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ABSTRACT

Thin film applications have become increasingly important in our search for multifunctional and eco-

nomically viable technological solutions of the future. Thin film coatings can be used for a multitude

of purposes, ranging from a basic enhancement of aesthetic attributes to the addition of a complex

surface functionality. Anything from electronic or optical properties, to an increased catalytic or bio-

logical activity, can be added or enhanced by the deposition of a thin film, with a thickness of only a

few atomic layers at the best, on an already existing surface. Thin films offer both a means of saving

in materials and the possibility for improving properties without a critical enlargement of devices.

Nanocluster deposition is a promising new method for the growth of structured thin films. Nanoclus-

ters are small aggregates of atoms or molecules, ranging in sizes from only a few nanometers up

to several hundreds of nanometers in diameter. Due to their large surface to volume ratio, and the

confinement of atoms and electrons in all three dimensions, nanoclusters exhibit a wide variety of

exotic properties that differ notably from those of both single atoms and bulk materials. Nanoclusters

are a completely new type of building block for thin film deposition. As preformed entities, clusters

provide a new means of tailoring the properties of thin films before their growth, simply by changing

the size or composition of the clusters that are to be deposited. Contrary to contemporary methods of

thin film growth, which mainly rely on the deposition of single atoms, cluster deposition also allows

for a more precise assembly of thin films, as the configuration of single atoms with respect to each

other is already predetermined in clusters.

Nanocluster deposition offers a possibility for the coating of virtually any material with a nanostruc-

tured thin film, and therein the enhancement of already existing physical or chemical properties, or

the addition of some exciting new feature. A clearer understanding of cluster-surface interactions,

and the growth of thin films by cluster deposition, must, however, be achieved, if clusters are to be

successfully used in thin film technologies. Using a combination of experimental techniques and

molecular dynamics simulations, both the deposition of nanoclusters, and the growth and modifica-

tion of cluster-assembled thin films, are studied in this thesis. Emphasis is laid on an understanding of

the interaction between metal clusters and surfaces, and therein the behaviour of these clusters during

deposition and thin film growth.
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The behaviour of single metal clusters, as they impact on clean metal surfaces, is analysed in de-

tail, from which it is shown that there exists a cluster size and deposition energy dependent limit,

below which epitaxial alignment occurs. If larger clusters are deposited at low energies, or cluster-

surface interactions are weaker, non-epitaxial deposition will take place, resulting in the formation

of nanocrystalline structures. The effect of cluster size and deposition energy on the morphology of

cluster-assembled thin films is also determined, from which it is shown that nanocrystalline cluster-

assembled films will be porous. Modification of these thin films, with the purpose of enhancing their

mechanical properties and durability, without destroying their nanostructure, is presented. Irradiation

with heavy ions is introduced as a feasible method for increasing the density, and therein the me-

chanical stability, of cluster-assembled thin films, without critically destroying their nanocrystalline

properties.

The results of this thesis demonstrate that nanocluster deposition is a suitable technique for the growth

of nanostructured thin films. The interactions between nanoclusters and their supporting surfaces

must, however, be carefully considered, if a controlled growth of cluster-assembled thin films, with

precisely tailored properties, is to be achieved.
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1 INTRODUCTION

Ever since the concept of nano-scale phenomena was introduced by Richard P. Feynman in 1959

[1], there has been an ever increasing interest in the nano-scale world. With the development of

novel experimental techniques, and the ability to successfully manipulate single atoms, gained in the

early 1980s [2], the race towards the nano-scale has continued more frantic than ever. Crowds of

scientists, and economists alike, all battle for the honour and benefit of new nano-discoveries, and

eagerly propagate their faith in the achievements of this new science. A large part of this new field of

nanoscience concerns the study of small particles called nanoclusters [3].

Nanoclusters themselves, small aggregates of atoms, with sizes ranging from a 1 – 100 nm, are not

nearly as new as the science in which they are studied. Many brilliant works of art, originating from

medieval days or earlier, relied on the exotic properties of nanoclusters to accentuate their luster.

Some of the most alluring glazes of ancient Rome and Mesopotamia [4], and the brilliant colours of

the Mayans [5], draw their enchanting secrets from the properties of embedded nanoclusters. One of

the ancient world’s more valuable artifacts, the Lycurgus cup, a glass chalice that appears green, when

light is reflected off it, and red, when light is shown through it, is the fortuitous fruit of an accidental

cluster production [6, 7].

Although clusters have existed for a very long time, as they even appear naturally in the world around

us, only recently have they been studied by the scientific world. Insight into the size-controlled pro-

duction of these atomic agglomerates [8–11], coupled together with the ability to manipulate them and

study their properties, has opened up the possibility for their controlled use in applications [12]. Clus-

ters exhibit novel properties, both physically and chemically [13], due to the confinement of atoms

and electrons in all three dimensions, as their mechanical, electronic, optical, and even thermal be-

haviour is very much different from that of bulk materials. Large-scale manufacturing of nanocluster

containing devices, is, however, still out of reach, as further insight into the production and behaviour

of clusters is needed.

Studies presented in this thesis concern the deposition of nanoclusters, and their use in thin film

growth. Thin films, if tailored correctly, can be used to cover almost any other material, either enhanc-

ing already existing properties, or introducing new properties, such as chemical reactivity or optical

activity. If the exotic properties of nanoclusters could be incorporated into thin films, a completely

new world of applications would be opened [14, 15]. The successful use of nanoclusters in thin film

growth, coupled with the ability to retain the properties of free clusters within these films, however,

requires a precise understanding of the interactions between clusters and supporting materials [16].
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When nanoclusters are deposited on surfaces, in both physical and chemical deposition techniques,

they will interact with these surfaces, resulting in a possible change of their properties. Depending

on both deposition parameters, such as cluster size, kinetic energy, and temperature, and properties

of the surface itself, different outcomes are possible. Both experimental and theoretical methods are

required, if a clear understanding of deposition events is to be achieved. Using a combination of exper-

imental cluster deposition, coupled with nano-scale analysis methods, and molecular dynamics simu-

lations, the mechanisms of cluster-surface interactions, as well as the properties of cluster-assembled

thin films, can be studied in detail. Results from these, show whether the use of nanoclusters in the

growth of nanostructured thin films, will be possible within our conceivable future.

2 PURPOSE AND STRUCTURE OF THIS STUDY

The purpose of this thesis is to improve our understanding of cluster-surface interactions, during

the physical deposition of clusters, and the mechanisms of growth and final properties of cluster-

assembled thin films. These results aid in the development of cluster deposition technologies and

further the search for novel thin film growth methods.

This thesis consists of the summary below and six publications — printed, accepted, or under review

— in international peer-reviewed journals. These publications are referred to in bold face Roman

numbers and are included after the summary. Many results from other papers [17–21], as well as

unpublished results, are also included in this thesis.

The structure of this summary is as follows. In this section, all of the publications, as well as the

author’s contribution to these, are presented. A short introduction, presenting the necessary basic

concepts and the background of clusters and thin films, is given in section 3. In section 4 an overview

of the methods used to obtain the results is given. In section 5, the findings related to epitaxial

deposition of clusters are summarized. Film growth by cluster deposition is presented in section 6,

and in section 7 the modification of these films is discussed. Finally, the conclusions are presented in

section 8.

2.1 Summaries of the original publications

In publication I, the effect of surface roughening on the epitaxial alignment of Cu clusters during de-

position on Cu (100) substrates was investigated. The research on epitaxial alignment was continued

in publication II, where the upper limit in cluster size for epitaxial deposition was determined as a
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function of both temperature and the amount of clusters that was deposited. The effect of an increased

deposition energy on the epitaxial alignment of clusters was investigated in publication III. In publi-

cation IV, variations in the properties of cluster-assembled thin films were studied, for deposition with

different cluster sizes and variable deposition energies. The modification of these films by heavy ion

irradiation was performed in publication V. Publication VI regarded the modeling of cluster-surface

interactions, based on the experimental observation of spontaneously assembled ring-like structures

of supported metal clusters.

Molecular dynamics simulations were the basis for publications I – V, whereas both experiments and

molecular dynamics simulations were used in publication VI. Unpublished experimental results are

included in Section 7.

Publication I: Inherent surface roughening as a limiting factor in epitaxial cluster deposition,

K. Meinander, K. Nordlund, and J. Keinonen, Nuclear Instruments and Methods in Physics Research

B 228, 69-74 (2005).

The effect of surface roughening, caused by hillocks remaining after previously deposited clus-

ters, on the epitaxial alignment of Cu clusters impacting on Cu surfaces was studied with molec-

ular dynamics simulations. It was found that the likelihood of epitaxial alignment for the de-

posited structures decreases, as the amount of deposited clusters is increased. The result was

shown to be dependent on the point of impact of a cluster, relative to the previously deposited

clusters.

Publication II: Contact epitaxy in multiple cluster deposition, K. Meinander, T. T. Järvi, and K.

Nordlund, Applied Physics Letters 89, 253109 (2006).

In this study the upper limit in cluster size, for epitaxial deposition of clusters, was determined

as a function of both temperature and the amount of deposited clusters. It was shown that the

size of clusters that will align epitaxially increases linearly with deposition temperature, but de-

crease as the amount of clusters is increased. This decrease in cluster size, needed for epitaxial

alignment, as the amount of clusters increases, gradually subsides, and approaches a certain

lower limit, where epitaxial deposition is possible, independent of the amount of deposited

clusters. With cluster sizes below this limit, cluster-assembled thin films will grow epitaxially,

whereas with sizes above this limit, thin films will be nanocrystalline.

Publication III: Size dependent epitaxial cluster deposition: The effect of deposition energy, K.

Meinander, K. Nordlund, and J. Keinonen, Nuclear Instruments and Methods in Physics Research B

242, 161-163 (2006).
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The effect of deposition energy on the epitaxial alignment of nanoclusters during deposition

was studied with classical molecular dynamics. The minimum energy needed, in order for Cu

clusters of various sizes to arrange epitaxially on a smooth copper substrate at 300 K, was

determined. It was found that the time, during which cluster impact zones are at elevated

temperatures and pressures, increases logarithmically as a function of cluster size.

Publication IV: Modeling of film growth by cluster deposition: The effect of size and energy, K.

Meinander and K. Nordlund, Physical Review B 79, 235435 (2009).

Using molecular dynamics simulations, the variations in density of thin films, grown by de-

position of clusters, using various cluster sizes and at different energies, were quantitatively

studied. A model explaining the behaviour of clusters, with sizes up to a certain threshold,

was presented, and the limit, after which deviations from this model occurred, was determined.

A decrease in thin films densities, with increasing cluster sizes, was shown to be caused by a

lessened sintering of larger clusters.

Publication V: Irradiation-induced densification of cluster-assembled thin films, K. Meinander

and K. Nordlund, Physical Review B 79, 045411 (2009).

The modification of Cu cluster-assembled thin films, using heavy ion irradiation, was studied

with molecular dynamics simulations. Irradiation of films, with Xe and Au ions, was carried

out with the aim of increasing their densities, without causing a substantial increase in the size

of individual nanocrystals. It was shown that densities approaching those of bulk copper can

be achieved at heavy ion fluences as low as 5× 1013 ions/cm2. Densification was caused by a

local melting of individual clusters, and the resulting viscous flow of atoms into voids within

the films. Nanocrystallinity was preserved, as recrystallization occurred according to the pre-

existing crystal orientations of the clusters.

Publication VI: Self-assembly of supported metal clusters into ring-like structures, K. Meinan-

der, K. Nordlund, and J. Keinonen, submitted for publication in Nature Nanotechnology (2009).

The spontaneous formation of µm-sized rings of silica-supported metal clusters was experi-

mentally observed. Using molecular dynamics simulations it was shown that this self-assembly

occurs due to the competition between isotropic van der Waals interactions and repulsive dipo-

lar forces, which were induced by the polar substrate. It was shown that, by varying the ratio

in strength between the dipolar forces and the van der Waals forces, the shape and size of the

ring-like structures could be controlled.
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2.2 Author’s contribution

The author set up and carried out all of the simulations and analysis of the results in publications I
– VI. In addition the author performed all of the experimental work and analysis in publication VI.

The author wrote all of the publications in their entirety. The author also implemented and tested the

simulation software used in publication VI.

3 NANOCLUSTERS

Nanoclusters are agglomerates of atoms or molecules, with sizes in the range of a few nanometers up

to several hundreds of nanometers. Nanoclusters differ from nanoparticles, in that they are composed

of several similar subunits, such as atoms of the same element in, e.g., CuN (where N refers to the

number of subunits), or small molecules of the same species, e.g. (SF6)N. Nanoparticles are of the

same range in size as nanocluster, but their composition is not as precisely defined.

This section begins with a short description of nanocluster properties, with an emphasis on why these

differ from the properties of single atoms or bulk materials. This is followed by a review on cluster-

surface interactions, connected to the properties and growth of cluster-assembled thin films.

3.1 Nanocluster properties

The properties of nanoclusters can differ wildly from those of bulk materials [22–24]. This is due

to an exponential increase in the surface to volume ratio of the material, leading to an increased per-

centage of surface atoms, as the size of particles decreases [25]. The role of surface energy becomes

more dominant in these spatially restricted systems, which can lead to, e.g., an increased hardness.

Strained cluster configurations [26], bound by their high surface energy, have also shown exotic prop-

erties, such as a negative heat capacity [27], lowered melting temperatures [28] or the instantaneous

transition between solid and molten phases [29, 30]. The structural arrangement of atoms in clusters

also follows specific rules, resulting in the existence of magical numbers [31] in the amounts of atoms

clusters can contain. Clusters that have enough atoms for a specific geometrical shape, or a specific

low-energy electronic configuration, are more abundant than others [32].

Clusters also differ in their properties from single atoms, as the confinement of electrons, to the nano-

scale size of clusters, adds a new dimension. Through the interplay of delocalized valence electrons

in the entire clusters, clusters can behave as a sort of artificial atoms, with electronic energy levels,
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resembling those in single atoms, that are size dependent [33]. If the size of, e.g., gold clusters

is varied, they go through remarkable changes in both color (from dark red to bright yellow) and

chemical reactivity. Small gold clusters will function as catalyst in many reactions, whereas bulk

gold is known for its non-reactive properties. Variations in these properties can be fine-tuned, simply

by adding or removing atoms from the clusters. Clusters are truly in a size range where every single

atom counts, as the addition or subtraction of a single atom brings forth new, unpredictable, properties.

3.2 Cluster-surface interactions

Free nanoclusters are seldom used in applications, as they interact with their surroundings very re-

actively. Cluster usually appear as immersed in solutions, bound in a matrix, or as deposited on

surfaces. The clusters studied in this thesis are mainly deposited on surfaces by some physical depo-

sition scheme. When depositing clusters on surfaces, it is vital that the interactions between a cluster

and the specific surface are known.

If clusters are deposited at low energies, the interaction between the cluster and the surface itself is

of utmost importance in deciding the outcome of the deposition event. Depending on the binding

energy between the cluster and the substrate, as well as phenomena induced by physical or chemical

properties of the surface, many different things can occur. If there is a strong attractive interaction

between the cluster and the surface, a large wetting of the surface will occur, i.e., the cluster will

spread out, and eventually form an island, with a thickness of a few atomic layers, on the surface. If

the crystalline lattice of the cluster matches that of the substrate, there also exists a possibility that the

cluster will adopt an epitaxial alignment [34], i.e., orient itself in the same crystalline direction as the

substrate.

If the interaction between the cluster and the surface is weak, at least in the case of low-energy

deposition, the contact area between the cluster and the surface will be smaller, and clusters will

usually have a large mobility on the surface. This allows for a fast diffusion of clusters, and a higher

degree of cluster-cluster interaction, usually resulting in the growth of exotic structures. Clusters with

high mobility, will normally stick to each other, and cover the surface with branch-like structures [35],

unless the clusters are guided by other forces (as was the case in publication VI).

When deposited at higher energies, the energy density at impact will cause a melting of the cluster

and its nearest surroundings [36]. The collective collision effect of a multiple atom projectile will be

a large lateral spreading during impact [37, 38], which automatically induces a smoothing of the local

neighbourhood at the impact zone [39, 40]. When deposited at high energies, clusters can be used,

e.g., for the machining of selected surfaces, or as a means of growth for films with high adhesion.
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Deposition at higher energies may also result in the formation of local defects in the structure of the

surface. Deposited clusters will usually stick to these defect sites, and a high mobility and surface

diffusion of clusters, deposited at high energies, is therefore very unlikely. This is the case even if the

interaction between the clusters and the surface is weak in its nature.

3.3 Cluster-assembled thin films

The prospect of using nanocluster deposition for the growth of thin films has been widely researched

during the past few decades [35]. When clusters are deposited at high energies, independent of sur-

rounding conditions, they will form a smooth, hetero- or homoepitaxial film, which has good adhesion

to the substrate [41–44]. On the other hand, if low energy is used, there is a possibility of transferring

some of the inherent properties of the nano-scale structure of the clusters to the film itself [45]. This

opens up a world of possibilities for the use of clusters in thin film growth.

Nanocrystalline films are films which contain many nanometer-sized regions with different crystal

orientations. Due to an increased amount of grain boundaries within these films, which prevents the

migration of defects and dislocations that make a material weaker, many nanocrystalline materials

can be much harder than their normal counterparts [46]. Film growth, through the deposition of

nanoclusters, is a very promising method for the production of nanocrystalline films. A transfer of

the enhanced electronic and optical properties of clusters, such as a high photoluminescence [47, 48],

to thin films, is also highly lucrative application for the use of clusters in thin film assembly.

3.3.1 Thin film growth

Film growth, by deposition of clusters, differs from growth with single atoms in that every single

impact accompanies a higher energy density in the impact zone [36]. This will lead to a behaviour

that is very much different from any single atom deposition methods. Multiple near-surface collisions

hinder penetration, and any melting or atomic rearrangement during the cluster impact will therefore

be a shallow event [42, 49–51]. High growth rates can also be achieved, as the amount of atoms

impacting in a small area is much larger than what can be achieved by any single atom deposition

methods. Cluster deposition extends the achievable conditions of deposition to a parameter region, in

both deposition energy and atomic fluence, that is currently very poorly charted [52].

Both cluster-surface and cluster-cluster interactions must be understood well, before a reasonable

understanding of the growth mechanisms and the final properties of cluster-assembled thin films can

be achieved. The results of this thesis bring us one step closer to this final goal.
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4 METHODS

The combination of experiments and computer simulations adds diversity to traditional scientific re-

search. Experimental methods, if performed correctly, will always give correct results, but due to

the lack of sufficient in situ analysis methods, which would possess both good resolution and a rapid

measuring speed, physical mechanisms are not always deducible from these. Computer simulations,

on the other hand, can offer an atomic (or even electronic) resolution and will elucidate mechanisms

on the atomic time-scale. These, however, rely heavily on approximations, and only with difficulty

can they span over several magnitudes of time.

Through the combination of both methods, one can often compensate for the deficiencies that either

method, when used separately, presents. Experiments will provide an easily ascertainable end-result

from a well known initial configuration, and computer simulations, knowing both initial and final con-

figurations, can provide a plausible explanation to what physical mechanisms could have contributed

during the experimentally observed phenomena. If performed in the opposite order, computer sim-

ulations can predict end-results, through the simulation of well-known mechanisms, which can then

later be experimentally confirmed. Computer simulations, such as molecular dynamics simulations

can, in a sense, be used to either predict or confirm hypotheses based on experimental results.

The combination of both molecular dynamics simulations and experimental methods has been suc-

cessfully implemented in this thesis. In publication V, the densification of cluster-assembled thin

films was predicted with simulations, and was only later successfully confirmed in the experiments

presented in Section 7. The ring-like assembly of silica-supported metal clusters, in publication VI,

was initially an experimental observation, the mechanism of which could only later be explained with

the use of molecular dynamics simulations.

Classical molecular dynamics has been the main method used in publications I – V of this thesis,

whereas a combination of experiments and molecular dynamics simulations were used successfully

in publication VI. Several experimental results, yet to be submitted for publication, are presented in

Section 7.

4.1 Molecular dynamics

Classical molecular dynamics (MD) is a method where the Newtonian equations of motion are nu-

merically solved for a given system of particles, the interaction of which is governed by a model

describing the forces between these particles [53]. MD was originally developed in the late 1950s,
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and used for the study of atomic vibrations in molecules [54, 55]. An advantage of molecular dy-

namics simulations over experiments is that systems can be studied with an atomic resolution at short

time- and length-scales, down to femtoseconds and ångströms. These small scales are, however, also

the major limitation of MD – events lasting for microseconds or longer, or systems of large sizes,

cannot easily be studied.

Using a classical model to describe the force, the equations of motion are solved for each atom in

the system, and integrated over a small time-step. The time-step is kept small enough to allow for a

conservation of the total energy of the system. Often a variable time-step can be used, in order to speed

up the calculations [56]. Several approaches have also been taken to improve the outcome of these

calculations. Predictor-corrector algorithms are, for instance, generally used, where the movement of

atoms over one time-step in the simulations is slightly corrected, once the forces between atoms in

their new positions are known.

Interaction models used in MD are usually very simplified from the more fundamental models. This

is done in order to speed up calculations, but, if assumptions are too severe, it can also result in incor-

rect results. E.g., the Born-Oppenhiemer approximation [53], which is based on the assumption that

electrons move fast enough to reach equilibrium much faster than the atomic nuclei, is routinely used

in classical MD. According to this, the dynamics of the electrons can be separated from that of the

atomic nuclei, making it possible to de-couple any electronic contributions from the atomic interac-

tions. The interaction between electronic vibrations and vibrations of the atomic lattice, through the

so-called electron-phonon coupling, can, however, have a considerable effect on, i.e., the cooling of

atomic systems [57, 58]. It is important to realize that the force model limits the properties of a system

that can be investigated; any model that, for instance, excludes the electronic degrees of freedom will

fail when investigating phenomena that are sensitive to the interactions between electrons.

The MD simulations from publications I – V were performed with the simulation code PARCAS

written by Kai Nordlund [56, 59, 60]. Within this code, the fifth-order Gear predictor-corrector

algorithm (Gear5) [55] is utilized to solve the equations of motion. A variable time-step was used in

the simulations, to ensure a short enough change in time when energetic particles were present. A

separate MD code was developed by the author, for the simulations performed in publication VI.

4.1.1 Interatomic potentials

In classical MD simulations, the forces between particles in the system are derived from a potential

energy function, whose functional form is often based on a quantum mechanical treatment of the

system. The more fundamental quantum mechanical treatment is simplified, by the use of various
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parameters, the values of which are taken either from first principle calculations or from fits of the

model to experimental data. If the latter is used, the potential model is called semi-empirical.

The potential energy of an atom depends on its surrounding atoms. If the energy can be calculated

by summing up terms, which depend on the atom under consideration and only one of any of its

surrounding atoms, this potential is called a pair potential. If the energy, on the other hand, depends

on the environment in a more complicated manner, so called many-body potentials must be used.

Semi-empirical potentials, based on the Embedded Atom Method (EAM) by Daw, Baskes, and Foiles

[61–63], were used to model the interactions between metal atoms in the simulations of this thesis.

Pair potentials were used to model the interaction between rare gas atoms and metal atoms.

EAM potentials are many-body potentials, mainly suited for the modeling of metal-metal interactions.

According to the model, a metal atom can be considered to consist of a positive “ionic core” (the atoms

with their valence electrons removed), embedded in a “sea” of electrons. If the energy needed to add

an atom, or ionic core, to this system of electrons, the embedding energy, is G, then an expression for

the total energy of the system can be written as

E = ∑
i

Gi

[
∑
j 6=i

ρa
i (ri j)

]
+

1
2 ∑

i, j( j 6=i)
vi j(ri j), (1)

where ρa
i (ri j) is the electron density of the atom j, which is at a distance of ri j from the atom i, and

vi j describes the two-particle interaction between these atoms. The EAM potential is a many-body

potential, as the effect of many atoms, not just two, is included in the embedding function.

At small interatomic distances, all of the potentials, describing both metal-metal interactions and

interactions between rare gas atoms and metals, were smoothly joined to the universal repulsive

Ziegler-Biersack-Littmark (ZBL) potential [64], to realistically describe high-energy collisions and

the interaction of atoms at these small distances. The interaction between metal atoms of different

species can easily be modelled in metal alloys, by combining the EAM potentials of single elements,

into EAM cross-potentials [63, 65, 66].

Potentials are often cut off at some interatomic separation, the cut-off distance, in order to reduce the

amount of computational time needed. If the potentials are not cut off, all of the atoms in the system

would have to be included when calculating the force on any particular atom, which would make

the simulations extremely slow. The cut-off is usually a “smooth” cut-off, meaning that the potential

gradually approaches zero as the cut-off distance is approached.
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4.1.2 Modeling of cluster deposition

When modeling the deposition of clusters on surfaces, a free surface on a larger bulk substrate is

needed. This is achieved by using periodic boundary conditions, i.e. a condition in which an atom at

the end of the simulation cell (the simulated volume) will interact with atoms at the opposite end, in

two of the three Cartesian directions, x, y, and z. If an atom passes over this periodic boundary it is

made to reappear at the other end of the simulation cell.

If a free surface in the z-direction is desired, a rectangular cell, with periodic boundaries in the x- and

y-directions is required. In order to mimic a larger surrounding bulk region, temperature scaling is

also employed in these directions, near the borders of the cell. Temperature scaling, in the simulations

of this thesis, was implemented using Berendsen’s temperature control algorithm [67], which forces

the temperature (i.e. the velocities of the atoms) in the scaled region to approach some predefined

value at a certain rate. The bottom of the cell, one of the “free” surfaces in the z direction, must also

be fixed, i.e., the velocities of the atoms are kept at zero, and temperature scaling must be applied

to a few layers above this, in order to realistically mimic a thicker substrate. Any heat or pressure

wave incident on the temperature-scaled regions will be damped, similarly to what would happen if

the bulk substrate truly was larger.

When depositing on copper, the substrate was prepared so that the free surface would be a (100)

surface, and the copper clusters were given the shape of Wulff polyhedra [68] with the dimensions

of each cluster volume optimized to the configuration with minimum surface energy. This shape has

been found to be one of the common shapes for small Cu nanoclusters [69–71]. Simulations with

spherical clusters cut out from a perfect face-centered cubic (FCC) lattice, and with multiply twinned

icosahedra, which are considered to be the lowest energy structures for copper clusters containing less

than ∼ 200 atoms [72], were also performed. There were no significant differences in the results for

these, indicating that the behaviour during deposition is not sensitive to the exact initial shape of the

cluster (at least as long as the atom structure is close-packed) [17].

Prior to deposition, the atoms of each cluster and substrate were given initial random velocities,

corresponding to the temperatures that were desired, and each system was separately relaxed, for

approximately 20 ps, using the temperature control scheme. The actual deposition was then performed

by rotating the cluster with a random angle, placing it above the substrate and then giving it a velocity

in the direction of the substrate, with a kinetic energy corresponding to the desired deposition energy.

After deposition, all systems were relaxed for 1.5 – 2.0 ns.
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4.1.3 Thin film growth and ion bombardment

The simulation process for film growth was as follows. The clusters and substrate were created

separately and allowed to relax before being combined. Substrate sizes were chosen such that their

lateral dimensions were three times larger than the diameter of the clusters that were to be deposited.

Deposition, for each individual cluster, was performed in the same manner as during single cluster

deposition. After impact of the cluster on the surface of the substrate, the film structure was allowed

to relax for 100 ps before the following cluster was deposited. Between each impact the substrate and

any previously deposited cluster-structure was translated randomly through the periodic boundaries of

the simulation cell, in order to allow for random impact points. Each cluster was rotated to a random

orientation before being deposited at the center of the newly translated substrate. This process was

repeated until 50 clusters had been deposited.

Irradiation of the cluster-assembled thin films, with the purpose of increasing their density, was per-

formed in a similar manner. The substrate was translated by a random distance through its periodic

boundaries before each ion impact, whereupon an ion of the correct species was created above the

center of the substrate and given a velocity corresponding to the correct kinetic energy in a direction

directly towards the substrate. Irradiation was performed in this manner to insure that impacts would

occur in random positions, but sufficiently far away from the borders of the simulation cell. After each

impact, the cell was relaxed for 100 ps, after which the temperature was quenched down to the initial

temperature (300 K) over the final 2 ps. The decrease in temperature during quenching was seldom

more than a few tens of degrees, as most cooling had already occurred during the initial relaxation.

Inelastic energy losses, due to electronic stopping, were included in the calculations for all atoms with

kinetic energy higher than 5 eV [64].

4.2 Experimental cluster deposition

The first instruments built explicitly for use as nanocluster sources, relied on a fast evaporation of

the cluster material into an inert gas [8–11]. Clusters were allowed to condensate at high vapour

pressures in the quasi-equilibrium conditions of the chambers. Modern day sources, of, so-called,

condensation-cell type, rely on similar methods [24, 73].

In Fig. 1(a) a schematic diagram of a condensation-cell-type cluster source is shown. The basic

operating principle of sources of this type is as follows. Cluster material is sputtered, by a large

magnetic field, from the target situated on the magnetron, a flow of inert gas then sweeps the vaporized

atoms further into the condensation chamber, where the vapour cools down through collisions with
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Figure 1: (a) A schematic diagram of a condensation-cell-type cluster aggregation source. Clusters
of any metal or semiconductor material, as well as many ceramics, can be produced with a similar
source. (b) The size distribution of Cu clusters produced at maximum aggregation length, with cooling
at 300 K, and Ar flows to the magnetron and aggregation chamber, Qm = 50 cm3/min and Qa = 150
cm3/min, respectively. The solid line is a Gaussian fit to the experimental data.

the inert gas. From the super-saturated vapour, clusters then condensate, after which they are swept

out of the chamber by the inert gas flow. Differential pumping at several stages is necessary, in order

to minimize the load of aggregation gas entering the deposition chamber.

The size of the produced clusters depends on the magnetron power, i.e., the speed at which cluster

material is vaporized, the length of the aggregation region, the pressure and temperature within the

condensation chamber, and the speed at which the inert gas flow sweeps vaporized material from the

magnetron. A typical size distribution of clusters, produced with a condensation cell-type source is

shown in Fig. 1(b). After extraction of the clusters from the condensation cell, further manipulation

can occur. The first stage of this manipulation is typically an ionisation of the clusters, after which

they can be more easily handled trough the use of ion-optics. The use of electrical fields for size-

selection and acceleration of cluster beams is typical in cluster deposition applications.

The University of Helsinki Facility for Nanocluster Deposition (FaNaDe), consists of a condensation-

cell-type source connected to an ultra-high vacuum (UHV) chamber, which in turn is connected to a

UHV transfer line, with which samples can be moved to other chambers, mostly for the purpose of

analysis, whilst still remaining in ultra-high vacuum conditions. UHV is a prerequisite for the study of

nano-scale structures on surfaces, as oxidation is a rapid event in atmospheric conditions. A voltage

(0 – 30 kV) can be applied to the entire cluster source, allowing for the acceleration of ionized clusters
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towards a neutrally charged sample. Size analysis of the produced cluster beams is performed with a

quadrupole mass filter.

4.3 Atomic force microscopy

Scanning probe microscopy (SPM), founded by the invention of the scanning tunneling microscope

(STM) by Binning and Rohrer [2] in 1981, is extremely suitable for the analysis of nano-scale struc-

tures on surfaces [74–77]. In SPM, images of the sample surface are obtained by mechanically moving

a physical probe in a raster pattern over the specimen, line by line, and recording the probe-surface

interaction as a function of position. Different types of interactions are used, depending on the spe-

cific SPM method. In scanning tunneling microscopy, for instance, the current of electrons tunneling

between a conductive surface and a sharp metal tip is measured, a phenomenon which is exponentially

dependent on the interaction distance [78].

In atomic force microscopy (AFM), the sample surface is probed with a sharp tip, a couple of µm:s

long and often less than 100 Å in diameter, located at the free end of a cantilever that is 100 – 200 µm

long [78]. Forces between the tip and the sample surface, van der Waals forces, among others, cause

the cantilever to bend, or deflect. Van der Waals forces exist between all types of materials, making

AFM a suitable technique for any surfaces. Bending of the cantilever can be measured by bouncing

a laser beam off the cantilever end onto a position-sensitive photodetector (PSPD). This bending is

countered by moving the sample either closer or further away from the AFM tip, using feedback

electronics. A topographical image of the sample surface can then be extracted directly from the

feedback signal. A schematic diagram of an AFM measurement system is shown in Fig. 2(a), and in

Fig. 2(b) the relationship between distance and force for the van der Waals interaction is displayed.

The resolution of an AFM is dependent on the ability of the piezoelectric elements of the scanner to

execute motions, with a precision and accuracy at the atomic level or better, on electronic commands.

Typical height resolution during AFM measurements is in the range of 0.1 Å. In the lateral directions,

resolution is however also limited by the physical properties of the AFM tip. Two factors of the

tip shape affect the outcome of images: the end radius of the tip, and its aspect ratio, i.e., the ratio

between the length and the width of the tip. The end radius of the tip defines the minimum distance at

which features on a surface must be separated, in order for them to be imaged as individual objects.

The aspect ratio, on the other hand, affects the angle at which the sides of the tip protrudes. If this

angle is too large, interaction between the surface and the sides of the tip may occur.

As long as an AFM tip is sharper than any surface feature being imaged, the true edge profile of the

feature will be represented. If, however, sharper features are present on the surface, the image will be
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Figure 2: (a) A schematic diagram of an atomic force microscope (AFM). Images are created through
movement of the piezoelectric scanner, giving a resolution of ∼ 0.1 Å. Movement of the AFM can-
tilever is detected by bouncing a laser beam off the end of the cantilever onto a position-sensitive
photodetector (PSPD), upon which the sample is either lowered or raised to compensate and cancel
this movement. The AFM topographic image is directly acquired from the signal of this feedback
process. (b) Van der Waals forces govern movement of the AFM cantilever, resulting in either an
attractive or repulsive interaction, depending on the distance between the tip and the sample surface.
Different modes of measurement utilize different regions of the force curve.

dominated by the shape of the tip. This is known as tip convolution, when the edge of the tip, rather

than the end of the tip is interacting with the feature, and every point in the image represents a spatial

convolution of the shape of the tip and the shape of the feature imaged. Because of this, the lateral

dimensions of features in AFM images are quite often highly exaggerated [78].

Commercial AFM tips are commonly pyramidal or cone shaped with a sidewall angle of 20◦ – 40◦

and an end radius of 10 – 35 nm. Because many samples have features with steeper sides than this, tip

convolution is a common occurrence in images. Although tips with an end radius of below 1 nm have

been developed, it is more difficult to produce AFM tips with a high aspect ratio. Angles of ∼ 10◦

have been obtained, but for tips sharper than this, the result is often a degraded durability or even a

bending of the tip during measurements.

4.3.1 Measurement modes

Depending on the properties of the surfaces being imaged – roughness, hardness, elasticity, etc. –

different modes of AFM imaging can be conducted. In contact mode AFM, the AFM tip makes soft
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“physical contact” with the sample, working in the repulsive region of the van der Waals force curve.

Contact mode offers the best resolution of all the AFM modes in ambient conditions. Contact mode

AFM can operate in either constant-height or constant-force mode. In constant-height mode, the

spatial variation of the cantilever deflection is used directly to generate the topographical data, as the

height of the scanner is fixed as it scans. This provides high resolution images, but is limited to smaller

surface areas, with very minimal variations in height. Constant-force mode, the more commonly used

measurement mode, allows for a higher flexibility, as the force between the tip and the surface is

kept constant by an up-down movement of the scanner, guided by the feedback circuit. The image is

generated from the scanner’s motion, which allows for larger areas and greater variations in height.

Non-contact AFM differs from contact mode AFM, in both the region of the van der Waals curve

at which it operates and the means to detect tip-surface interactions. Non-contact AFM is one of

several vibrating cantilever techniques, in which an AFM cantilever is vibrated at a high frequency

near the surface of the sample. Because forces between the tip and the sample are very low in the non-

contact regime, a very sensitive detection scheme must be used. Stiff cantilevers are usually used in

non-contact AFM, where the system vibrates the cantilevers near their resonant frequencies (typically

from 50 to 400 kHz), with an amplitude of a few tens to hundreds of ångströms. The system then

detects changes in the resonant frequency or the vibrational amplitude, as the tip comes closer to the

sample surface, where it is affected by attractive van der Waals forces.

The benefit of using non-contact measurements, is a lower degree of degradation of the AFM tip and

of the sample surface. Lateral forces between the tip and the surface, which may result in the uninten-

tional displacement or destruction of surface features, are also completely eliminated. In UHV condi-

tions, non-contact imaging may sometimes offer the best resolution achievable with AFM techniques,

although at ambient conditions the result is always poorer than with contact mode imaging. Often

samples will be covered by a thin layer of liquid water, if they are measured in the open atmosphere.

In non-contact mode, the surface of this liquid layer will be imaged, rather than the topography of the

underlying substrate.

A third mode of AFM operation is also available, intermittent-contact, which combines the benefits

of both contact and non-contact AFM. Intermittent-contact, or tapping mode AFM, is similar to non-

contact AFM, except that the vibrating cantilever is brought closer to the sample surface, so that it

just barely hits, or “taps”, the sample when it is at its lowest point. In tapping mode the cantilever’s

oscillation amplitude changes in response to the tip-sample distance, and the surface topography can

be imaged by monitoring the movement of the scanner as it counters these changes. Intermittent-

contact AFM eliminates the lateral forces of contact mode AFM, and is therefore less likely to cause

damage to the tip or the surface, but it still offers a tip-surface interaction strong enough to penetrate
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the liquid layer present on most samples. All AFM measurements performed in this thesis have been

conducted in the intermittent-contact mode of operation.

5 CLUSTER DEPOSITION

The interaction between clusters and surfaces is of vital importance during the physical deposition of

clusters. Depending on the type of surface and the physical properties of the clusters, severe variations

in the resulting structures can be observed. Small changes in factors such as cluster size, deposition

energy, and cluster or substrate materials will result in final structures that can range from perfect

epitaxial films to an exotic self-assembled arrangement [79–82]. This section concerns the effects of

cluster-surface interactions studied in publications I – III, and VI, as well as Ref. [17] and [19].

5.1 Epitaxial alignment

If clusters are deposited, with low energies, on the clean, single-crystal surfaces of materials with

crystallographic lattice spacings equal or close to the material of the cluster, an epitaxial alignment of

the cluster can occur [34, 83–85]. If a cluster is completely epitaxially aligned, all of its atoms have

adopted the same crystalline orientation as the atoms of the underlying substrate. This alignment is

facilitated by a strong interaction between the cluster and the surface, especially for cases of similar

materials, where wetting is substantial.

Snapshots of a typical deposition event can be seen in Figure 3, were the low-energy impact (de-

position energy is 5 meV/atom) of a Cu826 cluster on a smooth Cu (100) surface is shown from a

side-view. As the cluster approaches the surface, it accelerates rapidly and impacts with a kinetic en-

ergy considerably higher than the given deposition energy. This acceleration is caused by the release

of a binding energy between the cluster and the substrate [34], which is supplied by a lowering of

the total surface energy of the system. This release of binding energy is responsible for most of the

rearrangement of the cluster atoms during the first few picoseconds after the impact.

If enough energy has been released during impact, a complete epitaxial alignment can occur. This is

not the case for the cluster in Fig. 3, where a large grain (a region which has adopted a crystallographic

orientation that is different from its surroundings) is present in the upper part of the cluster. This offers

a good example of a non-epitaxially deposited cluster.

The epitaxial alignment of a cluster deposited with a low deposition energy, on a smooth surface,

will depend on two factors. These are, the size of the cluster, and the temperature at which it is
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Figure 3: Snapshots, showing the side view of a typical low-energy deposition event (5 meV/atom),
where a Cu826 cluster impacts a Cu (100) substrate. After relaxation, a large grain remains in the
upper part of the deposited cluster, as the impacting cluster is too big for epitaxial alignment.

being deposited. Alignment itself is achieved through the contribution of two separate mechanisms

– the short time-scale event of initial rearrangement of the cluster atoms upon impact, and the longer

time-scale event of grain boundary diffusion, caused by the thermal movement of atoms. These were

studied in publications I and II, as well as Ref. [17] and [19].

5.1.1 Initial rearrangement

When single clusters impact on a smooth surface, the release of binding energy can be observed as

an increase in the temperature of the cluster atoms and the local surroundings of the impact zone. In

Figure 4(a) this is illustrated for the case of a Cu25 cluster impacting a Cu (100) substrate at 0 K. At

this microscopic scale, temperature is understood as the average kinetic energy of the atoms in the

system. This increase in kinetic energy is drawn from a decrease in the total potential energy of the

cluster-surface system, as the total surface area is decreased upon impact. The potential energy, stored

in surface energy, decreases, when surface areas of both the cluster and the substrate are annihilated.

If epitaxial alignment occurs, as a result of the cluster impact, the potential energy of the cluster

atoms will settle at its lowest level, whereas in other cases it will remain at some higher level. This is

illustrated if Fig. 4(b), where the average potential energy of the cluster atoms is plotted for deposition

with various sizes of clusters on a smooth Cu (100) surface. The final value of the average potential
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Figure 4: (a) The temperature increase in a Cu25 cluster impacting a Cu (100) surface, at 0 K, as a
function of time. A rapid increase in the cluster’s temperature occurs, as the cluster hits the surface
after approximately 12 ps. (b) Change in the average potential energy for the atoms of a cluster, when
Cu clusters of different sizes are impacting a Cu (100) surface, as a function of time for deposition at
0 K. The 6, 13, 19, and 25 atom clusters were within the size limit for epitaxy, whereas the 38, 55,
and 79 atom clusters were not. E0 is the average potential energy of an epitaxial system. From [17].

energy approached the same value for all epitaxial systems in these cases. The average potential

energy of clusters that have not achieved epitaxial alignment, on the other hand, has settled at higher

levels.

The degree at which the potential energy is lowered is highly dependent on the size of the clusters

which are being deposited. In general, the total amount of potential energy released, the binding

energy of the cluster to the surface, will increase as the cluster size increases. This is simply because

the total annihilated surface area will be larger for larger clusters. The same cannot, however, be said

for the decrease in average potential energy, the critical value to be compared with average kinetic

energy and temperature, as the ratio between cluster surface and volume will decrease as cluster size

is increased.

Epitaxial alignment can occur directly after impact, if the increase in temperature of the cluster atoms

is high enough to completely melt the cluster. This occurs if the temperature increases past the

mechanical melting point of the cluster material, i.e., the temperature at which melting occurs even

without nucleation points [86–90]. When a cluster lands on a surface, the released energy, ∆E, will

approximately equal the loss in surface energy
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∆E = 2γA, (2)

where γ is the surface energy and 2A is the surface area lost in the collision. The energy which goes

into heating the cluster will be approximately half of this, as half of the energy will most probably be

transferred to the substrate.

The contact area, A, between a cluster and a smooth surface can be calculated by approximating the

cluster as a sphere, and estimating A as the area of its segment, with a height h, the interaction range

between the atoms of the cluster and the surface. This gives us A = 2πrh, where r is the radius of the

cluster. If h, is set as one lattice constant [19], h = a, the total released energy will be ∆E = 2γπra.

The change in temperature needed to achieve the melting point for a cluster, Tmelt is ∆T = Tmelt−Ti,

where Ti is the initial temperature of the cluster. If the energy required for this heating is equal to the

surface energy released to the cluster, this gives the relation

3
2

NkB∆T =
∆E
2

, (3)

where N is the number of atoms in the cluster, N = 16πr3

3a3 . The released energy is divided by two, due

to the equipartition theorem. For the limiting cluster size, we therefore have the expression [19]

rcrit =

√
γa4

8kB

1√
Tmelt−Ti

. (4)

Clusters with sizes below this will, consequently, melt completely, and can be expected to recrys-

tallize according to the already existing crystal lattice of the substrate, thereby aligning completely

epitaxially.

Due to the increase in temperature, which occurs directly after impact, there is an initial period of

disorder for the cluster, after which it rapidly recrystallizes, either partly or completely epitaxially. If

grains remain in the upper portions of the deposited cluster, rearrangement can, however, still occur,

if temperatures are high enough.
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5.1.2 Grain boundary movement

Even after the initial rearrangement of the cluster atoms, during the period immediately after im-

pact, has ceased, thermally activated mechanisms can further the evolution of the clusters towards

an epitaxial alignment [17, 19]. If small enough grains remain in the upper parts of the cluster, and

temperatures are high enough, the thermal movement of atoms can lead to an incorporation, and

realignment, of these grains according to the underlying lattice [91, 92].

A vast majority of the grains are connected to the epitaxial part of the cluster by {111} twin boundaries

[19, 93, 94]. The energy of these twin boundaries is very low, compared to e.g. the surface energy,

and they are therefore mobile at fairly low temperatures. The added strain of the cluster-hillock, will

further decrease the potential barrier, lowering the activation energy of this movement. At higher

temperatures, the thermally activated motion of these twinning boundaries can be fast enough to push

through the entire grain in a fairly short span of time.

If grains are small enough, the energy barrier for grain boundary motion will be sufficiently low

for the thermal movement of atoms to cause twinning dislocations (more specifically Schokley partial

dislocations [19, 95]), to move throughout the cluster, resulting in a shift of the grain boundary further

into the grain. Once this happens, the rest of the non-epitaxial layers will glide the same way, leaving

behind a perfect FCC lattice.

If allowed to relax for even longer times at sufficiently high temperatures, epitaxial cluster hillocks

will eventually form atomic monolayers, through long-time-scale thermally activated surface migra-

tion [96]. The times required for a flattening of this kind, range from milliseconds for smaller grains,

up to several hours for larger ones. During actual cluster deposition, time between impacts, given

typical fluxes of the order of 1012-1015 clusters/(cm2s), will on average approach the order of mil-

liseconds, rather than the 2 ns used in our simulations. Cluster hillocks will experience significant

flattening at temperatures around and above 300-500 K, thereby improving conditions for clusters

deposited on top of them.

5.1.3 Multiple clusters

If cluster deposition continues beyond deposition of the first monolayer, incoming clusters will even-

tually impact on the hillock-like protrusions remaining after previously deposited clusters [97]. The

surface roughening caused by previously deposited clusters will affect the cluster-surface interaction

for these following clusters (publication I). This can clearly be seen in Fig. 5, where a schematic
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Figure 5: Schematic diagram, showing the difference in projected surface area of interaction between
a) a cluster and a smooth surface, and b) a cluster and the hillock remaining after a previous cluster
impact. Due to the smaller interaction area of the latter, the temperature increase of the cluster atoms,
and therein the likelihood of epitaxial alignment, will be lower.

drawing of the difference between deposition on a smooth surface and deposition on a roughened

surface is presented.

The interaction area between an incoming cluster and a smooth surface is very much larger than for

the case of a cluster impacting on a previously deposited cluster. This is mainly due to a high local

curvature of the surface, roughened by the previously deposited cluster, at the impact point of the

second cluster. For equisized clusters, it can geometrically be shown that the total surface area, which

is lost in the collision between the second cluster and the hillock remaining after the first, will be

approximately half of what was lost in the collision between the first cluster and a smooth surface.

This decrease in the interaction area for the second cluster will result in a lower initial release of

binding energy at impact, and therefore a lesser increase in the local temperature of the impact zone.

In Fig. 6(a) the decrease in potential energy upon impact of the first, second and third Cu38 cluster is

shown, together with the associated increase in temperature of the cluster atoms in Fig. 6(b).

As the increase in the temperature of the cluster atoms, during the impact of the second cluster, is

much lower than for the corresponding case of deposition on a smooth surface, the initial amount of

rearrangement of the cluster atoms will not be as extensive. This decrease in initial rearrangement

will eventually lead to a lesser likelihood of an epitaxial alignment of the deposited cluster structure.

In Fig. 7, the maximum size of the clusters that can be deposited, in order for the final structure to

achieve complete epitaxial alignment, for the case of multiple amounts of clusters deposited on top of

each other, is shown. As can be seen, the upper limit in cluster size decreases for every new cluster



27

-3.04

-3.02

-3.0

-2.98

-2.96

-2.94

-2.92

-2.9

-2.88

A
ve

ra
ge

po
te

nt
ia

le
ne

rg
y

[e
V

]

0 2 4 6 8 10 12 14 16
Time [ps]

1st cluster
2nd cluster
3rd cluster

(a)

100

300

500

700

900

Te
m

pe
ra

tu
re

[K
]

0 2 4 6 8 10 12 14 16
Time [ps]

1st cluster
2nd cluster
3rd cluster

(b)

Figure 6: (a) The average potential energy of the atoms in the first, second and third Cu38 cluster
deposited on a smooth substrate at 0 K, as a function of time after impact. (b) The local increase in
temperature associated with each cluster impact. The decrease in potential energy, i.e. the binding
energy released during impact, is much lower for the second cluster, as compared to the first. This
is due to the curvature of the surface roughened by the hillock remaining after the first impact. The
potential energy curve for the third cluster is very similar to that of the second, as the curvature of the
surface remains roughly the same, independent of the amount of deposited clusters. From publication
II

that is added. Long time-scale effects still exist, but the decisive factor in this lowering of the limit is

the initial release of binding energy that will heat up the cluster atoms.

The upper limit in cluster size, a result from publication II, is shown, in Fig. 7, for deposition with

the amount of clusters ranging from one up to a total of eight clusters deposited on an initially smooth

Cu (100) surface. Although the limit decreases for every cluster added, this decrease slowly subsides,

and eventually there is no discernible difference between deposition of the seventh and eighth cluster.

To explain this, one has to look back at Fig. 6, where the difference in potential energy decrease, or

even temperature change, does not differ much between the cases of the second and third clusters,

i.e. the clusters being deposited on a roughened surface.

The curvature of cluster-hillocks, remaining after previously deposited structures, is the major culprit

in lessening the binding energy of an incoming cluster. However, this curvature is highly dependent

on the size of the deposited clusters. If cluster size is kept constant during deposition, then the radius

of the curvature of surface roughness, due to these clusters, will remain roughly the same. As initial

rearrangement of a cluster landing on a smooth surface will be most substantial, as compared to the

following clusters, it will be subject to the highest degree of flattening. The following cluster will be

rearranged much less, leading to a lesser flattening, and eventually, when this process has continued
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of the substrate. The maximum size decreases, as the amount of clusters grows, until sizes converge
at their lowest values. From publication II.

long enough, the structures remaining from the following clusters will adopt the same final curvature

on the surface as the structure remaining from their predecessors. The end-result of this will be a finite

lower limit in cluster size, for which epitaxial alignment of deposited structures should continue.

Deposition of clusters directly on top of previously deposited clusters is, however, the worst case

scenario, if epitaxial alignment is desired. This is shown in the results of Fig. 8, where the degree

of non-epitaxiality, for the cluster deposited second in sequence, is plotted as a function of the radial

distance between the center of the first cluster-hillock and the impact point of the second cluster.

The degree of non-epitaxiality, Fepi, is calculated as a sum over the nearest neighbours, j, of an atom,

i, as

Fepi = ∑
i

min
j

(arccos |r j
Ideal · ri

nn|), (5)

where the ideal neighbour vectors are unit vectors marked rIdeal, and the unit vectors for each atom to
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Cu clusters of sizes 79, 116, and 128 atoms per cluster, were deposited in sequence on a 300 K
substrate. This is plotted as a function of the normalized radial distance between the impact point
of the second cluster and the center of the first. Fepi ≈ 0.7 corresponds to perfect epitaxy, whereas
epitaxial configurations with higher values of Fepi are strained. From publication II.

its nearest neighbours are marked rnn. For every nearest neighbour the dot product is calculated for

all the ideal vectors and the vectors to the nearest neighbours, and the minimum value is added to Fepi.

Since arccos(x) = 0 when x = 1, this method of calculating epitaxy will be non-sensitive to surfaces

(where some neighbours are completely missing).

In Fig. 8, the radial distances of impact, rimp, on the x-axis are normalized with the sum of the radii of

both the first, r0, and the second cluster, rcluster; hence a radial distance of more than 1.0 corresponds

to a situation where the two clusters do not touch at the moment of the second cluster’s impact on

the surface, i.e., the second cluster is de facto deposited on a smooth surface. If the second cluster

impacts a short distance from the center of a previous cluster, on the slope of a cluster-hillock, it will

interact with a larger surface area than what is possible for impacts that occur directly on top of the

hillock. Eventually, as the distance increases, incoming clusters will interact with both the cluster-

hillock and the smooth substrate surface, effectively a larger surface area of interaction than for the

case of a single cluster on a smooth surface.

As the distance between the impact point and the center of the previously deposited cluster increases,



30

0 2 4 6 8 10 12 14 16

Cluster size [103 atoms]

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

D
ep

os
iti

on
en

er
gy

[e
V

/a
to

m
] Energy needed for epitaxial deposition

Figure 9: The minimum deposition energy per atom required for epitaxial deposition of Cu clusters,
as a function of cluster size. For all sizes of clusters, if deposition occurred at favourable orientations
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the likelihood of epitaxial alignment will increase. Long-time-scale effects, causing a smoothing of

the cluster-hillocks, will also add a positive effect to the epitaxial deposition of multiple amounts of

clusters. Deposition of clusters with sizes in a region close to the size limit for completely epitaxial

deposition will produce structures that are predominately epitaxial, with the occasional smaller non-

epitaxial grain.

5.1.4 Energy dependence in epitaxial deposition

A self-evident means of increasing the likelihood of an epitaxial alignment of deposited clusters –

increasing the deposition energy [20], was studied in publication III. The temperature increase of

the cluster atoms at impact, will increase if energy is added to the collision, through an increase

in the deposition energy [98]. This temperature increase then results in a higher degree of initial

rearrangement of the cluster atoms. Eventually, when the deposition energy is sufficiently high, all of

the cluster atoms will rearrange at impact, and consequently recrystallize according to the underlying

substrate.
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clusters deposited with energies of 0.5 and 1.0 eV/atom on a substrate at 300 K. Increased times at
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In Fig. 9, the minimum deposition energy per cluster atom, required for the epitaxial deposition of

various cluster sizes, is shown as a function of cluster size. For smaller cluster sizes (below 2000

atoms), there is a steep increase in the required deposition energy, as the cluster size increases. This is

due to the lower ratio between the surface and volume of the clusters, which results in a lower amount

of released binding energy per atom, causing a lower inherent increase in temperature upon impact, at

soft landings. This steep increase continues, until a deposition energy of approximately 0.6 eV/atom

is reached. This energy was proven to be sufficient for a rearrangement of the entire cluster, for all

sizes of clusters studied. As this is the deposition energy per atom in the cluster, the total energy of

deposition will naturally increase for larger sizes.
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If cluster sizes surpass a limit of approximately 2000 atoms, the required energy for epitaxial depo-

sition decreases. This is due to a prolonged time at which the atoms of these larger clusters are at

elevated temperatures and pressures. The pressures and temperatures of all clusters increase upon

impact, and although this increase is not dependent on the cluster size, the rate by which pressure

diminishes and heat dissipates from the clusters is highly dependent on their size. The time that is

required for pressures and temperatures to decrease below specific values, is shown in Fig. 10, as a

function of cluster size.

Increased times at higher pressures and temperatures will increase the rearrangement of cluster atoms,

and will also facilitate the migration of any grain boundaries that might have formed in the upper parts

of the clusters. This explains why the required energy decreases slightly as clusters grow, in Fig. 9,

when cluster sizes are beyond the limit of 2000 atoms. The increase in time at elevated pressures

and temperatures depends logarithmically on the cluster size, and the effect will therefore result in a

leveling out of the required deposition energy for epitaxial alignment, to approximately 0.45 eV/atom.

The increased time at elevated pressures also corresponds to an increase in the time of momentum

transfer from the cluster to the substrate, which facilitates the formation of point defects in the sub-

strate, even at relatively low deposition energies. For the largest clusters, interstitial formation could

already be observed at an energy of 0.3 eV/atom. Although this energy is well below the formation

energy of an interstitial, the high pressures involved can ease the process. The migration rate of inter-

stitials at a temperature of 300 K is, fortunately, high enough for the rapid migration of these to the

surface [99]. At lower temperatures, however, defect production could present itself as an obstacle if

completely epitaxial structures are desired.

5.2 Non-epitaxial deposition

If the size of deposited clusters is above the limit presented in Section 5.1, non-epitaxial deposition

will occur. The end result of such deposition will be the formation of stable grains in the upper parts of

cluster-hillocks, and eventually a film containing many nano-scale grains, if deposition is continued.

Non-epitaxial deposition of smaller clusters is, however, also possible, if the strength of the inter-

action, between the clusters and the surface onto which they are being deposited, is lessened. One

method of changing the nature of this interaction is by changing the substrate material. It is, however,

good to remember that although the strength of the interaction is lessened, causing a lower binding

of the cluster to the surface, other effects may incur. The interaction between clusters and their sup-

porting surfaces must always be taken into account when depositing clusters. Exotic effects of these

interactions can lead to most astounding results [35, 100–104].
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(a) (b)

Figure 11: AFM images of ring-like structures, resulting from the spontaneous organization of silica-
supported metal clusters. (a) A cluster-ring with a nearly depleted center. (b) An image of a surface
onto which clusters have been deposited on two separate occasions. The cluster-covered surface
was allowed to stabilize in vacuum for approximately 10 hours between each deposition, which was
sufficient time for the formation of the first set of rings. The appearance of concentric rings hints
towards the role of specific points on the surface in arrangement of the deposited clusters. From
publication VI.

5.2.1 Ring formation

Figure 11 shows AFM images of the self-assembled ring-like structures of copper nanoclusters sup-

ported on silica, SiOx, surfaces that were studied in publication VI. The interaction between metallic

clusters and the native oxide surface of a silicon substrate, differs wildly from that of a cluster on a

pristine single-crystal surface of its own element [105]. The cluster-oxide interaction is rather weak,

which leads to a high rate of diffusion for the clusters [101, 106, 107]. Furthermore, the silica surface,

which is polar in nature, also affects the clusters by inducing dipoles in them [108–110]. These two

factors contribute to a result which not even remotely comes close to epitaxial deposition.

Dipoles induced by the polar silica surface will always have the same directions, and interactions

between these will therefore be repulsive. On the other hand, as clusters are easily polarized [108–

112], attractive van der Waals interactions between clusters will be considerable [113, 114]. Due to

a rapid diffusion of the clusters, under the influence of these two competing forces, exotic structures

will have the opportunity to evolve on the surface. Clusters separated by longer distances will be

pushed further from each other, whereas clusters close to each other will agglomerate. If the right

conditions are available, self-assembly of ring-like structures can occur.

Proof of the validity of such an interplay of interactions was shown in publication VI, where molecular
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dynamics simulations were used, with a code that was specifically developed for such a system.

Clusters were treated as single entities with a size and mass corresponding to the 5 nm in diameter

clusters of the experiment. The cluster-cluster interactions were modeled with a potential that was

built up using analytical models for the dipole-dipole interaction

Ud−d =
p2

4πε0r3 , (6)

where p is the strength of the cluster dipole and r is the distance between the clusters, and a Lennard-

Jones potential [115]

UvdW = ε
[(σ

r

)12
−2

(σ
r

)6
]
, (7)

where ε is the strength of the interaction, σ the equilibrium distance and r the distance between the

clusters, for the van der Waals interactions. The resulting total potential was given by

Utot = Ud−d +UvdW . (8)

Similar ring-like structures were observed as a result of the relaxation of an initially random distribu-

tion of clusters.

A long-time-scale effect of these interactions, as clusters were introduced to atmospheric conditions

in the process of conducting AFM analysis, was the further aggregation of the clusters, into µm-sized

dots at randomly spaced intervals. These structures appeared because the surface induced dipoles

diminished, due to a loss of the metallic properties, and hence polarizability, of the clusters as they

were oxidized [116–118]. Similar structures could be obtained through simulations, if the strength of

the van der Waals component of the cluster-cluster interaction was exaggerated.

The interactions between clusters and surfaces must always be evaluated, if thin films are to be grown

by cluster deposition. There are, however, means by which effects similar to those presented in

publication VI can be avoided. If deposition speeds are fast enough, thin films can be grown on

virtually any substrate, as surface diffusion will be much slower than the rate at which new clusters

impact on already deposited structures. A continued deposition and the growth of cluster islands
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will immobilize them. Increasing deposition energy will also promote the growth of a more evenly

distributed layer, as surface defects, induced by the high-energy density of deposition, will pin the

clusters more efficiently to their impact points.

6 FILM GROWTH BY CLUSTER DEPOSITION

The deposition of single clusters on a smooth surface and surfaces roughened by the deposition itself

can result in many outcomes [119, 120]. If deposition is continued even further, thin films will be

grown, eventually evolving into thicker films. The morphology, and therein the physical properties,

of these films will depend highly upon the conditions during deposition. If deposition energies are

high enough, epitaxial films of a good quality, with good adhesion and useful mechanical properties

will be the end result [121]. At lower energies, on the other hand, there remains the possibility of

growing films in which clusters retain memory of their original size and structure.

6.1 The effect of cluster size

Fig. 12 shows the results of publication IV, where the effect of an increase in the size of deposited

clusters on the density of cluster-assembled thin films, grown by low energy cluster deposition, is

plotted. The density of the films decreases quite rapidly, as cluster size is increased, due the lower

amount of binding energy per atom released at impact, which was discussed in the previous section.

The model of cluster heating gave an estimate of the amount of energy released, due to the loss of

surface area [19], when a cluster lands on a surface, as ∆E = 2γA (Eq. 2), where γ was the surface

energy and 2A was the surface area lost upon adsorption. The total area lost when two clusters are

sintered, can be estimated by approximating a cluster as a sphere and the surface area A by its segment,

with a height h, giving A = 2πrh, where r is the radius of the cluster. In the previous model [19], for a

cluster landing on a smooth surface, h was estimated to be the interaction range of the atoms, and set

to be equal to one lattice constant, i.e., h = a. For the case of two clusters colliding, this interaction

length will be shorter, due to the curvature of the clusters. If the clusters are perfectly spherical, h

should take a value approximately half of what it was in the previous model, giving h = a/2.

The increase in temperature resulting from the release of surface energy, ∆T , is estimated, from the

relation in Eq. 3, as
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Figure 12: Density of thin films grown by low-energy deposition (5 meV/atom) of various sized
clusters, as a function of the cluster size. Densities of films grown with Cu5882 clusters at energies of
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cluster size, where the results are shifted towards higher densities. This shift is due to a closer packing
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fit based on the model for cluster heating at impact, which applies to growth with clusters that have
less than 1000 atoms. The dashed line shows how the density of films grown with larger clusters,
above the threshold value, follows the same trend as the cluster heating model, if the model is shifted
towards higher densities. From publication IV.

3
2

NkB∆T =
γπra

2
, (9)

where N is the number of atoms in the cluster, N = 16πr3

3a3 , and the released energy is divided by 2,

due to the equipartition theorem. Combining the previous equations, and solving for the change in

temperature, we get

∆T = (
π2

18
)

1
3

γa2

kB
N− 2

3 . (10)
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IV.

The density of a cluster-assembled thin film will increase if temperature is increased, due to an in-

creased sintering of clusters at elevated temperatures [122], and one can therefore make the rough

assumption that ρ ∝ ∆T , where ρ is the relative density of the film. Using this relation, equation 10

can be expressed as

ρ = Λ
γa2

kB
N− 2

3 +ρ0, (11)

where Λ, into which the first factor of Eq. 10 has been incorporated, and ρ0 are fitting parameters. In
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is defined. From publication IV.

Fig. 12 the model of cluster heating has been fit to the data points of clusters with sizes below 1000

atoms, using values of a = 3.61 Å and γ = 1.29 J/m2 [19], and fitting parameters Λ = 0.0012 K−1

and ρ0 = 0.2, giving a fairly good agreement with the simulated values. The value of ρ0, the lowest

density attainable in the model, curiously enough corresponds to the relative packing density of newly

fallen snow [123], a deposition process which is very similar to that of cluster deposition.

In Fig. 12 this model is presented as a dotted line, and seemingly fits well to clusters containing

below approximately 1000 atoms. The trend after this limit in size follows the same trend as the

heating model, except at a slight offset (the dashed line) from the original curve. At sizes above the

limit, an effect of the diminished heating of the clusters at impact comes into play.

Sintering of clusters, i.e. the melting together of separate cluster at their contact points, will occur at

elevated temperatures. From Fig. 13, the relative distances between clusters in films deposited at low

energies (5 meV/atom), can be seen. The distributions of distances for the smaller clusters are rather

uniform, with distances between the centers of adjoining clusters also being very much smaller than
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the combined radii of two pristine clusters, i.e., a relative distance of 1.0. The distributions for the

larger clusters, on the other hand, grow sharper and their peak values shift closer to a state where not

much overlapping of clusters occurs.

Due to the diminished sintering of the larger clusters, the likelihood that two clusters, that barely

touch, will stick to each other will decrease. This can be understood from the results of Fig. 14,

where the average contact angle, for clusters that are supported by only a single cluster, is plotted.

This angle is defined in such a way that 90◦ corresponds to a situation where the two clusters are

directly on top of each other, while at 0◦ they lie side by side. When clusters with sizes above the

limit of 1000 atoms impact others at a low angle, they no longer stick, but rather continue onwards,

filling up the lower parts of the films, and thereby increase the average film density. The average

contact angle for clusters supported by a single cluster, plotted in Fig. 14, will increase as clusters

which have continued onwards will be supported by several underlying clusters.

6.2 Deposition energy

If slightly higher energies are introduced (publication IV and Ref. [18]), by increasing the deposition

energy of the clusters, melting will increase and result in a broader distribution of the relative distances

between clusters in the film. Figure 15 illustrates this for the case of films grown by deposition of

Cu5882 clusters at different energies. From the inset in the figure, which shows film density as a

function of height, it is also clear that there are no major differences in the density distribution within

the films, but rather that the crucial difference, causing an increase in film density, is indeed a sintering

of the clusters.

If deposition energy, on the other hand, is increased very much, significant changes will occur in

the morphology of the thin films [18]. Individual clusters will be more closely packed, as energy

increases, but above a certain limit, the melting of clusters at impact will be too severe, and the

nanocrystalline grain structure of the films will start to disappear. This is a phenomena closely related

to the minimum energy required for epitaxial deposition of single clusters on smooth surfaces, which

was presented in Section 5.1.4.

As energy increases, the density of the films will increase, which can be seen in Fig. 16(a), where the

density of Cu586 cluster-assembled thin films is plotted for different deposition energies and amounts

of deposited clusters. An energy increase produces films with a density profile approaching that of the

bulk throughout the entire film, in Fig. 16(b), even at a deposition energy as low as 300 meV/atom.

The minimum energy required for epitaxial deposition of clusters, however, lies fairly close to these
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Figure 15: The distribution of relative distances between adjoining clusters in films grown by depo-
sition of Cu5882 clusters at various energies. A clear flattening of the distribution can be observed,
as deposition energies are increased. The inset shows density profiles for these films, where average
density is plotted against distance from the surface of the substrate. From publication IV.

values, for clusters of this size. Deposition at this energy will therefore result in films that are very

nearly epitaxial.

At deposition energies high enough for the growth of dense thin films, every single cluster will melt

entirely at impact, and subsequently recrystallize, adopting an orientation which is aligned with the

underlying structure. On a single crystal substrate, the grown film will therefore itself be single-

crystalline. Nanocrystallinity and high density can not be achieved, merely by increasing deposition

energies.

The average relative film densities for all of the thin films, shown in Fig. 16(a), are well below that

of bulk copper. This is mainly due to surface roughness. As can be seen from the density profiles in

Fig. 16(b), bulk densities are achieved for the lower parts of all of the films that contain 50 clusters

and were deposited at energies higher than 300 meV/atom. Only at the top-most surface of the films

does this density decrease. Surface roughness should not be included when the average densities

are evaluated, as it merely stems from a local variation in the level of the surface, and is not a true

indication of a lower density. The effect of surface roughness is the main reason for a lowering of the

average densities of the films containing fewer than 50 clusters, in Fig. 16(a). This lowering can be
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Figure 16: (a) The average relative density of Cu586 cluster-assembled thin films as a function of
deposition energy. The densities of films, as compared to that of bulk copper, are shown for different
amounts of deposited clusters. (b) Thin film density profiles after deposition of 50 Cu586 clusters at
various deposition energies. The graph shows the average film density as a function of the height
above the substrate. Nanocrystallinity is preserved in films that are grown with deposition energies
below 300 meV/atom. These are, however, very porous throughout their entire thicknesses and will
exhibit poor mechanical qualities. From [18].

attributed to an increase in the relative thickness of the surface layer, as the total thickness of the films

is lower, when fewer clusters have been deposited.

Increased deposition energies will produce denser thin films with better mechanical durability and

adhesion. The nanocrystallinity of these films, however, will not be preserved, as the clusters melt

upon impact, and recrystallize according to the already existing crystalline directions of the underly-

ing substrate. Low-energy deposition of clusters is the only possibly route, if nano-scale properties,

in the resulting thin films, are desirable. Other means of improving the mechanical properties of the

thin films must therefore be introduced.

7 MODIFICATION OF CLUSTER-ASSEMBLED THIN
FILMS

If thin films with properties resembling those of free clusters, i.e., nanocrystalline films, are to be

grown, low-energy deposition of clusters is a prerequisite. The mechanical properties of such films

are however too poor [42], and post-deposition modification of the films must occur if they are to be
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of use in applications. The major flaws of these films are a very poor durability and thermal stability,

as they are simply too porous. A densification of these films is therefore necessary.

Several methods of producing nanocrystalline thin films by densification of nanocrystalline powders

already exist. These methods rely on elevated pressures, where the powders are compressed by a

large force onto the surface of the substrate, or on high temperatures, as clusters are sintered together

by increased thermal activity [122, 124, 125]. The drawbacks of these methods are the harshness

towards the substrate, excluding the use of many interesting substrate materials, and the severe grain

growth that occurs during these processes, leading to thin films with much larger grains than the size

of the original nanoparticles in the powders. An alternative method of cluster-assembled thin film

densification was initially studied (in publication VI) using MD simulations, and later confirmed as

viable through the experimental results presented in Section 7.1.1.

7.1 Densification by ion irradiation

Heavy ion irradiation is the key to a modification of cluster-assembled thin films, without irreversibly

altering their nanocrystalline properties. Heavy ion irradiation induces amorphization and viscous

flow in crystalline semiconductors and ceramics [126–128]. Although similar irradiation of close-

packed structures commonly does more harm than good [129], through the creation of numerous

defects [130, 131] and therein brittleness, the irradiation of porous structures could be beneficial. If

initially under-dense structures are irradiated with heavy ions, local melting and a viscous flow of

atoms will result in the filling of voids, and hence a densification of the structure. If recrystallization

of molten regions occurs fast enough, and according to the local structure of individual clusters,

nanocrystallinity is preserved within the films.

MD simulations of the irradiation of cluster-assembled thin films was performed using Xe and Au

ions at various energies and fluences. The results of these simulations are shown in Fig. 17, where the

average increase in thin film density, for irradiation with various energies, is shown as a function of

fluence. Results for density calculations, where both the surface has been included and excluded, are

shown.

Differences in the rates of densification, for the different ions and energies of irradiation, can be

explained by considering the range and energy deposition of the respective ions in copper, at their

different energies. The range of Xe in copper is higher than that of Au, which results in a slightly

larger deposition of energy at the lower layers of the film. At higher energies the ranges of both Xe

and Au ions are such that energy is deposited throughout the entire films. At these energies, 15 keV

and above, the amount of deposited energy per ion is higher for Au, resulting in a faster densification
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Figure 17: Average density of Cu711 cluster-assembled thin films after irradiation with Xe and Au ions
at various energies, as a function of fluence. Due to the substrate size, every ion impact represents an
approximate fluence of 1.11×1012 ions/cm2, hence a fluence of 100×1012 ions/cm2 is approximately
achieved with 90 ion impacts. The increase in density is initially a very rapid event, but subsides as
the density of the films grows. The average density of the entire thin films, visualized using black
lines, is compared to their calculated densities when the topmost 15 % of the thin film is removed,
shown as grey lines, in order to lessen the effect of surface roughness. Once the topmost layers of the
film are removed from the density calculations, it can clearly be seen that the density of the thin films
approaches that of bulk copper, even at the fairly low fluences of approximately 60×1012 ions/cm2.
From publication V.

process for this ion. The differences in rate of densification between Xe and Au is, however, only

slight for these energies.
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Once again, surface roughness comes into play in the density calculations in these results. For Xe

ions at energies above 20 keV, a sharp kink in the densification curves can be seen at a fluence of

approximately 20× 1012 ions/cm2. Initially there is a rapid increase in density at fluences below

20× 1012 ions/cm2, which corresponds to a densification of the whole film. After this the rate of

densification decreases at higher fluences, as voids within the film have been filled and only surface

smoothing takes place. The surface layer is, however, initially rather thick and only at a fluence of

80× 1012 ions/cm2 does the under-dense surface layer shrink to below 15 % of the film thickness,

which is the thickness of the layer removed, when excluding the surface from calculations on the film

density. A surface layer of only 15 % of the film thickness was, however, chosen in order to allow for

a larger part of the atoms of the film (∼ 92 %) to be included in the density calculations.

7.1.1 Experimental results

The experimental results of thin film densification with ion irradiation can be seen in Fig. 18, which

shows an AFM image of the interface region between an irradiated and as-deposited Cu cluster-

assembled thin film. Initial film thickness, measured to be approximately 200 nm, was decreased by

approximately 40 nm after irradiation with Ar ions at an energy of 150 keV and a fluence of 1015

ions/cm2. The cluster-assembled thin films were partially irradiated, while keeping the non-irradiated

part covered by a mask for the duration of the heavy ion bombardment. This was done in order to

achieve a difference in height between the irradiated and as-deposited film. The border between the

irradiated and as-deposited parts of the film was then analysed by AFM, and was found to be sharp

enough for the use in analysis of the densification, which occurred during the irradiation process.

If initial film densities are know, assuming the same amount of atoms per unit area remains in the

densified films, the new density can be calculated from the decrease in film height, or the height of

the step between the irradiated and the non-irradiated parts of the film. The relative increase in density

of the films, ∆ρ/ρdep, where ∆ρ = ρirrad−ρdep, and ρdep and ρdep are the densities before and after

irradiation, can be calculated as

∆ρ
ρdep

=
ρirrad−ρdep

ρdep
. (12)

Further, ρirrad = σm/τirrad and ρdep = σm/τdep, where τdep and τirrad are the thicknesses of the respec-

tive films, which are separated by a step height of hstep = τdep− τirrad. σ is the areal density of atoms

and m is the mass of a single atom of that element. Combining these equations then gives a final

relative increase in density as
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Figure 18: (a) An AFM image (scan size 20 µm) showing the interface between an as-deposited Cu
cluster-assembled thin film (grown on an oxidised Si substrate) and a part of the film that has been
irradiated with Ar ions at an energy of 150 keV and a fluence of 1015 ions/cm2. (b) The average
height profile of the interface region, as measured by AFM. The irradiated (darker) area of the surface
is approximately 40 nm lower than the as-deposited (lighter) film, indicating a denser packing of the
irradiated film.

∆ρ
ρdep

=
τdep

τdep−hstep
−1. (13)

A decrease of approximately 40 nm, for a film that originally had a thickness of 200 nm, therefore

gives an increase in film density of ∼ 25%, according to these calculations.

Cluster-assembled thin films were also irradiated with a focused ion beam at 30 keV, and the changes

in film morphology were monitored by in situ scanning electron microscopy (SEM). In Fig. 19(a), the

as-deposited thin film, consisting of columnar structures of deposited clusters, is shown. The size of

the clusters used in this experiment was larger than the corresponding clusters of the simulations, with

cluster diameters approaching 20 nm (instead of the 3 nm in diameter clusters of the films deposited

with MD).

The very much larger size of the experimentally deposited clusters, coupled together with only a

slightly deeper range for Ga ions as compared to Xe or Au, resulted in the majority of the structural

changes taking place at the surface layers of the thin film. The height of the irradiated part of the thin

film has not decreased, i.e. the average density of the film will be the same, however, as can be seen
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Figure 19: SEM images of (a) an as-deposited Cu cluster film, and (b) the same film after the lower
part (below the dashed line) has been irradiated by a 30 keV focused Ga+ ion beam. The penetration
depth of the Ga ions is not large enough to cause a densification of the entire thin film, but a clear
difference can be seen, as surface layers of the film have been affected by the impinging ions. The
same position has been encircled in both images, in order to ease the comparison between them.

from the SEM image in Fig. 19(b), significant changes to the structures which have been irradiated

have occurred.

The same position has been encircled in both images of Figure 19, in order to ease the comparison

between the irradiated film, both before and after irradiation. One can clearly see that smaller features

have merged together, giving clear evidence for the densifying effect of ion irradiation. With ion

energies tweaked for a deeper range into the thin film layer, a densification of the whole film is

possible. Ion fluences must, however, be rather low if nano-scale grains within the film are to be

conserved, a feat which is very difficult when irradiating with focused ion beams. The use of more

flexible accelerators, with a wider variety of ion species, is therefore recommended.

7.1.2 The stability of grains during irradiation

The stability of grains within the film, during irradiation, was studied in the molecular dynamics

simulations of publication V. Grains were observed to grow slightly, but not with a critical severity.

Fig. 20 shows the remaining grain boundaries within two thin films irradiated at different energies,

where atoms within stacking faults and twin boundaries are shown as slightly larger than atoms within

a FCC configuration.
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(a) (b)

Figure 20: Snapshots showing dislocations and grain boundaries present in a film after (a) irradiation
with Au ions at an energy of 30 keV and a fluence of approximately 60× 1012 ions/cm2, and (b)
after irradiation with Au ions at an energy of 5 keV and a fluence of 100× 1012 ions/cm2. Atoms
within stacking faults and twin boundaries are shown as slightly larger than atoms within a FCC
configuration. From publication V.

As the decisive mechanism causing densification is the melting and recrystallization of local regions

within the thin films, it is only natural to presume that grain growth will also occur. Grain growth

has, likewise, been reported in several theoretical and experimental papers focused on changes in

morphology during the irradiation of nanocrystalline samples [132–135].

As the thin films are compressed during the densification process, single clusters will sinter with

others, and therein adopt a different orientation. Because melting occurs locally, and recrystallization

is such a fast process, several crystal orientations will, however, remain within the film, as grains with

different orientations will simultaneously grow in several locations. If a global melting had occurred,

recrystallization would proceed according to some predominant orientation, thereby resulting in the

growth of very much larger grains.

The existence of several different crystal orientations, as seen in the snapshots in Fig. 20, confirms

the fact that the cluster-assembled films retain nanocrystallinity throughout the densification process.

Although the grain size has undoubtedly grown, these are still rather small. It is, however, clear that
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their final size will be very much dependent on the original size of the deposited clusters and the

energy at which the films are irradiated.

7.1.3 Sputtering

The loss of atoms from the thin films, due to a sputtering of atoms during irradiation, was out of

necessity studied in publication V. An erosion of the thin films by sputtering of atoms, could be a

major concern with the use of heavy ion irradiation for the modification of their mechanical properties.

At ion energies and fluences, as low as the ones used in the simulations, the sputtering rate of copper

is, however, not very high [136].

Sputtering yields from the thin films could be split into two different categories, namely the yields

from films with densities below a threshold of 6.0 g/cm3, and yields from films that were denser than

this. At densities below this value, larger aggregates could sometimes be sputtered from the films, as

large parts of still ascertainable individual clusters were detached from the films. At higher densities

the likelihood for such events was minimal. This effect also seemed to be energy dependent, as

sputtering yields for the under-dense films increased as ion energy increased, but only up to a specific

point. Once ion energies, and therefore ion ranges, were too high, sputtering yields decreased. This

can be explained by the fact that atoms sputtered from lower parts of under-dense films were captured

by the upper parts of those films.

Sputtering yields were also higher for the heavier ions. For all ion species the yields were, however,

low enough to allow for less than 3 % of the films to be sputtered away during irradiation. Sputtering

yields from thin films with density above 6.0 g/cm3 were well within the range of experimental values

[136].

7.2 Alloyed thin films

Another interesting application of thin film growth, through the low-energy deposition of clusters,

exists. Due to the highly non-equilibrium conditions of cluster condensation, the aggregation of clus-

ters composed of virtually any stoichiometry is possible [137]. This even includes the aggregation of

materials that, under normal conditions, are immiscible. If thin films could be grown by deposition

of, i.e., bi-metallic clusters of any combination of metals, new exotic alloyed thin films, with exciting

applicability, could be the end-result [138]. As with any films grown by low-energy cluster deposi-

tion, these films would, however, have to be densified before they could withstand extreme physical

conditions.
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Figure 21: (a) The average relative density of CuAu, CuAg, and CuNi bimetallic thin films as a
function of fluence, after irradiation with Xe ions at various energies. (b) The short-range order
parameter (SRO) for the same bimetallic thin films as a function of fluence. Density of the thin
films can be increased by irradiation with heavy ions, without inducing significant segregation of the
different metal species.

For the densification of alloyed thin films to be successful, another criterion must be fulfilled. Grain

growth is not necessarily an issue, but a segregation of the elemental components must be prevented

for the films to be true alloys [139]. Methods that involve the elevation of temperature cannot be

used, as the diffusion of atoms within the alloy lattice increases heavily for even the slightest increase

in temperature. Densification by heavy ion irradiation can be a viable option, as ion impacts result

in only a local increase in temperature, and this increase is very short-lived. If recrystallization is

rapid enough, not to allow for the diffusion of atoms, the order, or rather disorder, of the alloy will be

preserved.

The growth of alloyed thin films was simulated, by deposition of several of the bi-metallic clusters

CuAu, CuAg, and CuNi at a temperature of 300 K [21]. Each cluster contained 711 atoms, dis-

tributed approximately evenly over the two elemental components of the clusters. The elements were

all distributed randomly in the clusters. Deposition was performed in a fashion similar to that of

pure elemental clusters, and afterwards irradiation of these films with heavy ions was likewise per-

formed in the same manner as that described in Section 7.1. The results of this irradiation is shown in

Fig. 21, where the density of the bi-metallic films, and the short-range order parameter, indicating if

segregation of the elements occurs, are plotted as a function of fluence.

The short-range order parameter (SRO), defined as
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Figure 22: Snapshots of a CuAg thin film, both as-deposited, and after impacts of increasing amounts
of Xe ions at an energy of 15 keV per ion. With as little as nine impacts, corresponding to a fluence of
approximately 1013 ions/cm2, the structure of the thin film has seemingly approached that of a bulk
alloy.

SRO = 1− nAB/nB

cA
(14)

where nAB/nB is the probability that an atom of type A is nearest neighbour to an atom of type B,

and cA is the concentration of species A, gives a measure of how segregated or ordered a lattice of a

binary alloy is. If the two components of the lattice are completely segregated, SRO should adopt a

value of 1, whereas a completely ordered alloy, will have SRO =−1. A value of 0 will be the result

if the elements of the lattice are at entirely random positions [140, 141].

As can be seen from the results, density can be increased without a severe segregation of the elements

in the films. The increase in density of the thin films may, however, not appear to be significant

enough, if only viewed through the results presented in Fig. 21. It must, nonetheless, be remembered

that the effect of surface roughness in a lowering of the average density of the thin films is remarkable.

Fig. 22 shows snapshots of a CuAg thin film, both as-deposited and after the impacts of a growing

amount of Xe ions at 15 keV/ion. Even at the fairly low irradiation energy of 15 keV, the morphology

of the thin film has approached a condition close to that of the bulk substrate, after as little as nine ion

impacts. With the surface area of this particular film, nine impacts are approximately equivalent to a

fluence of 1013 ions/cm2.
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8 CONCLUSIONS

Using a combination of molecular dynamics simulations and the experimental deposition and analy-

sis of nanoclusters, cluster-surface interactions, as well as growth mechanisms of cluster-assembled

thin films, have been studied. The results show how clusters can be used for the growth of nanos-

tructured thin films with tailored properties, by variations in simple deposition parameters, such as

cluster size and deposition energy. This thesis also shows the importance of understanding the inter-

actions between nanometer-sized objects and their supporting surfaces, when dealing with nano-scale

systems.

Using molecular dynamics simulations, it was shown that there exists an upper limit in cluster size,

below which clusters will align epitaxially on a smooth surface of the same material. This limit is

both dependent on temperature and deposition energy, as well as on the rate at which clusters are

deposited. If clusters, with sizes below this limit, are deposited, the resulting structures that grow will

be epitaxial, and cluster-assembled thin films will have a high density. If cluster sizes above this limit

are used, structured thin films, such as nanocrystalline films, can be grown.

By tweaking the size of the deposited clusters, and the energy at which they were deposited, thin

films with a wide variety of morphologies can be grown. As deposition energies are increased, the

densities of the resulting films will likewise increase by a logarithmic dependence. On the other hand,

if cluster size is decreased, independent of deposition energy, film density will also increase. The

use of small clusters, or high energies, will produce epitaxial films, with good adhesion and high

durability, whereas larger clusters, deposited at low energies, will result in nanocrystalline films.

Nanocrystalline thin films, grown by low-energy cluster deposition, tend to be porous and have a poor

mechanical durability. If they are to be used in any real applications, these films must be modified by

some means after deposition. Modification of cluster-assembled thin films, by irradiation with heavy

ions, proved to be a successful method of improving the mechanical properties of thin films, most

notably their densities, without irreversibly harming their nanocrystalline structure. This was initially

predicted by simulations, and later verified through experiments.

Already a relatively low fluence of heavy ion impacts is sufficient for the densification of porous

cluster-assembled thin films towards near-bulk densities. Local melting, coupled with a viscous flow

of the molten regions, and recrystallization, according to the already present crystalline orientations

of the deposited clusters, was shown to be the mechanisms behind this densification. As the molten

regions were very small, and recrystallization was a rapid event, the grain sizes within the nanocrys-

talline films did not suffer from a severe growth.
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The growth and modification of alloyed thin films, even consisting of immiscible materials, was

shown to be possible with low-energy cluster deposition. The subsequent modification of these films,

by heavy ion irradiation, improved film properties without causing a large segregation of the separate

atom species. The growth of thin films, composed of virtually any stoichiometry, was shown to be

feasible with these methods.

The possible applications of nanocluster deposition rely heavily on the careful choice of deposition

parameters. If the interactions between deposited clusters and their supporting surfaces are sufficiently

well understood, a multitude of practical outcomes from cluster deposition will be available. In our

search for novel functional structures, nanoclusters may be the building blocks of the future.
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