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Figure 1.1 Schematic illustration of the dependence of an arbitrary cluster property

c(n) with number of atoms in the cluster.
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Clusters at surfaces

1.1. Introduction

What is the smallest metal? A lone copper atom is no more an electrical conductor than an

atom of iodine. Electrical conductors are characterised by the mobility of their conduction

electrons. In a copper wire, they move almost freely, paying scant attention to the

positively charged atomic nucleiÑnomads in their lonely journey across a gently

undulating desert of positive pseudo-potential. Electronic states merge and overlapÑa far

cry from the rigidly constrained city-dweller electrons of the single atom.

Clusters lie somewhere in the grey region between atom and bulkÑtiny aggregates of

atoms. Their parts are too many for the neat mathematical perfection of the single atom,

yet too few for the simplifying statistical averaging so successful as a description of the

bulk. Every atom counts, and adds its contribution to the whole. If c(n) is an arbitrary

cluster property, we might expect that as the number of atoms in the cluster, n, increases,

it would approach the bulk value. But for small clusters, it could vary considerably and

non-monotonically as a function of n, because each atom lost or gained makes a signiÞcant

contribution to the whole. This is illustrated schematically in Þgure 1.1.

Small metallic clusters can be much more reactive than their parent bulk metal, but

their reactivity depends sensitively on the precise number of atoms and outer electrons. A

relatively unreactive cluster with a stable number of outer electrons may be made much

more reactive just by adding or subtracting one atom. Another deÞning characteristic of

clusters is that most of their atoms are on the surface. Even a reasonably large

icosahedral cluster containing 147 atoms has 92 on the surface ( i.e. well over half). These
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two features of cluster chemistry make them very important as catalysts of chemical

reactions.

The question of metallicity is of great importance in the micro-electronics industry.

The size at which a cluster acquires metallic characteristics would deÞne the minimum

size for electrical wires and contacts to behave in the normal way. On the other hand, the

semi-metallic properties of smaller clusters could be harnessed as novel building-blocks in

ultra-small electronic devices.

In this chapter, I present an introduction to the Þeld of cluster research. I begin by

reviewing free cluster properties, and then consider clusters deposited on a substrate.

Fundamental to investigations of the properties of clusters on surfaces is a knowledge of

the deposition process by which they arrive there. I examine recent work in this area,

including investigations into the fragmentation of clusters on impact, cluster diffusion on

the surface, and island nucleation and growth. In the last part, I describe two real-space

imaging techniques pertinent to the study of clusters on surfacesÑscanning tunnelling

microscopy and scanning electron microscopy.

1.2. Mass selected free clusters

1.2.1. Magic numbers and the shell model
The application of mass selection techniques to cluster beams was a major catalyst in

sparking renewed interest in cluster physics. Previously, measurements of cluster beam

properties had been averaged over a broad range of sizes in the beam. With single atom

mass resolution, a whole new world of detail was opened up. In a landmark experiment,

Knight et al.  (1984) measured mass spectra for sodium clusters and found that rather

than the cluster abundance varying smoothly from cluster to cluster, striking steps were

observed in the intensity of the mass spectrum at n Ê=Ê8, 20, 40, 58 and 92 atoms per

cluster (Þgure 1.2). The high intensity of clusters of these sizes reßects their increased

stability relative to neighbouring sizes. The mass spectrum suggests that the outer 3s

electrons from each sodium atom are able to move almost freely in a spherically

symmetric potential well, the individual positive charges of the nuclei being effectively

smeared out. The spherical symmetry leads to the radial quantum number and angular

momentum quantum number being conserved, so that the electrons Þll up a series of

discrete energy levels. As is the case with atomic nuclei and electrons in atoms, the full

shell conÞgurations are states of high relative stability, and this explains the abundance

maxima in the mass spectrum. When one more electron is added to the cluster, it must

occupy a new energy level at a considerably higher energyÑthus clusters containing one

electron more than a magic number are relatively unstable.

The shell model is applicable to clusters of nearly-free electron metals. The noble

metalsÑcopper, silver and goldÑexhibit the same magic numbers, as do some of the

group II and III metals. In the case of aluminium, each atom contributes three electrons,

so that   Al 3
+ is a ÔmagicÕ cluster, having eight free electrons. In fact, aluminium is not

described by the jellium model as well as the alkali and noble metals, and the magic
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Figure 1.2 (a) Mass spectrum of sodium clusters, nÊ=Ê4Ð75 and 75Ð100 (inset). (b)ÊThe

calculated change in the electronic energy difference between levels,

    E(n + 1) - 2E(n) + E(n - 1)  according to the electronic shell model (Knight, 1984 ).

number abundance peaks in spectra from aluminium cluster sources tend to be less

clearly deÞned than for, e.g., sodium. Furthermore, investigations of aluminium clusters

of up to 10 4 atoms revealed abundance oscillations in the mass spectrum that could be

best explained by means of a geometric atom-packing model in which stable closed

geometric shells are obtained when a facet of an octahedron is completed (Martin, 1992).

This is an example of the geometric structure of a cluster having a greater inßuence on

stability than the electronic structure at larger cluster sizes.

1.2.2. Magic numbers in free cluster properties
The electronic structure magic numbers manifest themselves in many of the properties of

free clusters. Electron impact ionisation energies naturally follow the magic number

pattern. Measurements of the electron-impact ionisation cross-sections of silver clusters of

up to 36 atoms have additionally revealed an alternating even-odd pattern in the

ionisation potential as a function of cluster size (Jackschath, 1992 ). This has been

attributed to pairing of the electrons within the shellsÑan unpaired electron is easier to

remove than a paired electron.

Fragmentation experiments have also shown some magic number effects. When

positive silver ions are fragmented by an incoming photon, they tend to split into a large
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ion fragment and a small neutral fragment. This can be understood from the higher

ionisation energy of smaller clusters. Ion fragments with an even number of electrons

have greater relative abundances than those with an odd number of electrons, and ions

with 2 and 8 electrons also tend to have increased abundances (Fayet, 1986 ).

The variations in reactivity in the elements of the periodic table are due to the

different electronic conÞgurations of the elements, and are normally dominated by the

number of electrons in the outer shell. The situation is qualitatively similar for different

sized clusters, with closed-shell clusters being relatively unreactive. Lange et al.  (1992)

investigated this effect for sodium clusters of 100 to 800 atoms reacted with O 2, and

Persson et al.  (1993) studied O 2 and D 2 attachment to copper, iron, cobalt and nickel

clusters. Interestingly, they found that of these, only copper exhibited unambiguous shell

structure corresponding to the electronic shell model. On cobalt, the sticking probability of

O2 increased almost monotonically with size, reaching ~1 for twenty-Þve or more atoms

per cluster. The sticking probability of D 2 on cobalt seemed to depend sharply on cluster

size, but it was not possible to determine whether the geometric or electronic shell model

provides a correct explanation. Other experiments, reacting various small organic

molecules with transition metal ions, have shown very complex and irregular behaviour,

being highly speciÞc to the reacting molecule as well as to the size of the cluster ion (Irion,

1992).

1.3. Mass selected deposited clusters

Whilst there is much work recorded in the literature concerning the properties of free

mass selected clusters, there is far less on the properties of deposited mass selected

clusters. This disparity reßects the relative difÞculty of obtaining well-characterised

samples of single-sized clusters on a surface compared to the beam experiments. A major

issue in deposited cluster experiments is the fate of the clusters subsequent to deposition.

This question divides into two parts: ( i ) possible fragmentation of the cluster as it hits the

surface or penetration of part of the cluster into the surface and ( ii ) subsequent diffusion

and aggregation of clusters or cluster fragments. Before considering these questions in

more detail, we will look brießy at some of the work that has already been carried out on

systems where size-selected clusters have apparently been deposited successfully without

fragmentation or aggregation.

1.3.1. Deposition into a matrix
One way to circumvent the problems of fragmentation and diffusion of the clusters is to

deposit them into a matrix. The aim here is usually to obtain a higher concentration of

clusters than is possible in a beam, in their native unperturbed state, thus enabling the

use of spectroscopic techniques that would be impossible in free beams. For this reason,

an inert matrix is chosen, such as argon or nitrogen molecules. The clusters are co -

deposited with the gas at cryogenic temperatures, at a concentration that guarantees that

coalescence of clusters in the matrix will be negligible. Recently, Raman spectra of size
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selected silicon clusters in a nitrogen matrix have been measured (Honea, 1993 ) from

which the geometric structures of silicon clusters of four, six, and seven atoms were

elucidated. There has also been a series of measurements of Raman spectra of silver

clusters embedded in rare-gas matrices ( e.g. Ferdigo, 1992 a; Ferdigo, 1992 b; Harbich,

1992) which have shown the main features of the spectra to correspond well with the shell

model. Silver is chosen because of its simple electronic structure, but there have also been

some initial studies of Co 2 clusters (Dong, 1994 ) and Ta 4 clusters (Wang, 1995 ).

1.3.2. Deposition onto a surface
Of the work described in the literature concerning size-selected deposited clusters where

the emphasis is on the properties of the clusters rather than on the deposition process

itself, most of the work done has concentrated on evolution of bulk-like properties and the

perturbing inßuence of the substrate.

Several experiments on size-selected clusters deposited on surfaces have employed x-

ray and ultraviolet photo-emission spectroscopy ( XPS and UPS), techniques with which it is

possible to measure the energy levels of electrons in the clusters. By these closely related

techniques, the shifts in the energy levels as the cluster grows from a few atoms to many

can be followed and the evolution of metallic properties observed. X PS and UPS  also

provide means of examining the degree to which the surface interacts with the cluster.

The Þrst XPS experiment on size-selected deposited clusters recorded in the literature

was on gold clusters from a liquid metal ion source, deposited on amorphous carbon

(DiCenzo, 1988). The measurements revealed that the binding energy of the 4 f7/2 electrons

decreases with increasing cluster size towards the bulk value. By considering the effect of

metallic screening in the positively charged cluster after the photo-electron is emitted,

they estimated that the change from local to metallic screening occurs at around nÊ=Ê150

atoms. More recently, UPS  and XPS measurements have revealed a high degree of

interaction of platinum and palladium clusters with the Ag(110) surface (Roy, 1994).

Metallic screening of core holes in the platinum and palladium clusters is provided by

silver conduction electrons, and small clusters seem to lie in linear chains along the

furrows of the Ag(110) surface, rather than forming two or three-dimensional islands.

1.4. The fate of deposited clusters

If it is intended to carry out controlled experiments on deposited size-selected clusters, it

is absolutely necessary to know what happens to a cluster as it lands on the substrate.

Instead of remaining stationary and retaining its free structure after landing, it might

fragment, or become embedded in the surface. It is quite likely that the presence of the

surface will cause some perturbation to the structure of the cluster from its free structure.

A further possibility is diffusion of the clusters, so that they may aggregate together to

form islands, even at quite low coverages. There have been a number of simulations

carried out to model the deposition process of clusters onto a variety of surfaces and under
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a variety of conditions. Experimental work in this area is still somewhat limited, although

a few signiÞcant results have been obtained.

1.4.1. The cluster deposition processÑmolecular dynamics simulations
Molecular dynamics simulations of cluster deposition are extremely valuable to our

understanding of the deposition process, because they make it possible to track key

parameters such as the cluster temperature, velocity, and centre of mass position, as well

as the detailed position of all the individual atoms in the system, and to follow their

evolution throughout the process of equilibration of the cluster with the substrate. The

principal difÞculty with such simulations is not now so much the accuracy of the

calculationsÑthe inter-atomic potentials used are well-established as good

approximations to realityÑbut the huge amount of computing time that is needed even

for a relatively short simulation of a single cluster deposition event lasting a matter of

picoseconds. For this reason, the simulations at present are of most use in understanding

general features of the deposition process rather than detailed differences between

different systems.

By concentrating attention on the cluster, it is possible to reduce the computational

load of such simulations. Simulations of 5ÊeV/atom Au 108 clusters colliding with a ÔspringÕ

potential barrier (Weinstein, 1994 ) have recently demonstrated four main stages in the

dissipation of the clusterÕs incident kinetic energy ( KE ). In the Þrst stage, the cluster heats

up very rapidly. This stage lasts for approximately 500Êfs, and then the cluster begins to

cool by ejecting monomers and dimers, until it reaches an internal energy of around

0.5ÊeV/atom at around 1Êps after the collision. During this second stage, the cluster has

become very spread out on the surface, and so in stage three, it contracts and splits up

into separate islands. Finally, there is some long time-scale evaporation as the fragments

equilibrate with the surface. At lower initial KE , below 1ÊeV/atom, the cluster does not

have enough energy to eject atoms, and so much of the incident energy will be converted

to the internal motions of the constituent atoms.

Simulations employing more realistic models for the surface can reveal information

concerning the epitaxy of the resulting cluster on the surface, damage done to the surface,

and cluster implantation. Al 63 and Au 63 clusters impacting onto gold targets (Pelletier,

1992) seem to land without signiÞcant damage to the substrate for energies per atom in

the incident cluster less than the gold binding energy. At higher energies, gold clusters

form craters, whereas aluminium clusters lose their energy by ejecting atoms instead. In

all of the low energy impacts, the cluster atoms became roughly registered with the

surface atoms.

Of the simulation results that have been obtained to date, perhaps the most exciting

from the point of view of the experimentalist wishing to land clusters without damage are

those of Cheng and Landman (1993; 1994). They used molecular dynamics methods to

investigate the dynamics and redistribution of energy that occurs for a cluster impact into

an adsorbed liquid Þlm on a surface. By a suitable choice of the liquid, they showed that

the incident KE  of the cluster can be effectively dissipated without melting the cluster.
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(a) (b) (c)

Figure 1.3 Cross-section view of the atomic conÞgurations of a Cu 147 cluster landed on a

Cu(111) surface with initial KE  of (a) 1.8Ế Ê10Ð4ÊeV/atom, (b) 1.3ÊeV/atom and (c) 5.3ÊeV/atom.

(Cheng, 1994).

This holds great promise for the controlled deposition of mass-selected clusters, as

clusters could be deposited into a Þlm of adsorbed neon or argon on a surface, which could

subsequently be evaporated, leaving the clusters sitting gently on the surface.

Simulations of Cu 147 clusters deposited onto a bare copper (111) surface show some of

the same characteristics as in the work of Weinstein, namely the initial rapid heating of

the cluster as the initial KE  is dissipated. However, the subsequent evaporation of atoms

from the cluster during the very rapid cooling stage was not observed. The energies of the

incident clusters were 1.8Ê ´ Ê10Ð4ÊeV/atom (i.e. thermal velocity), 1.3ÊeV/atom and

5.3ÊeV/atom. At thermal velocity, the heating of the cluster is insufÞcient to melt it or to

damage the surface (Þgure 1.3 a). At the intermediate velocity, the cluster is heated

rapidly to ~1800ÊK, causing melting and spreading of the cluster on the surface (Þgure

1.3b). There is a small amount of surface damage and intermixing between surface and

cluster atoms. At the highest incident velocity, most of the cluster penetrates into the

surface. The rapid dissipation of the incident KE  causes intense heating of the cluster and

local melting of the surface (Þgure 1.3 c).

In order to prevent the cluster from melting, the initial KE  must be channelled away

from the cluster quickly so that the thermal energy of the cluster remains sufÞciently low.

A Þlm of argon adsorbed onto the copper surface acts as a ÔmattressÕ, reducing the rate of

slowing of the cluster so that there is more time for the KE  to be channelled away. The

Þlm also acts as sink for the excess energy of the cluster. In this way, the cluster is

prevented from reaching as high an internal temperature as when deposited onto a bare

surface. The 1.3ÊeV/atom cluster deposited onto an adsorbed argon Þlm remains

sufÞciently cool so as not to melt, and lands on the surface with its original icosahedral

structure retained. The 5.3ÊeV/atom cluster melts, but then recrystallises after landing on

the surface. Figure 1.4 shows the variation of the internal temperature of the clusters

with time.

The redistribution of KE  into heat in the cluster, substrate, and liquid Þlm depends on

the nature of the cluster material and the Þlm. The branching ratioÑthe ratio between

the energy deposited as heat into the cluster and the initial KE  of the clusterÑis



Chapter 1: Clusters at surfaces 8

Figure 1.4 Time evolution of the internal temperature of a Cu 147 cluster during collision

with an argon covered Cu(111) surface (Cheng, 1994).

remarkably insensitive to the initial velocity of the cluster. Cheng and Landman (1993)

have derived the following expression, in terms of the density and speed of sound in the

liquid layer and solid cluster, r l, cl, r s and cs:
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where   DEc
int  is the increase in internal energy of the cluster, and     K c

cm (0) is the initial

cluster KE . This indicates that by choosing a liquid Þlm of appropriate density, KE  can be

channelled away from the cluster, resulting in soft-landing of the cluster on the substrate.

1.4.2. The cluster deposition processÑexperimental work
There is little direct experimental evidence for fragmentation or otherwise of clusters

deposited with low energy onto solid surfaces. One technique used to determine the fate of

deposited clusters (Vandoni, 1994 and 1995 ) has been helium atom scattering. Diffuse

helium scattering from adsorbates on a surface is characterised by an adsorbate cross-

section, which, as it increases, reduces the intensity in the specular component of the

reßected beam. The cross-section of an atom is rather larger than the geometric size of the

atom, and so when atoms occupy adjacent positions on the substrate, the cross-sections

overlap so that the total cross-section is lower than for well-separated atoms. This makes

it possible to monitor fragmentation of clusters during deposition.

These experiments have provided strong evidence for fragmentation and implantation

of   Ag7
+ deposited on Pd(100) with 2.85ÊeV/atom and 13.5ÊeV/atom. More recent results

from the same group (Buttet et al. , private communication) obtained after the work

described in this thesis was carried out have indicated that fragmentation of larger   Ag 19
+

clusters is less severe. STM  observations on deposited   Ag7
+ and   Ag 19

+  clusters on Pt(111) at

low temperature followed by annealing have shown that the higher energy clusters create

more nucleation centres on the surface than the lower energy clusters. When the sample
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is annealed, the clusters that are not pinned to nucleation centres diffuse until they Þnd a

nucleation site. In particular,   Ag 19
+  clusters deposited with less than 1ÊeV/atom have been

found not to create damage sites on the surface at all, so that when the sample is

annealed, all of the silver diffuses to the steps on the surface. Preliminary results

obtained for   Ag7
+ clusters deposited onto an argon Þlm with 2.85ÊeV/atom followed by

annealing have also indicated the absence of surface damage caused by the cluster

impact.

1.5. Diffusion and aggregation of particles on surfaces

Diffusion, nucleation, and island growth directly affect the morphology of Þlms grown on

surfaces. In order to control the properties of a Þlm, it is necessary to have an

understanding of these processes, and consequently a great deal of work, both theoretical

and experimental, has been done towards this end. Since Þlms are normally grown by

vapour deposition, almost all of the research that has been carried out to date has

concentrated on this method. Before looking at some recent experimental results relevant

to diffusion and aggregation of deposited clusters, it is helpful to review brießy the

standard models applied to vapour deposition.

1.5.1. Simple island nucleation theory
Film growth begins with the nucleation of small two-dimensional islands on the surface. If

the adsorbate-surface interaction strength is sufÞciently large relative to that of the

adsorbate-adsorbate interaction, and the preferred lattice spacing of the adsorbate is not

too different from the surface lattice spacing, then the islands will tend to be

commensurate with the surface atoms. The islands grow by the diffusion of deposited

atoms across the surface and their sticking onto the edge of an island.

It is assumed that ( i ) only single atoms are mobile on the surface and ( ii ) there is a

critical island size i  that corresponds to the size of the smallest island from which atoms

cannot escape once captured. The density of islands on the surface scales with the rate of

deposition of atoms, F, the diffusivity of single atoms, D1, the surface coverage q at time t,

and the critical island size, i , as (Liu, 1995)

    r island ~ q c i i F D1( )c i (1.2)

where     c i = i
i +2 (1.3)

When the deposition ßux F is increased, the density of single atoms on the surface is

increased relative to the number of islands, so they are relatively more likely to meet each

other and nucleate a new island compared to the probability that they will join an existing

island. Thus the island density increases with an increase in the ßux. Faster moving

atoms are more likely to collide with islands, and so the island density decreases with an

increase in the diffusivity. The diffusivity contains a Boltzman term so that it increases

with increasing temperature.
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1.5.2. Departures from simple island nucleation theory
This model has been tested experimentally on a large number of systems. In some cases,

island growth takes place exactly as predicted by the simple theoryÑfor example, silver

deposited on Pt(111) at low temperature (Brune, 1994 ). However, on other systems, the

use of equation (1.2) can lead to difÞculties. On such systems, Þtting the form of equation

(1.2) to experimentally derived results can imply a critical island size, i , of greater than

one. But effective-medium calculations have indicated that for temperatures at which

dimer dissociation is important, ( i.e. iÊ>Ê1) the energy barrier for dimer diffusion can be

lower than that for dimer dissociation, so that diffusion of dimers and perhaps larger

clusters (which is explicitly excluded in the model) should not be ignored (Liu, 1995 ).

1.5.3. Diffusion of two-dimensional islands
As well as the indications from island density measurements that assumption ( i )

mentioned above may not be valid for some systems, there have been direct experimental

observations of diffusion of two-dimensional islands from dimers up to islands of several

hundreds of atoms. Perhaps the most dramatic images come from the Þeld ion microscope,

in which it is possible to obtain snap-shots of the atomic positions of frozen clusters on a

surface at low temperature. Between these snap-shots, the surface is warmed brießy to

allow diffusion to take place. A recent study of rhenium islands on Rh(100) revealed

striking oscillations in the activation energy for island diffusion as a function of island

size (Kellogg, 1994). Diffusion takes place by relatively weakly bound corner or kink

atoms moving along the edge of the island. Rhenium islands on Rh(100) sit on a square

lattice, so the compact island shapes, containing 4, 6, 8, 9, and 12 atoms, all have

relatively high energy barriers to diffusion, whereas islands of 5, 7, and 10 atoms contain

more corner or kink atoms and diffuse more easily.

This mechanism of island diffusion is known as periphery diffusion ( PD ). An

alternative diffusion mechanism for two-dimensional islands is evaporation-condensation

(EC ). In this case, there is a two-dimensional gas of highly mobile monomers on the

surface between the islands, in dynamic equilibrium with the atoms in the islands.

Diffusion of the islands is due to random ßuctuations in the rate of atoms condensing and

evaporating from different parts of the periphery, so that at any moment the centre of

mass of the island moves a little in a random direction. This mechanism is thought to be

the driving force behind diffusion of two-dimensional islands of 100 to 720 atoms of silver

on Ag(100). It is the weak dependence of the diffusivity on the island size that points to EC

as the diffusion mechanism here (Wen, 1994).

1.5.4. Strained islands
Some combinations of island and substrate materials have rather different preferred

atomic spacings, but a relatively strong interaction between island and substrate. In this

case, the island is forced to adopt the atomic spacing of the substrate, its lattice being

strained to accommodate this. Simulations of silver on Pt(111) where there is a 4% lattice

mismatch have shown that strain can be relieved at the island edge, and especially at
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Figure 1.5 (a) TEM  image of fractal-like islands formed by aggregation of antimony

clusters on graphite. ( b) Computer simulation of the diffusion-limited aggregation model

for a similar deposition rate and total coverage (Bardotti, 1995 ).

kinks in the edge (Blandin, 1994). Thus at temperatures above ~600ÊK, the number of

kinks increases, leading to a Ôroughening transitionÕ of the edge of the island. In large

islands where the strain energy is large, ßuctuations in the island boundary driven by the

strain energy can cause the island to split into smaller fragments. These have lower

overall strain energy, due to their higher boundary-length to area ratio.

1.5.5. Diffusion of three-dimensional clusters
So far, all theoretical work on diffusion of islands on surfaces has been limited to two-

dimensional islands. A number of experimental results have come to light though

concerning unexpectedly high mobility of three-dimensional clusters. Antimony clusters

containing on average 2300 atoms deposited on highly-oriented pyrolytic graphite have

been seen to arrange themselves into fractal-like patterns remarkably reminiscent of the

multiply branched islands arising in the diffusion-limited aggregation ( DLA ) model of

island growthÑsee Þgure 1.5 (Bardotti, 1995 ). In the DLA  model, atoms (or clusters) are

deposited and diffuse until they meet another atom or an island. Unlike the simple island

nucleation theory discussed above, adatoms are unable to diffuse along the island

boundary, being stuck exactly where they Þrst touched the island. This leads to growth of

islands with many branches, because an incoming atom is more likely to hit the tip of a

branch than diffuse in between two branches and Þll a space. The close correspondence of

the experimental results of Bardotti et al.  to the DLA  model led them to believe that the

fractal-like islands formed could only  be explained by diffusion of entire clusters.

Furthermore, a comparison of the variation in island density versus temperature with the

model yields a room-temperature diffusion coefÞcient for the clusters 10 8 times larger

than that found for systems such as the epitaxial two-dimensional islands mentioned

above (e.g. Kellogg, 1994; Wen, 1994 ). To explain this anomolously high diffusion

coefÞcient, it seems that the cluster must move as a whole, rather than by individual

random movements of its constituent atoms, and that the cluster-surface interaction is

very weak, since the cluster atoms do not sit in registry with the surface atoms.
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Figure 1.6 Schematic representation of electron tunnelling from occupied electron

states in the surface to unoccupied states in a positively biased tip of a scanning

tunnelling microscope.

Earlier work on the same system under different deposition conditions (1100 atom

clusters at a ßux 25 times higher) demonstrated the formation of loose aggregates of 10Ð

20Ênm diameter particles (de Villeneuve, 1993). The size of these particles indicates that

they are made up of between two and ten incident clusters. The implication is that the

incident clusters diffuse after landing and coalesce to form particles of 10Ð20Ênm

diameter, which then diffuse until they meet up to form loose groups, the individual

particles of which do not coalesce.

1.6. Real-space imaging of clusters on surfaces

Several different real-space imaging techniques have been applied to the study of clusters

on surfaces. Scanning tunnelling microscopy (along with its sister technique, scanning

force microscopy) and transmission electron microscopy have been used most widely. Field

ion microscopy has also been used in Ôfreeze and lookÕ studies of cluster diffusionÑsee

section 1.5.3. In this section, I will brießy outline the operation of the scanning tunnelling

microscope, and then describe in more detail the scanning electron microscope, an

instrument that has perhaps not been used to its full potential in studies of clusters on

surfaces, but which was the main analytical instrument used for the work described in

this thesis. In order to interpret properly micrographs obtained at high resolution with a

scanning electron microscope, it is essential to understand the mechanisms by which

contrast is produced, and so this will be the main emphasis of the section.

1.6.1. The scanning tunnelling microscope
The scanning tunnelling microscope ( STM ) has proved to be a useful analytic tool in the

armoury of the surface scientist. The STM  rasters an atomically sharp metal tip across a

surface and measures the tunnelling current between the surface and the tip (Þgure 1.6).

The tunnelling current depends on the density of allowed electronic states near the Fermi

level and decreases exponentially as the electron tunnelling distance between the surface

and the tip increases. It is this exponential dependence that gives the STM  its high spatial
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resolution, both in the plane and perpendicular to the plane. In normal operation, the STM

is operated in constant-current mode, which means that the tip-surface distance is

continuously adjusted to keep the tunnelling current constant. The tip height is then

recorded as a function of its xÐy position in the plane. Often, the tip height can be taken

as a direct measure of the surface height at that point, but it must be borne in mind that

regions of the surface with a greater density of states near the Fermi level will also

appear ÔhigherÕ. For a comprehensive description of the STM , see for example Chen (1993).

A number of researchers have employed the STM  to examine the arrangement of atoms

in small islands produced by vapour deposition. Metal atoms such as silver, platinum and

gold seem to adsorb preferentially onto the b- sites of graphite ( e.g. MŸller, 1991; Ganz,

1989). The b- sites are those corresponding to carbon atoms that have no atom directly

below in the next graphite layer and show up as bright dots in STM  images. The atoms of

silver dimers sit directly on the b- sites, with the graphitic spacing of ~2.5Ê•. This is the

same as the gas-phase silver dimer bond length, but is substantially shorter than the bulk

AgÐAg bond length of ~2.9Ê•. Moving onto two-dimensional islands, Ganz et al.  observed

highly disordered islands of tens of atoms, the disordering presumably being due to the

conßict between the 2.5Ê• spacing of favourable adsorption sites on graphite and the

preferred 2.9Ê• spacing of atoms in bulk silver.

There have been a few STM  observations of deposited clusters. A common problem

encountered has been the tendency of larger clusters ( i.e. those containing thousands of

atoms or more) to move across the surface (de Villeneuve, 1993 ; Schleicher, 1991;

Murakami, 1994). The antimony particle densities on graphite measured by de Villeneuve

et al.  were irreproducible from one scan to another. Although they suggest that this is due

to random diffusion of the particles between scans, it seems much more likely that the

inßuence of the STM  tip was the main cause. Schleicher et al.  have obtained direct

evidence for silver clusters on graphite being pushed around by the action of the tip, and,

like de Villeneuve et al. , found that the density of successfully imaged particles was

signiÞcantly lower than expected from the known coverage. In many of the successful

images, the clusters were found to have aggregated into groups, which could be expected

to move less readily under the inßuence of the tip.

By use of a closely related techniqueÑatomic force microscopy ( AFM )ÑMurakami et al.

(1994) were able to image palladium clusters of thousands of atoms on graphite (1000).

They were unable to image the clusters with an STM  or in the normal scanning mode of

the AFM , but were successful using the ÔtappingÕ mode of the AFM . The clusters they saw

were approximately 12Ênm in diameter, and aggregated in groups. Because the AFM

obtains its images from atomic forces rather than the density of electronic states near the

Fermi level, it is capable of yielding reliable height information without requiring detailed

knowledge of the nature of the surface. They found that the height of the palladium

clusters is around 4Ênm.
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Figure 1.7 Diagram showing backscattered and secondary electrons, and the Everhart-

Thornley detector. P MT Ñphotomultiplier tube, AmpÑcurrent amplifier, CRTÑcathode

ray tube display. (after Goldstein, 1992).

1.6.2. The scanning electron microscope
The tendency of the tip of an STM  to perturb the clusters on a surface as it scans suggests

that a complementary real-space imaging technique would be useful. The scanning

electron microscope ( SEM ) provides one possible candidate. The SEM  is a widely used tool

in many areas of research, most notably biology, materials science and micro-electronics.

The spatial resolution of the SEM  is more limited than the STM , although under optimal

conditions, details of around 5 • may be resolved in specialised instruments (Endo, 1993).

The following brief summary of the operation of the SEM  is based on the detailed

description given by Goldstein et al.  (1992).

1.6.2.1. Operational principle.  Figure 1.7 shows the basic imaging principle of the SEM. An

incident electron beam strikes the sample, and various electrons are ejected from the

sample according to the structure and composition at the point of impact. The Þgure

shows the Everhart-Thornley (E-T) electron detector, which is used in the secondary

electron ( SE) and back-scattered electron ( BSE) imaging modes. The collector can be

positively biased to draw in all electrons emitted from the sample ( SE imaging mode) or

negatively biased to repel the low energy SEs and detect only the higher energy BSEs (BSE

imaging mode). The electrons are accelerated onto the scintillator, which is biased with a

large positive potential, where they produce ßashes of light. The light is channelled out of

the vacuum chamber by the light pipe and then converted back to an electron current by

the photo-multiplier tube. The signal is ampliÞed and then used to modulate the

brightness of the spot on a cathode ray tube ( CRT). By scanning the incident electron beam

over the surface in synchrony with the CRT  spot, an image can be built up of surface

features.
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Figure 1.8 A comparison of BSE and SE coefÞcients as a function of atomic number. The

beam energy was 30ÊkeV; data of Wittry (1966 ) and Heinrich (1966). After Goldstein,

(1992).

In a typical SEM , the beam spot size varies from 1Êmm to 1Ênm, the latter requiring a

Þeld-emitter for the electron beam source. The beam energy usually varies from around

1ÊkeV to 40ÊkeV, and the current from 1ÊpA to 1ÊmA.

1.6.2.2. Contrast mechanisms in the SEM. The main electrons ejected from the surface fall into

two categories: Back-scattered electrons ( BSEs) are electrons from the incident beam that

have been scattered elastically or inelastically in the sample and have re-emerged from

the surface. They tend to have kinetic energies, from the incident beam energy

downwards. Secondary electrons ( SEs) originate in the sample itself, and come from the

conduction band in metals and the valence band in semiconductors and insulators. More

than ninety per cent of SEs have less than 10ÊeV of KE , and by arbitrary convention all

electrons with less than 50ÊeV are considered to be SEs. (This actually includes a very

small proportion of the BSEs, but their contribution is negligible.)

An important contribution to image contrast in the SEM  comes from the variation in

the back-scatter coefÞcient, h, and the secondary electron coefÞcient, d, deÞned as

  
h =

iBSE

ibeam

(1.4)

and
  
d =

iSE

ibeam

(1.5)

where iBSE is the BSE current, etc. Figure 1.8 shows the way in which h and d vary with the

atomic number of the sample. Although h increases with atomic number, d is fairly

insensitiveÑaround 0.1 for most elements. Two notable exceptions are carbon, dÊ»Ê0.05,

and gold, dÊ»Ê0.2Ñthis is for an incident beam energy of 20ÊkeV. h is insensitive to the

beam energy, but d rises as the beam energy is lowered, so that for gold under a 5ÊkeV

beam, dÊ»Ê0.7. It is worth noting that the values of d quoted are those obtained under

typical experimental conditions. d is signiÞcantly inßuenced by the thin layer of surface

contamination, which is always present on a sample in a normal SEM . Specialised ultra-
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Figure 1.9 Backscattered and secondary electron signals emitted in the SEM  with a

Þnely focused high-resolution beam. The broken line represents the maximum escape

depth for SEs (after Goldstein, 1992 ).

high vacuum SEMs show a rather greater variation in d with atomic number, due to the

absence of this contaminant layer.

At low magniÞcations, the topology of the surface adds to the image contrast, and in SE

mode it is easily the most important contributionÑfeatures facing the E-T detector are

bright, as if the E-T detector were a light source in a conventional microscope. However,

this is no longer true at high resolution.

Figure 1.9 shows four types of electrons that can be emitted from a sample. BSEIs are

BSEs that have their directions reversed by 90 ° to 180° in just one or two collisions. Since

this is a very improbable event, they make up a very small contribution to the total signal.

SEIs are SEs produced from the small region near to the beam probe position. S Es have

low KE  and so have a large cross-section for scattering within the sample. Thus only those

produced in a thin layer near the surface have any chance of escaping. In metals and

semiconductors, this distance is around 5Ênm. B SEII s emerge from the surface some

distance away from the beam probe after multiple scattering events, and have less KE

than BSEIs. Their yield reßects the composition of the sample averaged over a large

volume, approximated by a hemisphere of radius RKO, the Kanaya-Okayama radius,

deÞned as

    
RKO =

0.0276 AE0
1.67

Z 0.89r
(mm) (1.6)

where A is the atomic weight in g/mol, E0 is the beam energy in keV, r  is the density in

g/cm3, and Z is the atomic number. Since the BSE II s are produced from a volume that can

in some cases extend over a distance of micrometers, it is inherently a low-resolution

signal. BSEII s emerging from the sample some distance away from the incoming beam can

give rise to SEII s. Unfortunately, these are indistinguishable from SEIs as they have the
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same energy distribution. They carry information about the sample at the position from

which they emerge, which can be some distance from the beam position, making them a

low-resolution signal. The positively biased E-T detector efÞciently collects all low energy

electrons in the SEM  chamber, and further SEs, SEIII s are produced from BSEs that strike

the chamber walls or the Þnal lens element. Since they are generated from BSEs, their

yield scales with the BSE  yield, rather than the S E I  or S EII  yield, so they contain

information about the atomic number at low resolution. Again, they are indistinguishable

from SEIs and SE II s to the detector.

1.6.2.3. High-resolution imaging in the SE mode. Medium to high-resolution is deÞned as

magniÞcations beyond ´ 104. In the SE mode, only the SEI and BSE I  signals contain high -

resolution information. There are two main regimes of operation that yield high -

resolution. First, at very high beam energies, i.e. ~30ÊkeV, the SEII  and SEIII  signals come

from such a broad area that they just add a constant background over the entire image,

which can be subtracted out so that contrast from the SEI component can be discerned.

Second, at low beam energy, i.e. <Ê5ÊkeV, the Kanaya-Okayama range decreases

sufÞciently to obtain high-resolution from all electron yield components.

There are three main contrast mechanisms in SE imaging at high resolution. Variation

in atomic number produces some contrast through SE III s and the BSE contribution. The SEI

and SEII  contributions will show some variation if carbon or gold is being imaged. Second,

if the sample thickness is less than RKO, variations in thickness will effect the SE and BSE

yield. Third, at edges, more SEs are able to escape, so an increased SE current is detected.

It should be noted that an absence of detail away from edges does not necessarily imply a

lack of structure.

1.6.2.4. SEM imaging of clusters. Perhaps surprisingly, there is relatively little published work

concerning imaging of deposited clusters by SEM . Images of palladium clusters on

graphite obtained by Murakami et al.  (1994) showed fractal-like aggregates of ~12Ênm

diameter particles similar to those seen by Bardotti et al.  (1995) with a transmission

electron microscope. All other published studies of metallic particles on surfaces with the

SEM  appear to be concerned with vapour deposition rather than cluster deposition.
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