV’... ¥ This stacking is indicated on the model structure shown in Figure 3.1 (a).
The atom density of the O planes is three times as large as that of each individual V plane
(resulting in a V,0; stoichiometry). As shown in the (0001) model surface structure of Figure
3.1 (c), the atoms in the O planes have a quasi-hexagonal arrangement. In contrast, the atoms
of the V and V’ layers are arranged together in a corrugated honeycomb pattern in the (0001)
plane; see Figure 3.1 (a). The vanadium ions in V,03 have a formal valence charge of +3,
which corresponds to a 3d” electronic configuration. In this ionic picture, the oxygen ions (O
) are expected to have a 2p® configuration. However, ab initio DFT cluster studies rather sug-
gest smaller atomic charges (between +1.6 and +2 for V and about -0.8 for O in the bulk) *°,
emphasizing the importance of covalent bonding in V,0s. Likewise, photoelectron and X-ray
absorption spectroscopy studies indicate the presence of strong hybridization between the O2p
and V3d states *"*.

The growth of ordered V,03 thin films was reported for a rather broad variety of single
crystalline substrates, including Au(111) ****°, W(110) %, Pd(111) >, Rh(111) %, Re(0001)
> and Cu3Au(100) *°. The films were typically prepared by evaporation of metallic vanadium
(with a thickness of several layers) and oxidation in ~ 1 x 107 mbar O, at ~ 300-350°C (dur-
ing and/or after evaporation). In most cases, the preparation led to an ordered V,0; thin film
with a (0001) surface orientation (i.e. with the basal face of the corundum structure parallel to

the substrate plane).
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Figure 3.1. V,03 geometric structure * showing the three possible ideal bulk-terminated
(0001) surfaces (see text). (a): ...OVV’ termination. (b): ...V’OV termination. (c¢): ...VV’O
termination. Gray spheres indicate the position of the vanadium atoms while blues spheres
pertain to oxygen atoms (darker gray spheres are used to highlight the position of the surface

vanadium atoms). The (0001) surface unit cell is indicated by arrows for the images on the
right.
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The surface termination of the V,03(0001) thin films was investigated by several groups
2833 In principle, cutting a V,0s single crystal along (0001) could lead to three different bulk-
like surface terminations: a surface exposing both V and V’ layers (...OVV’ stacking), a sur-
face terminated by only one metal layer (...V’OV stacking) and a surface terminated by oxy-
gen atoms (...VV’O stacking). These structures are shown schematically in Figure 3.1. For
each termination, the image on the left displays the atomic arrangement along the [0001] di-
rection while the image on the right gives a top view of the (0001) surface. Based on electro-
static considerations **, the single metal layer termination (...V’OV, Figure 3.1 (b)) is the
only structure which is expected to be stable. The two other terminations are polar surfaces
and they are characterized by a very high Madelung potential (also when surface relaxation is
taken into account >°). As shown in Figure 3.1 (b), the single metal layer termination has a
hexagonal structure and a surface lattice constant of 4.91 A *. A single metal layer surface
termination was already observed for the (0001) surface of Cr,O3, which is isostructural to
corundum V,03 3,

: : : . o 25-29.53
Extensive spectroscopic and theoretical studies ’

revealed that after preparation
with the conditions typically used (see above), V,03(0001) is actually terminated by vanadyl
groups (V=0), a structural element that is not found in the bulk structure of V,0;. This “va-
nadyl-terminated” surface is similar to the single metal layer termination depicted in Figure
3.1 (b), with the exception that each vanadium atom at the surface forms a double bond with
an extra oxygen atom (...VV’O-V=0 stacking, see Figure 3.2). The vanadyl groups were also
found to be aligned with the bond axis perpendicular to the surface (i.e. they are standing up-
right) **. The presence of these surface species can be detected with various spectroscopic
techniques: vanadyl groups have a specific signature in vibrational spectroscopy and they can

26,28 . .
S >, The vanadium ions

also be distinguished with photoelectron spectroscopy and NEXAF
of the vanadyl groups at the V,03(0001) surface effectively have a higher oxidation state than
their bulk counterpart. Formally, they have a 5+ oxidation state. Considering this, it is near at
hand to state that the vanadyl-terminated V,03(0001) surface can be related to vanadium pen-
toxide (see Chapter 5). However, one should note that the vanadium ions of the V,03(0001)
surface vanadyl groups are four fold coordinated, in contrast to the 5-fold coordinated V ions
found in V,0:s.

As shown by the findings of Dupuis et al *® and Schoiswohl ez al **, the vanadyl groups
on V,03(0001) are thermally very stable in UHV. They remain on the surface after annealing

up to a temperature of 750°C, above which the film itself decomposes. This obviously pre-

vents the possibility of removing the vanadyl groups by simple annealing steps. Nevertheless,
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Dupuis et al reported that the vanadyl groups can be removed by electron irradiation *°. This
was shown by the disappearance of the various V=0 spectroscopic signatures after the irra-
diation. The authors also showed that the vanadyl terminated surface can be relatively easily
retrieved upon oxygen adsorption. A more detailed investigation of the adsorption of oxygen
on the V,03(0001) surface reduced by electron irradiation was reported later by Abu Haija
and coworkers **. Being able to remove completely or partially the vanadyl groups in a selec-
tive way is of some interest for reactivity studies, where it allows probing the role of the va-
nadyl groups, for instance. The adsorption of H,O, CO, CO,, propane, propene and methanol
was compared for the vanadyl-terminated and the reduced (i.e. without V=0 groups)
V,05(0001) surfaces *2*°7®. Whereas only molecular adsorption generally takes place on
the V=0 terminated surface, several dissociation reactions were observed on the reduced sur-
face.

The present investigation took place in the context of these studies, and it aimed at bet-
ter characterizing and understanding the surface structure of both the vanadyl terminated and
the reduced V,03(0001) thin films. For this purpose, a combination of STM, LEED and XPS
measurements were carried-out. First, the growth of the V,03(0001) thin films on Au(111)
and the presence of defects on the as-prepared vanadyl terminated surface were investigated.
The electron induced surface reduction was then examined in more details. So far, a detailed
structural investigation was lacking and it was simply assumed that the reduction process only
removes the vanadyl oxygen atoms and leaves behind a single V layer termination (as de-

picted in Figure 3.1 (b)).

(1000l

Figure 3.2. Geometric structure of V,03 with vanadyl-terminated (0001) surface. Gray sphe-
res indicate the position of the vanadium atoms while blues spheres pertain to oxygen atoms
(light blue balls highlight the position of the vanadyl oxygen atoms).
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3.2 Preparation Method

The films were prepared by reactive evaporation of vanadium in a partial pressure of
oxygen ranging between 5 x 10® mbar and 5 x 107 mbar. During the evaporation, the
Au(111) substrate was kept at 300°C. The amount of deposited vanadium was equivalent to a
metallic V thickness of about 50 A and the evaporation rate was kept around 0.5 A/min (cali-
brated in situ with a quartz crystal microbalance prior to the thin film preparation). This quan-
tity of evaporated vanadium corresponds to an oxide film thickness of about 100 A. As com-
pared to the ultrathin films described in chapters 4 and 5, the V,0s3 films can be considered as
thick films. As shown below, annealing in UHV was necessary to order the films after the
deposition. Au(111) was chosen as a substrate because its surface lattice provides a good base
for the epitaxial growth of V,03(0001) **: Au(111) is characterized by a hexagonal lattice
with a 2.884 A unit cell, which is close to the average oxygen-oxygen distance (2.86 A) in the
quasi-hexagonal O planes of V,03(0001), see Figure 3.1 (c). Nevertheless, since the prepara-
tion of ordered V,03(0001) was also reported for various other substrates (see above), it is
possible that a good lattice match with the substrate is not crucial for this system.

The procedure used for the surface reduction of the thin films is depicted in Figure 3.3.
A tungsten filament was brought at a distance of 2 mm in front of the sample surface and
heated until it starts emitting electrons. To accelerate the electrons towards the thin film sur-
face, the sample was set to a potential of 500 V. The electron emission current between the

filament and the sample was kept constant at 1 mA.

Heated W — g-
filament TT—¢

Figure 3.3. Schematic description of the procedure for surface reduction with electron irradia-
tion.

Sample

In order to vary the degree of surface reduction of the thin films (see section 3.3.2), different
irradiation times were used. For these experiments, the sample and the tungsten filament were
always set at the same position. The irradiation duration was however kept short enough to

limit electron bombardment-induced heating. Typically, the sample temperature reached
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about 60°C after the longest irradiation time used here, 20 seconds. Higher electron doses
were used for some experiments, in which cases the surface was simply irradiated in several
cycles of 20 sec, the sample being allowed to cool down between each cycle. The electron
dose is proportional to the emitted electron current multiplied by the total irradiation time.
Precise values of the electron dose for the sample surface (in uC/cm?, for instance) are not
reported here since a fraction of the emitted electrons most probably reaches the sample
holder which is also set to 500 V. Nevertheless, at least a reasonable part of the whole elec-

tron dose impinges onto the sample (which has an area of ~ 0.5 cm?)

3.3 Results and discussion

3.3.1 Vanadyl-terminated V,03(0001)/Au(111): growth and
surface structure

As shown in Figures 3.4 (a) and (b), the as-deposited films have a high surface rough-
ness and are not very well ordered. These data were acquire for a film prepared by the deposi-
tion of about 40 A V in a partial pressure of 1 x 107 mbar O,, with the Au(111) substrate kept
at 300°C. The large scale STM image reveals a film consisting of clusters with lateral dimen-
sions on the order of 10 nm. The corresponding LEED pattern indicates that the crystallites
are ordered to a limited extent: although the spots are broad and diffuse, they can be related to
the hexagonal structure of corundum V,03(0001) with a ~ 4.9 A lattice constant 4> While the
as-deposited films are not well ordered, their stoichiometry corresponds to V,0;. This can be
deduced from the XPS spectrum shown in Figure 3.5. The maxima of the V2p3, and Ols
peaks appear at binding energies of 515.8 eV and 530.2 eV, respectively, which corresponds
very well to the reported XPS data for V,05 22547,

A series of annealing steps in UHV was carried-out to order the films. Increasing the
annealing temperature up to 600°C led to a drastic improvement, as displayed in Figures 3.4
(c)-(f). Large scale STM images show extended terraces separated by steps of monoatomic
height (apparent height ~ 2.5 A). STM images acquired at higher resolution (Figure 3.4 (e)
and (f)) reveal a well ordered surface with a V,03(0001) 4.9 A hexagonal unit cell (indicated
by a grey parallelogram on Figure 3.4 (f)). Likewise, the LEED patterns exhibit sharp spots
(see Figure 3.4 (d)) and confirm the high degree of surface order.
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(c)-(f): after an additional annealing step at 600°C in UHV.

Figure 3.4. STM images ((a): 300 nm x 300 nm, 3 V, 0.2 nA
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Figure 3.5. XPS spectra (V2p and Ols region) of a V,03 film deposited on Au(111), immedi-
ately after deposition and after an additional annealing step at 600°C in UHV. The intensity
was normalized to the background signal at 500 eV. Mg Ka, 8 = 70°.

The films are also rather flat and cover the whole surface of the substrate. This can be de-
duced by the absence of holes in the STM images and by the extinction of Au signals in the
XPS spectra (which is also due to the thickness of the film). Annealing the films at 600°C in
UHYV leads to slight changes in the V2p and Ols core level PES signals (see Figure 3.5). A
shoulder on the high binding energy side of the V2p peaks gets more prominent and the Ols
peak slightly shifts towards higher binding energy. The shoulder on the high binding energy
side of the V2p signal can be attributed to the contribution of the surface vanadyl groups ****.
In a simple picture, the vanadium ions involved in the vanadyl bonds have a higher oxidation
state than those of the V,03 bulk structure. This leads to a stronger initial core electron bind-
ing energy and to a lower screening of the core holes by the valence electrons, resulting in a
measured higher binding energy for the core level photoelectric signals *°. The contribution of
the surface vanadyl groups to the V2ps;, peak intensity was reported to appear at a binding

energy of about 517.2 eV 2**%%

, a position which is characteristic for V,0s (see chapter 4 or
ref. ¥, for instance). The relative intensity increase of the V2p high binding energy shoulder
observed here after the annealing at 600°C is in line with the ordering of the film and the in-
crease of the terrace area covered by vanadyl groups (as shown in Figure 3.4). Annealing in
UHYV at temperatures higher than 600°C does not lead to any additional improvement in the

surface order of the films. Actually, no significant changes in both the surface structure (STM,
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LEED) and composition (XPS) were observed up to 670°C. However, upon annealing at
700°C the layers start decomposing and dewetting: large gaps can be observed, in which the

Au(111) surface can be imaged with STM (see Figure 3.6).

Figure 3.6. STM images ((a): 300 nm x 300 nm, 3 V, 0.2 nA, (b): 50 nm x 50 nm, 0.1 V, 10
nA) obtained after the annealing of a V,03(0001)/Au(111) film in UHV at 700°C for 30 min.

Image (b) was acquired in one of the dark contrast areas of figure (a).

The STM images displayed in Figures 3.4 (e) and (f) show two different types of point
defects: diffuse bright features and single missing bright protrusions. The origin of the diffuse
bright “blobs” is still unclear. The density of these features seems to vary as a function of the
precise sample history (annealing, exposure to oxygen, time in vacuum before the STM
analysis, etc) but no clear trend can be found as a function of the oxidation/reduction of the
sample, for instance. They could be attributed to some adsorbate or to occasional strong tip-
sample interactions. The diffusion of small quantities of Au from the substrate is not expected
but can not be totally ruled out (such a small quantity would be difficult to detect with XPS).
The majority of the other type of point defects, the missing bright protrusions (i.e. the dark
spots), can be identified as oxygen-rich point defects. These point defects must be distin-
guished from the more extended dark contrast areas on the terraces, which are simply lower
terraces (separated by a step edge). The presence of oxygen-rich point defects on the (1x1)

vanadyl-terminated V,03(0001) surface was also reported by Schoiswohl et al 2

. They have
observed that dosing the film surface with O, at 400°C (with O, partial pressures between 1 x
10™® mbar and 1 x 10 mbar) leads to a progressive increase of the missing bright protrusions.
Eventually, these point defects form ordered arrays with a (V3x\3)R30° periodicity with re-

spect to the (1x1) vanadyl surface lattice. The authors have also reported that the oxygen-rich
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point defects, once formed, are rather stable towards annealing in UHV. Similar observations
could be made in the present study. It was not possible to reduce the quantity of these point
defects by annealing the films in UHV. Also, preparing the films in a higher O, pressure, 5 x
107 mbar, led to a clear increase of the missing bright protrusions and to the appearance of
(V3xV3)R30° patches (compare Figure 3.7 (a) with Figure 3.4 (e)). Both the (1x1) and the
(N3xV3)R30° unit cells are indicated on Figure 3.7 (b).

XD

(\3xV3)R30° ."

Figure 3.7. STM images ((a): 50 nm x 50 nm, 1.5 V, 0.2 nA, (b): 14 nm x 14 nm, 1.5V, 0.2
nA) of a V,03(0001)/Au(111) film prepared by the evaporation of vanadium in 5 x 107 mbar
0O, at 300°C, followed by annealing in UHV at 600°C for 20 min.

Various possible V,03(0001) surface terminations were investigated with DFT by
Kresse et al *’. These terminations include some of those mentioned in section 3.1: single
metal layer, oxygen layer and vanadyl termination. As can be evaluated from the graph shown
in Figure 3.8, the calculations predict that out of these three possible surface structures the
vanadyl termination is the most stable in the range of oxygen chemical potential relevant for
the formation of V,0;. Note here that the oxygen layer termination is labeled with the stack-
ing ..V-O3V30;3 on the graph. This is to indicate that this structure deviates from the ideal
bulk-like oxygen termination depicted in Figure 3.1 (c). According to the model proposed by
the authors, one half of the vanadium atoms from the second double (VV’) layer would move
to the first VV’ layer to reduce surface energy. Kresse and coworkers also evaluated two al-
ternative structures where either one third or two third of the V=0 groups are removed from
the (1x1) vanadyl-terminated surface (both the V and the O atom forming the vanadyl moiety
are removed). They are labeled ..V,03-(VO)p¢6 and ..V,03-(VO)o 33 in Figure 3.8, respec-
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tively. The two structures have a (V3xV3)R30° periodicity with respect to the (1x1) vanadyl
surface lattice. In comparison to the (1x1) vanadyl termination, these surface structures effec-
tively expose more oxygen atoms, since the oxygen plane of V,03(0001) is locally uncovered
where the vanadyl groups are removed. They can therefore be considered as oxygen-rich sur-

face reconstructions. Both structures are schematically described in Figure 3.9.
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Figure 3.8. Surface energy per primitive surface cell versus chemical potential of oxygen (L)
for different terminations of V,03(0001). The stability ranges of the bulk oxides are indicated
at the bottom of the diagram. Graph taken from ref. >’

Coming back to the graph shown in Figure 3.8, is can be seen that the ..V,03-(VO)g 6 struc-
ture is predicted to be slightly more stable than the (1x1) vanadyl termination over a broad
range of oxygen chemical potential. The calculations of Todorova et a/ also predict the stabil-
ity of the ..V203-(VO)g6 structure *°. The “missing bright protrusion” point defects observed
in the STM images can therefore be assigned to missing V=0 molecules. The predicted rela-
tive stability of the (V3xV3)R30° reconstructions somehow explains the fact that it was not
possible to prepare a (1x1) vanadyl-terminated V,03(0001) surface that did not contain any
oxygen-rich point defects in the present study. Reducing the oxygen partial pressure below 1
x 107 mbar during preparation helped diminishing the density of these point defects to a lim-
ited extent. However, this parameter could only be varied in a small window since the evapo-
ration in 5 x 10 mbar O, or less resulted in the formation of a bulk-reduced and not very well

ordered film (as judged by XPS and STM), possibly due to kinetic effects.
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Figure 3.9. Geometric structure of the ..V,03-(VO)p¢6 and ..V,03-(VO)o33 V,03(0001) sur-

face reconstructions. Gray spheres indicate the position of the vanadium atoms while blues

spheres pertain to oxygen atoms (light blue balls highlight the position of the vanadyl oxygen
p p yg (lig ghlig p yl oxyg

atoms). The (V3xV3)R30° unit cell is indicated on both images.
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The best results were obtained by reducing the surface of the films with electrons (see section
3.3.2) and then reoxidising it with a short exposure (1 minute) to ~ 2 x 10™ mbar O, at 250°C.
Since the reduction with electrons is limited to the very first surface layers, reoxidation can be
done in milder conditions (i.e. with a lower oxygen chemical potential) than the bulk and the
formation of oxygen-rich defects can be reduced. An example is given in Figure 3.10, which
shows STM images obtained after reducing the film described in Figures 3.4 (c)-(f) with elec-
trons (2 x 20 sec, I mA) and then reoxidising it by annealing at 250°C in 2 x 10™® mbar O, for
1 minute. After the reduction/reoxidation procedure, the film was shortly flashed at 600°C in
UHV to order the surface. Apart from the point defects described above, the STM images of
the V,03(0001)/Au(111) films also reveal a few isolated line defects and screw dislocations.
Both types of structural defects can be observed in Figure 3.10 (a), for instance. A screw dis-
location can be observed in the upper part of the image, where a terrace seems to follow a

spiral pattern and apparently grow on top of itself.

Figure 3.10. STM images ((a): 50 nm x 50 nm, -1.5 V, 0.2 nA, (b): 20 nm x 20 nm, 1.5V, 0.2
nA) obtained on a V,03(0001)/Au(111) film after surface reduction with electrons and subse-
quent reoxidation (exposure to 2 x 10 mbar O, at 250°C for 1 minute followed by a flash at
600°C in UHV).

The results presented in this section show that well-ordered vanadyl-terminated
V;,05(0001) films can be grown on Au(111). Their surface contains stable oxygen-rich point
defects (missing V=0 molecules) that are related to the (V3xV3)R30° structures reported by

27,28

other authors . Nevertheless, the density of these point defects can be limited by careful

surface treatment, involving reduction with electrons and controlled reoxidation.
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3.3.2 Surface reduction with electrons: formation of a V-
termination

The surface reduction of the films was investigated as a function of the applied electron
dose with STM and XPS. Before each reduction experiment, the (1x1) vanadyl terminated
surface was carefully prepared and STM was used to ascertain a small quantity of oxygen-rich
point defects. Representative STM and XPS results are shown in Figures 3.11 and 3.12, re-
spectively. The high resolution STM images show that a number of missing bright protrusions
appear after the shortest irradiation periods. Since great care was taken to limit the quantity of
oxygen-rich point defects before the electron irradiation, most of the missing bright protru-
sions observed here can be related to the reduction process. Concomitant with the appearance
of these new point defects, the surface sensitive XPS spectrum (electron collection angle of
70° with respect to the surface normal) acquired after an irradiation of 1 second shows a slight
decrease of the Ols intensity and shift of the V2p peaks towards lower binding energy. This is
consistent with a removal of oxygen atoms form the surface of the film. The quantity of miss-
ing bright protrusions obviously increases with the electron dose (i.e. with the irradiation
time) and after an irradiation of 10-20 s the surface looks somewhat disordered. However,
closer inspection reveals that the remaining bright protrusions are still positioned according to
the original hexagonal registry of the non-reduced surface. Upon further increase of the elec-
tron dose, an ordered surface structure with a 4.9 A hexagonal unit cell is obtained (see image
obtained after 2 cycles of 20 s irradiation). This surface periodicity is equivalent to the one
observed on the (1x1) vanadyl-terminated surface. Comparing the two (1x1) surfaces, the
STM corrugation is clearly and reproducibly lower in the case of the reduced surface. The
XPS signals follow the progression observed with STM. As the electron dose is increased, the
Ols intensity continuously decreases and the V2p features are shifted towards lower binding
energy. The overall shape of the V2p peaks is also slightly modified, as the intensity of the
high binding energy shoulder vanishes and a new component at lower binding energy seems
to appear. Scanning tunneling spectroscopy (STS) was carried-out on both the vanadyl-
terminated and the reduced (1x1) surfaces. In the two cases, dI/dV curves were obtained at
numerous places on the surface and averaged together to ensure reproducibility. The results,
shown in Figure 3.13, confirm the different electronic structure between the two surfaces. The
curves obtained for the reduced surface point towards a lower density of empty states (posi-
tive sample bias) and a higher density of filled states (presumable of V3d character, around

0.5 eV below the Fermi level).
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Figure 3.11. STM images of a V,03(0001)/Au(111) film exposed to various electron irradia-
tion doses. All images: 20 nm x 20 nm, 1.5 V, 0.2 nA.
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Figure 3.12. XPS spectra (V2p and Ols region) of a V,03(0001)/Au(111) film exposed to
various electron irradiation doses. The intensity was normalized to the background signal at
500 eV. Mg Ka, 6 =70°.

Altogether, these observations are consistent with a gradual removal of the vanadyl
oxygen atoms from the surface during the reduction with electrons (as also revealed by vibra-
tional spectroscopy measurements >°). The geometric models shown in Figure 3.14 illustrate
the progression of this reduction process. In the course of the irradiation, vanadyl oxygen at-
oms are gradually removed from the surface and the reduced V ions left behind appear as
missing bright protrusions in the STM images. It is important to distinguish these missing
bright protrusion from the ones pertaining to oxygen-rich point defects point defects described
in section 3.3.1: the latter are caused by the removal of a whole V=0 molecule. The removal
of vanadyl O during the electron irradiation seems to occur in a more or less random manner
on the surface. Nevertheless, some missing bright protrusion pairs or short rows are observed
at the beginning of the reduction process (see images obtained after 1 s and 3 s of irradiation).
This could imply that the vanadyl groups neighboring a reduced V atom are more prone to

reduction (due to relaxation effects like in the case of V,05(001), see Chapter 5). However,
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based on the theoretical investigations of Todorova et al, such a concerted reduction mecha-

nism appears to be very unlikely *°.

vanadyl-terminated
reduced

di/dv

T
-5 -1.0 -05 0.0

sample bias (V)

Figure 3.13. STS dI/dV curves compared for the (1x1) vanadyl terminated and the (1x1) re-
duced surfaces of V,03(0001)/Au(111) thin films. Reduced surface exposed to two electron

irradiation cycles of 20 s at 1 mA.

The complete removal of the vanadyl oxygen atoms ultimately results in the formation
of a V-terminated surface, which obviously has the same lattice as the vanadyl-terminated
surface. Note that the precise structure of this surface might differ slightly from the ideal
bulk-like V-termination depicted in Figure 3.1 (b). The calculations of Czekaj and coworkers
indeed predict that the topmost V layer relaxes inwards by about 30% for this surface (in ad-
dition to some rearrangement of sub-surface vanadium) .

At intermediate irradiation doses, only a fraction of the vanadyl oxygen atoms is re-
moved. In this range, the quantity of remaining bright protrusions observed in the STM im-
ages is seen to decrease for an increasing degree of reduction. The positions of the bright pro-

trusions are therefore assigned to the remaining V=0 groups.
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Figure 3.14. V,03(0001) reduction with electron irradiation: geometric structure of the va-
nadyl terminated, partly reduced and fully reduced (V-terminated) surfaces. Gray and blues
spheres indicate the position of the vanadium and oxygen atoms, respectively (light blue balls:

vanadyl oxygen atoms).

The data presented in this section indicate that the reduction of V,03(0001) with 500 eV

electrons is mostly limited to the surface vanadyl groups. This conclusion is further supported

by the fact that XPS spectra and STM images do not change as a function of the electron dose

once all the V=0 groups have been removed (at least for up to twice the dose required for a

complete V=0 removal). Of course, this does not necessarily means that further reduction can

not occur after prolonged electron irradiation. It probably occurs, but much more slowly. Va-

nadyl oxygen atoms at the surface are directly exposed to the vacuum and can readily move

away if the V=0 bond is broken, in contrast the O atoms from deeper layers that must first

diffuse to the surface. Other possible factors include the lower V coordination and the differ-

ent density of electronic states involved for the surface vanadyl O centers. Nevertheless, the
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appearance of a shoulder at the lower binding energy side of the XPS V2p peaks after surface
reduction could in principle be interpreted as an indication of the presence of vanadium ions
that have a lower oxidation state than the bulk V ions of V,03;. However, this does not neces-
sarily mean that extensive reduction occurs. The DFT cluster calculations of Czekaj et a/ for
V-terminated V,03(0001) clearly indicate that the surface V centers have a lower atomic
charge than in the bulk **. Based on Mulliken population analysis, the authors reported an
atomic charge of ~ 0.7 for the terminating 3-fold coordinated V ions, in contrast to an atomic
charge between 1.6 and 2 for the bulk 6-fold coordinated V centers. It is therefore possible
that the core level photoelectron signals associated with the surface V centers are slightly
shifted towards lower binding energy in comparison with the bulk signals for V-terminated
V,03(0001).

The electron-induced surface reduction process observed here can be described on the
basis of electron-stimulated desorption (ESD) theory (see chapter 5 of ref. ** and refs. >, for
instance). ESD differs from thermal desorption in several important ways, the most obvious
being the fact that ESD is a process occurring far from equilibrium. It is generally considered
that the energy transfer between an electron and an adspecie (surface atom or molecule) oc-
curs as an isolated event. This is due to the fact that the probability of a surface atom interact-
ing simultaneously with more than one primary electron is small. It is also well accepted that
the direct momentum transfer between a low energy electron and a surface specie is far too
small to account for the observed desorption and does not play a significant role. ESD is
rather based on electronic excitation and bond breaking mechanisms. Electronic energy trans-
fer processes that can lead to desorption of surface species include the excitation of ground
states into antibonding or nonbonding states (Menzel-Gomer-Redhead model, MGR) and the
generation of core holes followed by Auger decay ®'. A very simplified scheme of the MGR
model is depicted in Figure 3.15 (a). As a starting point, the model assumes that an incident
electron initiates a Frank—Condon transition which takes the adspecie-solid system from a
ground state to an electronically excited state or ionic state. The interaction energy curve of
the excited state specie may be very different from that of the ground state neutral specie. The
excited state may have a shallow attractive potential well or no attractive region at all. After
the excitation process, the system will relax by the excited adspecie moving away from the
surface. The reduction of the system potential energy imparts equivalent kinetic energy to the

desorbing specie.
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Figure 3.15. Schematic description of electron stimulated desorption (ESD) models: (a)
MGR, (b) Knotek-Feibelman. ****62

The exact surface reduction mechanism (s) involved here for the vanadyl-terminated
V,05(0001) surface can not be identified with certainty at the moment. Nevertheless, it is
worth pointing out that the role of core hole formation has been shown to play a key role for
several oxide systems. For instance, Knotek and Feibelman have shown that the threshold
energy for the electron-stimulated oxygen desorption from TiO,, WO; and V,0s corresponds
to the excitation energy of the metal ions 3p core holes (about 38 eV for V3p) 2. In compari-
son, valence electron bonding-antibonding transitions described by the MGR model occur at
much lower energy for the three oxides (below 20 eV). The mechanism connecting the forma-
tion of the core holes at the metal centers with oxygen desorption is still not clearly deter-
mined. Knotek and Feibelman initially proposed the occurrence of an inter-atomic Auger re-
laxation process where the metal core hole gets filled with an electron from a ligand O2p
orbital: if the two electrons necessary for the Auger decay come from a surface O, this atom
will become formally electrically neutral and easy to desorb (this is described in Figure 3.15
(b) for TiO, ). Nevertheless, to be valid this model must consider an empty metal 3d band;
otherwise, the occurrence of a much faster intra-atomic Auger decay would most probably
prevail ®. This is not necessarily a valid assumption since the oxides considered by the model
all have a non-negligible degree of covalency and some level of 3d occupation ®. As recently
pointed out by Dulub et al/, a multihole final state of the O ligand following the formation of a
metal core hole is actually quite probable for early transition metal oxides even if Auger de-
excitation is disregarded *. This observation is based on the cluster model core-hole excita-
tions calculations reported by Zimmermann and coworkers, which point towards a significant

charge transfer from the ligand orbitals to the 3d electron shell on the metal atom for the core
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hole photoemission final states of various transition metal oxides (including V,0s and V,03)
63 In a simple physical picture, the creation of a core hole at the metal center pulls the 3d
band down in energy and electrons flow from the oxygen ligand to the metal. The formation
of V3p core holes probably also plays an important role in the electron-induced removal of

surface vanadyl oxygen atoms observed in the present study.

3.3.3 Thermal stability of V-terminated V,03(0001)

The V-terminated surface has been predicted to be thermodynamically unstable, even
under strongly reducing conditions (see Figure 3.8) *”. Actually, such a surface could not be
prepared in other reported V,03(0001) surface reduction experiments. Schoiswohl e al have
reduced the film surface by depositing an additional layer of metallic vanadium *. The result-
ing surface structure was disordered after V evaporation at room temperature, and two differ-
ent types of surface reconstruction were obtained after annealing (see below). The fact that an
energetically unfavorable structure could be obtained here highlights the strong non-
equilibrium character of ESD processes. The reduced surfaces (both fully and partly reduced)
obtained in the present experiments appear to be only kinetically stabilized since they recon-
struct upon annealing in UHV. Nevertheless, they are stable up to about 300°C. They are first
observed to undergo reconstruction after annealing at 350°C - 400°C in UHV. The recon-
structed surfaces show the coexistence of two different structures. The relative area covered
by both structures apparently varies as a function of the initial reduction degree (i.e. partial
reduction with a fraction of remaining V=0 groups or V termination). An example of such a
reconstructed surface is depicted in Figure 3.16, where STM images are shown for a partially
reduced surface (15 s, 1 mA irradiation) shortly annealed at 400°C in UHV. The correspond-
ing XPS spectra obtained before and after the annealing step are shown in Figure 3.17. The
large scale STM images of the reconstructed surface (Figure 3.16 (a)) display flat patches
along with terrace areas having a “fuzzy” appearance. Images taken at higher resolution are
shown in Figures 3.16 (b)-(d). They reveal that the fuzzy areas are covered by “trimers”
(bright triangular features in which three maxima can be resolved). The trimers are not ar-
ranged very regularly on the surface and it seems that some remainders of the (1x1) surface
structure can be imaged between them. On the other hand, the flat areas exhibit a well ordered
hexagonal structure with a ~ 5 A unit cell vector, where the bright protrusions appear to be
elongated in one direction. These areas are also characterized by a very low corrugation,
which generally could imply a metal-like surface layer. As shown in Figure 3.18, their dI/dV

curve also differentiates them from both hexagonal (1x1) vanadyl- or V-terminated surfaces.
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Figure 3.16. STM images of a V,03(0001)/Au(111) film reduced by electron irradiation (15
s, 1 mA) and then flashed at 400°C in UHV. (a): 50 nm x 50 nm, -2 V, 0.2 nA, (b): 15 nm x
15nm,-1.5V,0.2nA, (¢c): 7.3 nmx 6.3 nm, -1.5V, 0.2 nA, (d): 3.5nmx 3.5nm, -1.5V, 0.2
nA. Image (d) was acquired in one of the low corrugation areas of (a).

The two reconstructed structures have been observed by Schoiswohl ef al **. The au-
thors have reduced the vanadyl terminated V,03(0001) surface by depositing an extra layer of
metallic vanadium. Following the deposition, they had to shortly anneal the sample at 450°C
in UHV to induce ordering in the overlayer. Similar to our findings, the resulting surface ex-
posed a mixture of both “fuzzy” (trimers-covered) and “flat” (low corrugation) areas. Struc-
tures were proposed by the authors for the two different surface features. The trimers were
assigned to a structure formed by a triangle of oxygen atoms with a vanadium atom in its cen-
ter. The hexagonal, low corrugation areas were attributed to a buckled V3 termination layer,
i.e. a ..V,03V3 surface stacking. At this surface, the vanadium ions have a quasi-hexagonal

arrangement and the average V-V distance is about 2.8 A. However, buckling in the layer
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results in a 4.9 A hexagonal unit cell. Note that this structure was evaluated by DFT and was
found to be thermodynamically unstable *’. Obviously, the structures of the two reconstruc-
tion features (trimers and low corrugation surface) are not clarified yet and more extensive

investigations, both experimental and theoretical, would be required.

—— V=0 termination
partially reduced (15's, 1 mA)
flashed at 400°C

Intensity (a.u.)

| L L L L L L L L L L L L L L L
506 508 510 512 514 516 518 520 522 524 526 528 530 532 534 536 538
Binding Energy (eV)

Figure 3.17. XPS spectra (V2p and Ols region) of a V,03(0001)/Au(111) film reduced with
electrons (15 s, 1 mA) and then flashed at 400°C in UHV. The spectrum corresponding to the
initial vanadyl-terminated surface is also shown for comparison. The intensity was normalized
to the background signal at 500 eV. Mg Ka, 8 = 70°.

The XPS spectra shown in Figure 3.17 reveal a slight increase of the Ols intensity and a
very small shift of the V2p peaks towards higher binding energy for the reconstructed surface
(in comparison to the reduced surface). This possibly indicates that the reconstruction of the
reduced surfaces occurring at 400°C in UHV is accompanied by the diffusion of oxygen from
the bulk of the film to the surface. The same surface was subsequently annealed at 600°C in
UHV. This led to a recovery of the vanadyl terminated (1x1) surface. Further experiments
however revealed that it is not possible to carry-out more than 1-2 cycles of electron reduction

and UHV annealing at 600°C and still retrieve the vanadyl termination. Therefore, it appears
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that the bulk of the film can act as an oxygen reservoir, which can perhaps be more or less
filled depending on the preparation conditions, and can be depleted after some electron reduc-
tion/UHV annealing cycles. This effect should be taken in consideration for experiments

where the reactivity of the reduced surfaces at temperatures above 400°C is considered.
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Figure 3.18. STS dI/dV curves: low corrugation structure obtained after the reconstruction of
a reduced V,03(0001) surface compared to both (1x1) vanadyl terminated and (1x1) V-
terminated surfaces.

3.4 Summary

Well-ordered V,03(0001) thin films can be prepared on Au(111) by reactive evapora-
tion of vanadium in an oxygen partial pressure followed by annealing in vacuum. All the
films were shown to invariably contain a certain quantity of oxygen-rich point defects, which
is to be expected in view of the predicted thermodynamic stability of these structures. The
quantity of the oxygen-rich point defects can however be controlled to some extent by surface
preparation involving reduction with electrons and careful reoxidation.

The irradiation of the films with 500 eV electrons results in the removal of the vanadyl
oxygen atoms and in the formation of a V-terminated surface. The results support the assump-
tion that the reduction is limited to the vanadyl groups and does not significantly take place in
the subsurface layers or in the bulk (within the electron doses investigated here). The V-

terminated surface is actually a thermodynamically unfavorable structure which could only be

43



obtained by ESD, a process allowing surface reduction in non-equilibrium conditions. UHV
annealing of the reduced films at 400°C results in a surface reconstruction, which consists of
two different types of structures. By using an appropriate electron irradiation dose, only a
fraction of the vanadyl groups can be removed. Such a surface exposes both vanadyl groups
and 3-fold coordinated V ions.

It is of great interest to be able to selectively and quantitatively remove the vanadyl
groups at the surface of V,03(0001), as this allows probing the role of the vanadyl groups in
the surface adsorption/reaction mechanisms involved in vanadium-oxide based catalysis.
Based on the results obtained in the present study, the adsorption of methanol on V,03(0001)
was studied as a function of the surface reduction degree °. It could be shown that the con-
centration of vanadyl groups controls the selectivity of the methanol oxy-dehydrogenation

towards formaldehyde.
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4 Growth of V,0;5 thin films

4.1 Introduction

Well ordered V,0s thin films of various thicknesses were obtained by the oxidation of
vanadium on Au(111) using the high pressure cell described in section 2.1.3. They are de-
scribed in this chapter. Generally, the growth of V,0s thin films using various methods has
already been reported in the literature. These methods include flash-evaporation of V,0s -,

68,69 - e 70
7, chemical vapor deposition " and spray

pulsed-laser deposition ¢/, magnetron sputtering
pyrolysis ''. However, in many of these cases sub-stoichiometric films (i.e. containing some
V** species) were obtained. Several films were also amorphous or polycrystalline at best.
More generally, the growth of well-ordered, flat V,Os films suitable for reactivity model stud-
ies has not been reported yet. In the present work, the oxidation of physical vapor deposited
(PVD) V layers with O, was used as a relatively simple and cheap method to grow V,0s films
in a well controlled manner. Vanadium pentoxide is the oxide with the highest vanadium oxi-
dation state (formally V°") in the vanadium-oxygen system and the oxidation of V to V,0s
requires O, pressures that are not suitable for ultra high vacuum (UHV) systems (probably
due to kinetic effects). This has been evidenced by several studies, where it was shown that
the preparation of films by reactive evaporation or post-deposition oxidation of V under oxy-
gen pressures in the 107-10"° mbar range results in the formation of oxides having a V°* or
V* oxidation state (see ****"*7°, for instance). Wong et al investigated the formation of ultra-
thin (~ monolayer) oxide films by oxidation of vapor-deposited V in 10~ mbar O, "°. They
reported that the resulting films contained primarily V" ions, but also a fraction of V*' spe-
cies. To circumvent this limitation, a dedicated high pressure cell was used in this study to
carry “in situ” (i.e. without exposure to ambient atmosphere) the oxidation of V in 50 mbar
0,.

V,0s has an orthorhombic structure consisting of layers parallel to (001) *””®. The unit
cell parameters are a = 11.512, b =3.564 and ¢ = 4.368 A8 The crystalline structure of V,0s
projected along [010] is depicted in Figure 4.1. The V coordination is best described as dis-
torted square pyramidal and the layers are composed of VOs units that are sharing edges or
corners in the (001) plane. The structure contains three structurally different oxygen centers
and these are labeled in Figure 4.1 (b): terminal oxygen coordinated to only one vanadium
atom (O(1)) and bridging oxygen coordinated to two (O(2)) or three (O(3)) vanadium atoms.

For each square pyramid, the apical oxygen atom (terminal, O(1)) forms a double bond with
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the V atom, and these vanadyl groups (V=0) are oriented along [001] in alternating directions
towards one of the next neighboring layers. The layers are considered to be held together by

van der Waals V=0----V interactions and (001) is the easiest cleavage plane of V,0Os L2

(100l

v

(b) 002 03) @O0l

L4

[010]\

v

[100]

Figure 4.1. V,0s geometric structure "*. (a): view of the structure along [010] showing the
stacking of the layers in the [001] direction. (b): magnified and tilted view showing the struc-
tural details in a layer. Gray spheres indicate the position of the vanadium atoms while blues
spheres pertain to oxygen atoms (the light blue indicating vanadyl O atoms). The elementary
unit cell is shown in (a) and the non-equivalent oxygen centers, O(1, 2, 3), are labeled accord-
ingly in (b).

The use of Au(111) as a substrate for the growth of V,0s films might appear at first as
an intriguing choice since there is no epitaxial match between this surface and any of the

V,0s crystalline planes. However, no other single crystalline substrate that would provide an
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adequate epitaxial relation was found. The reasons that motivated the use of Au(111) as a
substrate are its relative easy preparation and its inertness towards mbar pressures of oxygen

(other metal surfaces could oxidize, reconstruct and form facets, etc).

4.2 Preparation Method

The films were grown by first evaporating a given quantity of metallic vanadium onto
Au(111) in UHV and then transferring the sample into the high pressure cell to carry out the
oxidation procedure. Vanadium was evaporated with an Omicron EFM3 electron beam
evaporator while the Au(111) substrate was kept at room temperature. Different V amounts
were deposited in order to vary the thickness of the resulting oxide films. The evaporation rate
was calibrated in-situ with a quartz crystal microbalance (in both UHV systems) and with
STM images taken after evaporation. The evaporation rate was typically ~ 0.4 A/min (0.2
MLE/min). The deposited V thicknesses are reported here in monolayer equivalent (MLE),
where 1 MLE contains the same number of V atoms as one layer of Au(111) (~ 1.39 x 10"
atoms/cm?). After the V evaporation, the sample was moved to the high pressure cell heating
stage. The cell was then isolated from the rest of the UHV system and filled with 50 mbar of
oxygen (99.999% purity, Linde). While maintaining the pressure constant, an O, flow was
established in order to avoid a pile-up of contaminations originating from molecules desorb-
ing from the heated surfaces. The sample was heated at 400°C for 10 minutes. The tempera-
ture was then allowed to cool-down to about 100°C before pumping down the high pressure
cell and transferring the sample back to the main chamber. Initial XPS experiments on thicker
V films indicated that these oxidation conditions (pressure, temperature and time) are suffi-
cient to reach the full V°* oxidation state. After oxidation of the films, no traces of surface

contamination could be detected with XPS.
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4.3 Results and discussion

Different surface structures were observed as a function of the thin film thickness. The
oxidation of very low V amounts led to the formation of well-ordered overlayers with struc-
tures that do not correspond to any known bulk vanadium oxide crystal structures. The char-
acterization of these “interface specific” layers is first described and discussed. This is fol-
lowed by the description of the films formed at higher V thicknesses, which consist of
V,05(001). The structure and the composition of the films have been investigated with STM,
LEED, photoelectron spectroscopy and NEXAFS. In order to minimize the influence of X-ray
or e-beam induced reduction processes, the films were always first probed with STM. The
thermal stability of the films under UHV has been investigated with TDP and XPS, and the

results are presented in section 4.3.3.

4.3.1 Structure of the first layers

Figure 4.2 (a) shows a 100 x 100 nm? STM image obtained after the deposition of
about 0.26 MLE V on Au(111) at room temperature. V islands periodically arranged in lines
spaced by about 14 nm are seen on the surface. The spacing between the islands along the
lines is on the average 7.2-7.5 nm. This arrangement corresponds to the periodicity of the
well-known Au(111) herringbone reconstruction superlattice **. In the central part of the im-
age, where the signal has been differentiated to enhance the contrast, one can indeed observe
that the growing V islands mainly nucleate on the elbows of the herringbone reconstruction.
These sites are situated at the boundary between two alternating domains of uniaxial contrac-
tion having a relative orientation of 120°. Within the domains, dislocation lines (seen as
ridges in STM) arise from stacking transitions of the Au atoms induced by the contraction.
The herringbone elbows are expected to be the most reactive sites at the surface of recon-
structed Au(111) and the preferential nucleation of metals at these features was also previ-
ously reported for Ni and Mo, for instance " *'. Although it is known that V and Au can form
bulk alloys *2, no evidence such as the appearance of serrated steps point towards surface al-
loying for the deposition conditions used here. Indeed, the Au(111) terraces are still well-
ordered after the deposition and large scale STM images (not shown) reveal that the Au(111)

step edges remain straight and regular.
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Figure 4.2. STM images of 0.26 MLE V/Au(111): (a) as deposited at room temperature (100
nm x 100 nm, 0.5 V, 1 nA; middle part of the image differentiated) and (b, c) after annealing
in 50 mbar O, at 400°C for 10 minutes ((b): 100 nm x 83.6 nm, 2 V, 0.2 nA, (¢): 10 nm x 10
nm, 1.5V, 0.2 nA).

49



After the oxidation of the 0.26 MLE V/Au(111) film at 400°C, a disordered oxide
monolayer covers a fraction of the substrate surface, as shown in Figure 4.2 (b). During the
oxidation, it appears that 2D mass transport of VOy species occurs on the surface of Au(111)
and extended oxide monolayer patches grow. This is in contrast to a situation where oxide
islands would form at the initial position of the V clusters and remain on the elbows of the

herringbone reconstruction.

Figure 4.3. STM images ((a): 50 nm x 50 nm, 2.5 V, 0.2 nA, (b): 10 nm x 10 nm, 2.5 V, 0.2
nA) and LEED pattern (c) obtained after annealing a film formed by the oxidation of 0.26
MLE V/Au(111) (see Figure 4.2). (d): Reproduction of the LEED pattern using a 3.6 A x 15
A rectangular unit cell and taking into account the substrate 3-fold symmetry (the bright spots
at the border of the screen are the Au(111) (10) spots).
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Closer inspection of the oxide film’s structure (Figure 4.2 (c)) allows the identification of sev-
eral features, such as rings, zigzags and brighter protrusions. However, it is obvious that the
film has no long range order. This is supported by LEED results (not shown), where mainly
the Au(111) spots are observed, along with some background intensity and very weak and
diffuse spots. Subsequent annealing in UHV was necessary to order the film. Figure 4.3 dis-
plays STM images and a LEED pattern obtained after annealing the film at 200°C for 5 min
in UHV. STM images (Figure 4.3 (a) and (b)) show a rather well-ordered stripe structure,
with a rectangular unit cell of about 3.6 A x 15 A (depicted as a grey rectangle in Figure 4.3
(b)). The LEED pattern of the film is shown in Figure 4.3 (c), while in Figure 4.3 (d) a repro-
duction of the LEED pattern using the unit cell identified from the STM images is superim-
posed on the recorded pattern (the substrate’s three-fold symmetry is taken into account for
the LEED evaluation, and three rotational domains of the rectangular unit cell are used). It can
be seen that the measured LEED pattern corresponds rather well to the 3.6 A x 15 A rectangu-
lar unit cell mentioned above. With respect to Au(111), which has a 2.884 A hexagonal unit
cell 83, this V oxide overlayer unit cell can be described by the matrix (0, 1.25 | 6, 3). In turn,
that corresponds to a (0, 5 | 6, 3) coincidence lattice having a 14.4 A x 15 A Moiré unit cell.
This Moiré pattern can not be clearly distinguished in the STM image shown in Figure 4.3
(b); this might be due to a lack of resolution or to unfavorable tunneling conditions (bias, cur-
rent). It is also possible that the Moiré pattern is not seen in the image because the interaction
with the substrate is not strong enough. In that case, neighboring 3.6 A x 15 A unit cells of the
oxide film would be structurally similar although the location of the substrate gold atoms be-
low them is different. Careful inspection of Figure 4.3 (b) reveals some periodic features
within the 3.6 A x 15 A unit cell. However, modeling the atomic structure within the unit cell
would require better resolved images and the support of theoretical calculations (perhaps in
combination with vibrational spectroscopy data). The observation that the films are disordered
after their preparation at 400°C in 50 mbar O, and that they get ordered after annealing at
lower temperature (200°C) in UHV is noteworthy. This indicates that the ordering processes
occurring in 50 mbar O, and under UHV conditions are different and that the oxygen pressure
plays an important role. A small oxygen loss during the UHV annealing would probably be
enough to allow the thermally-induced rearrangement of supported VOy units from ring and
zigzag structures into a more extended ordered layer. However, the oxygen loss during UHV
annealing up to 200°C must be rather small since the XPS O/V ratio and the V2p binding en-
ergy remain very similar before and after the UHV annealing procedure. Another possible

explanation would be that the film could already lose a bit of oxygen at the end of the oxida-
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tion procedure, when the high pressure cell is pumped-down while the sample temperature is
still around 100°C. In other words, a structure with higher oxidation state could exist in 50
mbar O, but become unstable and lose oxygen during the transfer to UHV. The resulting re-
duced layer would then form an ordered structure if enough thermal energy is supplied to
overcome the activation energy barrier for the ordering process (here, after annealing to
200°C). In any case, the oxygen loss must be rather small since, as will be shown below, the
V atoms in the ordered film still have an oxidation state very close to 5+ (the highest oxida-
tion state of vanadium).

For higher coverage of the first vanadium oxide layer, another ordered structure has
been identified. Figure 4.4 shows STM and LEED data corresponding to a film obtained by
the oxidation of 0.52 MLE V/Au(111), followed by annealing in UHV at 200°C for 5 minutes
(to order the film). This coverage corresponds approximately to the formation of a full
monolayer of the oxide. This is substantiated by the fact that large scale STM images (not
shown) did not reveal any bare Au(111) patches and at the same time displayed only step
heights equivalent to those characteristic of the underlying Au(111) substrate. Correspond-
ingly, the LEED Au(111) reflexes are much weaker (compare Figures 4.3 (¢) and (d) to Fig-
ures 4.4 (b) and (c)). As seen from the STM picture shown in Figure 4.4 (a), two different
structures coexist in the layer: “broader” stripes that are spaced by about 15 A or appear as
isolated features, and “thinner” lines having a periodicity of 9 A. The second structure seems
to be predominant. Although no atomically-resolved STM images could be obtained for this
film, it is tempting to assign the first structure to the one observed at lower coverage (with a
3.6 A x 15 A rectangular unit cell). Indeed, the lines observed in STM are spaced by 15 A and
a good fraction of the measured LEED diffraction spots is reproduced using this structure.
The rest of the spots can be accounted for by using an additional structure having a
(1.25x3.75) unit cell with respect to the substrate. This structure has a 3.6 A x 10.8 A (o =
60°) oblique unit cell. As depicted in Figure 4.4 (d), the vertical distance between the two
short sides of this oblique lattice is equal to 9 A, in very good agreement with the distance
measured between the “thinner” lines observed with STM (assuming that the short unit cell
vector is aligned along the lines). This structure also forms a (5x15) coincidence lattice, i.e. a
14.4 A x 43.3 A oblique Moiré net. It is possible that this explains some faint LEED spots that
were not accounted for in Figure 4.4 (c).

The (1.25x3.75) structure is predominant for coverages approaching a complete
monolayer whereas it was not observed at low coverage (see Figure 4.3). It is thus probably a

more compact structure than the one having a 3.6 A x 15 A rectangular unit cell.
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Figure 4.4. STM image (a) (40 nm x 40 nm, 2 V, 0.2 nA) and LEED pattern (b) of a film
formed by the oxidation of 0.52 MLE V/Au(111). (¢): Reproduction of the LEED pattern us-
ing 3.6 A x 15 A rectangular and 3.6 A x 10.8 A (a = 60°) oblique unit cells (green and or-
ange spots, respectively). (d): Real space arrangement of the 3.6 A x 10.8 A (o = 60°) oblique
unit cells forming the rows spaced by 9 A observed in STM. Some contrast lines correspond-

ing to the two different structures are indicated in (a).

Interestingly, both unit cells share a common short vector length of 3.6 A. This value is very
similar to the one found along the [010] direction of V¢O,3 and V,0s (respectively 3.68 A and
3.56 A) 78 where it corresponds to the distance between adjacent corner sharing distorted
VOg octahedra, or in the case of a single layer, corner sharing distorted VOs square pyramids.
By analogy to the case of vanadium oxide monolayer structures on Rh(111) ¥, it is well pos-

sible that the monolayer films observed here on Au(111) are composed of VOs square pyra-
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mid building blocks that are sharing corners and edges at their base. Depending on the cover-
age and on the precise oxygen content, different arrangements of these units resulting in more
or less compact structures are then possible. The facile rearrangement of coordination poly-
hedra in vanadium oxides is well known. It is involved, for instance, in the series of shear-
plane transitions occurring during the reduction of bulk V,0s (to VO3, for example) . The
hypothesis that the films might be composed of VOs pyramids, a feature characteristic of
V,0:s, is also supported by the fact that the oxidation state of the V cations in these films is
close to 5+. This is revealed by the V2p and Ols XPS data shown in Figure 4.5. One can see
in this graph that some changes in the peak positions occur as a function of the thickness of
the films. As shown in section 4.3.2, the oxidation of thicker V films (spectrum d) results in
the growth of V,05(001) and indeed the V2ps/, signal of such layers has a binding energy of
517.15 eV. This value is similar to the ones reported in the literature for bulk V,0s 21,40,47.86
In the case of the monolayer films (spectra a and b), the V2ps, signal has a binding energy of
about 516.5 eV, which would normally be attributed to a slightly lower oxidation state (of
stoichiometry between VO, and V,0s). However, this is not necessarily the case since for thin
layers the XPS final state core holes may be effectively screened by the Au(111) substrate
electrons, an effect that would also lead to a reduced binding energy as compared to the thick
film case. The observation that the V2p and Ols levels are shifted by about the same energy
into the same direction may be viewed as an indication that the shift is mainly a final state
effect since the Ols binding energy usually depends only weakly on the oxidation state ***'.
Similar final state effects were observed for Nb,Os/CusAu(100) ¥, VO,/Rh(111) % and
V,03/Pd(111) ** monolayer films. They are also observed for very thin MoOs/Au(111) films
(see section 5.3.1). Still, the discussion on the ordering of the films in UHV at 200°C (see
above) showed that it is probable that the vanadium atoms do not have the highest oxidation
state possible (5+). One can thus conclude that the average V oxidation state in the monolayer
films is 5+ or slightly below. As mentioned before, the layers might be composed of VOs
square pyramid building blocks that share corners and edges at their base. The stoichiometry
of the layer will vary to a small extent depending on how these building blocks are connected:
the oxygen content will be higher if the square pyramids rather share corners and it will be
lower when edges are shared. For instance, in the case of V,0s each pyramid shares two
edges and one corner in the (001) plane (see Figure 4.1) "%, 1t is possible that some of the
VOs square pyramids composing the monolayer structures observed here share a higher num-

ber of edges, resulting in an overall stoichiometry slightly below V,0:s.
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Figure 4.5. XPS spectra (V2p and Ols region) of V,O,/Au(111) as a function of the V cover-
age initially deposited. (a): 0.26 MLE, (b): 0.52 MLE, (c): 1.04 MLE, (d): 7.8 MLE. In all
cases, the intensity was normalized to the background signal at 500 eV (the spectra were af-
terwards shifted with respect to each other along the y axis for display). Mg Ka, 8 = 70°.

The (1.25x3.75) monolayer film obtained after the oxidation of 0.52 MLE V/Au(111)
has also been investigated with angle-resolved NEXAFS. In addition to information about the
electronic structure of materials, this technique also gives insights into the geometry of the
inter-atomic binding. Indeed, the transition matrix elements determining the NEXAFS absorp-
tion intensity are connected with the polarization of the exciting beam and the orientation of
the molecular bonds. The film has been probed with two different incidence polar angles of
the polarized light (o), 70° and 0°, and the resulting spectra are shown in Figure 4.6. The fea-
tures situated between 515 and 529 eV are related to excitations from the V2p core levels into
unoccupied or partially empty V3d orbitals, whereas the peaks in the 529 - 535 eV region
pertain to the O K-edge and correspond to transitions from Ols levels to O2p states mixed
with V3d levels in the conduction band (O1s — O2p + V3d) ****¥ The O K absorption spec-

trum also contains some features between 537 and 550 eV that are associated to Ols — O2p
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+ V4sp excitations, but these will not be discussed here. In a first approximation, the two
broad structures centered at ~ 519 and 525 eV can be assigned to the vanadium Lj;-edge
(V2ps3,2) and Ly-edge (V2pi12), respectively. The precise shape of the spectra is determined by
intra-atomic electronic interactions, dipole selection rules and the structure of the unoccupied
states above the Fermi level. In fact, it has been shown that both the transition energy and the
lineshape of the V L-edge vary markedly for different vanadium oxides. According to the re-
sults published by Chen et al, the position of the V Lj-edge shifts from 515.5 eV for metallic
V to 519 eV for V,0s, with a linear increase of about 0.7 eV per oxidation state ¥ In Figure
4.6, the V Ly-edge is centered at a transition energy of about 519 eV, an observation which
supports the conclusion that the V oxidation state in the monolayer film is close to 5+ (final
sate screening effects play a smaller role in the excitation of intra-molecular electronic transi-
tions than they do in photoemission processes **). However, the shape of the L-edge some-
what differs from the one observed in the spectra of V,05(001) single crystals (see Figure
4.14). This is not surprising and it confirms that the structure of the film does not fully corre-
spond to regular V,0s. On the other hand, many spectral features are similar, perhaps indicat-
ing that the monolayer film and V,0s have some common structural elements. For instance,
the angular dependence of the O K-edge between 529 eV and 535 eV is rather well repro-
duced. This region is composed of two peaks due to the crystal field splitting of the V3d
bands **®. The sharp band observed at lower energy corresponds to transitions to tag type
vanadium levels (pointing in between O ligands, forming weaker © antibonding combinations
with O2p orbitals) and the upper broad band to e, type levels (oriented towards the ligands,
forming stronger ¢ antibonding combinations with O2p orbitals). In the case of V,0s, calcula-
tions made by Kolczewski et al showed that the lower energy peak is determined mainly by
the oxygen atoms of the vanadyl groups (V=0) **°'. This peak is most intense if the electric
field vector of the X-rays is perpendicular to the V=0 bonds (normal light incidence in Figure
4.14, a = 0°) and it gets less intense than the upper band when the E-vector gets parallel to
them (grazing incidence in our case, « = 70°). The close reproduction of the features found for
V,05(001) in the NEXAFS spectra of the thin layer as shown in Figure 4.6 may be viewed as
a hint that the thin layer and V,05(001) contain similar structural elements including vanadyl
groups pointing along the surface normal. In the case of V,05(001) these are responsible for a
significant part of the angular dependent intensity in the O K region. This would support the
idea of a film composed of VOs square pyramids sharing edges or corners of their base at the
interface and exposing apical vanadyl O atoms at the surface as also proposed by Schoiswohl

et al for V oxide monolayers on Rh(111) **. However, as mentioned above the details of

56



NEXAFS spectra depend on many factors and the support of calculations would be necessary

to ascertain this model.

I I
515 520 525 530 535 540
Photon Energy (eV)

Figure 4.6. Angle-resolved NEXAFS spectra of a film formed by the oxidation of about 0.7
ML V/Au(111). The spectra were acquired at two different polar light incidence angle, 0° and

70° (0° is along to the surface normal). Partial yield detection used for the measurements.

None of the two monolayer structures could be assigned to a known bulk vanadium ox-
ide structure. They are coincidence structures, which points towards a certain degree of inter-
action with the substrate. The stabilization of unusual oxide structures by metal surfaces is a
rather well known phenomenon '*. For films having a thickness of only a few atomic layers,
the proximity to the metal surface perturbs the electronic structure of the oxide, leading to
atomic arrangements specific to the interface. Although Au(111) might be expected to be
rather unreactive, it has been shown before that it can stabilize special interfacial oxide struc-
tures: in the case of MoQOs, which has a bulk bilayer structure, an epitaxial c¢(2x4) MoOs

monolayer has been obtained on Au(111) (see refs. 92,33

and section 5.3.1). Density functional
theory predicts that the MoOs; monolayer induces an electronic charge redistribution above the
Au surface, thereby satisfying the local Mo bonding requirements and stabilizing the oxide

film **,

57



Figure 4.7 shows STM images and a LEED pattern obtained after the oxidation of 1.04
MLE V/Au(111), followed by annealing in UHV at 200°C for 5 minutes. The amount of de-
posited V is twice the quantity used in the case of the second monolayer film described above
(see Figure 4.4), where about a full monolayer was obtained. The large scale STM image dis-
played in Figure 4.7 (a) shows that the film’s topography is still very flat, with steps separat-

ing rather large terraces.

Figure 4.7. STM images ((a): 100 nm x 100 nm, 2 V, 0.2 nA, (b): 10 nm x 10 nm, 2 V, 0.2
nA) and LEED pattern (c) of a film formed by the oxidation of 1.04 MLE V/Au(111). (d):
Reproduction of the LEED pattern using a 3.6 A x 6 A, a = 73° oblique unit cell.

Atomic resolution STM images (Figures 4.7 (b) and 4.8 (a)) reveal a structure composed of
double rows with neighboring double rows shifted by 50 % of the repeat distance within the

rows with respect to each other (along the direction of the rows). This corresponds to a 3.6 A
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x 6 A, 0. = 73° oblique surface unit cell as depicted by a grey parallelogram in Figure 4.7 (b).
This unit cell has been successfully used to reproduce the measured LEED pattern of the film,
as shown in Figures 4.7 (c) and (d). One can also observe that rings connect the LEED spots.

This will be discussed later.

[001]
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Figure 4.8. (a): STM image (3.4 nm x 3.4 nm, 2 V, 0.2 nA) of a film formed by the oxidation
of 1.04 MLE V/Au(111). (b): V4O crystal structure projected along [010] **. (c): (001) sur-
face obtained after cleaving a VO3 crystal along the plane indicated by a red line in (b). Unit
cells are indicated by dotted lines. Blue and grey spheres correspond to O and V atoms, re-
spectively.
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A closer view of the surface structure observed with STM is given in Figure 4.8 (a),
where the unit cell is indicated by a dotted parallelogram. This image corresponds rather well
to the pictures obtained by Smith ef al on a cleaved V40,5(001) single crystal *°. These au-
thors also reported some calculated partial electron density contour plots for different
V013(001) surfaces (obtained for various cleavage planes perpendicular to the [001] direc-
tion). To a first approximation such contour plots describe the contrast observed in STM im-
ages . Figure 4.8 (b) shows a projected view of the VO3 crystal structure along [010],
while Figure 4.8 (c) displays the (001) surface obtained after cleaving along the red line
shown in Figure 4.8 (b). Smith and coworkers have determined that this cleavage plane is the
most favorable for VO3, and that the resulting surface does not significantly relax. The con-
tour plot calculated for this surface in ref. °° corresponds well to the STM image shown in
Figure 4.8 (a). The origin of the contrast difference between the two sides of the double rows
probably stems from the fact that V¢O,3 is a mixed-valence compound. Based on the different
V-0 bond lengths in the crystal, Wilhelmi et a/ estimated that some V cations have an oxida-
tion state close to 5+, while others are closer to 4+ . In the surface plane depicted in Figure
4.8 (c), two different cation sites coexist according to their prediction: the ones marked by an
asterisk should be the closest to 5+ and the others have a slightly lower oxidation state (the
two sites are characterized by slightly different V-O bond distances). Each cation type occu-
pies one side of the V double rows and it is near at hand to attribute the observation of V rows
with different intensities in Figure 4.8 (a) to this oxidation state difference. Recently, almost
identical STM images have also been obtained for V¢O;3(001) thin films produced at the sur-
face of reduced V,05(001) single crystals *.

The V2p and Ols XP spectrum obtained for this film is shown in Figure 4.5 (spectrum
c¢). Compared to the spectra of the monolayer films (spectra a and b), it is noteworthy that the
core levels are shifted towards higher binding energy. This indicates that the possible screen-
ing effects described earlier are effectively limited to the first oxide layer. The maximum of
the V2ps/, peak is now situated at a binding energy of about 517.1 eV. This value is very close
to the one typical for V,0s and deviates from the one obtained for V40,3 bulk samples (516.5
eV) *'*¢ However, it is clear that the peak is broadened towards lower binding energies. Part
of this effect can be explained if the film indeed has a mixed-valence character. Additional
broadening of the peaks may be due to the presence of a shoulder at lower binding energy,
which could arise from the detection of photoelectrons originating from the first (screened)
layer. As shown in Figure 4.9 (spectra (b)), this is supported by the fact that the shoulder be-

comes more intense with respect to the main peak when less surface sensitive XPS conditions
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are employed (i.e. when the photoelectrons are collected normal to the surface, 8 = 0°). In
Figure 4.9, angular dependent XPS spectra corresponding to a monolayer film (oxidation of
0.52 MLE V) are also displayed for comparison (spectra (a)). In this case, the shape of the

V2p peaks remains similar for both take-off angles.
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Figure 4.9. XPS spectra (V2p and Ols region) of films formed by the oxidation of (a) 0.52
MLE V/Au(111) and (b) 1.04 MLE V/Au(111). The spectra were acquired with two different
electron take-off angles (6), 0° and 70°. The intensity was normalized to the background sig-
nal at 500 eV for each film (the sets of spectra (a) and (b) are however shifted along the inten-
sity scale with respect to each other).

One should note that the bulk unit cell of V40,3 along [001] contains three layers (see
Figure 4.8 (b)), whereas the thin film is only two layers thick. In that sense, the film is proba-
bly better described as “Vs0,3(001)-like”. In this context, it has to be mentioned that the unit
cell measured here (determined from LEED), 3.6 A x 6 A, is slightly compressed with respect
to the surface unit cell of V0;3(001), which is 3.68 A x 6.26 A *. It is also clear that al-
though there is a very good agreement between the STM images shown here and the data
measured/calculated by other authors, a completely unambiguous determination of the surface
structure cannot be made at the moment. In that respect, it is not very surprising that the value
of the V2ps/, core level binding energy is different (by about 0.6 eV) for this ultra-thin film
and bulk V40,3 samples. On the other hand, very few studies have been reported for VO3
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surfaces and in most cases the surface preparation of the samples along with possible effects
such as relaxation or reconstruction remain poorly documented.

As mentioned previously, the LEED pattern of this film shows rings connecting the dif-
fraction spots. This means that the various domains in the V¢O;3(001)-like film have some-
what random azimuthal orientations. However, as judged from the diffraction pattern it is
clear that there is still a preferential orientation along the substrate’s main crystallographic
directions. It also seems that the azimuthal disorder is s/ightly smaller when the oxidation is
carried-out at higher temperatures (~ 500-550°C, not shown here). The presence of azimuthal
disorder probably stems from a rather weak interaction between the film and the substrate.
During oxidation domains might grow rapidly in directions that depend only weakly on the
interaction with the substrate since the interaction energy is expected to be small and likely
does not depend very much on the azimuthal angle. As the domains get more extended, the
thermal energy required to reorient them will increase. This is in contrast to the case of the
monolayer films described previously, where the oxide structure is most likely determined

and stabilized by the interaction between the film and the substrate.

4.3.2 Thicker films: V,05(001)

The structure of the films has also been investigated for higher thicknesses. Figure 4.10
displays STM images obtained for a film prepared by the oxidation of about 1.56 MLE
V/Au(111), a thickness slightly larger than (~ 1.5 times) the one required for the formation of
the V¢O;3(001)-like thin film described above. The images have been differentiated to allow
the visualization of the various topographic features without contrast saturation. It appears
that some crystallites have grown on top of another oxide layer. Smaller scale images (not
shown here) revealed that the layer between the crystallites has the same surface structure as
the V¢O;3(001)-like thin film. In the case of the crystallites, however, the distance between the
bright contrast rows is ~ 11.5 A, a value typical for V,05(001) surfaces *°. It thus seems that
the V¢O,3(001)-like film acts as an interface layer between the Au(111) substrate and a grow-
ing V205(001) film. The arrangement of V,05(001) is shown in Figure 4.11, where double
rows of vanadyl O atoms are seen to extend along the [010] direction. This surface has a 3.56
Ax11.52 A rectangular unit cell. Careful inspection of the V,05(001) islands reveals that
they grow with a preferential orientation with respect to the underlying interface. Indeed, the
double row structures of the interface and the growing crystallites are generally aligned paral-
lel to each other. This is shown in Figure 4.10 (b), where arrows indicate the [010] direction
(along the double rows) of the different domains. The relative orientation of the two layers
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would correspond to a rather favorable epitaxial relationship. For the V¢0,3(001)-like surface,
a 3.6 A x 11.45 A rectangular unit cell can be drawn by using the short unit vector of the
primitive oblique unit cell and considering a longer unit vector going from one double row to
the second nearest double row (which is not shifted with respect to the first one). A rather
small misfit between the two layers can then be obtained for a parallel alignment of the dou-
ble rows. Although this seems reasonable, the present data do not allow to exclude the possi-
bility that the V,0Os crystallites extend to the Au(111) surface and that the V¢O,3-like structure

would not subsist at the interface.

Figure 4.10. STM images ((a): 100 nm x 100 nm, 3 V, 0.2 nA, (b): 44 nm x 20 nm, 3 V, 0.2
nA) of a film formed by the oxidation of 1.56 MLE V/Au(111) (differentiated images). In (b),
arrows indicate the [010] direction of the various domains (see text).

In Figure 4.10, it can also be observed that the crystallites have an elongated shape and that
they seem to grow more favorably along their [010] direction (along the vanadyl double
rows). This preferential growth direction appears to be typical for V,Os; it was also found by
Groult and coworkers, who observed the formation of [010]-elongated nanocrystals (with
AFM and XRD) after annealing amorphous vanadium pentoxide thin films on silicon in air "°.
V1,05 single crystals prepared by melt-techniques are also known to be generally more ex-
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tended in the [010] direction . Upon further growth (i.e. if a thicker V layer is oxidized), flat

V,05(001) films containing a low number of point defects can be obtained.

]

v
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Figure 4.11. V,05(001) geometric structure '*. The unit cell is indicated by a dotted line.
Gray spheres indicate the position of the vanadium atoms while blue spheres pertain to oxy-
gen atoms. The vanadyl O atoms are represented by light blue spheres.

Figure 4.12 (a) displays a large scale STM picture of a film obtained by the oxidation of
5.2 MLE V/Au(111). The quantity of vanadium that is required to complete a V,05(001) sin-
gle layer is equal to about 0.7 MLE, which means that the oxidation of 5.2 MLE V would
result in a V,0s film thickness of ~ 7.4 layers (3.2 nm), assuming the growth of a uniform and
ordered V,0s5(001) film and assuming that sublimation does not occur during oxidation. From
the image, one can see that the V,Os islands have coalesced to some extent and that rather big
crystallites have formed. Also, the STM image reveals large darker areas that are about 4 nm
deep, where the surface structure of the V4O;3(001)-like interface could be resolved (Figure
4.12 (b)). As indicated in Figure 4.12 (b), this structure is characterized by an oblique unit cell
(3.6 A x 6 A, oo = 73°). This observation means that the V,0s film does not fully cover the
interface layer. However, the surface of the crystallites displays a well-ordered V,05(001)
structure containing a low number of point defects. The double row structure and the unit cell
characterizing V,0s(001) are clearly visible in the high resolution STM images shown in Fig-
ures 4.12 (c) and (d). Some line defects are also occasionally observed, as seen in the upper-

right corner of Figure 4.12 (d).
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Figure 4.12. STM images of a film formed by the oxidation of 5.2 MLE V/Au(111) ((a): 300
nm x 300 nm, 3.5V, 0.2 nA, (b): 5Snm x 2.8 nm, 3 V, 0.2 nA, (¢): 6.3 nmx 5.8 nm, 2 V, 0.2
nA, (d): 10 nm x 10 nm, 2 V, 0.2 nA). Image (b) was acquired in one of the dark areas of (a),
while images (c, d) are representative of the high features. In (b) and (c) the surface unit cells
are indicate by grey parallelograms.

The origin of the contrast in the STM images of V,05(001) has been debated in the past
9298100 A5 can be seen in Figure 4.11, the surface exposes both double rows of vanadyl
groups and vanadium atoms (the two alternate along [100]). Authors have expressed various
opinions concerning which one of the two features is really imaged in STM (especially as a
function of the bias). STM observations of transition metal oxides are often interpreted by
assuming that the empty-state images are dominated by the more electropositive atoms
(metal) and that the filled-state images are rather influenced by the electronegative atoms
(oxygen). In the case of V,0s, the valence and the conduction bands are indeed dominated by

O2p and V3d states, respectively. Based on this, different groups assigned the features ob-
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served in the positive bias (empty-states) STM images to the double rows of exposed vana-
dium atoms °**°. Intuitively this might seem reasonable, but there are good arguments sup-
porting the opposite. First, one has to consider that in V,0s the conduction and valence bands
are formed by hybridized O2p and V3d orbitals **!°!. Also, for the rather high biases used
here the electrons tunnel in the upper part of the conduction band where the contribution of
O2p states is relatively high '®. The main reason why the exposed V=0 groups could be re-
sponsible for the STM contrast is actually a geometric argument: the vanadyl oxygen atoms
stick out of the surface; the oxygen atoms of the vanadyl groups are about 2 A higher than the
vanadium atoms of the vanadium rows. Due to V3d+O2p hybridization there will be unoccu-
pied density of states near to the position of the vanadyl oxygen cores and tunneling may oc-
cur into these states. Since these states stick out of the surface they may appear more promi-
nent in the STM images than states related to the vanadium rows between the vanadyl double
rows. In agreement with the calculations performed by Smith e a/ °>'® and with the observa-
tions made for V,03(0001)/Au(111) (Chapter 3), the bright protrusions in the STM images
shown in Fig. 4.12 (c) and (d) are assigned to the vanadyl groups on the V,05(001) surface.
Accordingly, occasional missing bright protrusions (see the middle-top part of Figure 4.12
(d)) are attributed to vanadyl O vacancy point defects.

The XPS spectrum corresponding to this film (oxidation of 5.2 MLE V) is displayed in
Figure 4.13 (spectrum c). As expected for V,0s, the V2ps;, peak appears at a binding energy
of 517.15 eV 249478 " A small shoulder also seems to be present on the low binding energy
side of the peak, suggesting the presence of some V atoms with a lower oxidation state in the
film. This extra intensity might in part come from the surface areas where the interface layer
is exposed (see spectrum a, which corresponds to the V40,3(001)-like interface film). Indeed,
for thinner V,05(001) layers a greater fraction of the interface is uncovered and the shoulder
at lower binding energy is more prominent (see spectrum b). However, as discussed below
some surface reduction during the XPS analysis cannot be excluded and probably also con-
tributes to the intensity of the shoulder.

The V,0s films were also characterized with angle-resolved NEXAFS. The results are
shown in Figure 4.14 for a film produced by the oxidation of 2.6 MLE V/Au(111) together
with V,05(001) single crystal data on the same graphs. The spectra are almost identical, con-
firming the attribution of the film structure to V,0Os. The fact that the intensity of the various
bands has the same variation as a function of the light incidence polar angle then also proves
that the film is indeed (001)-oriented. Small differences between the two sets of spectra can

originate from contributions of the interface layer. Also, although the single crystal data were
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recorded for a defined azimuthal orientation, those corresponding to the thin films are intrin-
sically acquired over an average of different azimuthal angles (this is due to some rotational
disorder in the thin film, see below). This has probably an effect since some small variations
in the NEXAFS spectra of V,05(001) single crystals are expected as a function of the azi-

muthal orientation °'.

530 eV

517.15 eV
1

Intensity (a.u.)
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514 516 518 520 522 524 526 528 530 532 534
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Figure 4.13. XPS spectra (V2p and Ols region) of V,O,/Au(111) as a function of the V cov-
erage initially deposited. (a): 1.04 MLE, (b): 2.08 MLE, (c): 5.2 MLE, (d): 3 successive depo-
sition of 2.6 MLE V and oxidation cycles. In all cases, the intensity was normalized to the
background signal at 500 eV (the spectra were afterwards shifted with respect to each other
along the y axis for display). Mg Ka, 8 = 70°.
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Figure 4.14. Comparison between the NEXAFS spectra obtained for a V,05(001) single crys-
tal and for a film formed by the oxidation of about 2.6 MLE V/Au(111). The spectra were
acquired at two different polar light incidence angles, 0° and 70° (0° is along to the surface
normal). Total electron yield detection used for the measurements.

The fact that the thin films grow with their [001] crystallographic axis oriented parallel
to the surface normal is not very surprising. Indeed, the weakly interacting layers constituting
V,0s are stacked along this direction and it is rather straightforward to see that the (001)
plane is the surface with the lowest free energy of this crystal structure (a calculated value of
0.040 J/m* has been reported '*%). This explains why V,0s has a higher tendency to expose its
(001) surface, an effect which is experimentally commonly observed for single crystals '* and
powder particles '®. As a matter of fact, it seems that V,0s films have a tendency to grow
with a preferred (001) orientation regardless of the nature of the substrate (this was for in-
stance reported for amorphous glass ''). Considering this, it would be tempting to describe the
growth of V,05(001) thin films in terms of van der Waals epitaxy '**. This growth mode was
observed for other compounds made of layers interacting by van der Waals forces like transi-

tion metal dichalcogenides (MoS,, NbSe,, etc). In this case, ultrathin films can grow with
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their own lattice constant on various (unreactive) substrates, even under the existence of very
large lattice mismatch. The present case is however slightly different, as an interface layer
with a dissimilar structure first grows on Au(111) before the regular V,05(001) sheets start to
form. Very similar observations can be made for the growth of MoOs on Au(111), see Chap-
ter 5. This is in contrast to the MoS,/Au(111) system, where a regular MoS,(0001) structure
was observed for monolayer-thick nanocrystallites *.

It has been mentioned before that very few oxygen vacancy point defects could be ob-
served with STM. This conclusion was further evidenced with valence band photoemission
spectroscopy. A spectrum is shown in Figure 4.15 for a film formed after the oxidation of 2.6
MLE V/Au(111). The broad features between ~ 3 and 9 eV are due to emission from oxygen
and vanadium levels in the oxide band structure and their general shape corresponds rather

20105 The low abun-

well to the one observed for UHV-cleaved V,05(001) single crystals
dance of not fully oxidized vanadium atoms can be judged from the nearly vanishing emission
intensity in the binding energy range between the Fermi edge and 3 eV. The emission from
the V3d levels of not fully oxidized vanadium atoms would show up in this spectral region *'.
Obviously, in the present case only a very faint signal can be observed. It can even be argued

that some of this intensity comes from radiation-induced reduction occurring during the ac-

quisition of the spectrum.
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Figure 4.15. Valence band photoemission spectrum of a film formed by the oxidation of 2.6
MLE V/Au(111). 121 eV photon energy, 8 = 70°.
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The growth of “closed” V,05(001) films that do not expose interface areas is important
for adsorption/reactivity studies. For such investigations it could otherwise be difficult to dis-
entangle the spectroscopic signal coming from molecules adsorbed on the various surfaces:
interface layer, surface and side facets of the V,05(001) crystallites. For films prepared by the
oxidation of V layers with thicknesses ranging from 1.56 to 5.2 MLE, some interface areca was
always left uncovered. It also appeared that between 3.15 and 5.2 MLE V, this area stayed
more or less constant and that mainly the height of the V,05(001) crystallites increased. This
effect could be due to Ostwald ripening occurring during the oxidation process which would
result in the growth of bigger crystals at the expense of the smaller ones. It was possible to
avoid this problem by growing the films in multiple V evaporation/oxidation steps. Figure
4.16 (a) shows a large scale STM image corresponding to a film prepared by the sequential
evaporation and oxidation of three 2.6 MLE V layers. The conditions used for the oxidation
were the same as the ones used for the other films (400°C, 50 mbar O, 10 minutes). Several
of these large scale images could be recorded at various places on the sample surface and in
all the cases no exposed interface was observed. The majority of steps seen in Figure 4.16 (a)
has an apparent height corresponding to one V,05(001) layer (~ 4.4 A). As evidenced in Fig-
ure 4.16 (b), the surface also displays rather large single crystalline domains and very few
point defects. However, the size of the domains is perhaps a bit smaller than in the case of the
films grown in one evaporation/oxidation step, and a number of grain boundaries plus some
occasional screw dislocations can be observed. Considering that ~ 0.7 MLE V is required to
complete a V,05(001) single layer, this film is expected to have a thickness of about 11 lay-
ers, i.e. 4.8 nm (since the unit cell vector along [001] has a length of 4.37 A ™, see Figure 4.1
(a)).

A possible reason why the morphology is different if the layer is grown in several steps
would be that evaporated metallic V layers grow differently on top of an existing V oxide film
and on gold. It may be assumed that metallic V on vanadium oxide is flatter and more dis-
persed than on Au due to a stronger interaction with the oxide surface (the evaporated metal
atoms can interact with the oxygen atoms of the oxide and form chemical bonds). This would
then provide a different starting point for the growth of crystallites via atomic rearrangement
within crystallites, coalescence of crystallites and Ostwald ripening during the oxidation pro-
cedure at elevated temperature and could delay the formation of very big islands and uncov-
ered interface areas. The fact that the films grown in multiple steps were always flatter was
also confirmed by the higher damping of the substrate’s core levels signal observed in the

XPS data.
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Figure 4.16. STM images ((a): 300 nm x 300 nm, 3.5 V, 0.2 nA, (b): 100 nm x 75.8 nm, 3 V,
0.2 nA (differentiated)) and LEED pattern (c) obtained for a film formed by three successive
depositions of 2.6 MLE V and oxidation cycles.

The LEED patterns of the V,05(001)/Au(111) thin films show rings instead of spots
(this is shown in Figure 4.16 (c) for a film formed by the deposition/oxidation of three 2.6
MLE V layers). Such an observation means that the [001]-oriented crystalline domains com-
posing the film have random azimuthal orientations. This can also be observed in the STM
image shown in Figure 4.16 (b). Rotational disorder was also observed for the interface layer
and it has been attributed to a rather weak interaction between the growing film and the sub-
strate. Since STM reveals well ordered surfaces, the background intensity in the diffraction
pattern seen in Figure 4.16 (c) is mostly ascribed to electron beam-induced reduction of the

film during the LEED experiment. In fact, it is well-known that V,Os is sensitive to electron
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13,14
beams

. In the present case, this reduction was obvious as the LEED pattern would fade
away in only a few seconds. The same observation was reported for V,Os single crystals .
The closed films were also characterized with XPS. A spectrum corresponding to a film
grown in three evaporation/oxidation steps (3 x 2.6 MLE V layers) is shown in Figure 4.13
(spectrum d). The spectrum displays rather sharp V2p;, and Ols peaks positioned at binding
energies of 517.15 and 530 eV, respectively, and is very similar to spectra reported previously
for V,0s (see ref. *, for instance). Nevertheless, the V2p peaks can not be fitted with only one
component and an extra weak peak has to be accounted for on their lower binding energy
side. In other words, a small fraction of reduced V species is present on the surface. This can
likely be attributed for the most part to X-ray induced reduction taking place during the analy-
sis. The reduction of V,0s5 by X-ray exposure was investigated by Chenakin et a/, who con-
cluded that XPS recorded with parameters similar to the ones that we employed induces the
rapid formation of a small fraction of V** species on the surface '°. X-ray induced damage in
oxides is believed to be mainly caused by electron-hole pair creation and Auger decay °'. The
multiple hole states created in the valence band by Auger decay can break bonds between V
and O, leading to the reduction of vanadium atoms and to the desorption of oxygen. This
damage is hard to avoid and the observation of small amounts of reduced V species at the
surface of V,0s5 with XPS is thus rather common 142040 " qTM images taken after the XPS
analysis of the film (Figure 4.17) clearly reveal this effect. During the analysis, the sample
was exposed to Mg Ko radiation for about 90 minutes, the X-ray source being operated at a
power of 260 W. Compared to the pictures obtained for the same film before X-ray exposure
(Figure 4.16), dark features are now distributed on the vanadyl oxygen double rows. The
presence of significant amounts of C-containing adsorbates, OH or H,O on this surface can be
excluded based on the XPS results: no intensity could be detected in the Cls region (not
shown here). Also, hydroxyl groups or adsorbed water molecules would give rise to Ols in-
tensity in the binding energy range between 531 and 533 eV *, which was not observed here
(see Figure 4.13, spectrum d). Single missing bright protrusions (dark spots) in the STM im-
ages of as-prepared V,05(001) thin films have already been attributed to missing vanadyl O
atoms point defects (for reasons mentioned above). Similarly, the darker areas of the double
rows in Figure 4.17 can be assigned to groups of missing vanadyl O atoms. The images
clearly reveal that the vacancies are not distributed randomly on the surface and they mostly
appear somewhat grouped together. Similar observations have been made by Smith et a/ for
cleaved single crystals (which, in their experiments, apparently showed some degree of reduc-

tion) '%.
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Figure 4.17. STM images ((a): 100 nm x 100 nm, 3 V, 0.2 nA, (b and ¢): 7.7 nm x 3.1 nm, 3
V, 0.2 nA) of a V,05(001) film exposed to Mg Ka X-rays (film formed by 3 deposi-
tions/oxidation cycles of 2.6 MLE V). Image (c) is a copy of (b), where the missing and re-
maining vanadyl O atoms are respectively indicated with asterisks and circles.

In Figure 4.17 (c), the positions of the missing oxygen atoms seen in Figure 4.17 (b) are high-
lighted by grey asterisks (whereas the surrounding remaining vanadyl O are indicated by blue
circles). Vacancies are seen to form pairs along [100] and/or rows along [010]. The formation
of oxygen vacancies at the surface of V,05(001) has been investigated with density functional

1'% Their results show that

theory by Ganduglia-Pirovano and Sauer '°* and by Hermann et a
the vacancy formation energy is much lower for vanadyl oxygen than for two- and threefold
coordinated surface oxygen atoms. The calculations of Ganduglia-Pirovano and Sauer also
predicted that the reduced V cations (resulting from the loss of the vanadyl O atom) are stabi-
lized by relaxation: the cation moves downwards and forms a bond with a vanadyl oxygen of

the layer underneath. This relaxation lowers the vacancy formation energy for the neighboring
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surface V=0 oxygen atoms, resulting in a concerted reduction of the surface. Their results
indeed predict that upon reduction of the surface, missing rows along [010] will preferentially
form. On the other hand, the calculations suggest that vacancy pairs along [100] (one vacancy
on each side of a double row) would have a higher formation energy than single vacancies.
Interestingly, for the experimental parameters used here such missing vanadyl O vacancy

pairs appear to be very common.

4.3.3 Thermal stability

As mentioned previously, the thermal stability of the films under UHV has been inves-
tigated with TPD and XPS. Figure 4.18 shows data obtained for a closed V,05(001) film
formed by 3 cycles of deposition and oxidation of 2.6 MLE V and Figure 4.19 exhibits data
pertaining to a film formed by the oxidation of 5.2 MLE V (a V,05(001) film where some
parts of the interface are exposed). Finally, Figure 4.20 shows the results corresponding to a
film with a coverage of less than one oxide monolayer (formed by the oxidation of 0.26 MLE
V). The two last sets of TPD curves (Figures 4.19 and 4.20) are mainly discussed to explain
some of the features observed in the data obtained for the closed V,05(001) film. For clarity,
in all cases the desorption curves have been plotted in two separate graphs (the curves were
recorded in the same TPD run). Since the sensitivity of the mass spectrometer for the various
gases was not calibrated, the absolute values of the partial pressure should not be given too
much significance. However, the signal for each fragment can be compared to some extent
from one experiment to the other.

The upper part of Figure 4.18 reveals that some vanadium oxide fragments are released
into the gas phase upon heating a V,05(001) film in the temperature range between 500°C
and 660°C. It thus appears that the oxide starts sublimating or decomposing at a temperature
of about 500°C. The V,Oy desorption spectrum is divided in three regions: a rather broad peak
is first observed between 500°C and 610°C, with a maximum at ~ 585°C and a clear shoulder
around 600°C. A second very sharp peak appears at a temperature of 616°C, and a last broad
desorption region can be observed between 625°C and 660°C. Before discussing these fea-
tures in more details, the reduction of the film, which should be accompanied by a release of

oxygen, will be considered.
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Figure 4.18. TPD of a V,05(001) film formed by 3 depositions/oxidation cycles of 2.6 MLE
V. The evolution of the main chamber pressure during the TPD run is displayed in the lower

graph.

The O, desorption curve (lower part of Figure 4.18) contains several peaks. The first

broad peak situated between 300°C and 420°C can be attributed to a release of oxygen from

the Pt sample holder. In fact, the Pt parts surrounding the sample (see Chapter 2) are also ex-

posed to 50 mbar O, during the oxidation procedure and they are expected to adsorb consider-

able amounts of oxygen. It is well known that O, adsorbs dissociatively at room temperature

on Pt ', The resulting surface O atoms are generally observed to recombine and desorb at

temperatures around 300°C — 600°C (the exact temperature depends on the surface plane, the

75



coverage, the heating rate, etc) '°"'®. The position of the peak observed in our case corre-
sponds quite well to the flash desorption data reported by P. R. Norton for Pt foils exposed to
oxygen, where a broad desorption feature starts at about 300°C '®®. A further argument sup-
porting this assignment comes from the fact that the intensity of the peak is almost the same
in the TPD spectra of all the films, including the fractional coverage monolayer (compare
Figures 4.18-4.20). If this O, desorption peak would originate from a reduction of the vana-
dium oxide layer, one would rather expect its intensity to scale somewhat with the thickness
of the layer. The Feulner cup used in our experiments shields to some extent the mass spec-
trometer from the molecules emitted from the surrounding of the sample. However, a signifi-
cant O, release from the sample holder augments the pressure in the UHV chamber and in-
creases the quantity of O, molecules that can reach the mass spectrometer detector by passing
through the small gap between the Feulner cup entrance and the sample surface (~ 1 mm).

The O, intensity does not fully go down at higher temperatures after the peak and con-
tinues increasing on a steady slope. This seems to follow the evolution of the main chamber’s
pressure. A gradual warm-up of the Pt parts that are further away from the sample and are not
directly heated might contribute to the gradual O, desorption/pressure increase. In fact, XPS
results indicate that no significant reduction of the films takes place at 450°C. This is evi-
denced in Figure 4.21, where spectra acquired after preparation and following heating at
450°C for 5 minutes are seen to be identical. The spectra have been slightly shifted along the
ordinate axis; otherwise the two curves would be undistinguishable. There is a small O, de-
sorption peak at about 500-510°C which is more clearly visibly after magnification of the
intensity scale (see Figure 4.18). This may be due to a slight oxygen loss of the oxide layer.
However, this peak’s intensity and desorption temperature varies somewhat from one prepara-
tion to the other, which means that it might also originate from the Pt sample holder.

In contrast to the other O, desorption features observed at lower temperatures, a very
sharp and intense peak can be seen between 560°C and 610°C in Figure 4.18. The peak
reaches a maximum at ~ 590°C and seems to coincide with the intensity decrease of the first
ViOy desorption feature. As mentioned before, the latter has a high temperature shoulder at
about 600°C. These observations could be interpreted as follows: until ~ 560°C the oxygen
loss is negligible while V,0s already starts to sublimate at around 500°C. However, at ~
590°C a significant loss of oxygen probably accompanied by a structural transition occurs,
resulting in a sharp O, desorption peak. The resulting reduced phase sublimates/decomposes
at a slightly higher temperature than V,Os, giving rise to the high temperature shoulder at

600°C. This phase might consists of V¢O;3, which would form via a lattice shear-plane
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mechanism °. Since the sublimation of the V,05(001) layer starts at a lower temperature than
the structural transition, one can expect that for smaller thicknesses the sublimation of the
V,05(001) layer will be complete before the transition can take place. This seems to be the
case for the film produced from 5.2 MLE V. Indeed, as seen in Figure 4.19 the first broad
V,Oy desorption peak has already lost all its intensity at 600°C and does not have a clear high

temperature shoulder. Concomitantly, the 590°C O, desorption peak is very weak.
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Figure 4.19. TPD of a V,05(001) film formed by the oxidation of 5.2 MLE V/Au(111). The
evolution of the main chamber pressure during the TPD run is displayed in the lower graph.

The rest of the V,Oy desorption peaks seen in Figure 4.18 (610°C — 660°C) can possibly be

assigned to the decomposition/desorption of the interface film, which is an oxide double-
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layer. This is supported to some extent by the monolayer film TDS shown in Figure 4.20 (film
formed by the oxidation of 0.26 MLE V), which shows a single wide VO, desorption peak at
~ 645°C. This roughly corresponds to the position of the last peak observed in the V,Oy de-
sorption curves shown in Figure 4.18. The sharp desorption peak observed at 616°C might be
related to the second layer. Reduced species formed during the oxygen release at 590°C can

also contribute to some of the desorption intensity observed between 610°C and 660°C.
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Figure 4.20. TPD of a film formed by the oxidation of 0.26 MLE V/Au(111). The evolution
of the main chamber pressure during the TPD run is displayed in the lower graph.
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Figure 4.21. XP spectra (V2p and Ols region) obtained after preparation (a) and following 5
minutes of annealing in UHV at 450°C (b) for a film formed by 2 cycles of deposition and
oxidation of 2.6 MLE V/Au(111). The spectra have been shifted with respect to each other in
the y direction.

For all films, XPS revealed that after heating to 680°C no vanadium (or barely detect-
able quantities) remains on the Au(111) surface. This observation leads to the conclusion that
no significant amount of V,0; is formed during the desorption, since V,0; is stable up to
about 750°C in UHV ** and would remain on the surface after TPD.

Concerning the removal of oxygen from the thick V,0s films, our results correspond

109-111 : -
/ . Dziemba;j’s ex-

quite well to the TPD data reported by Dziembaj and by Lewis et a
periments were carried on V,0s powders that were previously degassed and re-oxidized in-
situ, while Lewis et al investigated micron-sized V,0Os crystallites that were grown on a gold
foil by V,0s evaporation and subsequently fully oxidized in air. In both cases, the release of
O, was observed to start slowly around 450°C — 500°C before an intense peak begins to ap-
pear at about 550°C. The observation that only slight oxygen loss takes place below 550°C —

560°C also corresponds to the findings of Colpaert and coworkers . In their experiments on
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V,0s single crystals cleaved in-situ, they observed that after heating at 550°C for 24 hours the
samples had lost some oxygen, but no structural transition to a lower oxidation state could be
detected with either LEED or X-ray diffraction.

A number of studies have been reported on the reduction of V,0s in UHV and, although
the results of the investigations mentioned above agree very well with our findings, other
studies came to various different conclusions. Actually, several authors reported that the re-
duction of V,0s occurs at much lower temperatures. For instance, Heber and Griinert ob-
served the formation of substantial amounts of V** species at the surface of polycrystalline
V,0s with XPS after annealing at temperatures as low as 200°C ''>. More recently, Wu et al
also observed a partial surface reduction of evaporated V,0s thin films to V* at 200°C '3,
Their photoelectron spectra even revealed the formation of V™ at 400°C. In both communica-
tions, no information concerning the possible formation of crystalline structures of lower oxi-
dation states were reported. In another study, Devriendt and coworkers probed the surface of
V,05(001) single crystals annealed at 500°C with LEED, XPS and X-ray photoelectron dif-
fraction (XPD) '*. They concluded that Vs0,3(001) forms at the surface under those condi-
tions. Only V> and V** species were detected with XPS, excluding the presence of V" at the
surface. The thermal reduction of V,0s in UHV has also been investigated with transmission
electron microscopy (TEM) by several groups. Su and Schlégl investigated tiny V,0s flakes
with TEM and electron energy-loss spectroscopy (EELS) ''°. Their samples were already
slightly reduced after heating to 200°C. The EELS spectra and the diffraction patterns indi-
cated a phase transformation into V,03 via VO,: VO, was observed at 400°C, a mixture of
VO, and V,03 was identified at 500°C, and only V,0; remained at 600°C. Ramana et a/ did
not observe the formation of reduced phases below temperatures of 450°C during their TEM

investigation of thin films grown by evaporation of V,0s ''®

. However, at 500°C they identi-
fied a phase containing mainly V,0s and smaller amounts of V,03 (V**) and V40 (a super-
structure with O vacancies in the V,Os lattice 2). After heating at 600°C, only V,03; nanocrys-
tals were seen to remain. However, the authors acknowledged that in their case the thermally-
induced reduction process might have been aided by electron-beam induced reactions.

From the examples mentioned above, it is obvious that the results on the reduction of
V,0s (including both the reduction onset temperature and the observation of structural transi-
tions) vary significantly from one study to the other. This might originate from several com-
plications. First, the presence of surface contamination has been shown to have a critical in-

fluence on the reduction process '>''!. Colpaert et al detected a significant quantity of carbon

contamination at the surface of single crystals that were cleaved in air (not cleaved in the
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UHYV system) 13 Reduction and a structural transition to V¢O13 was observed at the surface of
these samples after annealing at 550°C, whereas the carbon-free surface of UHV-cleaved
samples retained the V,0s structure after the same thermal treatment (only a “homogeneous”
oxygen loss was observed). The difference was attributed to a faster reduction rate at surfaces
contaminated with carbon (likely through the formation and desorption of CO and CO,). If
this rate is high enough with respect to the bulk diffusion of O towards the surface, a critical
concentration of vacancies can be reached, allowing the nucleation and the growth of V¢O,3 at
the surface through a shear-plane mechanism. Lewis and coworkers also evidenced the fact
that the reduction of V,0s is facilitated by the presence of hydrogen atoms or carbon-
containing species ''!. Oxygen loss through desorption of water was observed at about 150°C
for surfaces dosed with activated hydrogen. After ethanol adsorption (which was only possi-
ble at relatively high exposures), CO and CO, were released upon heating around 400°C.
Thus, the surface of contaminated samples will obviously get reduced at lower temperature. In
some case, this effect might be even more pronounced since it is foreseeable that V,0s pow-
ders and crystals might get bulk-contaminated depending on how they were produced, han-
dled or stored. Indeed, V,Os has a crystal structure containing rather large cavities and it is a
material that displays good intercalation properties ', thereby possibly allowing the inclu-
sion/diffusion of various impurities in its lattice.

Another factor that might partly explain the variance between some of the reduction
studies is the marked susceptibility of V,0s to beam damage. As mentioned before, both X-
ray ° and electron beams " have been shown to rapidly reduce vanadium pentoxide. In the
case of TEM investigations, it thus seems that the contribution of electron beam-induced
processes to the observed reduction behavior cannot be fully neglected. Similarly, studies
where the samples were exposed to high X-ray doses should be considered with care. In fact,
Chenakin er al showed that significant V*" intensity appears in the V2p XPS signal of V,Os
after prolonged Mg Ka exposure .

Even though the reduction experiments mentioned above were carried out with consid-
erably different annealing times, it seems that kinetic factors alone can not explain the diver-
gence of the results. A clear example supporting this affirmation is the fact that Colpaert et al
did not observe significant reduction after annealing 24 hours at 550°C, while Wu et al re-
ported the formation of V** following only 1 hour of heating at 400°C.

The observation that V,Os starts to sublimate at about 500°C in UHV is an interesting
result in itself (V2Os has been reported to melt at about 670°C in ambient conditions ''*'"%).

Details investigations about the sublimation of vanadium pentoxide in vacuum have not been
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reported yet. Several V,O,-type molecules vaporizing from V,0Os heated in a Knudsen cell
were detected by mass spectrometry by Berkowitz et al '*°. However, the authors did not re-
port at which temperature the material was heated in the Knudsen cell. Farber and coworkers
also performed an effusive-mass spectrometric study of the gaseous vanadium compounds
evolving from V,0s, but their investigated temperature range was limited to 730°C — 930°C
121 One also has to mention that the sublimation of V,05 was not taken into account in any of
the studies on the thermal stability mentioned previously. A conclusion that can be drawn
from the results presented here is the fact that V,Os can sublimate before substantial reduction
takes place (provided of course that low temperature reduction due to contamination is
avoided). This means that in principle, near-stoichiometric films could be grown by the
evaporation of V,0s under vacuum. Of course, the evaporation temperature must be kept be-
low the limit where significant reduction occurs (~ 560°C), a condition that most probably
severely restrains the achievable evaporation rate. In previous works, much higher evapora-
tion temperatures were sometimes used (for example, 670°C '* and 840°C ®®). In these cases,
it is not very surprising that the resulting films were not fully oxidized and contained some

44+ .
V" species.

4.4 Summary

The results presented in this chapter show that well-ordered V,0s films can be formed
on Au(111) by the oxidation of vanadium in 50 mbar O,. At very low V coverage, the oxida-
tion leads to a spreading of the material on the Au(111) substrate and to the formation of
monolayer structures with a V™" oxidation state. Two well-ordered coincidence layers that do
not correspond to any known bulk structures have been observed. These results evidence the
fact that due to the easy rearrangement of VOs units in V™" oxides, a complicated range of
interface-mediated monolayer structures can be obtained. It can be predicted that if monolay-
ers form on other substrates like SiO,, Al,O3, TiO,, etc under similar preparation conditions,
they will adopt rather different structures for every substrate. This goes along with the find-
ings of Gao et al who investigated the growth of vanadium oxide on the (101) and (001) sur-
faces of anatase '**'**. On the two surfaces, they have obtained different epitaxial V™" oxide
monolayers. Obviously, the structural dependence of vanadium oxide monolayers on the sup-
porting material should be taken into account when comparing, for instance, the reactivity of

thin films supported on various oxides.
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The results also show that a two layers-thick wetting film having a structure different
from that of bulk V,0s can be grown under preparation conditions (temperature, O, pressure)
suitable for the formation of V,0s. This finding is rather interesting because it is in contrast
with a rather generally accepted idea in the catalysis literature, where V,0s crystallites are
often assumed to start forming as soon as a monolayer is completed *. The onset of V,0s crys-
tallites formation as a function of loading is often detected with Raman spectroscopy (moni-
toring bands pertaining to crystalline V,0s), and the result is used to calculate the monolayer
coverage in VOy units per nm®. Doing so, the possibility that thicker films might form before
V,0s crystallizes is disregarded. Our results suggest that such analyses should be considered
with more caution.

Well-ordered V,05(001) thin films containing a low density of point defects can be
grown on Au(111) by the oxidation of thicker vanadium layers in 50 mbar O,. Although the
films display some azimuthal disorder their surface shows rather large (~ 20 nm) single crys-
talline domains and a low density of steps (i.e. the films are “flat”). The growth of such well-
ordered V,05(001) thin films with a rather simple technique is interesting and of considerable
advantage for the undertaking of model reactivity studies.

The V,05(001) films sublimate at temperatures above 500°C, whereas significant reduc-
tion does not take place until 560°C and no oxygen loss was detected below 450°C. Surface
contamination appears to drastically influence the thermal reduction of V,0s. Considering
that V,0Os is used as a catalyst because of its ability to transfer oxygen to adsorbed molecules,
this is not very surprising.

The susceptibility of V,0s towards X-ray or electron irradiation has also been evidenced
in the course of the present investigations. The creation of surface vanadyl oxygen vacancies
after exposure to X-rays has been probed with STM. The results confirm theoretical predic-

102

tions ~~ that the reduction occurs in a concerted way, the vacancies preferentially appearing in

groups (forming rows along [010] and/or pairs along [100]).
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5 Growth of MoOs thin films

5.1 Introduction

Following the success obtained in the preparation of well-ordered V,0Os thin films
(Chapter 4), the high pressure oxidation approach was applied to the formation of thin films
of another transition metal oxide, MoO;3;. Molybdenum trioxide is the compound with the
highest Mo oxidation state in the Mo — O system. Interesting comparisons can be made be-
tween vanadium pentoxide and molybdenum trioxide because these two compounds are char-
acterized by similar structure and reactivity. Not surprisingly, their fields of application are
also comparable. Like V,0s, M0oOs is an oxide of high industrial relevance.

Molybdenum trioxide is extensively used as a key component in mixed oxide catalysts
(see for instance refs. ). Very good examples are iron-molybdate catalysts, which are indus-
trially used (beside, or in combination with silver-based catalysts) for the selective oxidation
of methanol to formaldehyde . Formaldehyde is a very important building block for the
chemical industry (for instance, for the production of thermosetting resins). As for vanadium-
oxide based catalysts, important questions regarding the nature of the active sites and the reac-
tion mechanisms at the surface of iron-molybdate catalysts are not clearly answered yet.
However, many evidences point toward the fact that Mo plays the major role in the relevant
catalytic reactions occurring on these compounds >. This is in part substantiated by the obser-
vations that MoOs3 alone shows a rather good activity for several reactions, including the oxi-
dation of methanol to formaldehyde '** and the partial oxidation of propene '*°. Well defined
molybdenum oxide surfaces are therefore relevant models for investigating reaction steps that
might occur on the technical mixed oxide catalysts and such surfaces have been receiving
substantial attention in the past (see ref. ! and references therein). Like in the case of V,0s,
the possibility of growing well-ordered MoO; thin films would have some practical advan-
tages over the use of single crystals and this was investigated in this study.

Beside their relevance to catalysis, MoOs; thin films have also other rather promising
potential applications. Similar to V,0s, the possible intercalation of alkali ions in the ortho-
rhombic crystal structure of MoOs (see below) makes this material a good candidate for the
production of micro-batteries and electrochromic materials (stoichiometric and intercalated
MoOs being transparent and colored, respectively) **'?”. Specifically, the intercalation proc-
ess can be controllable and reversible and MoOs has a relatively high stability in air. MoOs
also has interesting photochromic properties and shows a reversible UV radiation induced
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color change: Mo®" species are partially reduced to Mo’ under UV irradiation and the mate-
rial is reoxidized upon exposure to the atmosphere '**.

The most common polymorph of MoOj is the orthorhombic a-phase ', with unit cell pa-
rameters a = 3.9628, b = 13.855 and ¢ = 3.6964 A '¥. A monoclinic B-phase was also ob-
served at high pressure ', but this polymorph is rather uncommon and will not be described
here. The atomistic structure of a-MoOjs is depicted in Figure 5.1. It consists of weakly inter-
acting bilayer sheets that are aligned parallel to the (010) plane. Each bilayer is built-up by
two interleaved planes of corner-sharing MoQOg octahedra. The octahedra of the two adjacent
planes are sharing edges. The octahedral MoOs building unit is severely distorted and the
metal-oxygen bond lengths vary between 1.68 A and 2.33 A. The longest bond length refers
to the oxygen centers that are shared by neighboring octahedra of the two adjacent planes (O3
in Figure 5.1 (b)) and the shortest corresponds to the terminal oxygen atoms at the top and the
bottom of the bilayers (O/ in Figure 5.1 (b)). As indicated in Figure 5.1 (b), a-MoOs3 contains
three structurally different oxygen sites "'®!!: terminal oxygen coordinated to only one Mo
center (O/) and bridging oxygen atoms coordinated to two (O2) or three (O3) Mo centers.
The terminal oxygen can be considered to form a double bond with its adjacent Mo center.
This molybdenyl group (Mo=0) is a structural element characteristic of MoOs. The inter-
atomic binding in MoOs has both ionic and sizeable covalent contributions LI Indeed, the
valence and conduction bands of MoO3; have contributions from both oxygen 2p and molyb-
denum 4d levels. Also, the calculated Mo charge (between 2.23+ ' and 2.59+ '°, depending
on the calculation methodology) is much smaller than the formal charge expected for pure
ionic binding (6+). Since the adjacent bilayers along [010] are linked only by weak van der
Waals forces, (010) is the easiest cleavage plane for a-MoOs.

Obviously, the structure of a-MoQO3 has many features in common with V,0s (e.g. the
arrangement of corner- and edge-sharing MoOs octahedra and the weakly interacting layers
that expose molybdenyl groups). Another notable similarity is the formation of mixed valence
oxides and crystallographic shear planes upon the successive reduction of MoO; (to MoO») .
These crystallographic transformations involve a connectivity shift of the MoOg octahedra
(from corner-sharing to edge-sharing) and result in the homologous series Mo0,Os,; and
Mo,,0s,.2. Like for V,0s, the catalytic activity of MoOs is often described by a redox mecha-
nism of the Mars-van Krevelen type '°, where the catalyst acts as a renewable oxygen source.
Here, the relative “open” crystal structures of V,0s and MoOs most probably play a favorable
role in facilitating oxygen diffusion, both from the bulk volume to the surface to annihilate

vacancies and from the gas phase to the bulk to replenish the overall O content.

85



A4

W/
\;_, A4

00-1
001 —100;

[o10]
(
¢
C
(

[100]

Figure 5.1. a-MoQO; geometric structure 12 (a): view of the structure along [001] showing the
stacking of the double layers in the [010] direction. (b): magnified and tilted view showing the
structural details in a double layer. Gray spheres indicate the position of the molybdenum at-
oms while yellow and red spheres pertain to oxygen atoms (yellow indicating molybdenyl O
atoms). The elementary unit cell is shown in (a) and the non-equivalent oxygen centers, O(/,
2, 3), are labeled accordingly in (b).

The formation of molybdenum trioxide thin films was investigated for a broad range of

deposition methods, including thermal evaporation of MoOs '27'*°

131

, reactive pulsed laser depo-

13

sition "', spin coating using peroxo-molybdic precursors '** and hot filament metal oxide

deposition '

. Most of these studies were focused on growing micrometer- or sub micrometer
thick MoOs films suitable for intercalation devices (e.g. micro-batteries or electrochromic
applications), an application where the precise control of the surface structure does not play a
big role or at least was not considered as being very important. Reports reveal that the MoO;
thin films deposited at low substrate temperatures (T < 100°C) are usually amorphous. In

these cases, post-deposition annealing in O, atmosphere at T > 250°C was necessary to crys-

127 132
[ /

tallize the films. Julien ef a and Gaigneaux et a also reported that the crystallites ob-
tained after annealing preferentially expose (010) basal faces, which are mainly aligned paral-
lel to the substrate surface. Unfortunately, the characterization of the films in the above-
mentioned studies were almost always carried-out ex-sifu and involved exposing the sample

to air prior to (or during) the analysis. This certainly prevents a clear determination of the thin
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film stoichiometry right after deposition (i.e. in-situ, under reduced pressure), since exposure
to air can increase the oxidation of the film and heal O-vacancies '*>. This particularly applies
to the determination of the film oxidation state using surface sensitive techniques like XPS. In
the case of model systems used to study catalytic processes, where the surface should be con-
trolled at the atomic scale, it is desirable to avoid contact to air in order to prevent the adsorp-
tion of adventitious contaminations like hydrocarbons or water. The adsorption of water on
MoOs thin films exposed to air, possibly accompanied by the formation of hydroxyl groups,
was reported by Moraes and coworkers '>°, for instance. To avoid this effect, a possible ap-
proach could be to prepare the films directly in the UHV system where the surface and reac-
tivity studies will be carried-out. However, the oxidation of bulk molybdenum under UHV-
compatible O, pressures (< 107°-10"* mbar) rather typically results in the formation of MoO,
surface layers **'*’. The presence of higher oxidation states is also sometimes reported after
extensive annealing in O, partial pressure, but these species (perhaps polymolybdates) are
disordered and occur in rather small quantities 134135 Indeed, it is believed that MoO3; more or
less desorbs as it is formed under these UHV-compatible oxidation conditions (the necessary
oxidation temperature being higher than the temperature at which MoOs sublimates) "**. S.
Bourgeois, B. Domenichini and coworkers investigated the possibility of oxidizing very thin

f. 3% and refer-

layers of Mo deposited on TiO,(110) by subsequent annealing in UHV (see re
ences therein). Their work shows that oxygen atoms from the TiO, substrate can diffuse to the
Mo thin layer and produce MoO; thin films or clusters. They have also observed that if the
annealing is carried out at higher temperature, MoOs can be formed and it then immediately
sublimates.

Under these circumstances, it appears that the high pressure cell oxidation method de-
scribed in section 2.1.3. and used successfully for the preparation of V,Os thin films (see
Chapter 4) could also be appropriate for the preparation of MoO; thin films. Similar to the

investigations presented in Chapter 4, various amounts of Mo were oxidized in order to study

the formation of MoOj; films of different thicknesses.
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5.2 Preparation Method

The films were prepared by first evaporating Mo on Au(111) and then transferring the
sample in the high pressure cell attached to the UHV chamber for oxidation. Mo was evapo-
rated with an Omicron EFM3 e-beam evaporator at a rate of about 0.4 A/min (0.2 MLE/min)
while the substrate was held at room temperature. Different Mo amounts were deposited in
order to vary the thickness of the resulting oxide films. Mo thicknesses are reported here in
monolayer equivalents (MLE), where 1 MLE contains the same number of Mo atoms as one
layer of Au(111) (~ 1.39 x 10" atoms/cm?). The evaporated Mo layers were oxidized by heat-
ing the sample under an oxygen flow at a constant pressure of 50 mbar in the high pressure
cell. The sample temperature was allowed to cool down to about 100 °C before pumping
down the high pressure cell and transferring the sample back to the main chamber. After oxi-
dation of the films, no traces of surface contamination could be detected with XPS.

Initial experiments were done to determine at which temperature the Mo films are fully
oxidized to MoO; under these conditions (for a reasonable annealing time, i.e. less than 1
hour). Some of the results obtained during these tests are summarized in Figure 5.2. The
graphs show a series of Mo3d XPS spectra obtained for a relatively thick film annealed in the
high pressure cell at different temperatures under 50 mbar O,. The annealing steps were done
in a sequence, starting at 150°C and going up to 500°C. The series of spectra is separated in
two graphs for clarity. The film was initially prepared by evaporating 45 A Mo (~ 20 MLE) in
5 x 10" mbar O, (this was initially done in an attempt to grow a MoO, thin film). The corre-
sponding Mo3d spectrum is displayed as the black curve in the left panel of Figure 5.2. It
shows two distinct peaks at 229.2 eV and 232.3 eV, which roughly correspond to the Mo3ds,
and Mo3dj;/; levels observed for MoO,, respectively 136,139 The spectrum also reveals a clear
shoulder at about 234.4 eV, indicative of the presence of some higher oxidation state species
at the surface. These observations correspond very well with the findings of other groups for
the oxidation of Mo in oxygen partial pressures in the 10 mbar range **'**. After the anneal-
ing steps at 150°C, 250°C and 300°C the overall Mo3d envelope is gradually shifted towards
higher binding energy as the average oxidation state of the film increases. A peak structure
characteristic of pure MoO; - with a Mo3ds, binding energy of ~232.65 eV and a spin-orbit

splitting of ~3.2 eV '**

- is however only reached after the annealing step at 350°C. One can
then conclude that an annealing temperature higher than 300°C is necessary to fully oxidize
the thin films. The XPS spectrum did not change after the subsequent annealing step at 400°C
(the two curves are actually almost undistinguishable). Some Mo3d intensity was lost after
annealing at 450°C and a drastic decrease of the peak area is observed after the 500°C step.
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This would point toward an evaporation of the MoO; film at 450°C and temperatures above in
the high pressure cell. This conclusion is supported by the TPD data presented below (section

5.3.3) and corresponds well to the results reported in the literature 140

. In light of these results,
an annealing temperature of 400°C was used for most of the preparations. This makes sure
that the film is fully oxidized (for the Mo thicknesses used here) and avoids losses due to
evaporation of the material. Interestingly, a residual but constant Mo3d intensity was detected
after extended annealing at 500°C. The presence of this residual MoOj3 layer was accompa-
nied by a well-defined c¢(4x2) LEED pattern and it is attributed to a molybdenum oxide single
layer on the Au(111) substrate (see below), a layer that apparently has a higher evaporation

temperature than the rest of the film.
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Figure 5.2. Mo3d XPS spectra of a MoOy film obtained after several annealing steps in 50
mbar O,. Annealing steps are done sequentially, going from 150°C up to 500°C. Film pre-
pared by evaporating 45 A Mo in 5 x 10°® mbar O,. The XPS intensity was normalized to the
background intensity at 210 eV for all spectra. Mg Ka, 6 = 0°.

5.3 Results and discussion

Similar to growth of V,0s on Au(111) (see Chapter 4), different surface structures were
observed as a function of the thin film thickness for the oxidation of Mo on Au(111). Whereas

a-MoOs was obtained for thicker films, the oxidation of very low amounts of Mo led to the
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formation of well-ordered overlayers with structures that do not correspond to any known
bulk molybdenum oxide crystal structures. Like in Chapter 4, the characterization of these
“interface specific” layers is first described and discussed. This is then followed by the de-
scription of the thicker films and by a discussion on the thermal stability of the films under

UHV.

5.3.1 Structure of the first layers

The oxidation of molybdenum deposits with a thickness up to about 0.5 MLE in 50
mbar O, at 400°C resulted in the formation of a flat film with a ¢(4x2) unit cell. STM and
LEED results corresponding to a film formed by the oxidation of 0.46 MLE Mo are shown in
Figure 5.3. The large area (300 nm x 300 nm) STM image shown in (a) clearly indicates that
the oxide forms a smooth, uniform film on the Au(111) substrate. A similar observation was
made for the very thin V,0s layers (c.f. section 4.3.1.), where the V nanoclusters present on
the Au(111) surface after V evaporation were transformed into an extended oxide monolayer
after oxidation. This likely implies the transport of MoOx species on the substrate’s surface
during the oxidation procedure. As for the V,Os layers, factors influencing the spreading of
the oxide and the formation of a monolayer include: the easy rearrangement of coordination
units in molybdenum oxides, electronic interaction with the substrate and the surface free en-
ergy difference between Au(111) and MoOQOs, the latter being almost two orders of magnitude
lower 2. Areas where the substrate surface is still exposed are marked with an asterisk on the
picture. These generally appear smoother and they are easily identified by the observation of
the Au(111) herringbone reconstruction zigzag pattern at higher resolution. One can observe
that most of the substrate is covered by the film (also from other images taken at various
places on the sample surface). High resolution STM pictures like the one shown in Figure 5.3
(b) reveal a well-ordered structure with a 5.8 A x 5 A rectangular unit cell (indicated by the
grey rectangle on the image). Only a limited number of point defects could be observed with
STM. However, it should be mentioned that the STM imaging of the Mo oxide thin films was
particularly difficult and rather few atomically-resolved pictures could be obtained. This is
probably due to the insulating nature of the oxide; see the discussion for the thicker films be-
low. Nevertheless, judging from the sharpness of the spots in the LEED pattern shown in Fig-
ure 5.3 (c), the film must have a rather good long-range order. The LEED pattern could be
successfully reproduced using a 5.77 A x 5 A rectangular unit cell and using three rotational
domains to take the substrate’s 3-fold symmetry into account. With respect to the Au(111)

substrate, this corresponds to a ¢(4x2) overlayer (see Figure 5.4.).
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Figure 5.3. STM images ((a): 300 nm x 300 nm, 2.5 V, 0.2 nA, (b): 5 nm x 2.56 nm, 2.5 V,
0.2 nA) and LEED pattern (c) obtained after annealing 0.46 MLE Mo/Au(111) in 50 mbar O,
at 400°C for 10 minutes. (d): Reproduction of the LEED pattern using a 5.77 A x 5 A rectan-
gular unit cell and taking into account the substrate 3-fold symmetry (the bright spots at the
border of the screen also correspond to the Au(111) (10) spots). Exposed Au(111) areas are
marked with * in (a).

The same c(4x2) superlattice on Au(111) has been observed by Biener and coworkers after
the oxidation of Mo nanoclusters (deposited either by CVD of Mo(CO)¢ or Mo evaporation)
with NO, **'*!, This structure was investigated in details and an atomistic model was pro-
posed based on DFT calculations **. This model is reproduced in Figure 5.5. The film is a
MoO3; monolayer composed of MoOs squared pyramids. These coordination pyramids share
the corners of their base (which lies on the substrate) and are tilting alternatively forwards and
backwards relative to the surface normal (see Figure 5.5 (b)). The terminal oxygen atoms lo-

cated at the apices of the pyramids (labeled Oy; and Oy,) form molybdenyl groups with the Mo
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centers (Mo=0). Actually, the structure of the monolayer is rather similar to the one encoun-
tered in both layers forming the a-MoOs bilayers. Likewise, the monolayer surface is struc-
turally not very different from MoO;(010). However, in the monolayer the bond distances and
angles are modified/distorted to fit the Au lattice. Bond angles differ as much as 11° from the
bulk a-MoO; values. According to the calculations, the oxide monolayer polarizes the elec-
tron gas at the MoOs/Au(111) interface, which leads to a charge redistribution. The Au sur-
face then somehow serves as the other half of the bilayer and stabilizes the monolayer struc-

ture.
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Figure 5.4. Real space representation of the c(4x2) structure. The green lines and the black
dots correspond to the Au(111) substrate and the molybdenum oxide overlayer lattices, re-
spectively. Image generated with the LEEDpat21 software '*.

The Mo surface atom density in the c¢(4x2) monolayer is ~ 0.7 x 10" atoms/cm?, which
means that an initial Mo coverage of about 0.5 MLE is in principle required to obtain a full
monolayer. This is reflected to a good extent by the experimental results. Large area STM
images obtained after the oxidation of 0.46 MLE Mo (Figure 5.3 (a)) indeed show that most
of the substrate is covered by the oxide monolayer. The presence of defects in the film and of
some residual disordered MoOy species on top of the film (seen as bright spots on top of the
oxide patches in Figure 5.3 (a)) could account for a slightly lower c¢(4x2) coverage than ex-
pected from the initial quantity of evaporated Mo. Also, the sublimation of a small amount of

material during the oxidation cannot be totally ruled out.
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Figure 5.5. Atomistic model of the c(4x2) MoO;/Au(111) monolayer. (a) top view, (b) side
view. The Mo, O and Au atoms are represented by blue, red and green circles, respectively.
The 5.77 A x 5 A rectangular unit cell in indicated by a black rectangle in (a). Image taken
from ref. .
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Figure 5.6. Mo3d and Ols XPS spectra of a ¢(4x2) monolayer obtained after annealing 0.46
MLE Mo/Au(111) in 50 mbar O, at 400°C for 10 minutes. Mg Ka, 6 = 0°.
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Figure 5.7. STM images ((a): 27 nm x 26.7 nm, 2.5 V, 0.2 nA, (b): 4.1 nm x 4.1 nm, 2.5V,
0.2 nA) and LEED patterns (c, d) obtained after annealing 0.92 MLE Mo/Au(111) in 50 mbar
0O, at 400°C for 10 minutes. (e, f): Reproduction of the LEED patterns shown in (¢, d) using a
11.6 A x 5 A rectangular unit cell and taking into account the substrate 3-fold symmetry.

94



Mo3d and Ols XPS spectra representative of the ¢(4x2) oxide monolayer are presented
in Figure 5.6. The Mo3ds; and Ols peaks appear at binding energies of 232 eV and 530 eV,
respectively. In comparison to a-MoO3 (see ref. '*° and section 5.3.2), both spectra are shifted
by about 0.7 eV toward lower binding energy. Like for the V,0s monolayer structures de-
scribed in section 4.3.1, this shift can be attributed to a screening of the XPS final state core
holes by the Au(111) electrons. Interestingly, about the same shift is observed for the
monolayer of both oxides.

A surface structure with a larger unit cell was observed for the oxidation of slightly
higher Mo thicknesses (between 0.69 MLE and 1.15 MLE). STM images and LEED patterns
obtained after the oxidation of 0.92 MLE Mo (400°C, 50 mbar O,, 10 minutes) are shown in
Figure 5.7. Corrugation lines are observed in the large scale STM image shown in (a). Higher
resolution images, although relatively noisy, also reveal a ~11.5 A x 5 A rectangular unit cell
(see image (b)). Accordingly, the LEED patterns can be well reproduced by using a 11.6 A x
5 A rectangular unit cell. The short unit cell vector of this surface structure has the same
length as the one pertaining to the c(4x2) structure described above (5.77 A x 5 A unit cell),
while the long unit cell vector has twice the length. As a result, the LEED patterns for the
larger unit cell display the same reflexes as for the c(4x2) structure plus some extra spots.
Comparing Figures 5.7 (c) and (e), it is obvious that not all the expected spots are present in
the pattern recorded at 50 eV. Some of the spots appear and disappear as a function of the
electron beam energy. As shown in Figures 5.7 (d) and (f), most of the expected spots can be
observed at 30 eV. In Figure 5.7 (f), the spots that are also observed for the c¢(4x2) structure
are identified with orange circles.

The XPS Mo3d and Ols spectra corresponding to this film (oxidation of 0.92 MLE Mo)
are displayed in Figure 5.8. The binding energy of both peaks (Mo3ds.: 232.3 eV, Ols: 530.3
eV) is about 0.4 eV lower than those obtained for a-MoOs. The difference between the XPS
spectra obtained for this film and the c(4x2) monolayer is reminiscent of the observations
made for the V,0Os thin films (Chapter 4). In this case, a shift to lower binding energy attrib-
uted to screening was observed for the monolayer while upon the formation of a second oxide
layer the V2p;, and Ols peak maxima were found at positions much closer of those charac-
teristic of bulk V,0Os. It was then concluded that the screening effects are rather limited to the
first oxide layer. It seems that the same phenomenon occurs for the thin MoOs layers, which
is an indication that the observed 11.6 A x 5 A rectangular unit cell is related to the formation
of a second layer of MoO;. This assumption is also motivated by the fact that 0.92 MLE is

about twice the amount of Mo required to complete a full ¢(4x2) monolayer, see above. Aside
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from theses observations, the data presented here are not enough to determine more precisely
and unambiguously the structure of this film. STM images with a better resolution, perhaps
supported by some DFT calculations, would be required for this purpose. It is worth mention-
ing that a ¢(4x2) monolayer can be obtained if this thicker layer is annealed at substantially
higher temperature in the high pressure cell. This is shown in Figure 5.9, where LEED and
Mo3d XPS data are compared for 0.92 MLE Mo after a first oxidation step at 400°C (results
taken from Figures 5.7 and 5.8) and a subsequent step at 500°C. The data obtained after the
second annealing step correspond to a ¢(4x2) monolayer: the extra LEED spots corresponding
to the 11.6 A x 5 A unit cell have disappeared and the Mo3d peaks are shifted towards lower
binding energy. This observation is consistent with results of the initial oxidation experiments
(section 5.2) and it can be interpreted by considering that during the oxidation at 500°C the
MoO; overlayers sublimate (including the “second layer”), leaving behind a c(4x2)

monolayer which is stable at this annealing temperature.

Mo3d O1ls
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Figure 5.8. Mo3d and Ols XPS spectra of a film obtained after annealing 0.92 MLE
Mo/Au(111) in 50 mbar O, at 400°C for 10 minutes. Mg Ka, 8 = 0°.
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Figure 5.9. Comparison between the films obtained after annealing 0.92 MLE Mo/Au(111) at
400°C for 10 minutes in 50 mbar O, and after a subsequent annealing step at 500°C for 25
minutes in 50 mbar O,. (a) LEED patterns and (b) Mo3d XPS spectra (Mg Ka, 8 = 0°, inten-
sity normalized to the background intensity at 215 eV).

O 1s NEXAFS data (O K-edge) were acquired for both the c¢(4x2) monolayer and the
thicker film with a 11.6 A x 5 A rectangular surface unit cell. The spectra are displayed in
Figure 5.10 as a function of the polar angle of the incident linearly polarized X-ray beam (0°
is defined as parallel to the surface normal). The films were both prepared by the oxidation of
0.92 MLE Mo in 50 mbar O,, at a temperature of 400°C for the thicker film and at 500°C for
the c(4x2) monolayer. The spectra were acquired by monitoring the electrons emitted from
the sample surface with a partial yield detector as a function of the beam energy. The most
interesting part of the spectra is the energy region between 529 eV and 537 eV, which is
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dominated by two peaks that arise from the excitation of Ols core electrons into unoccupied
orbitals with antibonding O2p + Mo4d character '*. The peak at lower energy (maximum at
530.2 eV) can be ascribed to the antibonding orbitals where the O2p admixture points per-
pendicular to the corresponding O-Mo bond. The other peak appears at about 534 eV and
refers to orbitals with O2p admixture pointing along the O-Mo bond. The higher antibonding
character of this orbital explains the occurrence of the corresponding peak at a higher energy.
The spectra are similar for both thin films to some extent. Particularly, the angular depend-
ence of the various features is well comparable. This is indicative of rather similar bonding

geometry around the Mo centers and analogous orientation of the coordination units for both

films.
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Figure 5.10. Angle-resolved O1s NEXAFS spectra (O K-edge) for - (a) a film witha 11.6 A x
5 A rectangular surface unit cell and (b) a c(4x2) monolayer - obtained by the oxidation of
0.92 MLE Mo/Au(111) in 50 mbar O, at 400 °C and 500 °C, respectively. In both cases the
polar incidence angle of the photon beam was varied between 0° and 80°, 0° being along the
surface normal. Spectra recorded using partial yield detection.

The angular dependence of the high energy peak intensity is particularly interesting, as it

roughly follows the trend observed for MoO5(010) (see Figure 5.17 and ref. '**

). The contri-
bution of the Ols core excitation at the various oxygen sites in MoO3(010) as a function of
the photon incidence angle was investigated in details with DFT by Cavalleri et al '*. Ac-

cording to the results of this study, the electronic excitation at the molybdenyl oxygen atoms
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(OI in Figure 5.1) is mainly responsible for the observed angular intensity dependence of the
high energy peak (534 eV). Since the Mo=0 bond is aligned with only a small angle from the
Mo0O3(010) surface normal, the intensity of the high energy peak (corresponding to final state
orbitals pointing along the bond) will be highest when the photon incidence angle is close to
90°, 1.e. when the electric field vector of the X-rays is almost parallel to the surface normal.
Likewise, the high energy peak loses intensity when the photon incidence angle decreases.
These considerations would therefore support the idea that both the c(4x2) monolayer and the
11.6 A x 5 A surface unit cell film contain molybdenyl groups that are oriented at an angle
close to the surface normal. Nevertheless, the support of calculations would be necessary to

ascertain this assignment.

5.3.2 Thicker films: Mo03(010)

The oxidation of thicker Mo layers leads to the growth of (010)-oriented a-MoOs crys-
tallites, which eventually coalesce to some extent as they get larger. The formation of these
crystallites was observed to start after the oxidation of a Mo thickness between 0.92 MLE and
1.15 MLE. Figure 5.11 shows STM images and LEED patterns of a film formed by the oxida-
tion of 1.15 MLE Mo. The LEED patterns correspond well to the ones presented in Figure 5.7
for a film with a 11.6 A x 5 A rectangular unit cell, with the addition of faint rings. Depending
of the electron beam energy, two rings with a very slightly different diameter can be observed.
The larger is observed in (c) (appearing at the outer side of the nearby 11.6 A x 5 A spots),
while the smaller can be seen in (d) (appearing at the inner side of the nearby 11.6 A x 5 A
spots). The radiuses of the two rings correspond very well to the lengths of the two unit cell
vectors of MoO3(010), as depicted in (¢). The (010) surface of a-MoOs does not relax signifi-
cantly with respect to the bulk structure and it has a 3.7 A x 3.96 A rectangular unit cell -'**
(see Figure 5.12). Similar to V,05(001), this surface is terminated by molybdenyl O atoms
and it exposes three differently coordinated oxygen ions. However, molybdenum ions as such
are not exposed on the MoO3(010) surface. As mentioned in Chapter 4, the existence of rings
in the LEED patterns can be attributed to azimuthal disorder. The LEED patterns therefore
indicate the coexistence of domains of the 11.6 A x 5 A structure and of MoO3(010), the latter
having random azimuthal orientations. The STM results complement this observation. Large
scale images display a flat film and some crystallites having an apparent height of about 0.7-
1.3 nm (Figure 5.11 (a)). Higher resolution images acquired on the top of these crystallites
reveal a MoOs(010) unit cell (see (b)). Altogether, these results indicate that MoO3(010) crys-

tallites start growing after the completion of the film with a 11.6 A x 5 A rectangular surface
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unit cell, which is probably a two oxide layers-thick film. It is interesting to note that for both
vanadium pentoxide and for molybdenum trioxide the film growth on Au(111) starts with the
completion of a monolayer and a second layer that have different structures than their bulk
counterparts, which is then followed by the growth of bulk-like crystallites. This is most

probably related to the fact that both oxides have similar structure and reactivity.

Figure 5.11. STM images ((a): 300 nm x 300 nm, 2.5 V, 0.2 nA, (b): 3.2 nm x 2.2 nm, 2.5V,
0.2 nA) and LEED patterns (c, d) obtained after annealing 1.15 MLE Mo/Au(111) in 50 mbar
O, at 400°C for 10 minutes. Image (b) was acquired on one of the brighter areas observed in
(a). The reciprocal space unit cell vectors of MoO3(010) are shown in (¢).
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Figure 5.12. 0-MoO3(010) geometric structure '*. Gray spheres indicate the position of the
molybdenum atoms while yellow and red spheres pertain to oxygen atoms (yellow indicating
molybdenyl O atoms). The unit cell is indicated by a dotted line.
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Figure 5.13. Comparison of the Mo3d and Ols XPS spectra for films obtained after the oxi-
dation of different Mo thicknesses on Au(111) (50 mbar O, at 400°C for 10 minutes). Mg Ka,
6 = 0°, intensity normalized to the background intensity at 215 eV and 525 eV for the Mo3d
and Ols spectra, respectively.

The XPS Mo3d and Ols spectra of the 1.15 MLE Mo oxide film described above are
compared with spectra obtained for thinner and thicker films in Figure 5.13. In contrast to the

spectra of the film with a 11.6 A x 5 A rectangular surface unit cell (0.92 MLE Mo), the peaks
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are shifted towards higher binding energy and are closer to the positions observed for the
thicker films (232.7 eV and 530.65 eV for the Mo3ds, and Ols, respectively). Their full
width at half maximum (FWHM, 1.66 eV for Mo3ds),) is also larger than the one observed for
both the thinner (0.92 MLE Mo: 1.61 eV for Mo3ds;) and the thicker films (2.3 MLE Mo:
1.25 eV; 3.45 MLE Mo: 1.2 eV for Mo3ds),). This is due to a spectral contribution of both the
“interface” film with a 11.6 A x 5 A rectangular surface unit cell and the bulk MoO3(010)
crystallites. As the films get thicker, the contribution of the “interface” layer gradually dimin-
ishes and the position of the XPS peaks corresponds well to the one observed for bulk MoO;
139

STM and LEED results corresponding to a film obtained after the oxidation of 2.3 MLE
(~ 5 A) Mo are shown in Figure 5.14. The imaging of the film surface with STM proved to be
quite difficult and very few good pictures could be recorded. Strong tip-surface interaction
and frequent crashes were generally observed during imaging. This is due to the fact that
MoOs, being a small band gap insulator (band gap ~ 3.1 eV '2"*"), is not conductive enough
to allow a stable imaging with STM. As a comparison, V,0s has a band gap of about 2.3 eV '
and could be imaged relatively easily (section 4.3.2). Nevertheless, a few images could still be
obtained, some of them at rather high resolution. This could have been facilitated by the pres-
ence of a very small amount of oxygen vacancies in the film or the intercalation of traces of H
(in the UHV chamber, atomic H is known to be generated at W filaments from residual H, and
MoOs; readily dissolves H 1%). However, the limited thickness of the film (about 5 oxide
atomic layers at most) is probably the decisive factor that allowed imaging with STM in the
present case and one can expect that the investigation of thicker films of stoichiometric MoOs
will not be possible with this method. For instance, such an observation was reported by
Smith and Rohrer for MoOjs single crystals '** (where atomic force microscopy had to be used
instead of STM). A large scale image is displayed in Figure 5.14 (a). Although the picture is
rather noisy, it points toward the presence of rather large crystallites (~ 50 nm laterally) and a
few holes. Atomically-resolved images acquired on the crystallites like those displayed in (b)
and (c) clearly reveal the MoO3(010) 3.7 A x 3.96 A rectangular unit cell (note that the im-
ages are slightly deformed due to a drift of the piezo elements). These images also show that

the surface of the crystallites has very few point defects.
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Figure 5.14. STM images ((a): 300 nm x 274.8 nm, 3 V, 0.7 nA, (b): 10 nm x 10 nm, 2.5V,
0.7 nA, (¢): 5 nm x 5 nm, 2.5V, 0.7 nA) and LEED patterns (d, e) obtained after annealing

2.3 MLE Mo/Au(111) in 50 mbar O, at 400°C for 10 minutes. The reciprocal space unit cell
vectors of MoO3(010) are shown in (d).
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Due to the random azimuthal orientation of the crystallites, rings are observed in the LEED
patterns as seen in Figures 5.14 (d) and (e). As shown in (d), the rings can all be related to
MoO5(010) spots which are rotated about the (00) spot (directly reflected beam). As observed
for the 1.15 MLE Mo oxide film, some rings can appear or disappear as a function of the pre-
cise beam energy (compare (d) and (e)). The most intense spots of the 11.6 A x 5 A unit cell
surface structure can still be detected, which is an indication that some areas of the “interface”
are still exposed. These areas probably correspond to the holes observed between some of the
crystallites in the large scale STM images. In an attempt to grow “closed” films where the
interface layer is not exposed, a thicker film was grown in three successive Mo deposition and
oxidation steps (3 x 1.15 MLE Mo). This approach was tried here since it gave good results
for the V,0s thin films (see section 4.3.2). A LEED pattern of this film is displayed in Figure
5.15. Compared to the LEED pattern shown in Figure 5.14 (d), it can be seen that although
the diffraction spots related to the interface layer are still present, they are much weaker. They
are actually only discernible when the contrast of the image is strongly enhanced (as is the
case in Figure 5.15). It therefore seems possible to obtain smooth, well-ordered and “closed”
Mo0O3(010) films with this preparation method. Unfortunately, it was not possible to obtain
any usable STM images for this film (probably for the reasons mentioned above, the film be-

ing thicker).

Figure 5.15. LEED patterns obtained for a film formed by three successive steps of 1.15
MLE Mo deposition and oxidation in 50 mbar O, at 400°C for 10 minutes (total of 3.45 MLE
Mo).
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A valence band photoemission spectrum acquired for a film obtained after the oxidation
of 2.3 MLE (~ 5 A) Mo is shown in Figure 5.16. The valence band extends from about 3 eV
to 10 eV in the binding energy scale. Its intensity is dominated by O2sp contributions, with a

L4 The lowest

small admixture of Mo4d contributions for the higher binding energy part
unoccupied molecular orbital (LUMO) of MoO; can be characterized by molybdenum 4d
contributions. An increase of the Mo4d occupation due to adsorbate-induced charge transfer
or chemical reduction typically results in an increase of intensity between the Fermi edge and
3 eV "M% The absence of intensity below 3 eV in Figure 5.16 is therefore a strong indica-
tion that the MoO3(010) thin films prepared with the method used in this study contain very

few oxygen vacancies.
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Figure 5.16. Valence band photoemission spectrum of a film formed by the oxidation of 2.3
MLE Mo/Au(111) (50 mbar O, at 400°C for 10 minutes). 121 eV photon energy, 8 = 70°.

The same film (oxidation of 2.3 MLE Mo) was also investigated with angle-resolved
NEXAFS. The spectra were acquired by measuring the current flowing between the sample
and ground potential (total electron yield). The Mo M, ; edges and O K-edge spectra are
shown in Figure 5.17 for two different photon incidence polar angles. The spectra correspond
very well to those obtained on the (010) surface of MoOs single crystals '**, confirming the
attribution of the film to MoOs3(010). In contrast to the Mo M, ; spectra, multiplet configura-

tions play no role for the O K-edge (excitonic effects are also believed to be negligible).
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Therefore, the spectra can be more directly related to the delocalized band structure as ex-
pressed in the partial density of unoccupied states and they are more easily compared to the
results of DFT-based calculations. Angle-resolved O1s NEXAFS spectra were calculated by
Cavelleri and Hermann for the MoO3(010) surface and they were found to correspond rather
well to our results '*. As mentioned in section 5.3.1, the peaks below the ionization threshold
(< 537 eV) arise from Ols — O2p + Mo4d transitions. The features found at photon energy
between 529 eV and 533 eV correspond to transitions to hybridized O2p, and Mo4dt,, states
(z* orbitals, pointing perpendicular to the Mo-O bond). Accordingly, the peaks at higher pho-
ton energy, between 533 eV and 536 eV correspond to hybridized O2p,, and Mo4de,, states
(o* orbitals, pointing along the Mo-O bond) '**'*. The intensity variation of the various
peaks as a function of the photon polar angle is predicted to be substantially different for the
three types of oxygen centers contained in a-MoOs. Therefore, the comparison between
measured and calculated angle resolved Ols NEXAFS spectra for reduced/defective MoOs

could give valuable information about the nature of the oxygen vacancies '*.
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Figure 5.17. Angle-resolved Mo3p (Mo M, ; edges) and Ols (O K-edge) NEXAFS spectra
for a film formed by the oxidation of 2.3 MLE Mo/Au(111) (50 mbar O, at 400°C for 10
minutes). Photon beam polar incidence angles of 0° and 70°, 0° being along the surface nor-
mal. Spectra recorded using total electron yield detection.

The fact that the MoOs thin films grow with a [010] orientation is not very surprising
and it is due to the fact that (010) is the plane of lowest free energy in a-MoOs. The growth of
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crystallites exposing preferentially their (010) face was also reported by Julien et al '*’ and

Gaigneaux et al '** for the deposition of MoOs on other substrates.

5.3.3 Thermal stability

Like for vanadium pentoxide thin films (c.f. section 4.3.3), the thermal stability of the
MoO; layers under UHV conditions is a very important factor in regard to eventual reactivity
studies. The possible occurrence of thermal reduction or sublimation of the oxide film itself in
the temperature range relevant to catalytic reactions would have a strong influence on the ob-
servation of adsorbing and desorbing molecules. For that reason, the MoO;(010)/Au(111) thin
films were investigated with temperature programmed desorption (TPD). A reduction of the
film is expected to be accompanied by the emission of O, (due to the formation of oxygen
vacancies followed by the recombination of O atoms to form O, at the surface). Figures 5.18
and 5.19 show the TPD curves obtained for M0oO3(010) films formed by the oxidation of a
total of 3.45 MLE Mo and 2.3 MLE Mo, respectively. In both figures, the evolution of the
chamber pressure and the O, QMS signal (m/z = 32) are shown in the lower graph. The upper
graphs display the most intense MoOyx mass spectrometer signals, which correspond to MoO,,
MoO and MoOj; fragments. One should note that these species most probably arise from the
fragmentation of larger Mo,Oy clusters in the electron impact ionization cell of the quadrupole
mass spectrometer. Indeed, detailed mass spectrometric studies revealed that Mo,Osy (with 3
< x < 5) are the primary products of the volatilization of MoOj in vacuum '*°

The MoOx desorption curves contain three features between 400°C and 500°C: a rather
broad peak centered at about 447°C, a sharp peak at 460°C and some very faint intensity be-
tween 470°C and 500°C. The feature centered at 447°C might be attributed to the sublimation
of the MoO3(010) crystallites, while the other peaks observed at higher temperature are
probably related to the interface layer. Compared to the VO, TPD signals obtained for the
V,05(001) films (c.f. section 4.3.3), the MoOy curves are qualitatively similar and they also
show a broad feature, a sharp peak and finally a broad signal with less intensity as a function
of the increasing temperature. Since both films have an analogous structure consisting of
bulk-like crystallites lying on top of an interface-specific, two oxide layers-thick film, it is
tempting to draw parallels between the sublimation of the two oxides. For the two oxide
films, the occurrence of desorption peaks at higher temperature for the interface layer with
respect to the bulk-like overlayers could be explained by structural and interlayer adhesion
energy differences: the layers (bilayers for MoOs) in the bulk-like crystals are bound by week

forces (~ van der Waals), whereas the interface layer might be bound more strongly to the
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substrate. For instance, the model proposed by Quek e al °* for the first MoO; layer (c.f. sec-
tion 5.3.1.) describes a polar O-Mo-O oxide film (three atomic layers) that has electronic in-
teraction with the surface atoms of the Au(111) substrate. As postulated for other systems,
this oxygen-metal-oxygen interface structure can lead to a relatively high adhesion energy
(orders of magnitude higher than nonpolar interfaces), mainly due to the macroscopic Cou-
lomb interaction between the ions in the oxide and the image charges in the metal '*’. Like for
V,0s, the sharp MoOy desorption peak observed at 460°C is probably related to the decompo-
sition/sublimation of the second oxide layer. This observation is supported to some extent by
the fact that the relative intensity of this peak with respect to the lower temperature
“Mo0;(010) overlayers” broad desorption feature increases for thinner films (comparing Fig-
ures 5.18 and 5.19). As for the V,0Os thin films, the contribution of reduced species to the
MoOy desorption features at higher temperature should not be completely neglected. Never-
theless, the O, TPD curve does not show any defined desorption peak that could be related to
the film reduction at temperatures up to about 470°C. The broad O, desorption peak between
300°C and 420°C is assigned to oxygen desorption from the platinum sample holder (see sec-
tion 4.3.3). The fact that the same peak is observed for all V,0s and MoOs films further sup-
ports this assignment. On the other hand, an O, desorption peak is clearly observed at 470°C
in both Figure 5.18 and 5.19. In the MoOx desorption curves, the position of this O, peak co-
incides approximately with the beginning of the broad feature that follows the sharp peak.
This O, desorption peak probably corresponds to the reduction of a remaining MoOs;
monolayer. The thermal reduction of a MoO3; monolayer on Au(111) in UHV has been inves-
tigated by Deng and coworkers '*’. The authors found that the reduction of the oxide c(4x2)
overlayer occurs through the formation of extended one-dimensional shear plane defects. Al-
though they reported that the reduction occurs at about 375°C, they acknowledged that the
actual temperature during their annealing experiment was probably higher since they also
observed a partial oxide loss due to sublimation. It is therefore possible that for the films in-
vestigated here, a remaining MoO3; monolayer sublimates and undergoes partial reduction in
the temperature range between ~ 470°C and 500°C. No additional desorption features are ob-
served above 500°C, and no traces of molybdenum or oxygen could be detected at the surface
of the Au(111) substrate with XPS after the TPD annealing ramp up to 700°C. These observa-
tions apparently point toward the fact that most of the film is evaporated after annealing up to
500°C in UHV. It is interesting to note that the c(4x2) MoO; monolayer subsists on the sub-

strate even after an extended period of annealing at 500°C in 50 mbar O,.
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Figure 5.18. TPD of a M0oO;(010) film formed by three successive steps of 1.15 MLE Mo
deposition and oxidation in 50 mbar O, at 400°C for 10 minutes (total of 3.45 MLE Mo). The
evolution of the main chamber pressure during the TPD run is displayed in the lower graph.
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Figure 5.19. TPD of a MoO3(010) film formed by the oxidation of 2.3 MLE Mo/Au(111) (50
mbar O, at 400°C for 10 minutes). The evolution of the main chamber pressure during the

TPD run is displayed in the lower graph.
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5.4 Summary

The results presented in this chapter show that well-ordered MoOjs films can be formed
on Au(111) by the oxidation of molybdenum in 50 mbar O,. At very low Mo coverage, the
oxidation leads to a spreading of the material on the Au(111) substrate and to the formation of
a c(4x2) MoOs monolayer structure. The oxidation of slightly higher Mo coverage apparently
results in a 2 layers-thick MoOs film with a 11.6 A x 5 A rectangular unit cell. These films are
interface-specific and they cannot be related to any known bulk structures. These findings are
similar to the observations made for V,0s (c.f. Chapter 4) and they highlight the influence of
the Au(111) surface on the growth of the thin film. The formation of such interface-specific
structures 1s also most probably facilitated by the easy rearrangement of coordination units in
Mo®" oxides, and different interface structures are expected to form on other substrates under
similar preparation conditions.

Well-ordered MoO3(010) films containing very few point defects could be prepared for
higher thicknesses. Due to the insulating nature of MoOs, the possibility of investigating the
films with STM is rather limited, especially for thicker layers. In that respect, it would be ad-
vantageous to use atomic force microscopy (AFM) instead of STM to investigate the surface
structure of the films '*°.

The films are apparently stable in UHV up to a temperature of about 400°C, above
which MoO3(010) starts sublimating. Also, the TDS data strongly suggest that no substantial
reduction occurs until about 470°C. However, this conclusion should be confirmed by post-
annealing XPS analysis. The morphological stability of the film under UHV annealing also
still needs to be carefully investigated.

It would be quite interesting to study the partial reduction of the MoO3(010)/Au(111)
films with electron irradiation (similar to the investigation done for V,03(0001), presented in
Chapter 3). This could shed more light on the open questions regarding the formation of oxy-
gen vacancies at the surface of molybdenum trioxide. Angle-resolved NEXAFS spectra of
partially reduced surfaces could be compared to the spectra calculated by Cavalleri et al for
vacancies at specific oxygen sites '**. According to their calculations, the creation of oxygen
vacancies is most favourable at O/ and O2 oxygen sites (see Figure 5.1 (b)). Their models
also predict that after relaxation, the formation of either O/ or O2 vacancies results in an
equivalent O * specie (with a bond orientation tilted in between the original O/ and O2 posi-
tions). The calculations of Coquet and Willock '° lead to a different conclusion, and experi-

ments could be helpful in resolving this discrepancy.
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6 Conclusions and outlook

In the path towards the understanding of the complex reaction mechanisms occurring at
the surface of heterogeneous catalysts, the use of model systems is of great advantage and it is
often even necessary. These systems are simpler, better defined and allow the investigation of
elementary reaction steps. Some suitable models are the surfaces of single crystals and of epi-
taxial thin films. Such surfaces can be studied at the molecular level using the range of surface
science techniques that are nowadays available. Preparing and characterizing model surfaces
is a very important step preceding the execution of model reactivity studies. In the present
study, the growth and the surface structure of well-ordered V,03, V,0s and MoOj thin films
have been investigated.

It is shown that well-ordered V,03(0001) thin films can be prepared on Au(111). The
surface structure of the films and the presence of point defects were carefully investigated.
The results indicate that oxygen-rich point defects are invariably present on the as-prepared
vanadyl-terminated surface. These defects are thermodynamically stable and their quantity
can only be limited by careful surface reduction and reoxidation at low temperature and low
oxygen partial pressure.

The surface reduction of the vanadyl-terminated V,03(0001)/Au(111) thin films has
been investigated with XPS and STM. The assumption made in the previously reported work
222326 is confirmed: electron irradiation specifically removes the oxygen atoms of the vanadyl
groups and results in a V-terminated surface consisting of 3-fold O coordinated V ions. It is
possible to control the quantity of removed vanadyl oxygen atoms by using an appropriate
electron irradiation dose. This allows the preparation of V,03(0001) surfaces exposing de-
fined densities of vanadyl groups (4-fold coordinated V ions) and 3-fold coordinated V ions.
Such surfaces are very interesting, as they potentially constitute suitable models to probe the
relative role of both the vanadyl groups and the undercoordinated V ions at the surface of the
vanadia catalysts. Reactivity studies using these surfaces are currently in progress **'*.

The preparation of well-ordered V,05(001) and MoO3(010) thin films is reported here
for the first time. These films were grown on Au(111) with a relatively simple method, which
consists in oxidizing deposited V or Mo layers under 50 mbar O, in a dedicated high pressure
cell. Both the simplicity of the preparation method and the fact that the films are well-ordered
and contain a low quantity of point defects provide a considerable advantage for the undertak-
ing of model reactivity studies. The thermal stability of these films in UHV has been investi-

gated. The V,05(001) and MoO3(010) films were found to start sublimating at temperatures
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of 500°C and 400°C, respectively. In both cases, no thermal reduction could be observed be-
low the sublimation temperature. A detailed comparison of the results with the published re-
ports on the thermal reduction of V,0s highlights the influence of radiation (photons, elec-
trons) and, more importantly, surface contamination on the observed reduction behavior. This
stresses the importance of preparing the surfaces under controlled conditions. At this point,
examining the reduction of the V,05(001) and MoO;(010) films with electron irradiation
would be quite interesting.

The formation of interface-specific V,0Os and MoO; monolayer structures on the
Au(111) substrate was observed after the oxidation of low coverages of V and Mo. These
layers are found to form coincidence lattices with the Au(111) surface, and they do not corre-
spond to any bulk structure known for vanadium and molybdenum oxides. They are most
probably stabilized by the interface with the metal, which perturbs the electronic structure of
the oxide '®. The formation of these interface-mediated structures is also made possible due to
the fact that both oxides can easily adopt different structures (and oxidation states) through
the rearrangement of their coordination units. The growth of V,0s and MoOj single layers on
other substrates, including other surface planes of Au or crystalline thin films of other oxides
for instance, would surely be worth investigating.

It is interesting to note that for both oxides, the formation of a second layer apparently
precedes the growth of bulk-like crystallites. In the case of vanadia, this is particularly inter-
esting since it is commonly assumed that V,Os crystals start to grow as soon as a monolayer
is completed during the preparation of the so-called “supported monolayer catalysts” *.

The high pressure oxidation preparation method used in the present study could poten-
tially be applied to other high oxygen content oxide systems, including TiO,, WOs, Fe;Os,
etc. The preparation of mixed oxides like iron molybdates 3 or V,05-Mo00O; (vanadia-
149

molybdena catalyst
growth of well-ordered V,05(001) and MoO3(010) films was facilitated here by the fact that

) could also be of great interest. Nevertheless, one must note that the

both oxides have a structure consisting of weakly interacting layers and therefore have a
strong tendency to expose the low energy surface of these planes. For other oxides, finding a
suitable substrate for a defined (epitaxial) crystalline growth direction of the film might be

more critical.
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