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The growth of ultrathin oxide films on metal substrates offers a solution to many
of the experimental difficulties inherent to the studies of surfaces of bulk oxides
and provides new interesting materials with unprecedented structures and
properties. In this article we review the preparation and characterisation
of ultrathin titanium oxide (TiOx) and aluminium oxide (AlOx) films grown on
metal and metal alloy surfaces, emphasising those results that highlight new
concepts and insights into metal oxide surface physics and chemistry. Different
methods of preparation and characterisation are discussed and the resulting
chemical compositions and surface structures are described by taking into
account the results provided by computational approaches, and putting emphasis
in outlining the structural novelty of interface-stabilised versus bulk-like phases
and on the importance of kinetic effects in orienting the growth.
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1. Introduction

Transition metal oxides (TMOs) represent strategic materials for advanced devices in
many innovative technologies: they are largely used as catalysts and photocatalysts [1,2],
chemical sensors [3,4], corrosion inhibitors [5,6], components in microelectronics (for their
dielectric properties) [7,8], opto-electronics (as transparent conductors) and magnetic
devices [9]. Since most of their relevant properties are related to their surfaces, in the past
two decades many efforts have been devoted to better characterise the structure and
reactivity of TMOs surfaces and interfaces [10–14].

Despite many studies in the field of surface science (SS) of oxides, there are still some
open questions at a fundamental level, such as the relationships between surface atomic
structure, electronic properties and chemical reactivity and the role played by defects.
Answering such questions and setting well-grounded structure/property relationships
requires rigorous studies where the effective ultra-high-vacuum (UHV) surface-sensitive
probes provided by modern SS are applied to well-characterised systems (i.e. model
systems) [15,16]. The level of understanding provided by such a methodology is currently
under test in order to demonstrate that it is capable to provide information on the real
systems, overcoming the so-called pressure and material gaps [17,18].

However, when using SS probes employing charged particles (i.e. electrons and ions),
the insulating properties of many bulk oxides often generate charging problems which
makes it difficult, or even impossible, to apply many SS techniques to the study of oxide
bulk surfaces. In recent years, attention has then progressively shifted to oxide model
systems in the form of ultrathin (UT) epitaxial films grown on single-crystal metal surfaces
[12,19–27]. In the following, by the term UT we mean films characterised by thickness in
the range up to a few monolayers (MLs), i.e. thickness �1–2 nm. As a matter of fact, if the
substrate has good conduction properties (e.g. a metal), the reduced thickness of the oxide
UT film allows the probe-particles to tunnel towards the substrate. This route leads to
ordered oxide surfaces suitable to be studied by means of scanning tunnelling microscopy
(STM), photoemission and electron excitation techniques [12,19,20]. To underline the
freedom in oxide stoichiometry, the notation MOx is adopted to indicate UT films of the
M metal.

While the results to date have demonstrated that films with thickness of the order of
several MLs are adequate to simulate bulk-terminated oxide surfaces, more and more
examples are reported of UT films with radically new structures, stoichiometries and
properties [22]. Actually, UT oxide films represent a potentially new class of materials
where innovative properties with respect to bulk phases are produced, associated with the
interaction with the substrate (metal proximity effects) and/or the confinement of atomic-
scale structures in at least one dimension [28–30]. For example, in order to optimise the
interaction with the substrate, the film can adjust its structure, producing a strain which is
maintained until a critical thickness is reached, over which it recovers its thermodynam-
ically stable bulk structure. Indeed, most of the recent focus on UT films is related to the
possibility of stabilising phases and structures which are not obtainable in bulk form due
to thermodynamic and/or kinetic constraints.

Carefully playing with the preparation procedures, tailor-made UT oxide films with
specific stoichiometries and defect arrangements can be obtained which provide a suitable
playground with a two-fold flavour: on the one hand, to test ideas and concepts on the
properties (chemical reactivity, magnetism, etc.) of oxides surfaces, and on the other hand,
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to produce unprecedented structures with still unexplored properties. A number of
excellent review articles have appeared in the literature in the field of UT oxide films: they
have been mainly focused on the epitaxial growth procedures of oxide UT films [20,31] or
on their relevance in catalysis [23–25,32,33]. However, apart from specific reports on VOx

UT films on Pd and Rh supports [22,34], not too much emphasis has been put so far in
underlying the wide structural diversity intrinsic to interface-stabilised phases in the
extremely low coverage regime of UT films.

In this work we review the literature data on titania and alumina UT oxide films on
metals and metal alloy surfaces, focusing on the preparation and characterisation
strategies and putting particular emphasis on the interface-stabilised phases and on the
structural models so far developed for them. The choice of the two systems herein
considered is suggested by several factors:

(a) They represent two prototypical oxides: alumina is a non-reducible oxide, much
used as a support in catalysis [35], whereas titania is a reducible oxide where the
metal can switch among several oxidation states, and is hence a strategic material
for several advanced applications [36].

(b) Titania and alumina bulk surfaces have been investigated in great detail [37,38],
so that there is a good reference with respect to which the novelty of the UT films
can be assessed.

(c) Titania and alumina UT films have been deeply investigated by computational
tools and several model structures have been proposed, thus allowing one an
attempt to draw some building principles of general relevance.

This review will be organised as follows: in Section 2 we discuss some methodologies of
relevance for the preparation, characterisation and theoretical treatment of MOx UT films.
In Sections 3 and 4 we review the literature data of titania and alumina UT films,
respectively, on different metallic substrates, introducing first in each section a brief
discussion on the relative bulk phases. In Section 5 we draw some general conclusions and
give an outlook for future developments and applications.

2. Methodologies

In this section we summarise the main methodologies currently adopted to prepare UT
oxide films and to characterise (both experimentally and theoretically) their chemical and
structural properties. A lot of different SS experimental techniques have been applied to
study the chemical composition, thickness, electronic and crystal structures of UT oxides
films including, for example, X-ray photoelectron spectroscopy (XPS), ultraviolet
photoelectron spectroscopy (UPS), Auger electron spectroscopy (AES), electron energy
loss spectroscopy (EELS) and high resolution EELS (HREELS), thermal desorption
spectroscopy (TDS), Fourier transform-reflectance–absorption infrared spectroscopy (FT-
RAIRS), scanning tunnelling microscopy (STM), scanning tunnelling spectroscopy (STS),
transmission electron microscopy (TEM), low energy ion scattering (LEIS), medium
energy ion scattering (MEIS), X-ray diffraction (XRD), ion-scattering spectroscopy (ISS),
X-ray photoemission diffraction (XPD) [39] and electron diffraction techniques including
low energy electron diffraction (LEED), low energy electron microscopy (LEEM) [40] and
reflection high energy electron diffraction (RHEED). Many of these are common tools in
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modern SS and we assume that the reader can easily have access to their principles in
standard SS textbooks. For those of them having a less general use, we have indicated
some specific reference to pertinent review articles.

We will now focus on the preparative general methods and on the theoretical
framework which is currently adopted to provide reliable structural models and simulation
of spectroscopic data to be compared with the experimental ones.

2.1. Preparative strategies

The preparation of UT epitaxial films requires growth procedures under strictly controlled
conditions, usually in UHV, in order to ensure the necessary kinetic conditions of growth
(low rates to favour epitaxy) of materials of adequate purity. Given the extreme sensitivity
of the resulting layers to the actual growth conditions on both kinetic and thermodynamic
grounds, a crucial step is the establishment of clear and reproducible procedures. As a first
step, this entails investigating the nature of the nucleation sites at the substrate surface in
the very early stages of growth, i.e. in the sub-ML thickness range. Once the sites that
determine the overlayer-substrate registry at the atomic scale have been established, one is
left with the challenge of driving the stoichiometry and structure of the UT film via an
appropriate control of the growth parameters. These are usually the substrate temperature,
the growth rate, the nature of the oxidising agent, its partial pressure, the actual deposition
protocol (stepwise and alternated with annealing cycles or continuous), the temperature
and duration of the post-deposition heat treatments, the controlled doping by means of
ion implantation or chemical reactions, etc. Actually, a subtle interplay between kinetic
and thermodynamic factors may lead to rather distinct (structurally or chemically) films.
Recently, the presence of strong kinetic effects have been outlined in a study where the
growth and the transformations between different UT films have been followed in situ and
in real time by using LEEM and micro-LEED (m-LEED) [41].

All the techniques developed to prepare UT oxide films imply a stage where an
oxidation process of the parent metal M is done under strictly controlled conditions.
In Reference [20] a detailed discussion of the possible oxidising gases has been reported:
molecular oxygen is the standard procedure, but more strongly oxidising agents like
atomic oxygen (AO) or nitrogen oxides, like NO2 (which works by dissociating to NOþO
on the substrate) can be used. In order to optimise the growth of stoichiometric UT films,
it is needed that the metal oxidation occurs at a rate much higher than that of UT film
growth. Under this condition, the growth of understoichiometric (reduced) MOx phases or
even metallic clusters, possible in the case of metals exhibiting multiple oxidation states, is
strongly inhibited. So the choice of strong oxidation agents such as AO is not indicated if
the goal is preparing MOx interface-stabilised phases.

Another strategic point is the choice of the metallic substrate on which to grow the UT
oxide film. If the goal is the preparation of stoichiometric and low-defective UT oxide
films, the substrate choice is dictated by the standard epitaxy rules, i.e. the smallest
mismatch between the substrate and the overgrowing film. When the lattice mismatch is
larger than a few per cents, perfect epitaxial growth becomes impossible so that sometimes
a stoichiometric film grows in a micro-crystalline form, with a lot of additional interfaces
and grain boundaries where the control of the morphology at microscopic level is low.
On the other hand, if the goal is preparing interface-stabilised nanostructures on
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a substrate some mismatch is quite beneficial to nucleate surface-stabilised 2D islands
which can also in favourable cases completely wet the substrate.

2.1.1. Surface oxidation

One possibility to prepare UT MOx oxide films is by directly oxidising the substrate
formed by the parent metal M single crystal (Figure 1). This procedure is similar to the one
adopted in microelectronics to grow SiO2 on Si single crystals by direct exposure of the Si
wafer to O2. The actual conditions needed to prepare a crystalline UT film are dictated by
the thermodynamics and kinetics of the oxidation process and by the kinetics of the
ordering of the oxide network. However, such a method lacks flexibility if compared with
the deposition of the film on a different substrate (Section 2.1.2). Actually, the direct
oxidation of the metal single crystal often presents problems connected to the lattice
mismatch between the metal and its oxide (this is the same reason why amorphous SiO2 is
grown on Si wafers) and only in selected cases the direct oxidation of the metal substrate
leads to films of good quality.

A way to make the method more flexible is to put an oxidising agent in contact with the
surface of an intermetallic alloy MxM

0
y crystal (or even a surface alloy) where one of the

two components (M, the most reactive metal) is preferentially oxidised [31]. The inert
component M0 can be either a noble metal or even a reactive metal with a distinctly lower
aptitude to be oxidised. The advantage is that the mismatch problem can be partially

Surface oxidation
of a metal M at a surface

Metal or  intermetallic alloy

Oxidising agent

(molecular oxygen,
atomic oxygen, water, NO2)

UT oxide
film

M or Mx My′ substrate

Figure 1. [Colour online] Schematic drawing of the surface oxidation (SO) method for growing UT
oxide films (MOx) on metal (M) or intermetallic (MxM

0
y) alloy substrates.
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released by a tailored choice of the alloy itself: the effect can be simple engineering of
interatomic distances, but more subtle changes in the redox properties of M due to the
intermetallic bond cannot be excluded. This method has been largely employed to grow
AlOx and TiOx UT films on different intermetallic alloys (Sections 3.2.2 and 4.3).

2.1.2. Film deposition

The most widely used and flexible method to prepare UT oxide MOx films is to directly
grow the film on a metallic single crystal substrate of different chemical nature (M0) under
UHV conditions. The metal M is oxidised either (a) directly during deposition in a reactive
oxygen atmosphere (reactive deposition, RD), or (b) after the deposition, by means of an
annealing treatment in an oxidising atmosphere (post-oxidation, PO), see Figure 2. The
two methods will not necessarily provide the same results because they imply different
nucleation and growth steps. In the literature one can find reports where the two different
procedures are compared [42,43], but the most widely used and effective procedure is the
RD one. The PO procedure is preferred when the the M 0 substrate is easily oxidised.

Usually, the metal M is evaporated (e.g. using a Knudsen cell) and deposited onto a
clean and ordered M0 substrate whose long range ordering and purity have been previously
checked by LEED and a surface chemical probe. An important issue is calibration of the
deposited metal dose and of the film thickness. Typically, the former is determined using a
quartz microbalance and/or by angle-resolved XPS experiments [44], while the latter is
expressed in ML equivalents (MLE) which is calculated assuming a specific interlayer
distance between adjacent planes in the film. The assumption of such interlayer distance
can then bias the MLE actual value. Considering that the measurement of the metal dose is
subjected to large experimental errors, transferability of data coming from different
laboratories is often a critical point.

Metal in UHV 

UT oxide film

M′ substrate

Oxidising  agent 
(O2, O, H2O, NO2  ) 

Metal particles

Post-oxidation Reactive deposition

Metal in an oxidant 
background Oxidising agent

(O2, O, H2O, NO2  )

UT oxide film

M′ substrate

M′ substrate

M′ substrate

M′ substrate

MOX UT films deposition     

Figure 2. [Colour online] Schematic drawing of the methods usually adopted for growing UT oxide
films (MOx) on a metal (M0) substrate.

International Reviews in Physical Chemistry 523

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
5
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



2.1.3. Post-deposition treatments

If investigating the structure of the UT film is the actual issue, routinely the first step in the
characterisation of the deposited film consists in examining the possible changes in
the LEED pattern with respect to the substrate. However, prior to this very often the film
is subjected to some post-deposition treatment which has the main objective of improving
its structural order. Such post-deposition treatments can also get a strategic preparative
valency. Actually, playing with several experimental parameters, such as the pressure
conditions (typically UHV or oxygen background), temperature, heating rate and overall
time, can provide many opportunities to come up with rather different structures and
stoichiometries of the final UT MOx film. A further post-deposition treatment might
consist in exposing the film to reactive gases other than oxygen to induce chemical
transformations (e.g. reduction using hydrogen).

2.2. Theoretical tools

Theoretical and computational tools have become an essential component in the
investigation of UT metal-supported oxide phases, as in many other fields of science
and technology. This is understandable in view of the fact that these phases often present
unusual or even unprecedented structures, and that – despite recent progresses – the same
basic physics of the UT-oxide/metal-support interaction has not been completely
clarified [45].

Given the size and the complexity of the unit cells that are typically encountered,
among first-principles approaches density-functional (DF) methods [46] currently repre-
sent the best compromise between accuracy and computational effort. The choice of the
specific approximation to the exchange-correlation (xc-) functional is however non-trivial:
either functionals based on the generalised gradient approximation (GGA) [47] or hybrid
functionals [48] are usually employed, the former sometimes augmented by a Hubbard
U-term in the so-called GGAþU approaches [49–52]. The problem with these interfacial
systems is however that the xc-functional that best describes the oxide component is often
not well suited for the metallic one, and vice versa, while very little is known about the
validation of the xc-functional for the description of the oxide/metal interaction. Hybrid
xc-functionals, that contain an Hartree–Fock exchange component, for example, are often
able to better describe the energetics of bulk oxides with respect to GGA xc-functionals,
but their Hartree–Fock exchange component itself gives problems in the description
of metallic systems [53]. A possible solution that has been explored in the literature is to
reduce the weight of the Hartree–Fock exchange and use it as an empirical parameter
to match experimental data [54]. More advanced xc-functionals are probably needed to
overcome these issues. A somewhat related problem is connected with the common
presence of metallic elements in low oxidation states within the oxide layer. Especially for
TMOs one can therefore wonder what is the degree of electron localisation in these species,
and which xc-functional is able to correctly grasp the physics involved. On the one hand,
in fact, hybrid and GGAþU methods have been shown to provide more accurate
predictions of reduced states of transition metals in bulk oxides than local or semilocal
approaches (see, e.g. [55,56] for titania). On the other hand, it should also be considered
that these highly-reduced species – especially in the case of UT polar films – are in contact
with the metal support, and their electronic structure can be strongly influenced by and
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merge into that of the support (metallisation of the oxide layer as a depolarisation

mechanism [25]). Again, to date there is no conclusive evidence to clearly favour one

approach, and further validation studies are strongly needed. It should be noted that,
when dealing with polar UT phases within the usual supercell approximation, i.e. phases

that present a net dipole moment perpendicular to the surface, it is advisable to include a

dipole correction into the Hamiltonian [57], as it effectively cancels spurious interactions
due to the periodic boundary conditions in planar polar slabs [58].

Once the correct theoretical methods has been selected, it can be profitably employed

in the machinery of structure prediction, which is the first step of any in-depth

investigation and the basis of structure-property relationships. Starting from experimental

information (typically, STM images with atomistic resolution whenever they are available,
but also data coming from spectroscopic and chemical measurements), trial structures can

be devised and put to computational test first by local energy minimisations using one of

the many codes available (see for example [59]), to check that they correspond to local
stationary points in the energy hypersurface, and then by first-principles molecular

dynamics via, e.g. short runs of Car-Parrinello simulations [60], to check that they are true

local minima and that there is no other lower-lying configuration in their immediate

neighbourhood. Modern computational protocols and facilities nowadays allow one
to improve upon this well-established scheme of biased or inspired guesses [34],

by considering systematic searches within a first-principle framework. Density-functional

global optimisation (DF-GO) methods have been already applied to gas-phase silicon [61],
metal [62], metal oxide [63] and also supported metal [64] clusters, and there is, in principle,

no difficulty (except possibly computational cost) in employing them to explore novel

metal-supported UT oxide phases. Indeed, the first such example has already appeared in

the literature, in which not only the structural but also the stoichiometry degrees of
freedom have been explored by a GO algorithm [65], and many others are to be expected in

a near future.
Naturally, the availability of computationally less demanding approaches could reduce

the CPU requirements by orders of magnitude. Continuing with the analogy with metal
clusters, for example, empirical potential have been derived in the literature that provide a

reasonably accurate description of the metal–metal (see, e.g. [66]) and metal-oxide (see, e.g.

[67]) bonding, even though improvements are still needed (see, e.g. [68]), and have thus

been employed in GO simulations involving hundreds of atoms for both suspended and
supported metal particles (1000 atoms is the current limit [69]). It can be noted in this

connection that the limitations of the empirical potentials can in principle be overcome

(at least in part) by using combined first-principles/empirical-potential approaches coupled

with structural recognition algorithms [70]. The implementation of such a programme to
UT oxide films has so far been hindered by difficulties in deriving accurate empirical

potentials for oxide systems [71–79], especially considering that there are still some open

problems concerned with the basic physics of UT systems and how to reliably model it.
The potentiality of the approach has nevertheless been exemplified in a recent work by

studying what is probably the most complex phenomenon in this field: the growth process

of an UT oxide layer [80].
Matching experimental and simulated STM images (or STS spectra) is naturally the

first goal in the process of structural characterisation. STM images are usually simulated

theoretically via the Tersoff–Hamann approach [81], that links the experimentally
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observed contrast to the modulation of the local density of states (LDOS) at the bias
energy with respect to the Fermi level (Ef) at a given distance from the sample.
The agreement between experimental and simulated STM contrasts in general however
does not guarantee the correctness of a structural model, as different configurations can
produce similar STM images. It is therefore reasonable to check the theoretical predictions
against other experimentally-derived quantities. Once the structural problem is solved, the
first-principles prediction of other properties (e.g. UPS, XPS and IRAS data) implies a
comparable (or sometimes even smaller) computational effort, and has been profitably
employed to complement STM characterisation (see, e.g. [24]).

A further step forward, once a given phase has been structurally clarified, is to consider
not just a single structural model but several possible ones, each one with its own range of
stability, and thus a complete phase diagram as a function of external parameters such as
temperature (T) or oxygen pressure (PO2). This is the so-called first-principles or ab initio
thermodynamics [82]. In this approach, the information coming from the DF calculations
is used as an input for a thermodynamic analysis by evaluating the Gibbs free energy, G, of
the slab as a function of T and PO2:

GðT, PO2Þ ¼ Etot þ PVþ Fvib

where Etot is directly obtained from DF total energy calculations, the second term is
the classical PV contribution, and Fvib accounts for the vibrational contribution to the
Helmholtz free energy and can in principle also be calculated within the DF approach or
from experimental data of phonon spectra. By expressing the chemical potential of the
various species involved in the equilibrium as a function of the external parameters (with
possible interdependencies and constraints due to the presence of bulk reservoirs), and
using G(T, PO2) from the above formula, the phase diagram of the system can be routinely
calculated. A word of caution is however needed to say because of the possible limitations
of current DF approaches, as the energy ordering of the different structures can in some
cases be incorrectly predicted (see, e.g. [83]). As a final step, the kinetics of growth should
be simulated, since it is known – as remarked in the previous subsection – that some of
these phases are only kinetically stable [41,84]. Some information in this respect can be
derived from a thermodynamic analysis, as done e.g. [85].

3. Titanium oxide ultrathin films

Titania (TiO2) is one of the most prominent materials for applications in technologically
important areas such as photo-assisted oxidation [86], heterogeneous catalysis (used both
as active catalysts as well as supports for metal catalysts) [87,88], gas sensors [89],
wastewater remediation [90], optical devices (optical filters and optical waveguides)
[91,92], antireflective coatings [93] and photovoltaic devices [94]. Since most of such
peculiar properties are surface dependent, a detailed description of the surface properties
of titania [37] is crucial to exploit the full potential of these systems in innovative devices.
Moreover, a rapidly expanding subset of studies is focusing on the innovative properties
that can be introduced when nano-dimensional titania phases are considered [36], e.g.
nanosheets, nanotubes, nanorods and nanoclusters.

Because Ti can be present in several different oxidation states, most common being
Ti2þ, Ti3þ and Ti4þ, many different oxides (TiOx) are observed in nature, ranging from
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fully oxidised (x¼ 2) to reduced ones (15x52) [95]. The basic building block of all these
oxides is a Ti centred octahedron whose connectivity with adjacent octahedra is highly
variable. The most common bulk phases are TiO, Ti2O3 and TiO2, which have been
intensively studied, while other phases like Ti3O5, Ti4O7, Ti5O9, Ti6O11 and Ti8O15 [96,97]
also exist. In addition to phases that have a well-defined stoichiometry, there is a strong
tendency to form non-stoichiometric phases, i.e. phases presenting a variable stoichio-
metry where x can vary in a limited range while maintaining the same basic structure.
Another peculiarity of reduced titania phases is the formation of the so-called Magnéli
phases, formed through the formation of crystallographic shear planes [98]. However,
relatively few studies have been carried out on the investigation of their structural and
electronic properties due to the difficulty of their preparation. Recently, a report has been
published where the surface properties of reduced TiOx phases and the corresponding
peculiar electronic and structural properties have been discussed [99]. As in all oxides, the
structure and dynamics of defects play a relevant role to tailor the properties of titania and
such aspects have been recently reviewed [100,101].

All these aspects (nano-dimensionality, reduced stoichiometry and defects) can be
addressed by studying titania in the form of UT films. This motivates the intense activity
that has been focused on the fabrication and characterisation of TiOx films with a large
range of x values. In the following we will first briefly consider the main peculiarities of the
reference bulk phases and then review the work done on UT TiOx films, produced either
by surface oxidation (SO) of metallic Ti surfaces or by deposition of TiOx films on
a different metal surface.

3.1. Bulk TiOx phases

3.1.1. TiO

TiO (titanium monoxide) presents a defective rock-salt structure which can contain a high
concentration of randomly distributed vacancies in both the Ti and O sublattices, so that it
can be prepared in a broad range of chemical composition depending on temperature and
annealing conditions [102]. It represents a high-temperature phase in the titanium–oxygen
phase diagram, which exists in equilibrium over a wide temperature interval from 1523
to 2033K and over a wide composition range from TiO0.51 to TiO1.27 [103–106].
At temperatures below 1523K it undergoes atomic and vacancy ordering, but the
disordered state can be preserved via quenching from high temperatures [107]. Structural
vacancies are an important part of the crystal structure of TiO and play an essential role
for the magnetic [108], electrical and thermal properties [109].

3.1.2. Ti2O3

Ti2O3 (titanium sesquioxide) is attracting growing attention [110,111] as a consequence of
its peculiar electronic properties. At room temperature (RT), Ti2O3 is isomorphous with
the corundum (�-A12O3) structure, i.e. metal and oxide ions are 6- and 4-fold coordinated,
respectively. However, the hexagonal c/a ratio in Ti2O3 is anomalously low compared
with that found in other corundum-like oxides. In addition, Ti2O3 undergoes a gradual
transition to a metallic state in the temperature range 400–550K, which is accompanied
by an increase in the c/a ratio [112,113]. The electronic structure of bulk Ti2O3 oxide

International Reviews in Physical Chemistry 527

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
5
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



(where the Tiþ3 atoms have a d1 electronic configuration) [114,115] and its surface [116]
has been recently studied and compared with that of other corundum-like oxides.

3.1.3. TiO2

TiO2 surfaces can be considered as the most important model systems in the SS of TMOs,
and are by far the most extensively studied oxide surface: the reader can find plenty of
information in the most recent review articles [37,38].

Bulk TiO2 (titanium dioxide) crystallises into three main phases, rutile, anatase and
brookite. However, only rutile and anatase have played a significant role in the
applications so far. Upon heating, interconversion between these phases can be observed
which strongly depends on the actual crystallite sizes [36,117]: rutile is the most stable
polymorph at the macroscale and ambient pressures and temperatures [118], while anatase
and brookite become energetically preferred at small particle sizes because of their intrinsic
lower surface energy [119–121].

However, if one considers TiO2 in the form of UT films, other possible structural
reference phases can in principle enter into the game. In particular, it has been
demonstrated that colloidal solutions of TiO2 nanosheets can be obtained by a top-down
method (i.e. by delamination of layered bulk titanates [122]): they have a lepidocrocite-like
[123] structure, and they have been characterised by XRD [124], TEM [125] and X-ray
absorption fine structure (XAFS) [126] methods. In principle, also the TiO2(B) polymorph
could represent a possible candidate for the structure of UT fully oxidised films. Such
an uncommon bulk phase is recently obtaining much attention because of a possible
enhancement of the titania photocatalytic activity [127]. TiO2(B) has been observed for the
first time in 1980 [128] and recently characterised by TEM as a lamellae-like phase growing
on anatase crystals [127].

3.2. Surface oxidation of Ti metal and alloys

The easiest way to produce TiOx UT films is via SO of substrates exposing Ti atoms. This
is an easy process because of the well-known tendency of Ti to bind to oxygen (see for
example the use of Ti evaporation in vacuum technology). At variance with other metals
[20], molecular oxygen is sufficiently reactive to accomplish total oxidation of Ti.

3.2.1. Oxidation of Ti metal

3.2.1.1. Polycrystalline Ti (poly-Ti). The earliest UT TiOx films were prepared by SO of a
poly-Ti surface. The early stages of the growth were extensively studied in a wide range of
O2 partial pressures and substrate temperatures using various SS techniques, such as AES
[129,130], XPS [130,131], mirror electron microscopy (MEM) [129] and direct recoils
spectrometry (DRS) [130]. Azoulay et al. [130] studied the initial oxidation stages of
poly-Ti at RT with O2 exposure of 0–1000L (L¼Langmuir, i.e. exposure to 1 s at
10�6 torr) utilising DRS, AES and XPS for samples prepared in different ways: the role of
the sample history was evidenced. Mixtures of different oxidation states of Ti
(0,þ2,þ3,þ4) are present during the whole course of oxygen exposure. Qualitatively,
increasing amounts of the higher valence states are displayed for higher oxygen exposures.
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Oxidation of pure titanium was investigated at RT under different oxygen pressures

(10�8–10�6 torr). The kinetics of oxidation for each pressure was determined [131].

Measured film thicknesses were larger at higher pressures. Deconvolution of XPS spectra

showed that TiO was the major oxide present and TiO2 the minor component. Formation

of Ti2O3 and Ti3O5 was also observed.
In a subsequent article [132], reactions of a well-characterised polycrystalline titanium

surface with oxygen and water at 150–850K were studied in UHV by XPS, TDS and

FT-RAIRS. At 150K, O2 oxidises Ti
0 to Ti2þ, Ti3þ and Ti4þ, but Ti exposure to H2O at

this temperature produces only Ti2þ species. At temperatures above 300K, further

oxidation of Ti by H2O was observed. Maximum oxidation by both oxygen and water is

achieved at 550–600K. At a temperature of 650K, Ti is gradually oxidised from Ti0 to

Ti4þ with increasing exposure of O2 (in Figure 3) [132]. Upon heating the oxidised titanium

above 850K, the oxide layer is completely reduced to Ti0. Depth profiling of an oxidised

Figure 3. Ti 2p XPS spectra of (a) a clean Ti sample at 650K, and after exposures to O2 of (b) 6 L,
(c) 12L, (d) 18L, (e) 24L and (f) finally heating to 850K in vacuum. From Reference [132].
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Ti surface also showed that some reduced Ti species (Ti3þ and Ti2þ) are localised close to

the oxide-metal interface.
The effect of temperature in low O2 partial pressure (3� 10�9 to 5� 10�8 torr) was

further studied [133,134]. The results demonstrated that at temperatures below 498K only

TiO2 is detected whereas at higher temperatures there is evidence for the presence of Ti2O3.

This is due to the desorption of O2 at low O2 pressures and subsequent partial

decomposition of TiO2 at higher temperatures.

3.2.1.2. Single crystal Ti (single-Ti). In the group of Madey [135,136] the SO of Ti(0001)
has been studied using EELS, AES, electron stimulated desorption (ESD), UPS, and

photo-stimulated desorption (PSD). The oxidation occurs at temperature as low as 90K,

and, according to PSD and ESD results, a fraction of the surface oxide behaves as

expected for fully oxidised TiO2. Two distinct oxygen species were found: one sub-surface

oxygen located below the Ti(0001) surface plane, giving rise to the lower work function,

and the second assigned to surface oxygen of the TiOx film. Unfortunately they did not

provide any details on the surface oxide composition and surface reaction mechanism.
More recently Takakuwa et al. [137,138] investigated the initial oxidation kinetics on

the Ti(0001) surface at 700K by real-time AES combined with RHEED and high

resolution XPS using synchrotron radiation. The results showed that: (1) O2 adsorption

obeys a zero-order reaction scheme before and after saturation; (2) in the initial stages of

oxide growth, Ti2O and TiO are the major species which induce a surface roughening; and

(3) the roughened morphology is recovered by oxidation of Ti2O and TiO into Ti2O3,

Ti3O5 and TiO2 when higher dosing is carried out. Their results are similar to those

reported on poly-Ti surface [130].
From the above reported results, we can conclude that the composition of TiOx films

greatly depends on the O2 pressure and substrate temperature during oxidation: fully

oxidised TiO2 can be more easily obtained by oxidation of Ti surface at low temperature

under high O2 partial pressure, because TiO2 is not stable at high temperature in vacuum.

In these studies, structural details of the films have not been proposed.

3.2.2. Oxidation of Ti alloys

3.2.2.1. Polycrystalline alloys. The RT adsorption of oxygen on NiTi and FeTi was
studied by AES [139]. Oxygen interacts preferentially with titanium at RT, leading to the

formation of an overlayer of TiO2 at low O2 exposures (�2L) for both NiTi and FeTi.

Higher oxygen exposure induces a larger Ti segregation for NiTi in comparison to FeTi

alloys and a thicker oxide is grown on the former. Heating an oxide-covered NiTi sample

to 800K leads to the complete dissolution of the oxide into the bulk.
The UPS and AES have been applied to study the oxidation of a polycrystalline Ni3Ti

sample [140]. At low temperature (150K) oxygen adsorption leads to oxygen bonding to

both Ni and Ti, so that Ni and Ti oxides form simultaneously. Upon heating to high

temperature (4700K), Ni oxide is reduced to metallic Ni, and the resulting surface is thus

covered with TiOx. Dosing oxygen on clean Ni3Ti at higher temperature (4300K)

enhances the Ti-oxygen interaction leaving the Ni constituent unaffected.
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3.2.2.2. Single crystal alloys and surface alloys. Most of the work done in this field is
related to surfaces of PtTi alloys or surface alloys, whose structure and properties have
been reviewed by Bardi [141]. In general, noble metals alloyed with the transition metals of
the left side of the periodic table produce compounds with highly negative enthalpy of
formation which very often form ordered intermetallic compounds. This class of materials
gives rise to a wealth of surface phenomena, among which we can cite the formation of
ordered 2D (‘two-dimensional’) phases, often referred as surface alloys. While the surface
of bulk alloys are easily obtained by cleaving bulk alloy crystals, surface alloys are usually
obtained by evaporating the minority component on a single crystal of the majority one or
by segregation phenomena in bulk alloys.

The bulk Pt3Ti alloy has a face centred cubic (fcc) structure where Ti atoms are at the
cube corners and Pt atoms at the face centres. The (111) planes in the bulk have
ABC . . . stacking sequence with a mixed composition of three Pt atoms and one Ti atom
per unit cell in each plane (see Figure 4). The valence-band (VB) photoemission spectrum
of Pt3Ti cannot be obtained as a simple superposition or averaging of the VB spectra of the
two metallic Pt [142] and Ti [143] elements, demonstrating that a strong hybridisation
occurs in Pt3Ti between the Pt 5d and Ti 3d states [144]. Alloying produces a distinct
electronic structure with a deep minimum in the DOS at the Ef. This is correlated with the
high heat of formation upon alloying [145]. Due to the inherent difficulties in preparing
Pt3Ti single crystals, the SO of the surfaces obtained by cleaving was studied by a limited
number of groups. However, Pt3Ti surface alloys can be easily prepared by deposition of
one ML of Ti on the Pt(111) surface and successive short annealing in UHV at 773K,
resulting in the appearance of a (2� 2) LEED pattern which has been interpreted as the
signature of an ordered Pt3Ti(111) surface alloy [146].

First, Bardi and Ross studied the SO of Pt3Ti(111) and Pt3Ti(100) surfaces as
a function of O2 pressure and substrate temperature by AES, and LEED [147]. For an O2

pressure ranging between 10�8 and 10�6 torr and a substrate temperature between 600 and
1000K, the AES and LEED measurements demonstrated the formation of a single-layer
oxide phase, with TiO stoichiometry: the Ti atoms probably form a compact plane at the

Figure 4. Top view of a Pt3Ti(111) surface showing two atomic planes. The 2� 2 superstructure is
outlined and the Ti atoms are hatched.
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interface with the substrate surface and the O atoms are situated on top of this Ti layer.

The growth of a TiO ML results in the depletion of Ti from the underlying

subsurface region. At a sufficiently higher temperature (1000–1200K) and O2 pressure

(1� 10�6–5� 10�5 torr), SO leads to the growth of a multilayer phase, identified as TiO1.2.

This phase is derived from the TiO lattice by removing some Ti atoms to form an

ordered-vacancy lattice. Oxidising in extreme conditions (atmospheric pressure, 1273K)

produces the formation of a thick film of TiO2 (rutile), the most thermodynamically

favoured bulk titanium oxide. Later results reported by Paul et al. [148] confirmed

segregation of Ti at the surface of Pt3Ti(111) at elevated temperatures (4650K), but were

interpreted as the formation of TiO2 with some Ti3þ defects. Further data have been

reported by Chen et al. [149] who have also investigated the SO of Pt3Ti(111) single crystal

surface as a function of the sample temperature by XPS and STM in relatively high O2

pressure. They found evidence for oxygen-induced surface segregation of Ti to form TiOx

on the Pt3Ti(111) surface, and clearly revealed two different oxidation processes: the oxide

formed below 700K (O2¼ 50L) is prevalently TiO2, compared with the Ti2O3 oxide

formed at higher temperature (Figure 5). TiO2 grows in the form of islands on the

substrate surface while Ti2O3 wets the substrate surface and forms a flat and homogeneous

oxide layer. This is in good agreement with the wetting behaviour of the TiOx/Pt(111) UT

films discussed in Section 3.3.4.2. The STM images showed that the TiO2 oxide nucleates

preferentially at defects, whereas the Ti2O3 oxide grows from step edges. Moreover, the

authors demonstrated that the TiO2 oxide can be reduced by adsorption of CO, while

Ti2O3 oxide is irreducible under the same conditions. The formation of two different

oxides on Pt3Ti(111) is of relevance for the preparation of titania-supported catalysts.

Figure 5. XPS spectra at grazing emission for clean Pt3Ti(111) and Pt3Ti(111) oxidised in O2 (50L)
at different temperatures: (a) clean surface; (b) oxidation at 375�C; (c) oxidation at 400�C;
(d) oxidation at 450�C; (e) oxidation at 650�C; (f) oxidation at 800�C. *corresponds to the metallic
Ti* peak, 3 to Ti3þ and 4 to Ti4þ. From Reference [149].
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TiO2 must be considered an active part in any catalytic reaction under reducing
atmosphere. In comparison, Ti2O3 can be characterised as an inactive support for the
active component. As the two oxides have different wetting behaviours with respect to a
metallic phase, the dispersion and the electronic structure of titania-supported catalysts
will be affected.

Matsumoto et al. [150] have studied the formation of TiOx films by SO using ozone
(O3) on a Pt3Ti surface alloy [146] at 300K and subsequent annealing at 1000K. Smooth

thin films with a (3� 5) structure were observed at 1ML, and they propose that such
structure is due to one layer of a Ti2O3 film similar to the (1� 2) strands formed on
reduced TiO2(110) surfaces [37].

The SO of the single crystal stepped Pt3Ti(510) surface at oxygen pressures below
10�5 torr and a temperature of 770K was also studied [151]. The Pt3Ti(510) surface
consists of (100) terraces separated by double atomic steps. The exposure of the clean
surface to oxygen at pressures in the range 10�7–10�5 torr leads to the growth of a TiO
oxide layer which covers completely the substrate surface with a thickness of a few atomic
layers. The TiO film has long range order and exhibits complex LEED patterns. The STM
measurements indicated that the ordered array of steps is kept in the early stages of the
oxide film growth, whereas a change of the step morphology and step orientation is
observed during the oxidation process.

Very recently Hsieh et al. [152] have reported a real-time STM imaging study of the
oxidation of the (2� 2) Pt3Ti(111) surface alloy (see Figure 4) at 300K by continuously
scanning with STM while either O2 or NO2 was introduced into the chamber. O2 exposures

did not cause any evident structural changes even if oxygen was detected on the surface by
using AES. In contrast, NO2 exposures caused definite changes in the surface morphology
at 300K. However, annealing both surfaces to 950K resulted in the formation of an
ordered TiOx overlayer as characterised by both LEED and STM. The differences
observed when the NO2 gas was used as oxidising agent were interpreted as the
consequence of the stronger oxidative power of the NO2 gas. The structure of the TiOx

films obtained in this study has been related with those obtained for the films deposited by
RD on the Pt(111) substrate (see Section 3.3.4.2).

The structure and composition of the TiOx phases obtained by low-pressure oxidation
at �800K of the Ni94Ti6(110) surface were investigated by XPS, LEIS, XPD and LEED
[153]. Oxide layers consisting mainly of TiO2 were grown on the alloy surface and their
structure investigated by using XPD. The TiO2 phase formed in the very early stages of
oxidation has a quasi-hexagonal unit cell and its structure has no equivalent in any of the

stable phases of TiO2. The authors proposed a structure consisting of a layer of titanium
atoms embedded between two atomic planes of oxygen atoms.

3.3. Ultrathin TiOx films on other metal surfaces

3.3.1. Mo

Such a substrate has been intensively investigated in the group of Goodman and the
complete work has been recently reviewed [23]. Three different Mo surfaces were used and
the structure of the resulting TiOx UT films was found to be rather dependent on the
actual substrate surface.
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3.3.1.1. Mo(100). TiOx films of varying thickness (510.0 nm) were prepared on the
Mo(100) surface by evaporation of Ti in oxygen (5� 10�7 torr) between 500 and 700K
[154]. The structure of TiOx films depends on both coverage and annealing temperature.
Owing to the excellent lattice match between Mo(100) and TiO2(001) faces (4.45 versus
4.59 Å), the unannealed film showed a fully oxidised stoichiometry, a rutile structure and
was well ordered along the [010] and [001] directions of the Mo(100) substrate.
Because of the presence of low coordination Ti cations (fourfold coordinated),
the TiO2(001) surface is thermodynamically unstable and tends to facet or reconstruct.
A (2ˇ2�ˇ2)R45� LEED pattern of reconstructed TiO2(001) surface was observed after
annealing to 900–1200K in UHV. The annealed films are partially reduced and exhibit
Ti3þ and Ti2þ states.

3.3.1.2. Mo(110). Ordered TiOx films were prepared on a Mo(110) substrate in two ways
[155]. The first method consists of RD of Ti in 2� 10�7 torr O2 onto Mo(110) at 600–700K
followed by annealing to 800K in �10�7 torr O2. The second method consists of initially
dosing 51ML Ti onto the substrate, subsequently evaporating Ti in 2� 10�7 torr at
600–700K and then annealing to 800K in�10�7 torr O2. LEED and XPS indicated that the
films prepared with first method showed a (1� 1) rectangular TiO2(100) structure, whereas
the films prepared with the second way showed a (1� 1) hexagonal Ti2O3(0001) structure.
Subsequently, they changed the growing conditions by exploring deposition of Ti in
an O2 ambient (5� 10�7 torr) at 600K, followed by annealing to higher temperatures
(900–1200K) in 5� 10�7 torr O2 [156]. XPS showed that TiOx films annealed at 900K were
partially reduced, exhibiting small amount of Ti4þ, Ti3þ and Ti2þ species, whereas films
annealed to 1200K were fully oxidised and exhibited only Ti4þ. This result is however
inconsistent with the data reported for films obtained by SO of a poly-Ti sample which
have shown that the film is completely reduced to Ti0 at high temperatures [132].
STM measurements revealed that the film grows at 900K in a layer-by-layer way and that
flat rutile TiO2(110) terraces with three different orientations are exposed (Figure 6).
A further annealing of the films to 1200K leads to a three-dimensional structure and
a rough surface.

3.3.1.3. Mo(112). A well-ordered 1ML thick (8� 2)-TiOx film was grown on the
Mo(112) surface [157–159]. The preparation was rather complex: the authors first
prepared well-ordered UT silica film by repeating: (1) evaporation of less than 1ML of Si
onto the Mo(112) surface at RT; and then (2) oxidation at 800K in a 1� 10�7 torr O2 for
5min, followed by an increase in the substrate temperature to 1200K for an additional
5min, until a constant Si/Mo AES ratio was achieved. Then Ti (1–1.5ML) was deposited
onto this well-ordered UT SiO2 film following oxidation at 850K in 5� 10�8 torr O2. After
that, the sample was oxidised at 800K in 5� 10�8 torr O2 for 10min. The sample was then
annealed at 1200K in 5� 10�8 torr O2 for 10min and subsequently annealed at 1400K in
1� 10�8 torr for additional 5min to completely remove the SiO2 film. Finally, an ordered
(8� 2)-TiOx film was formed on the Mo(112) surface. The structural model is shown in
Figure 7, where Ti atoms decorate every eight Mo atoms in the Mo(112) troughs and are
bound to the surface via Ti–O–Mo bonds and to each other via Ti–O–Ti linkages.
The same group also directly grew UT TiOx films on Mo(112) by stepwise deposition of
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Ti onto the substrate surface followed by oxidation at 850K [160]. Different TiOx structural
phases were obtained. XPS showed that the Ti 2p core level position shifts from lower to
higher binding energy (BE) with an increase in the Ti coverage from sub- to multilayer.
The Ti 2p peak of a TiOx film with more than a ML coverage can be resolved into two
peaks, one at 458.1 eV corresponding to the first layer, where Ti ions bind to the substrate
Mo atoms through Ti–O–Mo linkages, and a second feature at 458.8 eV corresponding to
multilayer TiO2 where the Ti ions are connected via Ti–O–Ti linkages. Based on these
assignments, the single Ti 2p3/2 peak at 455.75 eV observed for the (8� 2)-TiOx monolayer
film was assigned to Ti3þ, consistent with the results obtained with HREELS.

Very recently, Zhang et al. [161] have reported a theoretical DF-based study where
TiOx/Mo(112) UT films were analysed. They found that at the experimental pressure and
temperature conditions used to grow the films a structure with a stoichiometry of TiO3

is preferred. This conclusion is based on the thermodynamic analysis of the film stability as a
function of the oxygen partial pressure and is corroborated by the comparison of computed
and measured properties such as STM images, vibrational modes and core level BEs.

3.3.2. Ni(110)

TiOx films grown on the Ni(110) surface were mainly investigated by the group of
Thornton [162–165] using STM, LEED, HREELS, AES and synchrotron radiation. The
oxide overlayers were prepared by PO of Ti film in 1� 10�7mbar O2 at temperatures from

Figure 6. STM image (V¼ 2.0V, I¼ 2.0 nA) of a titania film grown on Mo(110): Three different
domains (labelled as A, B and C) of rutile (110)-(1� 1) structure with a spacing of �0.65 nm between
the Ti-[001] rows. From Reference [156].
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800 to 900K. In a series of several papers rather different interpretations of the
experimental results were reported because, as explained by the authors, an inaccurate
determination of the unit cells was caused by STM drifting. In the following we refer to the
latest experimental interpretation [165]. A table summarising the TiOx phases is shown
in Figure 8. At low Ti coverages (51MLE), a quasi-hexagonal phase was found similar to
the one previously observed by Atrei et al. [153] on the Ni94Ti6(110) alloy, i.e. a layer of
titanium sandwiched between oxygen layers. At a coverage close to 1MLE, a fully
oxidised wetting layer was obtained which had been previously assigned to a TiO(001)
structure. Subsequently, such interpretation has been reconsidered [165] and the
new model is very similar to the lepidocrocite-like nanosheet (albeit rotated by 90� with
respect to the substrate) previously observed on the (1� 2)-Pt(110) substrate [166]
(see Section 3.3.4.3). For higher Ti coverage (in the range of about 1–6MLE), under the
same preparation conditions, it has been shown that 3D rods of rutile TiO2(110) grow on
the wetting layer. The same authors [165] have studied the reactivity of such films with
water using synchrotron-radiation-based surface tools such as soft X-ray photoelectron

Figure 7. Top view of a possible structural model for the (8� 2)-TiOx film on Mo(112). From
Reference [158].
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spectroscopy (SXPS) and X-ray absorption near-edge structure (XANES). They also
reported the formation of an ordered array of TiO2 nanodots (Figure 9) by a PO of 0.5ML
of Ti on Ni(110) [164] which may have applications in display technology [167] and solar
cells [168]. Finally, very recently the same authors have reported the formation of reduced

Figure 8. A table summarising the TiO2 phases prepared on Ni(110) at different coverages expressed
in MLE. From Reference [165].

Figure 9. (a) 1000 Å� 1000 Å STM image (V¼ 1.2V, I¼ 0.9 nA) of a film grown by post-oxidation
of 0.5ML Ti on planar Ni(110). Both rectangular and hexagonal terminations of the TiO2 film are
observed. (b) Part of the image in (a) showing the titanium oxide nanodot structure coexisting with
the rectangular NiO(001) structure. From Reference [164].

International Reviews in Physical Chemistry 537

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
5
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



TiOx UT films by further annealing 2–4MLE thick rutile TiO2(110) islands at 1110K for
15min in a pressure of 1� 107mbar O2 [169]. The resulting structures were discussed on
the basis of the presence of crystallographic shear planes.

3.3.3. Cu(100)

Maeda et al. [170] have investigated the growth, structure and chemical state of UT TiOx

films on Cu(100). These oxide films were prepared by evaporating Ti at RT on a Cu(100)
substrate where oxygen was chemisorbed at oxygen pressure 1� 104 Pa, followed by a PO
in 10�5 Pa O2 at 623K. The film has been proposed to consist of oxygen–titanium–oxygen
trilayers with the stoichiometry of TiO2. The LEED pattern obtained up to 1ML is a
hexagonal mesh, with two domains rotated by 90� with respect to each other with a lattice
constant equal to 0.29 nm, but the author were unable to relate it to other known titania
structures. However, the authors did not realise that a similar structure had already been
proposed by Atrei et al. [153] in their study on the SO of the Ni94Ti6(110) alloy. The results
also indicated that such structure is not stable above 1ML.

Passeggi Jr et al. [171] also compared the TiOx films obtained by PO of a Ti thin film
and Ti/O2 RD processes on Cu(100). The equilibrium oxide stoichiometry seemed to
depend on the substrate temperature, the interface effects and the way oxygen is
incorporated. The only way to obtain a fully oxidised film with a sharp interface with the
substrate was through the RD process.

Recently, [172,173] TiOx films were deposited on the Cu(100) surface previously
saturated with oxygen, presenting a (ˇ2� 2ˇ2)R45� LEED pattern with a Cu missing-
row reconstruction. The TiOx films were prepared by evaporation of Ti at 573K in an O2

atmosphere (PO2¼ 10�6mbar). TiOx films with different kinds of long-range order were
obtained, depending on the oxide coverage and on the preparation procedure. An oxide
phase with a centred rectangular unit cell (3.61� 11.54 Å2) was observed in the very
first stages of the Ti deposition. It consists of flat islands of uniform thickness. The growth of
this phase is characterised by strong interaction between the oxide islands and the substrate.
The STM results showed that the oxide film does not grow over the substrate surface but it is
embedded within the outermost layer of the substrate. This particular growth could be
explained by the missing row reconstruction induced by the saturation of the Cu surface
with chemisorbed oxygen. It was impossible to prepare a complete layer of this centred
rectangular phase, because prior to the completion of this layer, a quasi-hexagonal phase
started to grow. The transition between these two phases was continuous and there was a
quite large range of coverage where these two oxide phases coexist. At higher coverage
(41ML), the substrate surface is completely covered by the oxide and the LEED pattern
shows a regular hexagonal unit cell with composition TiO2, explained as a O–Ti–O trilayer
of close-packed atomic planes. This structure is fully consistent with the model previously
proposed by Maeda et al. [170], and similar to the structure that was already suggested for
the TiO2 film prepared by SO of the Ni94Ti6(110) alloy [153].

3.3.4. Pt

Such a substrate has been the most intensively investigated one. There are several reasons
for this choice: the first one is related to the relatively low reactivity of Pt toward oxygen,
which favours a sharp substrate/oxide-film interface and a scarce substrate/oxide-film
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interaction, as anticipated by the theoretical calculations by Jennison et al. [174] who
calculated the relative energies of the Pt/O, Pt/Ti and Ti/O interfaces. Actually, more
reactive substrates are expected to influence the interfacial chemistry via their participation
to the oxidation process during the film growth.

In addition, the choice of the Pt substrate was originally stimulated also by the
promotion properties of Pt in photocatalysis [175] and by the fact that TiOx/Pt system is a
prototypical example of the strong metal support interaction (SMSI) effect [176]. Actually,
the origin of the SMSI effect was first clarified by Dulub et al. [177] by atomically resolved
STM images: Pt islands deposited on TiO2(110) were encapsulated by an ordered TiOx

film after UHV annealing at 1100K with a corresponding decrease in the catalytic activity.
Similar structures were subsequently observed by analysing the corresponding inverse
catalyst model, i.e. directly growing TiOx films on the Pt(111) substrate (the z0 phase,
see Section 3.3.4.2).

All the three low-index Pt surfaces have been investigated, but the most abundant data
set has been obtained on Pt(111) by some accurate and long-term work done by the
research groups of two of the authors of the present review. Most probably, the fact that it
has been possible to clarify the fine details of seven different UT phases on the Pt(111)
substrate is directly related to the higher surface density of Pt(111) with respect to the other
low-index surfaces, which is beneficial in minimising the tendency of Ti atoms to
interdiffuse into the Pt bulk and form alloys [178], which in turns tend to mess up the film
growth. A comparable level of details have been obtained on VOx UT films on similar
noble metal substrates (i.e. Pd(111) and Rh(111)) [22,34].

Since the degree of understanding attained for the TiOx/Pt(111) system by using a large
set of experimental and theoretical tools is remarkable, in the following we will illustrate
the major results obtained on such system in more details than for the other discussed
systems.

3.3.4.1. Pt(100). Matsumoto et al. [150] have investigated the growth of UT TiOx films
on Pt(100) by a complete set of experimental tools, i.e. LEED, XPS, AES, TPD, XPD,
LEIS and STM. TiOx films were prepared by RD of Ti in an oxygen atmosphere
(6.7� 10�5 Pa) at 300K, followed by a subsequent annealing at higher temperatures
(750–1300K). The structure of these films strongly depended on the coverage of Ti and the
annealing temperatures. Films with a (3� 5) structure were observed after annealing of
51ML Ti above 750K [150]. This structure was attributed to one layer of a Ti2O3 film.
Subsequent annealing to 700–950K in vacuum produced disordered oxide regions and
domains of a (4� 13) structure with a square Ti–O net. This film further transformed upon
annealing at 1000–1100K into a phase exhibiting a (2ˇ2� 2ˇ2)R45� structure that was
attributed to a Ti5O8 film. When annealing �2ML of Ti at 850–1000K, a (4� 3ˇ5)R60�

structure was observed. The authors proposed that this structure is a TiO2 tetragonal net
with some O atoms in the second layer. The (4� 3ˇ5)R60� structure changed to a (3� 5)
structure after annealing above 960K in vacuum due to the reduction of Ti ions. All the
above reported structural assignments were made on an empirical basis, without any
support from theoretical results and also the assigned stoichiometries were only tentative.

The same authors have also studied the structural and chemical changes occurring at
the (3� 5)-Ti2O3 film during oxidation with O3 (ozone), NO2 (nitrogen dioxide) and NO
(nitric oxide) at 600K, and reduction with CO and HCOOH (formic acid) [179].
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3.3.4.2. Pt(111). The TiOx/Pt(111) system was first studied by Boffa et al. [180] in 1995,
when they reported on the preparation and characterisation (by XPS, LEED, STM

and LEIS) of UT TiOx films up to 5ML range. They described their wetting behaviour and
the tendency of interdiffusion of Ti into the substrate after different annealing treatments.

A total of two ordered nanostructures were at that time described. First they described the

presence, for a large coverage range, of a stoichiometric TiO2 phase with a hexagonal

ð
ffiffiffiffiffi
43
p
�

ffiffiffiffiffi
43
p
ÞR7:6� superstructure which corresponds to a unit cell of 18.2� 18.2 Å2.

However, subsequent work by Sedona et al. [181] has demonstrated that this phase is

actually a reduced phase (labelled as w, see below) whose structure has been solved [84]

(see below). By annealing at high temperature (923–1123K) in UHV, a second phase was

observed. In this case the XPS spectrum showed two distinct components for the Ti 2p3/2
peak: one at 458 eV, identical to that reported in the previous phase and assigned to Ti4þ

ions, and another at 456.2 eVwhich was assigned to Ti3þ ions. The authors proposed for this

phase, a stoichiometry close to Ti4O7. After the annealing the authors individuated from the
LEED a commensurate structure with a size of 13.9� 18.2 Å2, noted as ½5 0

1 7�. Unfortunately,

the quality of the STM images was not sufficient to derive any atomic model

for the corresponding film. Only a simplified structural model of the TiO2 layer, derived

from the (111) surface of rutile with significantly expanded O–O spacing, was proposed.
For the Ti4O7 phase, a close relationship with the (110) surface of rutile and an ordered array

of O defects was suggested [180].
To rationalise the behaviour of such TiOx/Pt(111) system, an extensive work has been

done in the SS group of the University of Padova. With respect to the two phases reported
by Boffa et al. [180], a more complex situation with plenty of different phases has been

described: after a long and patient search [182], optimised experimental conditions have

been found, which revealed as effective recipes for preparing seven different almost pure

(as judged by LEED and spot STM images) UT phases of TiOx (1.2� x� 2) on Pt(111)
[181]. All the resulting phases have been characterised by different surface science

techniques, i.e. photoemission from core and valence levels (including synchrotron

radiation studies) [181,183], LEED [181,184], XPD [181], STM [181,184], and models have
been obtained by DF calculations (see Section 2.2 for the adopted theoretical framework)

so that reliable stoichiometries were derived [84,185–187].
The preparation procedures for obtaining the TiOx/Pt(111) films implied two main

steps: (i) the deposition of a precursor film at RT by RD with a well-defined Ti dose in an
O2 pressure of 10

�5 Pa, (ii) a post-deposition thermal treatments at different temperatures

and O2 pressures (5� 10�4�PO2� 10�8 Pa). In particular, in order to get optimised

conditions for each phase, the Ti coverage (expressed in MLE), the post-deposition

annealing temperature and oxygen pressure were carefully analysed. Figure 10 summarises
such optimised conditions as well as the structural parameters deduced from the LEED

patterns (Figure 11) and STM images (Figure 12) of the different long-range TiOx phases,

which correspond to different stoichiometries and defects distribution [84,181,183,184].

The combined LEED and high resolution STM data have shown that each phase
corresponds to large domains with either hexagonal or rectangular unit cell.

The hexagonal structures can either be arranged in a so-called wagon-wheel-like [184] or

in a kagome-like (a Japanese word meaning bamboo basket) lattice [84] (where hexagons
are sharing their vertices). Some of the rectangular structures are characterised by

a peculiar zigzag-like appearance [185,186].
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The set of TiOx phases can be divided into two groups depending on the oxidation state

of Ti, whose occurrence is basically driven by the oxygen partial pressure during the

post-deposition annealing. For PO2510�5 Pa, the w, w0, z and z0 reduced phases are

obtained (Figure 10), characterised by a Ti 2p BE at 456.4 eV. They are all wetting Ti–O

bilayers where the Ti layer is at the interface with the Pt substrate and the O layer is the

topmost layer (as proven by XPD data [181]). As a whole, the different structures of the

reduced phases can be interpreted as the final products of a self-assembling process where

the Ti atoms tend to organise in pseudo-epitaxial regions on Pt(111), while the O atoms in

the topmost layer (more abundant due to stoichiometry constraints) solve the packing

problem by creating pseudo-epitaxial regions that exhibit dislocation lines (dark troughs)

or regions where Ti vacancies (defects or picoholes) can be formed, as clearly seen in the

corresponding STM images (Figure 12) [84]. According to DF simulations of the STM

images within the Tersoff–Hamann approach (see Section 2.2), the zigzag-like habitus of

the z and z0 phases is to be connected to true electronic effects related to the presence of

differently coordinated Ti atoms: the brighter spots correspond to four-coordinated Ti

ions (Ti4), whereas the darker ones to three-coordinated Ti ions (Ti3) (see in Figure 13 the

case of the z-TiO1.33 phase [185]).

Figure 10. Summary of the TiOx phases on Pt(111) prepared in different conditions (i.e. O2 pressure,
in Pa, and Ti dose, in MLE): k¼ kagomé; z¼ zigzag-like; w¼wagon-wheel-like; rect¼ rectangular.
Superstructures in matrix notation are related to the hexagonal mesh of Pt(111) with d¼ 2.77 Å
and �¼ 120�. The corresponding unit cells are also reported. The actual stoichiometries reported
were obtained from the corresponding models derived by DF calculations. Based on data from
References. [84,181,183].
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Figure 11. Summary of the LEED patterns of the observed TiOx long-range ordered phases grown
on Pt(111). The pertinent primary beam energies are reported in each panel. Based on data from
References [181,183].
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An interesting study has been carried out on another zigzag-like phase, i.e. the one
labelled as z0, easily prepared by annealing the z phase at ca. 673K in UHV [185,186].
Depending on the post-annealing time in UHV, the evolution of surface defects (troughs
and picoholes) has been followed by atomically resolved STM images and it represents
an example on how a SS rigorous approach on model systems can provide valuable insights
on the role and evolution of defects in oxides. A detailed description of the evolution
of each defect as a consequence of heating has been obtained at the DF level
(Figure 14) [186]. A similar, but not identical, z0 phase has been found to grow on Pt and
Pd islands deposited on TiO2(110) single crystals and heated in UHV at high temperature
[177,188]: as a consequence of the SMSI effect the metal islands are encapsulated after a
UHV annealing by a very thin TiOx layer where a zigzag-like motif is observed. However,
it is to be noted that the preparative conditions are slightly different in the two cases.
Based on the results of DF calculation, Jennison et al. [174] proposed an atomic model
consisting of a polar self-limited double layer which is rather complex and contains some
questionable points. In addition, recently Bowker raised the question whether this z0-like
layer is an intermetallic-like alloy or a complete TiOx bilayer [189]. However, the excellent
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Figure 12. High-resolution STM images: k-TiOx phase (30 Å� 30 Å, V¼�0.4V, I¼ 1.06 nA),
z-TiOx phase (60 Å� 60 Å, V¼ 0.1V, I¼ 1.5 nA), z0-TiOx phase (90 Å� 90 Å, V¼ 0.8V, I¼ 1.5 nA),
rect-TiO2 phase (90 Å� 90 Å, V¼ 0.8V, I¼ 1.5 nA, w-TiOx phase (75 Å� 75 Å, V¼ 1.3V,
I¼ 1.9 nA), w0-TiOx phase (126 Å� 126 Å, V¼ 0.2V, I¼ 1.0 nA). Based on data from
References [181,184].
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Figure 13. DF-derived model (left) for the zigzag-like z-TiO1.33/Pt(111) system. Ti atoms in orange,
O atoms in red and Pt atoms in grey. The experimental (right) and Tersoff–Hamann simulated STM
images are compared. The different Ti coordinations (Ti4 and Ti3) are outlined with circles of
different colours. Based on data in Reference [185].

Figure 14. DF-derived model (left) for the zigzag-like z0-TiOx/Pt(111) system. Ti atoms in light blue,
O atoms in red. The experimental (right) and Tersoff–Hamann simulated STM images for
the different defects observed during the UHV annealing are compared. Based on data of
Reference [186].
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agreement between the recent DF model and experiments [186] gives some support to the
latter hypothesis, at least in the case of the TiOx/Pt system.

An interpretation similar to the one invoked for the z phase (i.e. the different
coordination of Ti atoms) has also been proposed to explain the wagon-wheel contrast
of the w phase (Figure 15) [84]. However, despite the good agreement between experimental

and simulated STM images, there are still open questions concerning this w phase.
The main issue is that in this case, at variance with the z0 case, the theoretical Ti coverage
(0.7MLE) does not match the experimentally derived one (0.85x51.2MLE,
see Figure 10). One is therefore forced to hypothesise that some of the deposited
Ti atoms do not stay in the TiOx film, but intermix with the support, possibly producing

some sort of Pt/Ti sub-surface and/or surface alloy, similar to what it has been suggested
in the literature for the encapsulating pin-wheel phase obtained after UHV heating
of the Pd/TiO2(110) system [188]. In addition, the structure depicted in Figure 15 is
a stable local minimum, but other stable structures with the same stoichiometry are

also predicted at a DF level, such as a pin-wheel phase showing a habitus similar to the one
found for the TiOx/Pd(111)/TiO2(110) system [188]. Hence it seems that the actually
observed phase is the result of a subtle balance between different factors, like the nature
of the substrate, the preparative (kinetic) conditions, so that the mentioned debate on the

Figure 15. Wagon-wheel-like w-TiOx/Pt(111) phase: (a) DF-derived structural model: yellow
segments link the Ti4 atoms; blue segments link the six Ti3 atoms at the border of the central
cavity; (b) simulated constant-current STM image at þ1.0V; (c) experimental constant-current
STM image at þ1.0V. In (a), Pt atoms are depicted in grey, Ti in red and O in light blue.
From Reference [84].
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nature of the observed phase (i.e. intermetallic-like alloy versus a complete TiOx bilayer) is

still an open question and further investigations are needed to solve it.
For PO2410�5 Pa, the rect and rect0 phases were obtained corresponding to a

fully oxidised Ti with a BE at 458.6 eV, which have, at variance with the reduced films,

an O–Pt interface. Interestingly, as a consequence of the scarce Pt–O interaction [174],

such rect and rect0 oxidised phases are observed with identical cell parameters both

on the Pt(111) [187] and (1� 2)-Pt(110) substrates (see Section 3.3.4.3, [166,190]),
and tend to dewet from the substrate and grow as flat islands. A similar rect-VO2 phase

was already observed on Pd(111) [191]. The rect phase is actually confined to a thickness

corresponding to four atomic layers, while the rect0 one can be up to several layers thick

and is actually obtained when higher Ti doses are used (41.2MLE). The really
important point is that, because of the scarce interaction between the fully oxidised

film and the Pt substrate (as also demonstrated by specific DF calculations [187]),

the substrate acts as a mere arena where the films assemble and the actual final
phases can be representative of titania confined at the nanoscale, which potentially

are different from the bulk-like phases. Actually, the structure of the rect nanophase has

been unequivocally associated with a self-limited lepidocrocite-like nanosheet, in complete

agreement with DF calculations and XPD experiments [166,190] (see Section 3.3.4.3).
Preliminary data on the rect0 phase favour the assignment of its structure to the layered

TiO2(B) phase [192].
Larger Ti deposits (42MLE) produced nanoparticles (NPs) of fully oxidised titania on

top of a reduced wetting ML, whose structure is actually depending on the preparation
procedure [193]. These NPs are 3D, randomly distributed but exhibit a preferential

azimuthal orientation with respect to the Pt(111) substrate, probably because of the

templating effect of the wetting ML. When the deposition is carried out by successive

steps, followed by a thermal treatment of the sample at 920K in O2 (1.33� 10�5 Pa), the
fully oxidised titania NPs grow on top of the w phase. The deposition procedure is similar

to the one adopted by Boffa et al. [180] and this might explain the discrepancy between

their interpretation of the ð
ffiffiffiffiffi
43
p
�

ffiffiffiffiffi
43
p
ÞR7:6� phase and the one subsequently reported:

according to the first study this phase would be fully oxidised and would exist in a large

coverage range between 1 and 5MLs, whereas the subsequent interpretation, supported by

XPD and theory [84,181], associates it to the reduced w phase, i.e. a 1ML-thick phase

exhibiting the wagon-wheel-like structure. Most probably, Boffa et al. wrongly associated
the LEED of the wetting ML with the XPS data of the fully oxidised NPs deposited on

top of it.
After studying the geometric structures of these TiOx phases on Pt(111), an electronic

structure investigation of the same phases by means of high-resolution Ti 2p and O 1 s core
level and by VB UPS using synchrotron radiation has been reported [183]. The VB data

were collected with photons of 200 eV energy, corresponding to the minimum cross section

for the Pt 5d levels so that the contribution of the substrate is effectively quenched and the

structure of the film evidenced. The VB-UPS results demonstrated that the electronic
structure of the reduced films is quite similar to that previously reported for the oxidation

of metal Ti, and fairly consistent with the presence of a Ti–Pt interface, in agreement with

previously reported XPD data [181]. The analysis of the region near Ef has also suggested
that mixing of Ti–Pt states play a major role in determining the electronic structure of the

reduced films.
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Very recently, Agnoli et al. [41] have reported a study where the combined use of
LEEM and m-LEED allowed the in-situ monitoring of dynamical processes at the
TiOx/Pt(111) interface. The transformations between different phases were investigated
and a general outcome of this study was that the kinetic factors have a relevant role in the
preparation of such UT films and must be taken into account in order to explain
the observed transformations. In particular, heat-induced mass transport of Ti atoms in
and out of the substrate bulk is to be hypothesised to clarify some observed coverage
dependent phenomena.

Finally, we mention that the catalytic properties of UT TiOx/Pt(111) films themselves
have started to be explored [194,195].

3.3.4.3. Pt(110). The fully oxidised titania phases prepared on the Pt(111) substrate were
also prepared under similar conditions on the (1� 2)-Pt(110) substrate. Such surface
orientation (two-fold symmetry) was chosen in order to induce single-domain growth of
the overgrowing film. This is further favoured by the (1� 2) missing-row reconstruction
of Pt(110) with its highly anisotropic corrugation: the surface is atomically smooth
along the [110] close-packed direction, while it shows alternating ridges and troughs along
the reconstructed [001] azimuth.

Actually, lepidocrocite-like single-domain nanosheets (i.e. the rect-TiO2 phase already
seen on Pt(111)) were obtained with a (14� 4) coincidence superstructure and their
structure, electronic properties and morphology have been discussed in great details on the
basis of LEED, photoemission (both core and VB), XPD, STM and DF calculations
[166,190]. The excellent agreement between simulated and experimental XPD patterns
gave the ultimate demonstration of the structure of the investigated nanosheet (Figure 16).
According to the DF calculations, the formation of the lepidocrocite-like nanosheet can be
thought as originating from a (100) oriented anatase bilayer which spontaneously
restructure by a uniaxial relative sliding of one single layer with respect to the other by half
a unit cell. The process is self driven by the spatial confinement, whereas a minor role is
played by the interaction with the substrate. Figure 17 shows a comparison between the
experimental high resolution STM image of the (14� 4)-rect phase and the corresponding
Tersoff–Hamann simulation carried out on the lepidocrocite-like nanosheet.

3.3.5. Ru(0001)

The structure, chemical composition and thermal stability of TiOx films with thickness of
up to 3ML grown on a Ru(0001) substrate were investigated by STM, XPS and AES [196].
The films were prepared by evaporation of Ti in 1� 10�7mbar O2 onto Ru(0001) at 640K,
followed by annealing in 1� 10�7mbar O2 or in UHV at temperatures between 700 and
1000K. Depending on the Ti coverage and post-annealing conditions, several different
structures of Ti oxide were found. The authors describe the formation of triangular ML
islands, whose density depends on whether post-annealing is done under O2 pressure or in
UHV. At ML coverage the system is not fully oxidised. Flash annealing to 1000K
in oxygen leads to the formation of a fully oxidised film exhibiting an imperfect Moiré
pattern, associated with a hexagonal overlayer with a lattice constant of 0.3 nm, whose
structure is fully consistent with the model previously proposed by Maeda et al. [170]
on top of Cu(100) and by Bardi et al. for the SO of the Ni94Ti6(110) alloy [153].
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3.3.6. Au(111)

The Au(111) surface has also been considered as a substrate for the growth of titania UT
films [197–199]. A peculiar preparation technique was adopted in Reference [199]:
the reactive-layer-assisted deposition, in which a physisorbed multilayer of one reactant is
first deposited on a substrate and the second reactant (metal) is then physical-vapour
deposited onto this layer. The metal atoms react with the loosely bound molecular
multilayer at relatively low temperatures. Raising the substrate temperature then causes
any unreacted, adsorbed molecule to desorb from the substrate surface, and the final
product compound is left on the surface in the form of an ensemble of NPs, rather than
UT films. In the case of TiOx on a 10ML thick layer of H2O adsorbed on Au(111) the
system was characterised via XPS and STM measurements, showing that it consists of
titania NPs of 0.5–1 nm in size self-organised in complex patterns on the surface [199].
Well-separated TiOx islands were instead prepared via physical vapour deposition of Ti on
the bare Au(111) surface and successive PO conducted at 300K with a final annealing at

Figure 16. Comparison between selected azimuthal and polar simulated (full lines) and experimental
(marked lines) XPD scans for Ti 2p emission from a single lepidocrocite-like nanosheet on
(1� 2)-Pt(110). From Reference [190].
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temperatures ranging from 600 to 900K [200]. Ti was shown to nucleate at the elbow sites
of the herringbone reconstruction of the substrate, the oxidation state of Ti was found to
depend on the annealing temperature, with TiO2 stoichiometry obtained at the higher
values, and partially reduced phases produced at lower T. Moreover, UT TiO2 films have
been prepared on Au(111)/mica substrates by either electron beam evaporation from
TiO2-containing graphite crucible or dip coating in titanium tetrasopropoxide solutions
[201]. It was reported that fully oxidised TiO2 films can be deposited at
PO244� 10�5mbar which tend to cluster into 3D NPs. In the case of a 10 nm thick
TiO2 film, the Au surface is completely covered by TiO2. For dip coating, the precursor
concentration in the solutions strongly influences the TiO2 films surface morphology.
At higher concentration (40.01M) small and highly porous island are formed; at lower
concentrations a thin continuous film is obtained. In addition, UT TiO2 films were also
synthesised by evaporation of Ti on the Au NPs covered Si(111) surface in O2 atmosphere
(PO2¼ 5� 10�8mbar) [202]. The results showed that the TiO2 films prefer to grow on the
spots among the Au NPs with both (111) and (110) orientations.

3.3.7. W(100)

Epitaxial TiOx films of thickness ranging from 0.3 to 7 nm were grown on the W(100)
surface [203–205]. The thicker films were shown to exhibit an epitaxial growth and to be

Figure 17. [Colour online] Left panel: top view of the 14� 1 slab DF model of the lepidocrocite-like
titania nanosheet. Central panel: Tersoff–Hamann simulation of the STM image. Right panel:
experimental STM image (V¼+1V). From Reference [190].
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terminated with a TiO2(110) surface. As the film thickness decreased, however, the
formation of interface-stabilised, non-stoichiometric phases was demonstrated via LEED
and XPS. Unfortunately, no STM images were given for the thinnest films, so that no
structural model was proposed. Their electronic properties have been studied by
photoemission and vibrational spectroscopies [205]. When the films are below 7ML,
they appear non-stoichiometric due to the charge transfer from the W substrate and thus
cause band bending and pushed VB onset of TiO2 films to higher BE. The work function
of the W substrate increases by 1.3 eV when covered by 0.3ML of TiO2. The thicker TiO2

films (47ML) display stoichiometric TiO2 properties and show the VB onset 2.85 eV below
the Ef. The vibrational spectroscopy indicated three phonon bands at 368, 438 and
829 cm�1 (at 273K) for these TiO2 films and their intensity scales linearly with film
thickness and shift slightly to lower frequencies with temperature.

4. Aluminium oxide ultrathin films

Al2O3 is a material that has a great number of technological applications: as a catalyst or
catalyst support, as a cutting-tool or protective material and as tunnelling barrier in
electronic-device fabrication. It is a good insulator with a band gap of 9.5 eV [206] and
cannot be made conducting by doping. The common chemical composition of aluminum
oxide is Al2O3 (also named as alumina or sapphire), which exhibits several different bulk
phases. Besides the stable phase �-Al2O3, alumina can also exist in a number of metastable
polymorphs [207–209] such as, �-, �-, �-, �-, �- and �-alumina [210]. The structures of the
metastable aluminas can be divided into two distinct categories based on either an fcc or
hexagonal close packed (hcp) arrangement of the anions. The first step towards an
understanding of the different physical properties of the diverse polymorphs is the
inspection of their atomic structures.

In the following we first briefly summarise the main peculiarities of the reference bulk
phases and then review the work done on UT alumina films, produced either by SO or by
deposition on a different metal surface. Most of the work done on the growth of alumina
UT films has been done by SO of bulk surfaces of MxAl alloys (M¼Ni, Fe, Cu) single
crystals. The alumina films prepared by this method are sometimes long-range ordered and
well characterised. At variance with the titania UT films, as evidenced in Section 4.3, the
deposition of alumina films by Al evaporation is rather problematic. Most probably such
a difference is to be traced back to the easier oxidation of Ti with respect to Al atoms.

For a better comparison of the properties of UT alumina films on different substrates,
we summarise in Table 1 their chemical composition, film thickness, crystal structure and
LEED pattern.

4.1. Bulk aluminum oxides (Al2O3)

4.1.1. �-Al2O3

The �-phase has been well studied both experimentally [211–214] and theoretically
[210,215–219]. Depending on crystallographic definition (crystal or lattice symmetry),
�-Al2O3 is described as trigonal or rhombohedral [211–214]. The crystal structure can be
viewed as O atoms arranged in a close packed hexagonal array (stacking sequence
ABAB. . .), with the Al atoms occupying two-thirds of the octahedral interstitial sites
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present between the O layers (space group R3c) [212–214]. Each oxygen layer has a
layer of aluminium atoms in a (ˇ3�ˇ3)R30� arrangement on each side, and these
aluminium–oxygen–aluminium sandwich structures then repeat to form the crystal.
The primitive lattice of the structure is rhombohedral with lattice parameters, a0¼ 5.13 Å
and �¼ 55�200 [212].

4.1.2. �-Al2O3

The crystal structure of the �-phase of Al2O3 belongs to the orthorhombic class and contains
eight Al2O3 molecules per cell (space group Pna21) [220–222]. In terms of coordination
polyhedra, it can be described as an ABAC . . . closed-packed stacking of O atoms, with
Al atoms occupying octahedral and tetrahedral sites. The number of octahedral and
tetrahedral Al atoms in a unit cell is 12 and 4, respectively [210,223–225].

4.1.3. �-Al2O3 and �-Al2O3

Up to now, the basic structural properties of �-Al2O3 have not yet been fully clarified.
The prevailing understanding is that �-Al2O3 is a defective spinel structure (space group
Fd�3m) with vacancies on cation sites and two types of cation coordinations, the octahedral
coordination Al–O6 and the tetrahedral coordination Al–O4 (in �-Al2O3 there is only
Al–O6 coordination). 8/3 cation vacancies per cubic unit cell (one vacancy in every nine
cation) are required to maintain the Al2O3 stoichiometry. There exists a long-standing
controversy as to whether the vacancies should occupy the octahedral or the tetrahedral
sites. An empirical pair potential has been used to model the structure of �-Al2O3,
followed by density of state (DOS) calculations [226]. It was tentatively concluded that the
cation vacancy prefers the octahedral site. With the cation vacancies further involved,
investigation on the properties of �-Al2O3 becomes a formidable task.

It is known that �-Al2O3, a metastable precursor phase of �-Al2O3, has a similar local
coordination to �-Al2O3 [207,227]. It was also shown that a common transformation
sequence from �-Al2O3 to �-Al2O3 involves the �-Al2O3 phase [228–230]. Similar to
�-Al2O3, �-Al2O3 is an ordered phase, so its electronic and optical properties can be
calculated unambiguously [210,231,232]. A good understanding of the electronic and
optical properties of �-Al2O3 is certainly of help for the elucidation of �-Al2O3 in general.
The crystal structure of �-Al2O3 has also been investigated by SEM, X-ray and electron
diffraction, HRTEM and vibrational spectroscopy by Husson and Repelin [227]. It is
reported to possess a monoclinic symmetry with the space group C2/m. There are 5 ions
per formula unit with all of the ions located at the 4i Wyckoff position. The aluminium
cations occupy four octahedral and four tetrahedral interstitials of the oxygen sublattice.
On the theory side, in addition to structural calculations in very good agreement with the
crystallographic data, Wilson et al. [233] developed an interatomic potential model for
simulations in Al2O3. They used a shell model, a compressible ion model, as well as a
compressible ion model with both dipole and quadrupole polarisability of the O�2 ions to
calculate the energy difference between �- and �-Al2O3. The �-Al2O3 phase was found to be
less stable. They also concluded that the compressible O ion is the origin for stabilising the
�-structure with respect to the �-structure.

The crystal structures and the transformation mechanisms among the �, � and � phases
have been studied by X-ray and neutron powder diffraction by Zhou and Snyder [208].
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The profile analysis of various reflection zones in the defective spinel structure shows
different coherent domain sizes, which can be associated with the tetrahedral and
octahedral Al sites within the O sublattice. The authors are of the opinion that the
transition aluminas should be considered spinel deformed rather than tetragonal
deformed. This however is not fully supported by theoretical indications [234–236]
suggesting that the spinel model of �-Al2O3 does not accurately reflect its structure.
These indications have been used to derive a more realistic non-cubic model [237] that has
also been tested in terms of mechanical and electronic properties [238], yielding results in
reasonable agreement with experimental data, even though further work is still needed to
fully settle the structural issues [239].

4.2. Surface oxidation of Al metal

The growth of alumina films by SO of Al(111) single crystal substrates has been
investigated [240–243]. However, the resulting films are not particularly well defined and
are often polycrystalline or randomly oriented [240]. This is because the most stable sites of
the chemisorbed oxygen are found in tetrahedral sites below the topmost Al atomic plane.
Such subsurface oxygen atoms induce a very large (37%) increase in the mean interplanar
distance of the topmost layers and thus deteriorate the surface crystalline structure [244].

The chemical composition and the chemical state of the Al and O ions of thin
aluminium-oxide films grown by thermal SO of a Al(431) substrate at a partial oxygen
pressure of 1.33� 10�4 Pa in the temperature range 373–773K were studied using XPS
[242]. At low temperature (5573K) and high oxygen partial pressure, an aluminium
deficient (compared with Al2O3) amorphous oxide film is formed with a limited thickness
(54 nm). At higher temperatures (4573K) and low oxygen partial pressure, an
Al-enriched, amorphous oxide film is formed initially, which gradually attains the
stoichiometric composition of Al2O3 and becomes crystalline (�-Al2O3) (�6 nm).

Oxygen transport and oxidation kinetics of Al(110) at elevated temperatures in O2 has
been studied using MEIS [245]. Oxidation results in the formation of a stable
stoichiometric Al2O3 layer with fairly abrupt interfaces. The time dependence of the
film growth follows inverse logarithmic law, in agreement with the Cabrera–Mott
oxidation mechanism [246], and the film growth kinetics is independent of the
crystallographic orientation on low-index surfaces [243]. The main drawback of this
method is that the thickness and crystal structures of these alumina films cannot be easily
controlled.

4.3. Surface oxidation of MxAl alloys (M^Ni, Fe, Cu)

4.3.1. NiAl

Preparation of UT alumina films by oxidation of NixAl alloy single crystals in low oxygen
pressure and at high temperature has been intensively investigated [19,20,38,247–253].
The alumina films prepared by this method are long range ordered and their thickness is
about 0.5–1 nm [247–249]. The NixAl single crystal alloys mainly investigated are NiAl (all
the low index surfaces) and Ni3Al ((111) and (100) surfaces).

The crystal structure of NiAl is the CsCl structure which forms a simple-cubic lattice
with a lattice parameter of a0¼ 2.88 Å [212]. The SO of its surfaces goes along the
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following steps: (i) adsorption of oxygen induces segregation of Al atoms to the top of the
surface; (ii) the Al atoms react with the adsorbed oxygen at elevated temperatures and a
thin, well-ordered alumina film is grown. Precise control of the film thickness and crystal
structure is the principal advantage of this synthesis process. The alumina films grown on
the NixAl alloys have been partially reviewed previously [20,31,38,254]; in this section,
only the important and new points concerning the UT films are summarised.

4.3.1.1. NiAl(110). By far the most extensively studied alumina UT film is the 0.5 nm
thick film formed by high-temperature SO of the NiAl(110) surface [247,252,253,255–270].
The NiAl(110) surface consists of alternating rows of Ni and Al atoms and has a
rectangular surface symmetry. LEED analysis demonstrates that it possesses a large
rippled relaxation, with the Al sites of the top layer being displaced approximately
0.022 nm above the Ni sites [249,250]. Surface phonon dispersion measurements and
surface lattice-dynamics studies of NiAl(110) confirm such surface rippling, where first
layer Ni atoms are displaced inwards and first Al atoms are displaced outward [251,252].
The structure of the NiAl(110) as well as the Ni3Al (111) and (100) surfaces has been
studied computationally [271–273], finding in general good agreement with the exper-
imental data. The LEED patterns of the UT alumina films indicated the growth of a
two-domain overlayer [259,260]. Each domain exhibits rectangular symmetry and is
rotated at 24� with respect to the [110] symmetry direction. On the basis of the bulk
materials (see above), one would expect that this film involve hexagonal O planes and
octahedrally and tetrahedrally coordinated metal atoms with an overall Al2O3

stoichiometry [262,274]. Initial STM studies [258,261] in fact suggested that the film is
similar to the �- or �-phase, in agreement the analysis of truncated-rod XRD spectra [247].
The detailed structure of oxide films grown on the NiAl(110) was finally clarified by
combining DF calculations and STM investigations [256] and exhibits a slightly different
structure for this film. The film turns out to have a non-stoichiometric Al10O13

composition and to be formed by alternating layers of Al and O ions with stacking
sequence ðAl2þ4 O2�

6 Al3þ6 O2�
7 Þ, corresponding to interfacial aluminium (Ali) and oxygen (Oi)

ions, and surface aluminium (Als) and oxygen (Os) ions. Four Al10O13 units are present in
each unit cell, that is commensurate with the NiAl(110) substrate along one of its
diagonals, but incommensurate in the orthogonal direction. Its structure – see
Figure 18(a,b) – is such that different tunneling conditions in the STM measurements
allow one to associate different atoms: Os, Als and Ali, to bright spots, and thus to
univocally locate most of them, see Figure 18(c–e). Starting from the outmost layer, one
finds a modulated hexagonal lattice of Os ions with 0.51 nm periodicity. Almost coplanar
with this layer, as predicted for the termination of bulk single crystal alumina surfaces
[275–278], Als ions are also arranged in a nearly hexagonal pattern with an Al–Al distance
of 0.303 nm, corresponding to the Al–Al distance in the surface layer of the
(ˇ31�ˇ31)R� 9� reduced sapphire(0001) surface observed after high temperature
annealing. They are surrounded by three or four Os ions (that are all three-coordinated)
and lye on top of Oi ions (this is also the reason why they can be distinctly imaged by STM
in proper conditions), thus occupying tetrahedral or incomplete (truncated) octahedral
sites in even number. Interfacial Ali ions in a reduced oxidation state (Al2þ) finally lye at
the bottom of the oxide layer, arranged in pentagonal and heptagonal rings that can be
seen as reconstructions of the honeycomb lattice formed by Al ions typical of �–Al2O3.
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As they are reduced and nearly all of them lye underneath Os ions in the outmost layer, the

Ali ions are imaged as bright spots by STM in proper conditions. The reconstruction in
pentagonal and heptagonal rings allow the Ali ions to achieve three-fold coordination with

Oi ions (in bridge positions) and simultaneously avoid Al atoms from the NiAl(110)
substrate (short-range chemical order). Note that the oxide layer is insulating with a wide

band-gap. This structure [256] is in good agreement with previous theoretical predictions
[262], as well as with photoemission data indicating two alumina oxidation states [263].

The structure has been substantially confirmed by successive investigations [270]. Resolved
details of the wavelike morphological features of the film and analysis of the atomic

corrugation point to interactions between the film surface and the substrate [268],
connected with stress and commensurability [265,266]. The stability of the film has been

investigated in Reference [269].
Three main types of defects are present on the surface: oxide step edges resulting from

atomic steps in the underlying NiAl(110) substrate; domain boundaries between the two
reflection domains and antiphase domain boundaries that are spaced on average by about

10 nm and separate oxide areas inside a reflection domain (see Figure 19) [253,259]. As the
defect structure is important for the growth of the metal clusters, all of these defect sites

are preferential nucleation sites resulting in line structures of metal clusters along the step
edges and domain boundaries [279]. It can be noted that not only rotation domain

boundaries, but also translation domain (antiphase) boundaries exist, i.e. boundaries
separating regions whose crystal lattices are displaced relative to each other by

Figure 18. [Colour online] The proposed model of the 0.5 nm thick Al2O3/NiAl(110) film, by Kresse
et al. (a) Top and (b) side views of the proposed structure, with close up (f) of different Al cation
sites. (a) Top and (b) side view of the DF- and STM-based model for the UT aluminium oxide
film on NiAl(110). (c), (d) Experimental STM images of the film at RT and (e) at low temperature.
The unit cell is marked by white rectangles. From Reference [256].
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a translation that is not a unit-cell vector [258,265]. It has been shown [266] that they do
not originate when islands with displaced lattices impinge during growth, but rather that
they form spontaneously due to the strain-energy reduction of the dislocations that
terminate these planar defects.

Attempts have been made to grow thicker films on the NiAl(110) substrate by direct
oxidation at high temperatures [280–285] and oxygen pressure. At higher temperatures,
direct oxidation yields thicker films that exhibit complex LEED patterns. A 1.5 nm thick
film has been reported from growth at 1070K [281] and, at a slightly lower temperature
(1020K), a film 1.09 nm thick [282]. No STM or other microscopy data have been
reported, so the degree of surface roughness or continuity of these films is not known.
Thicker films have also been grown by deposition of Al onto the ordered 0.5 nm
Al2O3/NiAl(110) films, followed by oxidation at 1070K [285]. RHEED indicated an
ordered film but with the oxide (111) surface tilted with respect to the NiAl(110) surface.
A quite different results is obtained when atmospheric pressure SO is considered: in a
recent work [286], such a study has been conducted by SO at 870K producing a well-
ordered �-Al2O3 epitaxial layer showing a R30� orientation with respect to the underlying
substrate and later following the evolution from �-Al2O3 to �-Al2O3 via in-situ grazing
incidence XRD (GIXRD) as the temperature was increased to 1200K.

4.3.1.2. NiAl(100). The (100) layers of NiAl have ABAB . . . stacking sequence and the
NiAl(100) surface is terminated either by an Al or Ni layer. A preferable Al termination
was suggested from LEED I/V studies [249,287], but later 180�-neutral impact collision ion

Figure 19. STM image (500� 500 Å2) of the aluminium oxide film formed on NiAl(110)
by oxidation. A step edge (S), a reflection domain boundary (R), as well as an antiphase domain
boundary (A) are indicated. Tunnel current is �0.4 nA, sample bias is �1.3V. From
References [249,259].
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scattering spectroscopy (NICISS) and high-resolution spot profile analysis of LEED [288]
found that the surface structure and composition depends on the cleaning treatment.
Long time annealing below 500K results in a p(1� 1) LEED pattern corresponding to a
defective Al-terminated surface, whereas, after flashing a 1400K and rapid cooling down
to RT, another p(1� 1) phase is found which is nearly perfectly Ni terminated. In the
intermediate annealing temperature range about 800K surface roughening results in an Al
terminated missing row surface structure showing a c(ˇ2� 3ˇ2)R45� LEED superstruc-
ture [249]. Niehus et al. [289,290] studied oxygen adsorption and the initial stages of
oxidation of NiAl(100). The growth of well-ordered Al2O3 layers was achieved on the
c(ˇ2� 3ˇ2)R45� phase. The oxide formation is unaffected by the initial composition
(preparation-dependent Al or Ni termination) or reconstruction of the surface [250].
During oxidation, the initial crystallographic structure of the clean surface is completely
destroyed, which implies a strong binding of oxygen to the metallic substrate as well as an
oxygen-assisted Al segregation at the surface.

The alumina film on NiAl(100) surface grows in stripes perpendicular to each other,
corresponding to the h100i and h010i directions [289]. High resolution STM images [291]
indicate that this oxide surface has double rows of oxygen atoms surrounding single rows
of Al3þ cations, and is proposed as a �-phase oxide. Doychak et al. [292] have studied the
oxidation in air of NiAl(100) by means of TEM. At 1073 (after 10 h) and 1273 (after 0.1 h)
the formation of �-Al2O3 was found, which is in excellent agreement with the above
results. A GIXRD study also confirmed the formation of �-Al2O3 layers via oxidation of
the NiAl(100) surface at 1220K. The lattice constants of �-Al2O3 explains very well the
(2� 1) LEED pattern. The lattice mismatch amounts only to 2.5% in one direction
(2aNiAl¼ 2.91 Å, a�-Al2O3¼ 5.64 Å) and even only to 1% (bNiAl¼ 2.89 Å, b�-Al2O3¼ 2.91 Å)
in the other direction [293,294]. A model of the �-Al2O3/NiAl(100) structure is shown in
Figure 20: the (110) plane of the oxygen fcc sub-lattice is perpendicular the NiAl(100)
surface and parallel to the NiAl[100] direction. Recently, the films formed by
electrochemical oxidation have been characterised using RHEED, AES and STM [295].
These films were found to be significantly smoother than films formed by direct thermal
oxidation, principally due to the decomposition of 3D island features during the
electrochemical oxidation.

4.3.1.3. NiAl(111). The polar NiAl(111) surface has an open structure consisting of
alternating Ni and Al layers. NICISS and STM results [296] indicated that the surface is
unreconstructed and Ni-terminated. The STM study showed flat terraces which are
separated by double atomic steps. The growth of alumina films on NiAl(111) is rather
complex: at temperature lower than 900K a short-range order �-Al2O3 is grown and can
be described as clusters of randomly oriented oxygen fcc lattices with Al cations solely
occupying tetrahedral interstices [297]. At 900–1100K the films show �-like oxide structure
and change to long-range-order �-Al2O3 when the temperature increases above 1100K.
Hexagonal symmetry was found at LEED patterns [298] with lattice constant of the real
space unit cell of 3.04 Å for �-Al2O3, which is very close to those of alumina films on
NiAl(110) surface. The �- and �-Al2O3 have virtually the same structure in view of bond
angle and bond lengths [299]. In both cases the Al cations occupy both tetrahedral and
octahedral vacancies in the fcc oxygen sub-lattice.
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In conclusion, the oxidation of the (100), (110) and (111) surfaces of NiAl at elevated
temperatures in low oxygen pressure leads to the formation of thin, crystalline films of
alumina on top of the sample.

4.3.2. Ni3Al

Ni3Al is a cubic-ordered intermetallic compound crystallising in the Cu3Au structure,
which has a fcc unit cell with a lattice constant of 3.56 Å. The three Ni atoms occupy the
face centers and Al the cube corners. In a slightly aluminium-rich or stoichiometric Ni3Al

Figure 20. Structural model for the �-Al2O3/NiAl(100) system; it illustrates the relationship between
the oxygen fcc sub-lattice and the NiAl(100) bcc structure. From Reference [31].
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alloy, the outmost surface layer should have the ideal 3Ni : 1Al stoichiometry. It was
reported that due to the preferential sputtering of Al atoms, ion sputtering yields a Ni-rich
Ni3Al(111) surface [300]. If the sample is annealed at temperature higher than 1023K,
Al segregates to the surface, although an Al excess on the surface is not stable, and upon
cooling Al diffuses back into the bulk until the stoichiometric bulk-like composition is
recovered. The structure of the Ni3Al(111) and (100) surfaces has been studied
computationally [271–273], finding in general good agreement with the experimental
data. The oxidation of (111), (110) and (100) surfaces of Ni3Al was studied by several
authors [301–309].

4.3.2.1. Ni3Al(111). The alumina film grown on Ni3Al(111) [274,310–322] has been
classified as �-like [311,316] and displays hexagonal symmetry in LEED and STM images.
Its unit cell size and orientation is (ˇ67�ˇ67)R12.2� with respect to the 505 pm cell of
an ordered Ni3Al(111) surface [312]. In STM images, a ‘dot’ structure with one bright spot
per unit cell can be observed at a sample voltage of about 2.0V, while a honeycomb-like
network structure appears at a sample voltage of about 3.2V (see Figure 21) coexisting
with a stripe phase [313] and sometimes another (ˇ67�ˇ67)R17� phase. The structure of
the oxide films has been clarified by a combined DF and STM study [310], and presents
several analogies with that of the AlOx/NiAl(110) film [256]: (a) it is composed of
alternating layers of aluminium and oxygen ions with stacking sequence Ali–Oi–Als–Os,
with the top-most two layers almost coplanar; (b) all Os ions are three-coordinated to Als
ions, with the latter lying in tetrahedral or (truncated) octahedral sites with Oi ions in
eclipsed positions underneath them; (c) the Ali ions are arranged in a reconstructed
honeycomb lattice, so as to avoid Al atoms from the Ni3Al(111) substrate (short-range
chemical order, see Figure 4 for the arrangement of the Ni3Al(111) surface, analogous to
that of the Pt3Ti alloy). The main differences are in the three-fold axes positions, in which
there is an Oi ion in three-fold coordination to Ali ions instead of the usual two-fold
(bridge) coordination, and in the fact that the Ali ions are now arranged in pentagonal
and distorted hexagonal (not heptagonal) rings, except at the three-fold axis position,
in which they form a perfect triangle, and at the six-fold axis position, in which they form
a perfect hexagon. An important feature of this structure is that the C6-axis position
corresponds to a hole that crosses the oxide film down to an Al atom from the Ni3Al(111)
substrate. In analogy with some titania UT films considered in Section 3.3.4, this feature
makes of the AlOx/Ni3Al(111) film an excellent template for the deposition of metal
NPs [303,310,323].

4.3.2.2. Ni3Al(110). Al2O3/Ni3Al(110) has been reported to resemble the �-phase
[324,325]. The topography of this film is substantially different from the film
grown on the (111) surface. STM images revealed rows along the (110) direction with a
1 nm distance [325]. LEED patterns of both the initial chemisorbed oxygen layer [326]
and the 0.7 nm thick oxide film [327] revealed substantial diffuse scattering, indicative
of an incommensurate oxide/metal interface. Importantly, the STM image and LEED
data agree closely with first-principles DF structural calculations for a fully relaxed
�-phase three-layer film [325]. The calculated structure, shown in Figure 22, displays
a 2� 1 unit cell characteristic of the �- like phase, while the 1 nm distance between
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Figure 21. [Colour online] STM images of the alumina film on Ni3Al(111) measured at 23K and
different bias voltages; (a) honeycomb-like network structure at Ubias¼ 3.2V and IT¼ 122 pA, and
(b) the dot structure at Ubias¼ 2.0V and IT¼ 105 pA. The unit cell of the dot structure is drawn in
red. Size: 27.8� 27.8 nm2. From Reference [312].
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double rows of oxygen anions coordinated to Al cations is in excellent agreement with the
STM results.

4.3.2.3. Ni3Al(100). The oxidation of the (111) and (100) surfaces of Ni3Al was studied
by XPS, LEED, STM and LEIS [272,311]. Despite the different surface orientations no
significant difference in the LEIS and XPS data were found, while two different structural
phases were found on the oxidation of Ni3Al(100) at 800 and 1100K, respectively [328].
These alumina films have hexagonal surface meshes, with unit vectors lengths in the range
from 2.9 to 3.1 Å, and grow on the (111) plane parallel to the substrate surface plane. This
distance is approximately twice the value of the O2� ionic radius (1.4 Å). Therefore, one
can conclude that the observed unit meshes always correspond to compact hexagonal
planes of oxygen ions.

4.3.3. FeAl

FeAl is another ordered alloy of the CsCl-type with a lattice parameter a¼ 2.9090 Å [329].
Bulk phase diagram [330] shows that at around 898K there is a transition from the single
CsCl phase to a two phase region, where CsCl and FeAl2 structures coexist. The
segregation and ordering behaviour of (100), (110), (111), (210) and (310) phases of FeAl
surfaces have been investigated by means of AES and LEED [331]. For all the five
surfaces, sequential annealing after sputtering leads to segregation of Al on top of the
surface layer. For intermediate annealing temperatures several ordered superstructures are
found, which can partly be attributed to metastable Fe3Al films developing at the surfaces.

The SO of the (100), (110) and (111) sufaces of FeAl was investigated by LEED and
XPS [332]. In general, the films, 0.5–0.8 nm thick, resemble the transitional phase oxides

Figure 22. [Colour online] First-principles DF results for the structure of a fully relaxed �-phase
alumina film. The theoretically predicted structure is in excellent agreement with experiments,
exhibiting a 10 Å repeat distance and unit cell which matches the LEED results, indicating that the
actual film is indeed � phase. The calculations also predict the presence of interstitial vacancies,
which may store atomic hydrogen. From Reference [325].
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grown on Ni aluminide surfaces, including the formation of an interfacial Al layer in a

lower ionic state than in the bulk oxide. SO at RT leads to the formation of an amorphous

oxide film on top of an Al-depleted interlayer. At low oxygen pressure, annealing

FeAl(100) at 980K lead to the formation of a c(6� 6) superstructure. At an oxidation

temperature of 1130K, additionally, an a(2� 1) overlayer is observed. Oxidation of

the FeAl(111) surface at 980K also leads to an ordered oxide overlayer. The unit cell is

hexagonal and is described by (6.4� 6.4)R30�. The oxidation of FeAl(110) surface is very

complex. Exposure to approximately 1000L at 1130K leads to a well-ordered oxide film.

An identical diffraction pattern was observed on the oxide surface and was assigned by

the matrix:

3:37 �1

2:53 4

� �

The oxide UT film grown on FeAl(110) has been further studied using high resolution

STM [333]. The atomically resolved images are in good agreement with theoretical

calculations for ordered, UT alumina films regarding the mixing of interfacial and oxide

wave functions to produce states within the bulk band gap [274], and stripes and zigzag-

like features are observed in the STM images due to equal Al3þ occupancy of tetrahedral

and octahedral sites induced by the extremely thin nature of the film [262].
The formation mechanism of UT alumina films on the FeAl surface at high

temperatures and low oxygen pressures is similar to that on NiAl alloy. But in this method

temperature is the important factor that influences the surface structure of alumina films.

The film growth can be divided into two regions of different kinetics: in the first region, the

oxygen-uptake rate varies significantly with surface orientation, the growth kinetics can be

described by a power law with the same exponent, around 2/3, for the (100) and (110)

surfaces and �1 for the (111) surface; for higher oxides film thickness all surfaces exhibit

very similar kinetics which are much slower than in the low-exposure regime. Recently,

the electronic structure of alumina film grown on FeAl(110) has been studied by

angle-resolved photoemission spectroscopy [334]. The oxide valence states do not show

dispersion as a function of the perpendicular component of the electron wave vector;

however, they show a two-dimensional electronic structure parallel to the plane of the thin

film due to the limited thickness of the oxide thin films. The appearance of a peak in the

anticipated band gap of the bulk oxide film suggests a unique electronic structure of

the two-dimensional oxide films.

4.3.4. CuAl

Recently, the SO of Cu-9%Al(111) single crystal has been studied [335–339].

Cu-9%Al(111) has an � phase (fcc) [340] and Al atoms are randomly substituted with

Cu atoms in the alloy [341]. Similar to other Al alloys, when the Cu-9%Al(111) single

crystal is heated up at higher temperature, Al atoms will segregate at the surface [339,342].

The UT alumina films obtained by SO at around 950K in oxygen atmosphere were

investigated by LEED, STM, RHEED, XPS and AES [337–339]. Long range well-ordered

flat �-Al2O3 films were found with (7/ˇ3� 7ˇ3)R30� structure. It was also reported that

the alumina on the Cu–Al alloy crystal does not show stress-induced domain boundaries
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and grows in large defect-free domains, being then a promising candidate for

metal–insulator–metal structures.
Finally, we mention that, among the many aluminium-containing alloys, the oxidation

of those exhibiting quasi-crystal [343] arrangements in their bulk phases [344–346] may

seem interesting in view of the search for novel metal-supported oxide nanostructures.

Indeed, this has been considered in the literature [347–351]. However, no clear structural
patterns have so far emerged, and in the best characterised case [351] a multidomain

structure was evidenced that bears some resemblance to alumina grown on NiAl(110).

4.4. Ultrathin alumina films on other metal surfaces

Epitaxial �-Al2O3(0001) films have also been prepared on different metal surfaces

including Pt(111), Re(0001), Ru(0001), Ta(110), Fe(110), Nb(110) and Mo(110) [352–359]

by both the RD and PO methods. This procedure yields Al2O3 thin films which have
structural and electronic properties close to crystalline bulk Al2O3 but their surface

structures may differ for different metal substrates due to the lattice mismatch between

oxide films and metal substrates. For example, the in-plane lattice mismatches of Pt(111),
Re(0001) and Ru(0001) with the oxygen sublattice of �-Al2O3(0001) are40.79%,40.43%

and51.75%, respectively [352–355]. Their chemical composition greatly depends on the

preparation conditions (e.g. oxygen pressure and annealing temperature). The main
disadvantage of this growth procedure is the fact that the deposition of Al does not occur

on the pure metal surface but on the partially oxidised or completely oxidised metal

surface. This considerably changes the thermodynamics at the Al2O3/metal interface and
affects the structural properties of the alumina film. The PO method could avoid this

problem, but the final crystal structure of Al2O3 is not optimised [20,31]. The unit cell of

UT alumina film (0.3 nm) on Re(0001) has a lattice constant which is �12% larger than
that of the Re(0001) substrate, corresponding to a (9� 9) overlayer coincidence lattice,

with eight O2�–O2� lattice spacings in the overlayer fitting onto nine lattice spacings on

the Re(0001) substrate [354]. The thick alumina films (1.47 nm) on Re(0001) surface have a
hexagonal lattice structure with a lattice constant of �2.8 Å. This oxide is equivalent to

that expected from crystalline �- or �-Al2O3.
When Al-oxide films are deposited at 300K onto the Ru(0001) substrate, no ordered

LEED pattern is observed form the film with thickness40.5 nm, even after annealing the
films at 1170K. For thicker films �2.5 nm deposited at 1170K, a diffuse hexagonal LEED

pattern was found. This indicated that alumina films grow with long range order on the

Ru(0001) substrate only when the films are thick. The lattice spacing of the film is close to
the lattice constant of the Ru(0001) surface (2.7 Å).

Thin �-Al2O3 films were also prepared on Ta(110) despite the fact that there

is no simple epitaxial relationship between the two surface leading to a rotated

Kurdjumov-Sachs orientational relationship [356]. In the �-Al2O3/Ta(110) system, a
considerable in-plane expansion in the close-packed oxygen layer (3.05 Å compared with

2.77 Å) was observed in the surface of bulk �-Al2O3(0001), indicating the presence of

significant strain.
Step-by step PO of thin Al layers at RT leads to the formation of amorphous alumina

on Fe(110) surface, while a subsequent annealing at 550K of the amorphous films results
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in the formation of a well-ordered Al2O3(0001) layer [357]. A polycrystalline Al2O3 film
was formed on a Nb(110) surface even annealed at 1200K [358,359]

5. Conclusions and perspectives

In this work the literature data on titania and alumina UT oxide films grown on metals
and metal alloy surfaces have been reviewed. Our aim was to compare the different
preparation procedures and to clarify how they can influence the final product. We have
also tried to define the current status of structural information accumulated on these
systems, putting particular emphasis on the structural novelty of interface-stabilised
phases with respect to bulk ones.

The two systems here considered represent two prototypical examples of rather
different behaviours: alumina is a non-reducible oxide, whereas titania is a reducible oxide
which can switch among several oxidation states. The latter system thus possesses a greater
number of degrees of freedom and the possibility to span over a larger variety of structural
and chemical situations, in the bulk as well as in UT films. Indeed, the richness of different
structural situations found for the TiOx UT films is comparable to what has been found on
correlated systems, e.g. VOx UT films [22] where vanadium spans over an even larger set of
possible oxidation states. Other well-traceable chemical differences between Al and Ti are:
(i) their affinity toward oxygen, estimated by comparing the standard enthalpy of
formation of corundum-like M2O3 solids from gas phase species, that is 2300 kJmol�1 for
Al2O3 and 2470 kJmol�1 for Ti2O3, respectively, or the metal-oxygen bond strength in
biatomic molecules, that is 511 kJmol�1 for AlO and 672.4 kJmol�1 for TiO, respectively
[360]; (ii) the ionicity of their bonds, as Ti oxides are in general more covalent than Al
oxides. Despite these differences, one finds unexpected similarities. For example, Al is also
capable to produce structural defects, connected with the possibility of occupying both
octahedral and tetrahedral sites and in general the tendency to produce disordered
configurations. This in practice results in a rich variety of different phases when UT
alumina films are examined, many of which still await structural characterisation. In this
respect it can be noted that the high degree of structural order observed for UT alumina
films grown on the NiAl(100) [253] and Ni3Al(111) [311] alloys might be associated with
the presence of Al atoms in the bulk alloy that direct the growth of the Al ions at the oxide/
support interface. Moreover, from the chemical point of view, Al ions in contact with the
metal support can exhibit unusual (lower) oxidation states [256], thus strengthening their
similarity to Ti. The net result is thus that some similarities are actually observed between
alumina and titania for well-characterised UT systems, especially in the single or double
ML regime, as discussed in Setions 3.3.4.2, 4.3.1.2 and 4.3.2.1. This might be of wider
significance, as a certain degree of metallisation could be a general feature of interfacial
oxide MLs (metal proximity effect).

The realisation of such a wealth of structural potentialities is determined by both
thermodynamic and kinetic factors. In general terms, a thermodynamic description of the
growth of an UT MOx oxide film on a metal (M0) substrate should take into account the
surface free energies of the metal substrate, the oxide/metal interface and the oxide surface
[361], together with some basic energetic quantities such as the strength of M–O and M0–O
bonds, the mixing energy for the formation of the M–M0 alloy and the interplay between
polarity and lattice mismatch between the metal support and the overgrowing oxide [362].
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These thermodynamic quantities will likely affect kinetic parameters too. For example,

the different affinity of M and M0 towards oxygen is particularly important during a RD

in an oxygen background pressure. The incoming M atoms may hit either a bare M0

surface or an oxygen chemisorption phase, and this will direct the formation of the film-

substrate interface layer, an effect that has been recently employed to produce

stoichiometric SiOx UT films on Mo(112) [363]. Analogously, the fact that both Al and
Ti can form surface and bulk alloys with many of the substrates adopted for growing UT

oxide films, and thus the possibility of thermally activated interdiffusion of M into M0

substrates [41] needs to be considered. Clearly, these are simply preliminary considera-

tions, where more rigorous models should also include the detailed kinetics of film growth
and the involved lattice transformations. As a whole, the main message emerging from this

review is indeed that the often unprecedented structural properties and chemical

composition of oxide UT films greatly depend on the preparation processes, annealing

temperatures, oxygen pressures and substrates. For example, the panorama of the
literature data on the preparation procedures tells us that, while the titania UT films can

be easily prepared by Ti deposition (either PO or RD) on a different substrate, alumina

UT films can be better obtained as epitaxially ordered layers by SO of alloy surfaces at
high temperatures and in low oxygen pressures, an observation whose deeper reason still

needs to be fully clarified.
In the strive for clarifying these issues, theory and simulations understandably play an

increasingly important, often fundamental, role. Despite the limitations of current
approaches, in fact, the possibility of performing computational ‘gedanken experiment’

and thus to disentangle, via in-depth analyses, the origin of the various basic interactions

in these complex multifunctional systems, together with the often sufficiently accurate

prediction of the topology of local minima and saddle points in the energy hypersurface,
renders theoretical simulations (nowadays first-principles, but based on empirical

potentials in a likely near future) an invaluable tool in the process of characterising and

predicting novel structures and properties.
In conclusion, we remark that the two systems reported here are good examples where

both the preparative skill and the characterisation capabilities at the nanoscale of surface

scientists can be tested. Actually, in studying these UT oxide films much has been learned

in the field of basic SS. The next challenge is associated with our capability to use such

systems as models for understanding even more complex problems, exploiting the fact that
some of these UT films are extremely well characterised and can thus be used as models

where the role of defects, stoichiometry, under-coordination and morphology on the final

material properties can be studied.
Among the most interesting aspects, the role of UT oxide films as model supports for

heterogeneous catalysis has been recognised since the early stage of their developments,

as proven by the number of excellent reviews where such aspects have been fully developed

[23–25,32,33]. In this connection we like to stress once more that, when an ordered array of

defects (e.g. steps, misfit dislocations, different stacking and vacancies) is obtained,
the resulting UT films can act as templates to direct preferential nucleation for metal NPs

growth. The work in this field has been recently reviewed [364,365]. When compared with

metal-based templates [366], which are usually stable only in UHV conditions, oxide-based
UT templates seem more promising because some of them present an intrinsic higher

chemical stability that may open the way to real applications.
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Finally, we note that until now the electronic and electrical properties of UT oxide
films have not been fully investigated, neither in terms of basic science nor with the
perspective of applications. It is easy to forsee that more efforts will be put in this field in a
near future, also because of the ever increasing importance of nano-electronics.

Glossary

AES Auger electron spectroscopy
AO Atomic oxygen
bcc Body centred cubic
BE Binding energy

CMOS Complementary metal–oxide–semiconductor
D Dimension

DF Density-functional
DF-GO Density-functional global optimisation

DOS Density of states
DRS Direct recoils spectroscopy

Ef Fermi level
EELS Electron energy loss spectroscopy
ESD Electron stimulated desorption
fcc Face centred cubic

FT-RAIRS Fourier transform-reflectance–absorption infrared spectroscopy
GIXRD Grazing incidence XRD

GGA Generalised gradient approximation
GO Global optimisation
hcp Hexagonal close packed

HREELS High resolution electron energy loss spectroscopy
HRTEM High resolution transmission electron microscopy

IRAS Infrared reflection absorption spectroscopy
ISS Ion-scattering spectroscopy
L Langmuir

LDOS Local density of states
LEED Low energy electron diffraction
LEEM Low energy electron microscopy
LEIS Low energy ion scattering

M Metal
MEIS Medium energy ion scattering
MEM Mirror electron microscopy
ML Monolayer

MLE Monolayer equivalent
MOx Metal oxide with a generic stoichiometry

m-LEED Micro-LEED
NICISS Neutral impact collision ion scattering spectroscopy

NPs Nanoparticles
PO Post-oxidation
PO2 Oxygen pressure
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PSD Photo-stimulated desorption
RHEED Reflection high energy electron diffraction

RD Reactive deposition
RT Room temperature

SMSI Strong metal support interaction
SO Surface oxidation
SS Surface science

STM Scanning tunnelling microscopy
STS Scanning tunnelling spectroscopy

SXPS Soft X-ray photoelectron spectroscopy
T Temperature

TDS Thermal desorption spectroscopy
TEM Transmission electron microscopy
TMOs Transition metal oxides
UHV Ultra-high-vacuum
UPS Ultraviolet photoelectron spectroscopy
UT Ultrathin
VB Valence-band

XAS X-ray absorption spectroscopy
XAFS X-ray absorption fine structure

XANES X-ray absorption near-edge structure
xc Exchange-correlation

XPD X-ray photoelectron diffraction
XPS X-ray photoemission spectroscopy
XRD X-ray diffraction
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