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Abstract Nowadays scanning probe microscopies (atomic force microscopy
and scanning tunnelling microscopy) are common techniques to characterize at
the atomic level the structure of surfaces. In the last years, these techniques
have been applied to study the nucleation and growth of metal clusters (mono
or bimetallic). Basic elements of scanning probe microscopy will be presented.
With the help of the atomistic nucleation theory and using some earlier results
obtained by TEM we show that the growth rate and the composition evolution
of bimetallic particles grown from two atomic vapours sequentially or simul-
taneously condensed on insulating substrates (bulk or ultrathin film) can be
predicted. The published work on the growth of bimetallic particles studied by
STM and AFM is presented in a comprehensive way giving simple rules to
select the best method to obtain homogeneous assemblies of nanoparticles with
given mean sizes and chemical compositions. Although the application of
scanning probes microscopy to the growth of supported bimetallic particles is
relatively young, recent development of AFM and STM techniques paves the
way for a complete in situ characterization, including morphology and surface
composition.
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1 Introduction

In this chapter we will introduce scanning probe microscopy, which can be used to
characterize supported bimetallic nanoparticles in situ. For sake of consistency we
make the choice to restrict this overview on bimetallic particles supported on bulk
insulators (alkali halides, oxides) or on ultrathin oxide films on metallic substrates.
The choice of an insulator substrate has two main advantages: electronic decou-
pling of the particles from the substrate and tendency to grow 3D clusters instead
of 2D islands. The nanoparticles are grown by atomic deposition under UHV
whereas STM and AFM are best suited techniques to study in situ nucleation and
growth of single bimetallic particles. The aim of the chapter is to provide a
practical and comprehensive overview on the preparation and on the structural and
morphological characterization of the nanoalloys. In the first section a rapid
introduction of the scanning probes is presented with a selection of articles,
reviews and textbooks for deeper understanding of these techniques. We also focus
on new methods useful for the characterization of nanoparticles down to atomic
scales. In the second section, an introduction of nucleation theory is presented
restricted to the practical case considered here: nucleation and growth of bimetallic
nanoparticles by condensing at room temperature (RT) or moderate temperature
two metallic vapors, sequentially or simultaneously on an insulating substrate.
In these conditions the atomistic nucleation theory is valid and re-evaporation
of adatoms takes place (incomplete condensation). Analytic expressions are
presented that will guide the reader in choosing the best conditions for the
preparation of homogeneous collections of nanoparticles. In the third section
we will review the main results on the characterization of the nucleation, growth,
structure, morphology and chemical composition of the bimetallic nanoparticles
by using STM and AFM together with some additional complementary techniques.
From the different bimetallic systems investigated we will try to rationalize the
results in term of empirical rules and analytical results from nucleation theory.

2 Introduction to Scanning Probes Microscopies: STM
and AFM

In this section the scanning tunneling microscopy (STM) and atomic force
microscopy (AFM) are first briefly reviewed (Sects. 1 and 2). Section 3 concen-
trates on the application of both techniques for studying the shape of supported
metal clusters whereas the following section (Sect. 4) discusses the application
of Kelvin probe force microscopy (KPFM). The aim of these four sections is to
introduce the reader into the domain of STM, AFM and KPFM and to supply
the reader with reviewing literature, which can be used for a further, deeper
reading.
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2.1 Scanning Tunneling Microscopy

The introduction of scanning tunneling microscopy (STM) by Binning, Rohrer,
Gerber and Weibel in 1982 [1] revolutionized experimental studies of conducting
surfaces in many scientific fields, ranging from physics to chemistry and up
to biology. This specific local imaging technique has been reviewed several times
[2-4] and is also described from the theory point of view [5, 6]. The reader is
referred to two well-known text books [7, 8], which discuss all aspects of the
technique, whereas a brief overview is given in the following.

The principle of a scanning tunneling microscope is quite simple: If the surfaces
of two metallic electrodes (tip and surface) are brought very close together, e.g. to a
distance of about one nanometer and less, electrons can overpass the gap distance
and tunnel from one conductor to the other one, which is thanks to the quantum
mechanical tunneling probability [7]. The tunneling is done such that the electrons
tunnel from the metal with the higher Fermi level to the other metal with the lower
Fermi level. In order to create a difference of Fermi levels, a so-called bias potential
is applied in STM between the two conductors (Fig. 1a). The innovative idea of
Binnig and Rohrer was to shrink one of the surfaces to an atomic size such that the
initial surface becomes a very sharp object called ‘tip’, which apex is formed by
only a few atoms. With help of piezo-electric motors, the surface is scanned in
X and Y directions and the flow of electrons (tunnel current) is kept constant by
adjusting the tip-surface distance upon changes in the surface topography during
scanning. The relative changes in the tip-surface distance are recorded in depen-
dence on X and Y so that an image of the surface is created. Because the tip apex is
formed by few atoms only and because the tunnel current depends exponentially on
the tip-surface distance, it is almost the last atom of the tip that produces the
contrast of STM images. In best cases, the true atomic resolution can be obtained
(Fig. 1b). Note that apart from the latter fopography imaging mode, a second mode
exists: In the constant height mode the tip keeps a constant distance to the surface
during scanning (see scanning mode explained in Ref. [7]) such that it does not
follow the topography. Because of the varying topography and because the tip
follows only the mean inclination of the sample, the tunnel current is varying during
scanning and is recorded in dependence on X and Y such that the resulting runnel
current image contains all information of the surface. The constant height mode can
be used only on flat surfaces but permits scanning surfaces with high speed even at
video frequencies (see example in Ref. [9]).

STM has become the standard surface analysis technique in surface science,
especially in surface physics and surface chemistry. Applications have shown true
atomic resolution first on semiconductor surfaces [1] and later on a metal surfaces
[12]. In the case of surfaces of metallic alloys the chemical identification of atoms
is difficult because STM has in general no specific chemical sensitivity. However
in some circumstances atomically resolved images can present a chemical
sensitivity as it was first shown by Varga’s group (see Fig. 2b) in 1993 on
Pd,sNiss(111) [13]. Later, the same group has succeeded in imaging chemical
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Fig. 1 The principle of STM. a The Fermi levels of two electrodes (tip and surface) are aligned
if they are connected from behind. If the tip and surface are separated by a distance of z & 1 nm
and if a potential U is applied between both electrodes, electrons tunnel from the electrode with
the higher Fermi level (Er,,,,;) to the other one with the lower Fermi level. If the tip is at positive
potential in the case here, the electrons tunnel from the sample to the tip and vice versa. b The
electron flow (tunnel current I) depends exponentially on the tip-surface distance z. A change of
the distance by Az = 1 A changes the tunnel current by one order of magnitude. This is the
reason why the tip can be precisely positioned with picometer precision above the surface. It also
explains that it is almost the last atom of the tip that contributes to the image contrast. Because of
the small dimension of the atom, atomic resolution can be obtained

atomic contrast in several surfaces of bulk metallic alloys like PtRh [11, 14], AgPd
[15], CoPt [16], FeNi [17]. Other groups have imaged with a chemical contrast
alloyed surfaces obtained by depositing a thin layer of a metal on the surface of
another metal like in the case of CuPd [18, 19]. Ultrathin films of insulators
supported on metal single crystals can also be imaged at atomic resolution by STM
like NaCl/Cu [20], MgO/Ag [21], alumina/NiAl [22]. Chemical reactions on metal
surfaces can be followed at atomic scale by STM [23], even at high-speed, which
permits to produce movies of surface reactions [9]. Not only imaging can be done
but also spectroscopy, which has become a large field in STM. Different spec-
troscopy modes exist like STS (scanning tunneling spectroscopy), constant current
spectroscopy (CCS), constant separation spectroscopy (CSS) (see overview in
Refs. [7, 8]). During a spectroscopy experiment the tip either scans the surface or
is hold at one position above the surface. In STS, when the tip is hold at one point on
the surface, the bias voltage V is swept and the tunnel current I recorded so that I(V)
curves are obtained, which are mostly converted to dI/dV or dI/dV/(I/V) curves. The
latter two types of curves are a fingerprint for the local density of states (LDOS) at
the Fermi level for the specific position on the surface. It helps to study the local
electronic structure of the surface. More recently a new type of measurement
which is like inelastic electron tunneling spectroscopy (IETS) but acquired with
an STM is able to resolve vibration of an adsorbed isolated molecule on a
surface [24]. In this case one records the second derivative of the current
(dZI/dVZ) as a function of the bias voltage. Vibrational/rotational modes of a single
molecule can be excited for instance and electron induced modifications of
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Fig. 2 a Series of STM images which were obtained in between several steps of atom
manipulation. Thanks to the manipulation, 48 Fe ad-atoms could be placed into a circle on a
crystalline Cu(111) surface at 4 K (from Ref. [10], reprinted with permission from AAAS and
Copyright (1993) IBM). b Surfaces of metal alloys. In the NiPt case a chemical contrast can be
seen, well-separating the two types of atoms. However, the contrast strongly depends on the tip
composition (last tip atom). On PtRh(100) a chemical contrast can be always observed. The
bright atoms are the Rh atoms whereas the dark ones are the Pt atoms (from Ref. [11], copyright
(1999), with permission from Elsevier)

molecules (desorption, dissociation, hopping, chemical reactions) can be realized.
In order to position the tip and its last atoms with utmost precision above single
surface atoms or molecules, tunneling spectroscopy is mostly applied at liquid
nitrogen or helium temperatures where the tip’s last atom remains for a very long
time of days above a single molecule for instance.

A breakthrough in STM was certainly the work of Eigler and Schweizer [25]
who demonstrated for the first time that single Xe atoms adsorbed on a Ni surface
can be manipulated such that they are moved on the surface by the STM tip.
The most impressive example is the arrangement of 48 Fe ad-atoms in a circle on a
Cu surface which represents a quantum corral where the confinement of electrons
produced standing waves [10] (Fig. 2a). Manipulation of molecules can be used to
functionalize the apex of the STM tip. It has been shown that the presence of a CO
molecule can improve the topographic resolution in the STM image but it can also
resolve vibrational modes in adsorbed molecules that are not visible with a bare tip
[26]. Bimetallic AuPd atomic chains have been fabricated by atom manipulation
on a metal substrate and STS has shown the evolution of the electronic structure by
adding Pd atoms in a gold chain [27]. In combination with scanning tunneling
spectroscopy (STS), the nano-manipulation has been used especially in surface
chemistry for inducing chemical reactions by the tip like inducing an ‘Ullmann’
reaction [28] or controlling the hydrogenation of a single molecule [29].
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Fig. 3 The principle of AFM. a A pyramidal tip is attached to a beam, the cantilever. As soon as
the tip is close to the surface (z < 5 nm) a force acts onto the apex of the tip attracting the tip and
cantilever towards the surface. The result is that the cantilever bends, what can be measured by
optical laser methods for instance. b A cantilever-tip system is nowadays produced from one
single silicon or silicon nitride crystal by etching methods. Cantilevers with almost all possible
characteristics (size, resonance frequency, coating etc.) are commercially available today

2.2 Atomic Force Microscopy (Scanning Force Microscopy)

Many important materials are insulators, which surfaces cannot be imaged with the
STM. This concerns especially oxide materials like bulk Al,O; or MgO, which
surfaces are used to support metal clusters in catalysis for instance. This limitation
has been soon realized after the introduction of the STM, and four years later, in
1986, Binnig, Quate and Gerber invented a second type of microscope, the atomic
force microscope (AFM) [30]. The AFM allows nowadays obtaining almost the
same type of resolution on almost any atomically flat and clean surface, even if the
material is an insulator [31].

The principle of the AFM is somewhat similar to the one of the STM on the one
hand but quite different on the other. Like in STM a sharp tip is used, which is,
however, attached in perpendicular position at one end of a flexible beam called
cantilever (Fig. 3). The other end of the cantilvever is fixed. If the tip is brought
into a close distance to the surface (z < 5 nm), a force can be detected between tip
and surface by measuring the bending of the cantilever. If the force is kept constant
during scanning such that variations of the surface topography are compensated by
adjusting the tip-surface distance by a regulation loop, an image is obtained
representing the topography of the surface. In this contact AFM mode (c-AFM),
the very end of the tip is always in hard contact with the surface due to the jump-
into-contact mechanism (see Ref. [32] for further details). It has been shown that
in this static mode the AFM cannot yield a high resolution at the atomic scale
because the last tip atoms modify or even change the atoms of especially reactive
surfaces [33, 34]. In 1991, the so-called frequency modulated non-contact AFM
mode (FM nc-AFM or just nc-AFM) was introduced by Albrecht, Griitter, Horne
and Rugar in order to overpass the limits of the c-AFM [35]. In FM nc-AFM, the
cantilever and tip are excited to oscillation at their resonance frequency fy. As soon
as a force acts onto the tip, the resonance frequency changes (detunes) to a value f,
and the tip-surface distance is adjusted upon changes which appear in the detuning
Af = f — fo during scanning the surface. The detuning Af is therefore the same
type of regulation signal as it is the force in c-AFM or the tunnel current in STM.
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In nc-AFM, the tip’s last atoms can be brought very close to the surface in a
distance of some Angstroms, at which the true atomic resolution is mostly
obtained [36]. Although the atomic contrast formation in nc-AFM is different with
respect to STM, one can roughly state that also in nc-AFM the last atoms of the tip
apex produce the atomic contrast. Starting with the first-time atomic resolution in
1995 on Si(111)7 x 7 [37], it has been impressively shown in the last 15 years
that the true atomic resolution can be obtained on any atomically flat and clean
surface, independently if it is the surfaces of metals, alloys, semi-conductors,
insulators or oxides (many applications are reviewed in Refs. [31, 38-41]). The
nc-AFM catches successively up with its sister technique STM, which can be best
seen by recent manipulation experiments in nc-AFM where single atoms and
molecules could have been moved on the surface [36]. As in STM, spectroscopy
exists also in nc-AFM, which is based on recording and interpreting the detuning
and, with it, the force or potential in dependence on the tip-surface distance or
even additionally on X and Y (3D force fields). In combination with theory, force
spectroscopy is mostly used to identify single atoms on surfaces as it has been
shown on Sn and Pb covered Si(111) surface [42, 43] (see Fig. 4a). In some cases
an identification can be done also on real insulator surfaces by just imaging as
impressively demonstrated for CaF,(111) [44] or on the (001) surfaces of CdCl, or
MgCl, doped NaCl [45] (see Fig. 4b). In all such experiments, the chemical
contrast in images with atomic resolution strongly depends on the nature of the
tip’s last atoms.

2.3 Imaging the Shape of Metal Clusters
with the STM and AFM

Most importantly for this chapter is the contribution of STM and AFM in the in
situ imaging of the morphology of metal clusters supported on non-metallic
substrates (see Ref. [46] for a review on the subject). Figure 5 presents Pd
nanoparticles grown on MoS,(0001), (ex situ) TEM and (in situ) STM images
of the same sample are displayed in (a) and (b), respectively [47]. On the STM
image the particles appears larger and the edges are rounded in comparison
with the TEM image. The size distributions (Fig. 5c) from the two images
indeed show an increase of the mean size in STM (14 against 12 nm by TEM).
This enlargement in the STM images of 3D objects is typical and due to a
deformation of the shape of the object by the scanning tip. This effect is
schematically represented in Fig. 6. The imaged profile is enlarged by an
amount which depends on the shape of the tip and on the slope of the facets:
steeper is the facet smaller is the deformation. If the exact shape of the tip is
known the original profile of the particle can be restored but with a loss of
information at the bottom as seen on Fig. 6 (for example re-entrant angles
cannot be imaged).
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Fig. 4 a High resolution nc-AFM image of Sn on the Si(111) surface and set of force curves
measured over Sn (bright) and Si (dark) atoms. Both type of atoms produce a clear chemical
contrast in the image but also in the detuning (Af) versus distance curves, which represent the tip-
atom interaction (from Ref. [43], copyright (2006) by The American Physical Society).
b Noncontact AFM images obtained on the (001) surface of a Cd** doped NaCl crystal. Thanks to
the specific geometric structure of each sub-lattice formed by the Na*, C1~, Cd** ions and the
chemical contrast each ion is producing, all ionic species can be unambiguously identified (see
left drawing) by just imaging (from Ref. [45], copyright (2008) by The American Physical
Society)

The top facet is not distorted and if it is large enough and flat, atomic resolution
can be obtained in STM as seen on Fig. 7b for a Pd nanoparticle on an ultrathin
film of alumina on NiAl(110) [48] or for Pt nanoparticles on TiO,(110) [49]. If the
particles are prepared at high temperature they can then get the equilibrium shape
which is defined by the Wulff theorem for a free particle and the Wulff—-Kaichew
theorem from a supported one [46]. From a precise measurement of the particle
height and of the top facet size, it is possible to deduce the adhesion energy of the
particle [46, 48, 50].
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Fig. 5 TEM (a), STM (b) and corresponding size distributions (c¢) for Pd nanoparticles grown on
MoS,(0001) under UHV. The STM images are recorded in situ after the deposition while TEM
pictures are obtained ex situ after thinning of the sample by exfoliation. From Ref. [47], copyright
(2000), with permission from Elsevier
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In the case of tiny clusters it has been possible to image at atomic resolution all the
atoms on the surface of metal clusters [51]. Figure 7a shows an STM image of a Pd
clusters on MoS,(0001) containing exactly 27 atoms (20 in the first layer and 7 in the
second one) [51]. The top layer (sulphur atoms) of the substrate is also imaged at
atomic resolution then the epitaxial orientation of the metal clusters can be revealed.
The sulphur atoms at the periphery of the clusters appear higher probably through an
electronic effect. Unfortunately such nice atomically resolved images of metal
clusters are scarce because they need to have a very flat sample and an exceptional tip
(the control of the tip in STM experiments is still a major issue).
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Fig. 7 STM images of Pd clusters showing atomic resolution. a Pd cluster on MoS,(0001)
containing 27 atoms, a ball model (inset) shows the atomic arrangement of the atoms in the two
layers (from Ref. [51], copyright (1997), with permission from Elsevier). b Palladium
nanoparticles (5 nm) on a thin Al,Oj3 film supported on NiAl(110) showing atomic resolution
on the top (111) facet (image at the bottom) (from Ref. [48], copyright (1999) by The American
Physical Society)

In the case of imaging the shape of nanoparticles by AFM the problem of the
deformation of the image by the tip shape is still present and even worth because
commercial AFM tip are generally bigger than STM tips (see Ref. [46]).
A solution to reduce this effect is to grow a nanotip at the apex of the AFM tip in a
SEM or a FIB [46] or even to glue a carbon nanotube [52]. Contact AFM has been
very often used to image nanoparticles supported on insulators but the large
majority of these studies were performed in air. Some studies on the growth of
metal nanoparticles have been performed in situ under UHV (e.g. Au/mica [53],
Au/MgO [54]). In the case of large Au particles (around 10 nm) on mica (001),
the atomic lattice of the top (111) facet has been imaged [53] but in contact mode
the true atomic resolution cannot be obtained, that means that point defects cannot
be imaged.

Almost as soon as the technique became available, nc-AFM has also been
applied in studies of various adsorbed nanoclusters on different substrate surfaces
as reviewed in Ref. [41]. One of the main aims in nc-AFM is to provide high
resolution of both the cluster and the surface and to obtain atomic scale details of
the clusters and adsorption sites. Efforts in this direction have generally focused on
standard model systems, particularly Au nanoclusters on alkali halide surfaces
[55, 57]. These studies often provided atomic resolution on the substrate.
However, approaching closer to a nanocluster resolves it only as a fuzzy
hemisphere (Fig. 8a) [55], rather than as its true geometric shape. However on
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Fig. 8 Noncontact AFM images of supported gold particles. a Detuning image of a 2 nm gold
cluster on KBr(001), the cluster appears like a fuzzy cloud while the top rectangular facet can bee
seen. The KBr substrate is imaged at atomic resolution (from Ref. [55]). b Gold nanoribbon on
InSb(001). The top facet is imaged at atomic resolution (from Ref. [56])

large gold ribbons supported on InSb(001) particles atomic resolution has been
obtained [56] (Fig. 8b). The fuzzy shape of the 2 nm cluster in Fig. 8a is in fact the
image of the apex of tip which appears at several places on large scale images [55].
This is another effect of the deformation of the image of small objects by the shape
of the imaging tip [55, 58]. In the extreme case where the tip is much larger than
the cluster, the cluster is rather a ‘needle’ and images in fact the tip apex (Fig. 8a).
In such a case, the same type of tip-image can be observed at all clusters on the
surface, which leads to very complex patterns if the cluster density is high
(Fig. 9b).

Significant improvement in imaging the shape of nanoparticle by nc-AFM can
be achieved by imaging the surface in the constant height mode as recently
demonstrated [59]. In this specific mode the tip scans the surface in a constant
height and only the very last nanometer of the tip is put into a close distance to the
top facets of the clusters. Since the tip does not follow anymore the contours of the
clusters the convolution is greatly reduced. An extensive experimental and
theoretical study of Pd nanoclusters on MgO showed that the real shape of the
clusters which is a square pyramid truncated on the top by a (001) facet [46] could
be seen in constant height mode independently of the shape of the tip [60]
(compare image (b) in Fig. 9 with image (c) of same clusters and with the TEM
image (a)).

2.4 Kelvin Probe Force Microscopy in nc-AFM

A severe limitation for all scanning probe microscopy techniques is the lack of
chemical sensitivity; one can rarely determine the chemical nature of surface
atoms or supported molecules or clusters from imaging the surface topography
alone (except in some peculiar circumstances where chemically resolved atomic
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Fig. 9 Pd clusters (7 nm) on MgO(100) imaged in situ by noncontact AFM and ex situ by TEM.
a TEM image obtained using the carbon replica transfer method. The clusters have the shape of a
square pyramid and a mean size of 7 nm (from Ref. [46], copyright (2005), with permission from
Elsevier). b Nc-AFM topography image obtained in the constant Af mode. ¢ Constant height
image representing the detuning Af of the same Pd clusters. The topography image shows a
typical contrast, which was strongly influenced by the tip. However, the convolution could be
reduced by imaging the clusters in the constant height mode (from Ref. [60], copyright (2008),
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Fig. 10 Objects of different chemical compositions exhibit differences in the local work function
on the surface (metal) or in the electrostatic surface potential (insulators), which can be used for
the chemical identification in AFM. From Ref. [41]

contrast can be obtained e.g. Figs. 2b and 4a). However, in AFM the long-range
electrostatic forces alone may assist chemical identification. As illustrated in
Fig. 10, nano-objects of different chemical composition (metal or insulating films,
ions, molecules, etc.) change the local electrostatic surface potential by changing
the local work function (WF) of a metal surface [61-63]. Such objects also change
the local electrostatic potential when supported on an insulating surface [64].
Measuring the local work function or electrostatic potential of a surface by AFM
with a resolution in the mV range and at the nanometer scale can indeed be used
for chemical identification of surface species. Apart from other electrostatic AFMs
like Electrostatic Force Microscopy (see Refs. [65-67]), this can be especially
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achieved using Kelvin probe force microscopy (KPFM), which has become a
well-established surface science tool in many scientific disciplines [41]. For a
detailed description of KPFM the reader is referred to some papers [41, 68-70]
whereas the principle of the KPFM is briefly summarized in the following.

In a KPFM measurement, a dc (U,.) and an ac voltage (U,.) with frequency f,.
are applied between tip and surface. Owing to the modulation of the electrostatic
force by the ac voltage, the electrostatic contribution, oscillating at frequency f,.
and also at 2 f,., can be extracted (first and second harmonic) by a Lock-In
amplifier, which is supplying the ac voltage at the same time. The first harmonic
includes a term with U, + Ucpp, where the potential difference Ucpp is the
contact potential difference for conducting tip-surface systems. By varying the dc
voltage such that the first harmonic becomes zero (U, = —Ucpp), the total
electrostatic tip-surface interaction is minimized at each point on the surface and a
so-called Kelvin image of U, = —Ucpp is obtained. The contact potential
difference Ucpp is in fact proportional to the difference of WF between tip and
surface (Ucpp * € = @suface — Pup)- If at two different places on the surface the
contact potential difference Ucpp is obtained, the difference of the potentials,
Ucpp, 1 — Ucpp, 2, 1s proportional to the WF difference of the materials at the two
places ((Ucpp, 1 — Ucpp, 2) * € = @surface, 1 — Psurface, 2)- In other words, the
contrast of Kelvin images (U, = —Ucpp) reflect variations of the surface
WFE. Since surface charges or dipoles can significantly change the condition
U,. = —Ucpp, Kelvin images represent also the distribution of surface charges
and dipoles, which is especially the source of contrast in Kelvin images obtained
on bulk insulator surfaces [71, 72].

A major goal for KPFM is to characterize supported metal clusters on surfaces.
Metal nanoclusters on oxide surfaces for instance play a particularly important role
in heterogeneous catalysis [73, 74] then it is particularly interesting to obtain
information on the electronic structure of an individual clusters (local work
function, charge state...). Quite often the support can change the electronic and
therefore the catalytic properties of the clusters [74]. Since phenomena like charge
transfer or polarization modifies the electronic properties (WF of large clusters),
KPFM is a promising technique for studying all this with nanometer resolution.

Simple surface systems, demonstrating that KPFM works quite efficiently, are
conducting surface systems (e.g. metal clusters on graphite or on low bandgap
semiconductors) [75-77]. KPFM accurately represents the work function differ-
ences between large clusters and the substrate surface with a nanometer resolution
and with an energy resolution in the mV range as shown for gold clusters on
HOPG [75], Si [76] or InSb [77]. With respect to bulk insulators support, KPFM
has been mainly used to study metal clusters on alkali halides surfaces like
NaCl(001) [78] or oxide surfaces like TiO,(110) [79] or MgO(001) [80].

In such experiments, the bulk insulator separates the clusters from a conducting
support (metallic sample holder), so that no conducting channels exist between the
clusters and the support. This aspect is important especially when charge is
transferred between a cluster and the tip during contact. The charge stays for a very
long time on the cluster and electrons can be transferred only to the neighboring
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clusters located at nanometer scale distances from the charged cluster [78]. When
clusters are ‘neutral’ on the insulating surface, KPFM measures the WF difference
between the insulator on the conducting sample holder and large clusters [79, 80].
However, in most cases, the clusters are influenced by the insulating support,
which can be observed for gold clusters on alkali halide surfaces [78], palladium
clusters on MgO(001) [80] or even for single platinum atoms on the TiO,(110)
surface [81]. Important issues in KPFM are the lateral resolution, the accuracy of
WF measurements and the resolution in voltage. Because KPFM is detecting only
the electrostatic tip-surface interaction, the lateral resolution and accuracy of a
measurement depend much more on the tip size and shape than it is the case in the
standard topography imaging mode. The reason is that electrostatic forces are
much more long-ranging (under specific conditions up to 50 nm and more) than
forces like van der Waals and short-ranges forces, which are responsible for the
topography contrast. If electrostatic forces are more long-ranging, they act on a
larger tip volume and, as a consequence, the convolution with the tip is increased.
These aspects have been studied in particular on ultra-thin insulating films sup-
ported on metal surfaces. These surfaces are well suited for such studies since the
films lower the WF of the metal underneath by more than 0.5 eV and the surface is
quite flat. As a rule of thumb it can be said that although a lateral resolution of
some nanometer can be obtained on such flat surfaces the accuracy is mostly
relatively low. Several 10 nm large structures are needed such that the WF is
enough saturating. However, since it may happen that the tip may change due to,
e.g., tip-changes during scanning, the tip can reduce the size of its apex or
so-called nanotips are formed at the tip apex. This greatly enhances the lateral
resolution but also the accuracy of KPFM measurements [82]. The lateral
resolution and accuracy increase as soon as nanometer large nano-objects like
clusters are imaged. The reason is that when the tip is placed above a cluster,
which has a height of some nanometers for instance, the tip does not ‘feel’
anymore contributions of the substrate surface. Lateral resolutions of a few
nanometer can be obtained in best cases (Fig. 11).

3 Nucleation and Growth of Bimetallic Clusters on Insulators
3.1 Overview of Nucleation and Growth Theory

3.1.1 Nucleation Kinetics

Nucleation theory has been strongly developed in the 1960/1970 s in particular to
understand the early stages of deposition of metallic thin films on insulators which
were also used as model for epitaxial growth [83—85]. Classical nucleation theory
was originally developed by Volmer [86]. From this theory a nucleus can sponta-
neously grow if it has a critical size i *. Taking the case of a liquid droplet the radius of
the critical nucleus is:
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Fig. 11 Pd clusters grown on MgO(001): a topography, b Kelvin image. The line profile at
bottom shows that the lateral resolution in the Kelvin mode is at least 5 nm. The mean value of
the difference of contact potential between Pd cluster and MgO is 2.4 V which corresponds to the
difference of work function of bulk materials. From Ref. [80], Copyright (2009) American
Chemical Society

R* = 2yw/Ap (1)

y is the surface energy of the droplet, v is the atomic volume and Ay is the
variation of the chemical potential between gas and liquid phases which is
expressed by:

Ap = kTn(P/P..) 2)

P/P, is the supersaturation, P and P, are the actual vapour pressure around the
nucleus and of the infinite liquid phase, respectively. The nucleation rate is
expressed by:

J = Cexp(—AG* /kT) (3)

AG* is the energy barrier (nucleation barrier) to form the critical nucleus and
C is a constant.

However in the case of condensation of a metal vapour on an insulator substrate
the supersaturation can be very high. Taking as an example the condensation of Pd
on an MgO crystal at 700 K the supersaturation is around 10'? then from Eq. (1)
the critical radius would be 0.17 nm. Thus in this case the critical nucleus is only
one atom, which means that the dimer is already stable. In that case the classical
nucleation theory is no longer available. The growth process occurs by accretion of
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adatoms (like a polymerization process). It is described by the so called ‘atomistic
nucleation theory’ which has been developed by Zinsmeister [87] from basic ideas
first expressed by Frenkel [88]. The rate equations given by Zinsmeister express
the variation with time of the number of clusters of size i:

dn,-/dt = w;_1ni_1 —w;n; fori =2,3...00 (4)

w; is the attachment frequency of an adatom to a cluster containing i atoms
which is expressed by:

w; = GiDI’li (5)

where D is the diffusion coefficient of an adatom and ¢; is the capture number for a
cluster of size i.

To calculate the number of nuclei present on the substrate we have to integrate
the system of differential equations which can reduced in only two equations [87]
which can be solved numerically if we know the various capture numbers. For
sake of simplicity Zinsmeister assumes that it is a constant (between 1 and 4).
From this scheme the nucleation frequency is:

J = 26011’11 (6)

Assuming that the growth is negligible the density of adatoms is equal to the
stationary value:

n = Frt (7)

where F is the flux of atoms impinging on the substrate and t the life time of an
adatom before desorption. Then combining Egs. (5)-(7) the nucleation rate
becomes:

J = 20,DF*7* (8)

Then the nucleation rate is proportional to the square of the impinging flux for a
homogeneous substrate without defects.
The diffusion coefficient is expressed by:

D = (va*/4)exp(—E;/kT) 9)
The life time t is expressed by:
1= (1/v)exp(E,/kT) (10)

where v is the frequency factor, E, and E, are the adsorption energy and diffusion
energies of an adatom. Combining Eqs. (8)-(10) the nucleation frequency
becomes:

J = (6a*F?)2v)exp[2E, — E4)/kT) (11)
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Generally insulating surfaces (like alkali halides, oxides) contain point defects
which strongly bind adatoms. If an adatom is indefinitely trapped on a defect it is
already a stable nucleus, then the critical size is i* = 0. This case is called
nucleation on defects. Robins and Rhodin have treated this case and compared
with TEM measurements of the nucleation of Au on MgO(100) [89]. The nucle-
ation rate is now expressed by:

J =oDnjn, (12)

where n, is the density of defects. Again assuming a negligible growth the
nucleation frequency becomes:

J = (O'QZF/4) exp[(Ea - Ed)/kT] (13)

Now the nucleation rate varies linearly with the flux, this dependency allows the
separation between nucleation on perfect surface and nucleation on point defects.
This linear dependency has been experimentally observed for Au/MgO [89],
Pd/MgO [90]. In that simple case the rate equations can be integrated (still
assuming a negligible growth) and the density of clusters as a function of time
reaches exponentially the density of defects [89]:

n(t) = ny[l —exp(—tJ/n,)] (14)

This exponential behaviour has been observed for Au and Pd nanoparticles on
MgO [89, 91] and also for Pd/NaCl and CuPd/NaCl [92]. However, contrary to this
simple theory of nucleation on defects, the saturation density of clusters has been
observed to decrease by increasing temperature for Au/MgO (in situ AFM study)
[54], Pd/MgO studied in situ by AFM [93] and by He diffraction [91]. In fact, the
assumption that defects are perfect sinks for adatoms is not true, due to the finite
adsorption energy on a defect site, at high temperature adatoms can escape from
the defects and the number of populated defect sites decreases with increasing
temperature. This effect has been included in a more accurate treatment of point
defect nucleation made by Venables and coworkers [93, 94] which has been
compared with the AFM study of the nucleation of Pd/MgO [93]. From this model,
the saturation density of clusters is equal to the density of defects only on a limited
range of temperature, at high temperature the density of clusters decreases but also at
low temperature the cluster density is larger due to the fact that nucleation on normal
sites is no longer negligible (Fig. 13).

3.1.2 Growth Kinetics

By integration of the system of rate Eq. (4) one obtains the size distribution of the
growing clusters at each time. Zinsmeister has solved this system of differential
equation assuming a constant value for the attachment frequency (w;) [95].
However by this treatment several aspects of the growth of clusters are not taken
into account: the direct impingement on the growing cluster (which is important at
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the late stages of growth) and the competition between clusters for the capture of
diffusing adatoms (which is important at high density of clusters). Several authors
have tried to treat more accurately the calculation of the attachment frequencies
[96-101]. In the typical growth conditions we consider here (metal on insulator at
temperature above RT) the diffusion of adatoms is limited by desorption and the
diffusion length X, of an adatom is:

X, = (D)% = (a/2)exp[(E, — E,)/2kT) (15)

Then, one can consider that around each cluster exists a collection zone where
every adsorbed will be captured by the growing cluster. In the case of an isolated
cluster the width of the capture zone is close to X. Halpern has treated exactly the
growth rate for an isolated cluster [96]. In order to take into account for the
competition between growing clusters, Sigsbee and Stowell have used the lattice
approximation [97, 98]. They consider that the growing clusters are sited on a
regular square (or hexagonal) lattice, the growth conditions are the same for all
clusters. In these conditions the density of adatoms around each cluster can be
analytically solved [99]. Another way to treat this problem of the capture of
adatoms: the uniform depletion approximation has been introduced by Lewis and
Venables [99, 100]. In this treatment one considers a uniform density of clusters
and the growth flux around each cluster is calculated assuming a uniform density
of adatoms all over the substrate which is derived from the calculation of an
isolated cluster by Halpern [96]. It has been shown that the uniform depletion
approximation is a rather good approximation of the lattice model [101]. In a
general case the growth rate of clusters can be calculated only numerically.
However in some cases, the capture number (o) can be expressed then an explicit
growth law can be obtained, as shown by Kashchiev [102, 103]. In the case of an
isolated cluster, i.e. L/X;> 1, L is the mean half distance between two
neighbouring clusters (incomplete condensation regime) and if the direct
impingement is negligible (i.e. early stage of growth) the cluster radius varies with
'3 for 3D clusters [103] and 2 for 2D clusters [102]. At late stage of growth
(i.e. very large clusters) the clusters grow practically only by direct impingement
then the radius vary linearly with time [103].

Another limiting case corresponds to the situation of a strong competition
between clusters for capture of adatoms (i.e. L/X; > 1: complete condensation
regime); the cluster radius varies with £ or % for 3D and 2D clusters,
respectively. In a general case the growth rate of a cluster can be expressed by a
power law of the deposition time:

R(t) = R,/" (16)

The exponent for any experimental has been calculated in the case of the lattice
approximation for 3D clusters [104]. Figure 12 displays the exponent p as a
function of the reduced radius (R/X,) and for various value of the reduced cluster
lattice parameter (L/Xj).
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Fig. 12 Exponent of the growth power law as a function of the reduced radius (R/X,) and for
various reduced intercluster half-distance (y = L/X;). Top curve represent the case of an isolated
cluster. From Ref. [104], copyright (1998), with permission from Elsevier

From this figure we immediately recognize the limiting cases: exponent close to
1/3 for incomplete condensation (L/X, small) and beginning of growth (R/X, small)
and for complete condensation (L/X; large). However we can see on Fig. 12 that p
is between 1/3 and 0.4 for a large range of values of L/X; and R/X, in agreement
with experimental measurements for Pd clusters on various insulating substrates
[104].

3.1.3 Nucleation and Growth on a Regular Lattice of Point Defects

The case of nanostructured substrate exhibiting a regular array of defects is a
quasi-ideal system. Indeed, nucleation on defects is very rapid and then due to
regularly spaced nuclei the growth rate will be uniform and as a consequence the
size dispersion will be very narrow. In the recent years several naturally nano-
structured substrates have been discovered like ultrathin films of alumina on
NizAl(111) [105-107], ultrathin film of titania on Pt(111) [108] and CoO film on
Ag(001) [109]. These nanostructured oxide substrates have shown to be good
templates to grow arrays of metal clusters [107—112]. The nucleation and growth
of metal clusters on a lattice of defects have been studied by kinetic Monte Carlo
simulation (KMC) in the case of 2D and 3D growth [113, 114]. The energetic
parameters used for the simulation of 3D growth correspond to the case of Pd
clusters on nanostructured alumina on NizAl(111) [105-107]. Figure 13 displays
the variation of the saturation density as a function of the substrate temperature.
The simulation shows a rapid nucleation on the defects until a complete occupa-
tion but only in the temperature range 240-300 K. At higher temperature some
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Fig. 13 Variation of the saturation density of clusters versus reciprocal temperature calculated
by KMC simulation for Pd/alumina/Ni3Al(111). Adapted from Ref. [114], copyright (2010), with
permission from Elsevier

defects remain empty because they are no longer perfect sinks for adatoms.
At very low temperature nucleation occurs also on regular adsorption sites and the
density of clusters is larger than the density of defects. After the nucleation stage
clusters grow uniformly that results in a very sharp size distribution (size
dispersion around 7% of the mean size) [114].

3.1.4 Nucleation and Growth of Bimetallic Clusters (AB)

Case of simultaneous deposition
The case of nucleation on a homogeneous substrate with a critical nucleus of one
atom has been for the first time treated by Anton and Harsdorff [115]. One has to
add the nucleation of AA, BB and AB dimers. However, now it is known that for
insulator substrates we are interested here (metal oxides, alkali halides....)
nucleation is controlled by defects.

Considering a nucleation on point defects the total nucleation rate is the sum of
the nucleation of A and B which are given by Egs. (12) and (13):

J Ja+ Jp

= (04a*F4/4)exp|(Eaa — Eqn)/KT) + (0pa®Fg/4)exp|(Eas — Egp)/kT] (17)

In a general case the energetic terms are different then nucleation of one species
will dominate. The growth rate is calculated by summing the contribution of the
two metals given by the growth kinetics of monometallic clusters (Sect. 3.1.2).
Like in the case of a single metal, power laws are also expected [92, 116].



Bimetallic Nanoparticles, Grown Under UHV 45

The time dependence of the chemical composition can be also obtained in inte-
grating the growth equations but it can be also obtained more simply if the
experimental growth law is known by adding the two contributions to the growth:
direct impingement and capture of diffusion of adatoms. The first contribution is
obvious and the second one can be calculated in the approximation of the col-
lection zone [92].

Case of sequential depositions (A, then B)

Nucleation of A will take place. Still assuming nucleation on point defects, if at
the end of the first deposition all defects sites are not occupied, during the second
deposition there will be competition between nucleation of B and growth of
bimetallic AB clusters. The relative rates of these two processes will depend on the
relative values of the adsorption and diffusion energies which depend on the
strength of the metal substrate interaction. If interaction of B with the substrate is
weaker than those of A, growth will be favoured. It will also depend of the density
of nuclei. A higher density will favour growth of bimetallic particles. The growth
rate of bimetallic clusters, will be given by Eq. (16) with an initial condition which
is the size of the pure A cluster at the end of the first deposition.

3.2 Nucleation and Growth of Bimetallic Clusters: Experiments

3.2.1 Simultaneous Deposition

The F4 and Fp fluxes of atoms A and B impinge simultaneously on the substrate.
For the nucleation stage the two types of atoms compete for the occupation of
nucleation sites: this competition depends on the flux ratio F4/Fp and the relative
values of the adsorption energy of the two types of atoms E,4 and E.p.
If adsorption energy of A is significantly larger than the one of B, the nucleation is
dominated by the A species. Assuming nucleation on defects, rapidly all the
defects are filled by A-rich clusters then bimetallic clusters will grow by capture of
A and B adatoms (dominant at the early stages of growth) or by direct impinge-
ment (dominant at late stage of growth). Thus the composition of the clusters will
start from pure A up to the nominal composition which Z,., = Fa/(F4 + Fp).
Table 1 displays examples of growth studies of bimetallic clusters on insulators by
simultaneous depositions.

The first systematic studies on the nucleation have been performed by the group
of Anton [116-121]. For these early studies, scanning probe microscopy
techniques were not yet invented and (ex situ) TEM was the main technique of
characterization of the bimetallic nanoparticles. By TEM the size distribution, the
structure and the morphology of the nanoparticles can be determined [46].
The composition can be determined with a TEM by X-Ray fluorescence [116, 122]
and on the modern (S)TEM by HAADF and EELS [123] techniques at the level
of a single particle. Anton’s group has investigated several types of bimetallic
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Table 1 Simultaneous deposition of the two metals (A,B). AHguplimation 1S the sublimation
energy of the pure metal indicated in the order A/B. Z = f(t) means the chemical composition
evolves during the deposition of the two metals, eventually after a long time the nominal
composition can be reached. A segreg. means that A segregates at the particle surface

AB FePt AuPd CuPd AgPd AuCu AuAg
AHgyblimation 5.85/4.29 3.94/3.78 3.94/3.50 3.94/2.91 3.78/3.50 3.78/291
(eV/atom)
Substrate NaCl(100) NaCl(100) NaCl(100) NaCl(100) NaCl(100)  NaCl(100)
CeO,/Ru(0001) KBr(100)
Fe;04/Pt(111)
MgO/Ag(100)
Techniques AFM TEM/EDX TEM/EDX TEM/EDX TEM/EDX TEM/EDX
TEM/EDX IRAS, TPD
Results, FePt alloy AuPd alloy CuPd alloy  AgPd alloy  AuCu alloy AuAg alloy
references [126] Z = f(t) Au Z = f(t) Z = f(t) Z = f(t) Z = f(t)
segreg. [92, 124, [119, [118] [116,
[119-121, 125] 120] 117]
128]

nanoparticles: AuPd [119-121], AgPd [119], AuCu [118], AuAg [116] on
UHV-cleaved NaCl. The AuPd system has been studied in details. Figure 14
displays the evolution of the Au content in the nanoparticles as a function of the
deposition time and for various ratios Fp,/F4,. It is clear that during the first stages
of growth the nanoparticles contain mainly Pd [120]. This result is due to the much
larger adsorption energy of Pd on NaCl compared to Au. By increasing the flux of
gold atoms the initial concentration of Au in the particles increases but for all flux
ratios the composition of the nanoparticles evolves with deposition time. The
nominal composition Z, ., is eventually reached for a ratio F4,/Fp, = 16.3 after
about one hour of deposition that would correspond to very large particles
(D = 40 nm [121]). The composition has been also determined from Monte Carlo
simulation for the early stages of growth of the nanoparticles (the capture numbers
are assumed to correspond to the isolated cluster limit, see Sect. 3.1.2) and a good
agreement with experiment (Fig. 14) has been obtained with adsorption energies
of 0.78 and 0.48 eV for Pd and Ag, respectively.

The growth of CuPd on UHV-cleaved NaCl has been also studied by TEM and
EDX in the Henry’s group [92, 124, 125]. Figure 15 displays the Cu concentration
as a function of time for a flux ratio F¢,/Fp; = 8 [92]. Again, as the interaction of
Pd with NaCl is much larger than those of Cu, nucleation is dominated by Pd and
the particles become enriched in Cu during their growth. The nominal
concentration (88.8% of Cu) is not reached after 900 s of deposition.

Figure 16 displays the nucleation kinetics and the growth rate of CuPd
nanoparticles. The nucleation kinetics follows the nucleation on defects behaviour
(see Eq. (13)): the density of clusters reached rapidly a saturation value. The
nucleation kinetics is very close to the case of pure Pd [92], showing that for Pd
and Cu simultaneous deposition the nucleation is controlled by Pd. The growth
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Fig. 14 Semi-logarithmic plot of the concentration of Pd in AuPd nanoparticles grown on
NaCl(001) by simultaneous deposition of Au (Fy4, = 4.4 x 10" cm™2 s7!) and Pd (from the top
to the bottom curves Fp; = 7.9, 2, 1 and 0.27 x 103 cm™2 sfl) as a function of deposition time.
The solid symbols correspond to experimental measurement by EDX and the open symbols
correspond to MC simulation. From Ref. [120], copyright (1990) by The American Physical
Society

Fig. 15 Variation of the Z (at %)
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rate of CuPd clusters follows a power law with an exponent of 0.42 close to the
case of pure Pd (0.40). These results prove two facts: (i) the growth mainly occurs
by capture of atoms adsorbed on the NaCl substrate which is expected because the
substrate coverage is low (smaller than 5%), (ii) the capture of Cu adatoms is
weak.
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Fig. 16 Nucleation (a) and growth kinetics (b) of CuPd clusters on NaCl(001) by simultaneous
deposition of Pd (Fpy = 1 x 10" ecm™ s™") and Cu (Fe, = 8 x 10"* ecm™2 s™ ') at 553 K as a
function of deposition time. From Ref. [92], reproduced by permission of the Royal Society of
Chemistry
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In order to determine the energetic parameters (E, and E,) for this system the
growth of the bimetallic particles has been simulated by using the lattice
approximation (see Sect. 3.1.2). From the fit of the growth kinetics and of the time
dependent composition with this growth model the (E, — E,) parameters of
0.38 and 0.07 eV have been determined for Pd and Cu, respectively [92]. Once
these parameters have been determined it becomes possible to know the relative
contribution of the two growth mechanisms (direct impingement and capture of
adatoms) during the growth for the two types of atoms. Figure 17 shows the
proportion of incorporation of Pd and Cu atoms by direct impingement during the
growth of the CuPd clusters. We see clearly that Cu is mainly incorporated by
direct impingement while Pd is mainly incorporated by capture of adatoms. This
becomes clear if we consider that at the growth temperature (553 K) the
mean diffusion length of Cu is very small (0.5 nm) while it is much larger for



Bimetallic Nanoparticles, Grown Under UHV 49

Fig. 18 HRTEM pictures of CuPd nanoparticles grown by simultaneous deposition on NaCl.
a After growth at 553 K. b After annealing at 638 K. From Refs. [124, 125]

Pd (7.5 nm) in comparison with the size of the clusters (the relative contribution of
the diffusion-capture process to the direct impingement is roughly equal to 2X,/R).

The structure of the nanoparticles can be determined by HRTEM. In the case of
CuPd/NaCl(001) the particles grown at 553 K have a face centered cubic structure
that corresponds to a solid solution i.e. no chemical order (see Fig. 18a). After
annealing at 638 K the particles get the CsCl type structure corresponding to the
ordered CuPd structure (see Fig. 18b) [125].

The growth of bimetallic nanoparticles by simultaneous deposition of the two
metals has rarely been studied by AFM or STM [126-128]. In the case of FePt/
NaCl [126] the nanoparticles were characterized by a combination of in situ STM,
ex situ TEM, TED and EDX which show that the particles were bimetallic and
epitaxied on the NaCl substrate, the average composition was determined.

In summary, for simultaneous deposition, the composition of the bimetallic
particles evolves during the growth except at the late stage of growth when the
direct impingement is the main growth mechanism where the concentration tends
to the nominal one. The variation of the composition is due to the different
incorporation of the two metals which is related to the width of the capture
zone around the clusters which depends exponentially on the energetic parameter
E, — E4 which varies with metal substrate interaction. In principle it could be
possible to correct for this difference of capture rate by increasing the flux of the
metal having the weaker interaction but in practice it is necessary to adjust
continually the flux ratio that would be very difficult to manage.

3.2.2 Sequential Deposition
In the case of sequential deposition, A then B, the nucleation is controlled by A but

during the second deposition metal B can nucleate new pure B clusters or only
grow pre-existing A clusters. The competition between these two processes
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depends on the metal-substrate interactions but also on the distance between
prenucleated clusters. If the prenucleated A clusters occupy all the defects sites
which are separated by a distance much smaller than the diffusion length (X;) of an
adsorbed B atom the growth of AB clusters will dominate. If the mean diffusion
length of B atoms is smaller than the distance between A clusters the growth of A
clusters will be negligible. Finally if some defects are not occupied by A clusters
nucleation of B clusters will occur. We will see all these possibilities by looking on
the published works in the recent years (Table 2) which use mainly STM as a
charaterization tool of the nanoparticles.

CoPd is the most studied systems [129-132]. The CoPd particles are grown on
an ultrathin alumina thin film obtained by high temperature oxidation of NiAl(110)
by depositing sequentially Co then Pd or Pd then Co. The particle nucleation and
growth were investigated in situ by STM. By depositing first Co then Pd, the
density of clusters stays unchanged after the second deposition and the mean size
of the clusters increases, that means that no nucleation of pure Pd occurred and that
Pd participates only in the growth of bimetallic clusters [129, 132]. In the reverse
case, Pd deposition then Co deposition, after the second deposition the density of
clusters increases by about 30% and the size of clusters increases [129, 132]. In
this case new pure Co clusters are formed together with bimetallic CoPd clusters.
For Fe deposited on Pd preformed clusters, pure Fe clusters are observed together
with bimetallic ones, in the reverse order only bimetallic clusters are observed
[133]. If now Au [111, 134] or Ag [135] is deposited on prenucleated Pd clusters
one get only bimetallic particles (no new clusters are formed) on the contrary if Pd
is deposited on Au prenucleated clusters one obtains pure Pd and bimetallic AuPd
particles [136]. These different behaviours can be rationalized if one compare the
sublimation energy of the different metals (see Table 2) which roughly scales with
the interaction of the metal with the substrate. The sublimation energy of Pd is
smaller than those of Co or Fe and larger than those of Ag or Au. During the first
deposition the nucleation rate (i.e. the number of formed clusters) for Co or Fe will be
much larger than for Pd and the nucleation of Pd will be larger than for Ag or Au.
Assuming a predeposition of Pd clusters, in the second step the competition between
nucleation of Co or Fe and growth of bimetallic clusters will be in favour of the
nucleation of pure Co or Fe clusters. In the case of Au or Ag the nucleation of pure Au
or Ag will be disfavoured by a low nucleation rate and fast diffusion of adatoms that
will prefer to grow prenucleated Pd clusters.

However, in the case of nucleation on point defects and assuming that they act
as perfect sinks for adatoms, nucleation of Au or Ag can occur except if all the
defects were already occupied by Pd and then no nucleation could occur [111].
The same reasoning holds in the case of deposition of Pd on prenucleated Co or Fe
clusters.

On Fig. 20 we see the effect of the cluster density after the first deposition (Ag)
for the system Au/Ag on TiO,(110) which has been studied in situ by STM [137].
Figure 19 displays a series of STM images from the same area after deposition of
Au on prenucleated Ag clusters. The observation of the same area is a clear
advantage because it becomes possible to see the individual mechanisms:
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Fig. 19 STM images of a series of depositions of Au (b 0.17, ¢ 0.34, d 0.51, e 0.85 and
f 1.53 ML) on prenucleated Ag clusters (a 0.033 ML) on TiO,(110). From Ref. [137], copyright
(2004), with permission from Elsevier

nucleation of a new cluster, cluster growth, cluster mobility, coalescence of two
clusters. In this particular case it is also possible to distinguish between steps and
terraces. By increasing the amount of deposited Au atoms it is clear that Ag
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clusters grow and that new pure Au clusters appear. This is not surprising because
the adsorption energy is larger for Au than for Ag (if we still scale with the
sublimation energy—see Table 1).

From this study the density of clusters has been measured as a function of the
amount of deposited gold both on terraces and on steps. We see on Fig. 20 that the
density of clusters is larger on steps than on terraces that is a well known effect
which is responsible for the step decoration phenomenon already observed in the
first studies of metal deposition on ionic crystals [138]. On steps, by increasing
the Ag coverage the density of clusters strongly increases showing that after the
thinner Ag deposit the saturation density was far to be reached. Then, during Au
deposition the density of clusters notably increased. For the thick Ag deposit the
density of clusters is close to saturation and the density of clusters is more or less
constant after Au deposition. On terraces, after the deposition of Ag at the lowest
coverage (0.033 ML) the saturation density of clusters is more or less reached then
the density of clusters increases only slightly during Au deposition. The density of
defects is certainly much larger on steps than on terraces.

In the case where the interaction energies of the two metals with the support are
very close the use of STM is very important to see which mechanisms occurs during
the second deposition. Taking the case of Pt deposited on preformed Rh clusters on
TiO,(110) [139], the sublimation energies of Pt and Rh are 5.85 and 5.75 eV/atom,
respectively. Figure 21 shows a series of STM pictures after increasing the amount of
Pt deposited on prenucleated Rh clusters. The density of clusters is very large after
the deposition of Rh, after Pt deposition the main phenomenon is an increase of the
cluster size. However a close examination of the successive pictures from the same
area shows that some nucleation of pure Pt occurs but also in the same time some
bimetallic clusters disappear by coalescence. Increasing deposition temperature,
favours cluster growth relatively to nucleation of pure Pt as expected from nucleation
theory (see Sect. 1).

The competition between growth of AB clusters and pure B nucleation depends
also on the distance between prenucleated A clusters. Indeed if two clusters are
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Fig. 21 STM images (50 nm x 50 nm) on the same area of increasing amount of Pt deposited
(b 0.09, ¢ 0.18, d 0.33, e 0.51, f 0.88, g 1.18 and h 1.6 ML) on prenucleated Rh clusters
(a 0.3 ML) on TiO»(110). From Ref. [139], copyright (2006), with permission from Elsevier

very close nucleation of a new cluster has less chance to occur than in the case
where the clusters are far each other. Conversely, if two clusters are very close
they strongly compete for capture of adatoms. Therefore the composition of the
clusters will not be homogenous on the substrate in the typical situation of
randomly distributed defects. A way to avoid these problems is to have a substrate
presenting a regular array of point defects. This situation occurs in the case of
nanostructured oxide ultrathin films [105-109]. In this case the nucleation will
occur rapidly on all the defects and when saturation is reached, the clusters will
grow homogeneously on the whole substrate. Such a case is presented on Fig. 22.
By depositing Au on prenucleated Pd clusters (at 0.1 ML the saturation density is
reached at RT), in situ STM observation shows that the density of clusters is
constant and the size dispersion is weak [111, 140] (see Figs. 22 and 23). However
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Fig. 22 Au/Pd on alumina 74
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Fig. 23 STM image

(200 nm x 200 nm) of AuPd
clusters obtained by
deposition of 0.04 ML of Au
on pre-nucleated Pd clusters
(0.02 ML) on alumina on
NizAl(111). From Ref. [111]

in the reverse case when Pd is deposited on prenucleated Au clusters, we see on
Fig. 22 that the saturation density is not reached because the point defects are not
perfect sinks for Au adatoms at RT and the density of clusters increases by
formation of pure Pd clusters until all defects are occupied [136]. However by
increasing the amount of predeposited gold the proportion of pure Pd clusters
decreases. Taking into account the fact that the point defects are not perfect sinks
for Au adatoms, during the gold deposition on prenucleated Pd clusters below the
saturation density, growth of bimetallic clusters will mainly occur because gold
atoms can escape from the defects while they stick permanently to preformed
Pd clusters [111].

Cluster Shape

STM and AFM are well suited techniques to study in situ the nucleation and
growth of bimetallic clusters while TEM techniques are limited to ex situ obser-
vation. However scanning probe techniques (AFM, STM) are a severe limitation
which is due to the deformation of the object by the shape of the scanning tip that
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Fig. 24 STM imaging of Pd clusters grown on a ultrathin alumina film on NiAl(110). a Apparent
height as a function of bias voltage for coverage of Pd of 1 and 0.5 ML. b Height distribution.
The different peaks separated by roughly 0.22 nm correspond to integer numbers of layers. From
Ref. [132], copyright (2007), with permission from Elsevier

leads to an increase of the apparent size and rounding of the shape. This effect and
some alternatives are discussed in the first part of the paper (see Sect. 2.3). Often it
is believed that height measurements are very accurate by STM. This is true for
metallic samples after calibration of the microscope. However in the case of metal
clusters supported on an insulting ultrathin film the situation is not so clear.
Figure 24a displays the measured height as a function of bias voltage for two
deposits of Pd on alumina on NiAI(110) [132]. At negative or low positive value of
the bias voltage the cluster height is nearly constant but at voltage larger than 2 V
the height strongly decreases. In fact at positive voltage higher than 2.2 V the tip
probe unoccupied states of the oxide film then the measured height is no longer
representative of the true height of the Pd clusters. However below the band gap of
the oxide the tunnelling current comes only from Pd states from the clusters.
In order to calibrate accurately the height scale, one can measure the height
histogram from a large number of clusters (see Fig. 24b). After these calibration a
systematic correction of 0.3 nm is applied for height measurements at a bias
voltage of 2.5 V [132]. A similar dependence of the apparent cluster height as a
function of the bias voltage has been observed for Pd clusters on alumina on
NizAl(111) [141].

Figure 25 displays an STM image of PdCo clusters on an ultrathin alumina film
on NiAl(110) which are obtained by depositing 1 ML of Co on prenucleated
Pd clusters (1.25 ML). Two types of clusters are visible: large facetted ones
corresponding to bimetallic clusters and small round ones that correspond to pure
Co clusters [132]. The large bimetallic clusters have a top truncated tetrahedron
shape. The top facet is flat and atomic resolution have been obtained (see Fig. 25b)
it corresponds to a (111) plane [132]. The atomically resolved image presents
bright atoms and dark ones. They are identified from previous studies of Co atoms
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Fig. 25 STM images of
1 ML of Co deposited on (@) 1.25 ML Pd + 1ML Co
prenucleated Pd clusters
(1.25 ML) on a ultrathin
alumina film on NiAl(110).
(a) 100 nm x 100 nm area
(b) atomically resolved image
of a top (111) facet of a PdCo
cluster showing chemical
sensitivity. From Ref [132],
copyright (2007), with
permission from Elsevier

deposited on Pd(111) to Pd and Co atoms, respectively [132]. This image shows that
by depositing Co on Pd clusters at RT alloy is formed instead of core shell structure.
Thus segregation of Pd toward cluster surface is possible at RT while in the bulk
segregation occurs above 300°C [142]. Atomic resolution with chemical sensitivity
on top facets of bimetallic particles is the ideal method to study surface composition
at the level of one particle. However, it is very difficult task and from the best of our
knowledge it has been reported only once for PdCo nanoparticles [132].
Other techniques like LEIS, MEIS can provide such information on a collection of
bimetallic particles. LEIS is the acronym for low energy ion scattering uses ion
energies between 1 and 5 keV and probes only the top surface of the nanoparticles
(see Ref. [143] for details on the technique). By LEIS it has been shown in the case of
AuPd bimetallic particles that Au has a tendency to segregate at the surface of the
particle [144] as expected from surface energy consideration and observed on single
crystal alloys. MEIS (medium energy ion scattering) uses more energetic ions
(50-200 keV) and thus provides information about the surface and the bulk
composition of the nanoparticles [145]. It has been confirmed by MEIS that in AuPd
nanoparticles Au segregates on the surface (in agreement with AuPd particles
prepared by simultaneous deposition [128]) and that subsurface layer is enriched in
Pd [146]. Surface composition can also be indirectly studied by IRAS (infrared
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reflection absorption spectroscopy) and TPD (thermal programmed desorption).
In this case CO is (in situ) adsorbed on the nanoparticles and the stretching frequency
or the binding energy of CO adsorbed on the A and B metal atoms are probed by IRAS
or TPD, respectively. If the stretching frequencies or the binding energies are
different for the two types of atoms in principle, the surface composition can be
obtained. However the interpretation of the spectra is not so straightforward. Firstly,
CO adsorption can induce surface segregation (the metal which has the largest
binding with CO tends to be at the surface). CO adsorption induced segregation has
been observed for CuPd [147] and AuPd nanoparticles [148]. Secondly, the CO
stretching frequency is influenced by CO coverage and environment of a given atom
which changes with surface composition. For these reasons these two techniques
provide mainly qualitative information like for example presence of a core shell
structure or an alloy. Combination of IRAS and TPD has been used to study
sequentially grown PdCo [130, 131], PdFe [133] and AgPd [135] nanoparticles. For
the three systems if the metal with the lower surface energy [149] is deposited in the
second step it stays at the surface. If the metal with the higher surface energy is
deposited in the second step, the first deposited metal segregates on the surface as for
Fe/Pd while it is not exactly the case for Co/Pd where part of Co stays at the particle
surface although some Pd segregates on the surface and eventually Co cover the
PdCo particles at very high Co coverage (2 nm Co/0.1 nm Pd) [131]. In Co/Pd, it was
observed by chemically resolved STM images and by LEIS that Pd tends to segregate
on the surface of bimetallic particles [132].

Much less studies on the growth of bimetallic nanoparticles have been per-
formed by AFM than by STM. This is partly due to the fact that STM is an older
technique than AFM but also by the fact that for in situ surface studies AFM is
generally restricted to bulk insulator for which STM is inapplicable because STM
is easier to operate and atomic resolution is much more difficult to reach by AFM
than by STM. However in the recent years non contact AFM has made major
advances [41] and in some cases nc-AFM has a better resolution than STM, for
instance in imaging atoms of an adsorbed molecules [150]. Moreover, chemical
identification of atoms can be performed at RT with systematic investigation of Af
versus distance curves [43] (see Sect. 2.2 and Fig. 4a). Concerning the bimetallic
nanoparticles on insulators few studies using AFM have been published in the
recent years. The first one concerned the growth of FePt nanoparticles on NaCl
surfaces [126]. Figure 26a displays an AFM picture of the bimetallic nanoparticles
obtained by simultaneous deposition of the two metals. The particles appear more
or less round and some are square, their apparent mean size is around 8 nm
and their mean height is 5.5 nm (Fig. 26b). By TEM the particle size is between
6 to 7 nm and their outline is square or rectangle (Fig. 26¢c). The shape observed
by AFM is less precise than by TEM because of the effect of the convolution with
the tip shape, as we have seen previously, but AFM brings an accurate measure of
the particle height that is not possible with TEM except in transverse view or by
tomography [151].

The second study reports on ex situ AFM observations of AuPd nanoparticles
grown on silica/Si(100) through an ice buffer layer [127]. Another study concerns
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Fig. 26 FePt bimetallic particles on NaCl(001) a AFM picture with a line profile at the bottom
b height histogram ¢ TEM picture of a single particle. From Ref. [126], copyright (2005),
American Institute of Physics

bimetallic Auln particles on a semiconductor surface [152]. Au is deposited at RT
on InSb(001) and square Au islands are formed as observed in situ by nc-AFM.
After annealing at 600 K the gold nanoparticles coalesce and larger square par-
ticles are obtained (see Fig. 27, top). In the KPFM mode (see Sect. 2.4) the par-
ticles show a contact potential difference of 10-20 mV (Fig. 27b, top). After
annealing to 650 K the particle shape is the same but the difference of contact
potential increases to 50-100 mV (see Fig. 27b, bottom). This large change in the
contact potential difference is due to the formation of Auln alloy nanoparticles.
This interesting observation opens the way for a measurement of the composition
of individual bimetallic nanoparticles. Indeed the contact potential difference
measures (in the absence of permanent charges) the difference of work function
between the substrate and the bimetallic particle (see Sect. 2.4). The work function
of a bimetallic particle is expected to vary with its composition.

In summary some general rules can be drawn in the case of sequential depo-
sition. In the case of deposition of B on pre-deposited A clusters:

choose E,,(A) > E,; (B)

A coverage sufficiently large to saturate all defects

large F4 to have fast nucleation

choose a low deposition temperature of A to have fast nucleation but not too low
to avoid homogenous nucleation

e choose a high deposition temperature of B to favour growth of prenucleated
clusters.
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Fig. 27 Non contact AFM images of Au particles grown at RT on InSb(001): top after annealing
at 600 K, bottom after annealing at 650 K; topography (a) and Kelvin images (b). From Ref.
[152], copyright (2004), with permission from Elsevier

The growth rate can be calculated by knowing (E, — E,)g, the radius of the
prenucleated clusters R, and their density n, by using the growth model
(see Sect. 3.1.2 and Ref. [104]).

Conclusion and Perspectives

STM and AFM are best suited techniques to study in situ the nucleation and
growth of supported bimetallic clusters (STM is limited to bulk conducting
substrates and ultrathin insulating films supported on metals whereas AFM can be
used on any substrate surface). The morphology of the bimetallic nanoparticles can
be studied by these two techniques but with some limitations. The size of the
particles is enlarged and the shape is rounded on the edges by the interaction with
the tip (tip-object convolution). This effect is often increased in AFM because the
commercial tips are generally bigger than the STM ones. In non-contact AFM the
actual shape can be revealed (at least the top facet) by using the constant height
mode. The shape characterization by scanning probe microscopies can be
completed by using integral techniques like GISAXS (grazing incidence small
angle X-ray scattering) which can also be operated in situ during growth [153] or
ex situ by TEM. The substrate surface can be easily imaged with atomic resolution
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by AFM and STM but it is more difficult on the nanoparticles except for large
facetted particles. The resolution of the facet structure could certainly be improved
by working with functionalized tips. The determination by STM and AFM of the
surface chemical composition of the bimetallic particles is still a big issue, but
recent works on surface alloys have shown that atomic resolution with chemical
sensitivity can be achieved with both techniques. Again a better understanding and
control of the scanning tip is necessary to achieve routinely chemical sensitivity at
atomic scale. Otherwise KPFM could become a technique to analyse surface
composition on large facets. Nevertheless complementary integral surface science
techniques are still necessary to fully characterize supported alloy nanoparticles,
like LEIS (surface composition), MEIS (surface and bulk composition). Other
techniques can provide some information on the surface composition of the
nanoparticles after adsorption of molecules (typically CO) like IRAS or TPD but
care has to be taken in order to avoid artefacts like surface segregation induced by
the adsorbate. At the level of a single particle ex situ TEM techniques (EDX,
EELS, HAADF) can provide quantitative information on the bulk composition of
the particles.

From theory side, atomistic nucleation theory is well adapted to treat accurately
the nucleation and growth of bimetallic clusters by deposition of atoms on an
insulator substrate. It can provide analytic kinetic laws for nucleation and growth
and the evolution of the chemical composition can be predicted. From the two
modes of deposition: simultaneous and sequential the latter one is preferred
because the composition can be more easily controlled. However for sequential
composition it is important to choose correctly the order of deposition of the two
metals and the deposition parameters (flux, substrate temperature). Again atomistic
nucleation and growth theory can guide these choices. Two crucial parameters of
this theory are the adsorption energy and the diffusion energy of adatoms. They are
related to the interaction of the metal with the substrate. For a same substrate, the
trends for different metals can be given by the cohesion energy of the metal.
Besides nucleation-growth theory atomistic simulations can provide precious
information about chemical order and segregation in bimetallic nanoparticles that
can be different that for their bulk counterpart (see Chap. 8).
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