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ABSTRACT

This thesis concerns the dynamics of nanoparticle impacts on solid surfaces. These impacts occur, for

instance, in space, where micro- and nanometeoroids hit surfaces of planets, moons, and spacecraft.

On Earth, materials are bombarded with nanoparticles in cluster ion beam devices, in order to clean

or smooth their surfaces, or to analyse their elemental composition. In both cases, the result depends

on the combined effects of countless single impacts. However, the dynamics of single impacts must

be understood before the overall effects of nanoparticle radiation can be modelled. In addition to ap-

plications, nanoparticle impacts are also important to basic research in the nanoscience field, because

the impacts provide an excellent case to test the applicability of atomic-level interaction models to

very dynamic conditions.

In this thesis, the stopping of nanoparticles in matter is explored using classical molecular dynamics

computer simulations. The materials investigated are gold, silicon, and silica. Impacts on silicon

through a native oxide layer and formation of complex craters are also simulated. Nanoparticles up

to a diameter of 20 nm (315000 atoms) were used as projectiles.

The molecular dynamics method and interatomic potentials for silicon and gold are examined in this

thesis. It is shown that the displacement cascade expansionmechanism and crater crown formation are

very sensitive to the choice of atomic interaction model. However, the best of the current interatomic

models can be utilized in nanoparticle impact simulation, if caution is exercised.

The stopping of monatomic ions in matter is understood very well nowadays. However, interactions

become very complex when several atoms impact on a surface simultaneously and within a short

distance, as happens in a nanoparticle impact. A high energydensity is deposited in a relatively small

volume, which induces ejection of material and formation ofa crater. Very high yields of excavated

material are observed experimentally. In addition, the yields scale nonlinearly with the cluster size

and impact energy at small cluster sizes, whereas in macroscopic hypervelocity impacts, the scaling
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is linear. The aim of this thesis is to explore the atomistic mechanisms behind the nonlinear scaling

at small cluster sizes.

It is shown here that the nonlinear scaling of ejected material yield disappears at large impactor

sizes because the stopping mechanism of nanoparticles gradually changes to the same mechanism as

in macroscopic hypervelocity impacts. The high yields at small impactor size are due to the early

escape of energetic atoms from the hot region. In addition, the sputtering yield is shown to depend

very much on the spatial initial energy and momentum distributions that the nanoparticle induces

in the material in the first phase of the impact. At the later phases, the ejection of material occurs

by several mechanisms. The most important mechanism at highenergies or at large cluster sizes is

atomic cluster ejection from the transient liquid crown that surrounds the crater. The cluster impact

dynamics detected in the simulations are in agreement with several recent experimental results.

In addition, it is shown that relatively weak impacts can induce modifications on the surface of an

amorphous target over a larger area than was previously expected. This is a probable explanation for

the formation of the complex crater shapes observed on thesesurfaces with atomic force microscopy.

Clusters that consist of hundreds of thousands of atoms induce long-range modifications in crystalline

gold.
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1 INTRODUCTION

Figure 1: Combined effects of large- and small-scale hypervelocity impacts are shown on the surface
of Ganymede, a moon of Jupiter and the largest moon in our solar system. The surface is dark because
it has been exposed to micrometeoroid and other radiation, which changes its optical properties [1].
Impacts of large meteoroids excavate fresh material, bringing it up to the surface. Hence, the impact
craters appear bright. The rays around the craters are 300-500 km long. (Courtesy NASA)

The increasing number of applications of atomic cluster ionbeams [2] is the driving force for the

exploration of nanoparticle impacts on solid surfaces. Atomic cluster beams are now used to process

surfaces [2; 3], to analyse elemental composition [4], and in the future will be used, for example,

to create nanostructures on surfaces [5; 6]. In these applications, the flux of the beam can be as

large as 1017 particles/s cm2 [3]; thus, the result of irradiation is due to the combined effects of

numerous nanoparticle impacts on the target surface. However, the effects of nanoparticle irradiation

can be understood and modelled only if the dynamics of singleimpacts are known. This is also true

regarding the effects of nano- and micrometeoroids. Meteoroid fluxes are considerably lower than the

fluxes of atomic cluster beam devices [7], and impact events are isolated. However, the irradiation

can last billions of years changing the surface compositionand its optical properties (figure 1) [8].

Nanoparticles in atomic cluster beams are usually very simple. In most cases, they are aggregates of

atoms of a single element such as Au, Ar, or Si. They can also consist of a simple inorganic compound,
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for instance CO2 or SiO2 [2]. In this thesis, mono-elemental nanoparticles are, forbrevity, referred

to as clusters.1 The clusters are created and accelerated in special deviceswhich are now rapidly

undergoing improvement [2]. The effects of cluster beams are usually explored experimentally either

indirectly, by measuring the material ejected from the substrate, or directly, by observing the surface

with a scanning probe microscope. In recent years,in situ techniques to observe effects of single

events have also been developed [9].

Regarding the effects of a single nanoparticle impact, the important questions are: how does the yield

of material excavated by the impact scale with cluster size and kinetic energy, and what are the atomic

scale mechanisms that cause this scaling behaviour? It is experimentally observed that the sputtering

yield per impacting mono-elemental cluster scales nonlinearly with the number of atoms (nuclearity)

in the cluster [10]. The measurement of scattering angles and velocities of the sputtered (ejected)

material indicate that the excavating processes change with the total impacting energy and with the

nuclearity (see discussion in publicationIII ). On the other hand, it is known that crater volume scales

linearly with projectile diameter in macroscopic hypervelocity impacts [11]. Therefore, the nonlinear

scaling of ejected material must become linear at some size regime. The emergence of nonlinear

scaling at small nanoparticle sizes and the change to linearscaling with increasing projectile size is

here called thequestion of nonlinear scaling.

Nonlinear scaling of the yield of excavated material is often attributed to the high energy density

region induced by the cluster impact in the substrate. However, the high energy density cannot alone

explain the nonlinearity, because in macroscopic hypervelocity impacts the scaling is linear although

energy densities are high. The simulations in this thesis show that the timing of atomistic processes

is also important. At small projectile sizes, high energy density is induced in the surface layer, and a

considerable number of atoms are ejected in early phases, carrying energy away from the substrate.

However, if the projectile consists of tens of thousands atoms, most of the energy is first distributed

into the substrate before the main ejection process starts.Then, the melted volume and thus also the

crater volume scales linearly with the number of atoms in theprojectile when the impact energy per

atom is kept constant.

In this thesis the question of nonlinear scaling is exploredwith classical molecular dynamics (MD).

The method is especially suitable for simulations of dynamics of large groups of atoms, and therefore

it has been used for impact simulations for as long as computers have been routinely used in physics

research. The interactions between atoms are modelled as interatomic potentials, which are used

to calculate the forces on atoms at each discrete time-step of a simulation. Thus, the quality of

1The term ’nanoparticle’ is often used to refer any small particle with at least one dimension less than 100 nm. A
nanocluster is a special nanoparticle that is an aggregate of two or many similar constituents, like molecules or atoms.
These are also called molecular and atomic clusters, respectively.
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the results of simulations depends on the quality of the interatomic potential. The potentials are

usually not developed to describe materials at energy densities as high as those encountered during

nanoparticle impacts, thus the potentials used in the simulations described in this thesis were first

tested and compared (publicationsI-II ). Nanoparticle impacts are also interesting from the pointof

view of basic research, because they provide an excellent situation for testing the applicability of

atomic level interaction models to highly dynamic conditions.

Nanoparticle impacts are an example of emergence of macroscopic behaviour from atomistic pro-

cesses. Macroscopic craters are visible to the naked eye, and their formation can be understood in

the framework of continuum mechanics. At the other extreme are nanocraters induced on surfaces

by nanoparticles, or even by monatomic ions, and observed with scanning probe microscopes. Their

diameters can be as small as few interatomic distances, hence their formation can be understood only

by considering the interactions between atoms. It is shown in this thesis that the transition from these

smallest craters to those craters, that can be considered macroscopic according to their formation

mechanism is only two orders of magnitude in the length scale. Thus, the emergence of macroscopic

behaviour occurs at the nanoscale. The nonlinear scaling can be regarded as a small-size effect.2

This thesis focuses on the atomistic mechanics of cluster impacts. This choice has been justified

by the result of the thesis, which shows that the main mechanisms of cluster-induced sputtering at

impact energies below 1 MeV/atom can be explained without electronic excitation effects. However,

this does not mean that electronic effects [12; 13; 14] wouldnot have any role in impact dynamics at

these energies if the impact phenomenon would be explored inmore detail.

Cluster impact research has been an active area of scientific investigation over recent years, thus many

important experimental and computational results were already available publication of the results

presented in this thesis, and many new results were published by others during this study. Therefore,

the description of the cluster impact dynamics in this thesis is compared with the experimental and

computational results of others. Most of the findings are in agreement with each other. Therefore,

it can be now concluded that a coherent description of cluster impact dynamics is available, at least

for mono-elemental solids. However, a theoretical model which quantitatively predicts sputtering,

such as the Sigmund’s theory of monatomic ion-induced sputtering [15], is not in sight because of

the complexity of the phenomena. In addition, dynamics of impacts on more complex materials and

impacts of very large clusters are still mostly unexplored.

2In nanoscience, small-size effects are phenomena that occur in nanosystems because of their small size, but do not
exist in larger systems.
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2 PURPOSE AND STRUCTURE OF THIS STUDY

The purpose of this thesis is to improve our knowledge of the dynamics of nanoparticle impacts on

solids. The following three questions were considered, especially in relation to the general question

of nonlinear scaling defined in the introduction:

• What are the mechanisms of the nonlinear scaling of the experimentally observed sputtering

yields?

• How are the complex crater forms observed with atomic force microscopy on native oxide-

coated silicon surfaces induced by nanoparticle impacts?

• How does the transition from small nanoparticle impacts to hypervelocity macroscopic impacts

occur?

In addition to these physical questions, the applicabilityof the molecular dynamics method for large

scale nanoparticle impact simulations was studied.

This thesis consists of this summary and seven publicationswhich have been published or submitted

for publication in international peer-reviewed journals.These publications will be referred to by bold

face Roman numerals and are included at the end of the summary.

This summary consists of nine sections. In this first section, the publications are summarized and the

contribution of the author to these publications is explained. Cluster impact phenomena and basic

concepts are introduced in section 3 as background for the results reported in this thesis. Section

4 briefly describes the methods used to obtain the results. Insection 5, the findings related to the

molecular dynamics method are summarized. In sections 6-8,the results of atomistic simulations are

presented. Finally, the conclusions are presented in section 9.

2.1 Summaries of the original publications

In publicationI , two interatomic potentials for gold are compared to determine their suitability for

impact simulations. PublicationII continues this preparatory work, with three interatomic potentials

for silicon being compared. In publicationIII , the sputtering mechanism in gold is simulated and

analysed. The stopping phase of gold cluster impact on gold is studied in more detail in publication

IV . An empirical model for cluster-induced sputtering is introduced. In publicationV, argon cluster-

induced complex crater formation in oxide-coated crystalline silicon is investigated. The simulated
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craters are compared with experimental craters measured with atomic force microscopy. Cluster

stopping mechanisms in amorphous silicon are studied in publication VI . An empirical model for

cluster stopping and collision cascade formation is also introduced. Finally, impacts of large (N =

750− 315000) gold clusters on gold targets are simulated in publication VII , and their stopping

mechanism is compared with the stopping of macroscopic bodies.

Publication I: A quantitative and comparative study of sputtering yields in Au,

J. Samela, J. Kotakoski, K. Nordlund and J. KeinonenNuclear Instruments and Methods in Physics

Research B239, (2005) 331-346.

Two interatomic potentials for gold are compared in this publication to determine which one gives

better agreement with experimental sputtering yields of Xeion bombardment of an Au(111) surface,

and how much the relatively small variations in the interaction model can affect cratering and sputter-

ing. Both potentials are based on the effective-medium concept, but describe the Au(111) differently,

which affects crater formation and sputtering yield. It wasfound that both potentials slightly overes-

timate the yield at impact energies below 0.5 keV, but agree very well with the experimental yields at

0.5-3.0 keV. At higher energies, the Monte Carlo corrected effective medium (CEM) potential clearly

gives better results than the embedded atom method (EAM) potential. It was also found that the col-

lision cascade expansion and flow sputtering mechanisms aresensitive to the choice of potential. In

addition, the effect of rare events to the averages calculated from the series of impact simulations was

investigated. The Au simulations for the other publications were planned based on the results of this

study.

Publication II: Comparison of silicon potentials for cluster bombardment simulations,

J. Samela, K. Nordlund, J. Keinonen, and V.N. PopokNuclear Instruments and Methods in Physics

Research B255, (2007) 253-258.

This publication compares three interatomic potentials for Si in monatomic and cluster impact sim-

ulations. The potentials are the environment-dependent interatomic potential (EDIP), the Stillinger-

Weber (SW) potential, and the Tersoff potential. It was foundthat the choice of attractive potential

does not very much affect the stopping of Ar clusters, but it does affect the expansion of the collision

cascade and sputtering. None of the potentials gave good agreement with the experimental yields in

monatomic impacts. In addition, relatively small variations in certain parameter values of the SW and

Tersoff potentials substantially affected the results of cluster impact simulations. This verified the

importance of the choice of the potential for impact simulations. None of these potentials is superior

to the others in the impact simulations.
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Publication III: Dynamics of cluster induced sputtering in gold,

J. Samela and K. NordlundNuclear Instruments and Methods in Physics Research B263,

(2007) 375-388.

Impacts of 10-107 keV/atom Au13 clusters on an Au(111) surface were simulated in this study to

investigate the various sputtering mechanisms in high-energy impacts in metals. It was found that

the sputtering consists of two main components, which are called flow and crown sputtering. An

empirical model for the time dependence of the sputtering was introduced. Crown sputtering becomes

important with increasing impact energy. The sputtering mechanisms were compared to experimental

results and good agreement was found. The effect of the fragmentation of sputtered clusters on the

final yield was approximated, and it was found that improved agreement with the experimental data

can be achieved if this effect is considered.

Publication IV: Origin of nonlinear sputtering during nano cluster bombardment of metals,

J. Samela and K. NordlundPhysical Review B76, (2007) 125434.

This publication continues the investigation of Au clusterimpacts on Au(111). It focuses on cluster

stopping and the early phases of displacement cascade expansion. The energy deposition mechanisms

are analysed in detail, especially the collisions occurring during the first 100 fs. It was found that the

nature of the collisions changes with increasing impact energy and with incident angle. Collisions

affect displacement cascade growth differently dependingon the type of collision. A droplet model

was introduced. It relates the sputtering yield to the shapeof the collision cascade, which depends

on the impact energy and cluster nuclearity. The model explains the energy scaling of experimental

sputtering yields.

Publication V: Origin of complex impact craters on native oxide coated silicon surface,

J. Samela, K. Nordlund, V.N. Popok, and E. E. B. CampbellPhysical Review B77 (2008) 075309.

The mechanisms of cluster stopping in the native oxide coated Si(111) substrate and complex crater

formation were investigated. The results were compared to the corresponding simulations in crys-

talline silicon, amorphous silicon and silica. The silica-silicon layer clearly affects the stopping of

clusters. Although complex craters were not detected, manyhypothetical formation mechanisms were

excluded, and it was found that effects of even moderate energy impacts reach over a considerably

large area surrounding the central crater in the case of the amorphous substrates. The emergence of

hillocks was explained. The Watanabe silica potential was implemented in the molecular dynamics

code and tested for this study.

Publication VI: Emergence of non-linear effects in nanocluster collision cascades

in amorphous silica, J. Samela and K. NordlundNew Journal of Physics10 (2008) 023013.
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The emergence of nonlinear sputtering was studied in energetically optimized amorphous silicon at

small ArN cluster nuclearities (N = 2−16). It was found that the nonlinear sputtering regime begins

aroundN = 7, but the displacement cascade grows nonlinearly even at smaller cluster sizes. The

energy deposition mechanism was modelled and the model was solved with a cellular automaton

method. It was demonstrated that the nonlinear scaling emerges, because the energy density inside

the displacement cascade increases at the more than linear rate with the nuclearity and ejection of

material occurs already during the cascade expansion phase. Hence, the nonlinearity is a joint effect

of high energy density and the timing of the energy dissipation processes and the scaling behaviour

changes withN.

Publication VII: Transition from atomistic to macroscopic cratering,

J. Samela and K. Nordlund submitted (2008).

In this study large AuN (N = 750−315000) cluster impacts on the Au(111) substrate were simulated.

The impact velocity was chosen to be the same as in a typical micrometeoroid impact (22 km/s). It was

found that the scaling became linear at large cluster sizes.The crater volumes were compared to those

calculated using the macroscopic scaling law. The volumes detected in the simulations have the same

magnitude as macroscopic scaling predicts, when a reasonable choice of parameters was made. The

cluster stopping mechanism was found to be different than inthe small cluster impacts. The cluster

and some of the substrate material is compressed during the stopping phase and the compressed

region is explodes, creating the displacement cascade. Themechanism is the same as in macroscopic

hypervelocity impacts. This study was one of the first atomistic simulations of macroscopic impacts.

2.2 Author’s contribution

The author of this thesis set up and carried out all simulations and calculations, except the Ar ion

impact simulations in publicationI . In addition, the author planned and performed the analysisof the

results and wrote most of the text of the publications, except the experimental sections in publication

V. The author also implemented and tested the interatomic potential for silica used in publicationV.

The experimental work for publicationV was done by the cluster ion beam team at the University of

Gothenburg.
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3 CLUSTER IMPACTS

3.1 Applications

Cluster impacts are being explored because of their relevance applications of cluster ion beams. Clus-

ter beam technology has developed rapidly since the 1980’s,and the quality of the beams and the

number of applications will continue to increase [2; 16]. A review of cluster beam applications goes

beyond the scope of this thesis, hence only some examples aregiven here to introduce some typical

effects of cluster impacts.

Clusters are created in various cluster source devices. Theyare ionized and accelerated in an electric

field, and can then be selected according to their size [2]. This process creates a cluster beam that is

focused on the target substrate. In most cases, the effect ofthe beam is the combined effect of single

impact events, which occur separately and independently. The flux of clusters in typical beams is such

that the probability of temporal and spatial coincidence ofimpact events is low.3 Therefore, it is im-

portant to understand the dynamics of single impacts. However, the surface is gradually covered with

impact regions during sustained cluster irradiation. A layer of material is ejected from the surface,

and the surface topography is changed. Many applications are based on these collective effects.

At low impact energies (0.1-1 eV/atom) clusters deposit on surfaces and then diffuse on the

surface, forming aggregates or continuing to diffuse untilthey are trapped on attractive surface

sites [5; 6; 17; 18; 19]. The surface can be coated with nanostructures which may be used for

example as catalysts or templates for biomolecules [2; 6]. As the impact energy increases, the clus-

ters bind to their impact sites, which is called pinning. Thecritical energy for pinning depends on

the cluster nuclearity [6; 20]. This is one of the many size-dependent phenomena in cluster impacts,

and a demonstration of a scaling law. By adjusting the impactenergy, the clusters form a high-quality

thin film on the surface [2]. At still higher energies the clusters penetrate into the substrate inducing

ejection of substrate atoms, and craters are formed on the surface. These surface damaging phenom-

ena become important at small cluster sizes when the impact energy exceeds about 100 eV/atom.

The effects depend on substrate and cluster species, as wellas on the incident angle. The threshold

impact energies for material ejection, which is called sputtering, is 15-40 eV/atom in monatomic ion

impacts [10].

The important difference between monatomic ion impacts andcluster impacts is the fact that a clus-

ter impact induces a very much higher energy density in a small volume near the substrate surface.

3A typical collision event lasts less than one nanosecond. Around 1019 clusters/s cm2 are needed to shoot on average
one cluster within each 100 nm2 area per nanosecond. Current beams reach fluxes around 1017 clusters/s cm2 [3].
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Applications at energies higher than 100 eV/atom are often based on this feature. Gas cluster ion

beam (GCIB) technology is used in industry to smooth or clean surfaces [3]. Cluster ion beams

induce nanopatterns on the surface at oblique incident angles [21]. Possible applications include

quantum dot arrays and dense computer memories [21]. The cluster atoms are effectively mixed

among the substrate atoms in the transient liquid region created by a cluster impact. Shallow im-

plantation devices, which are used, for instance, to implant B in Si wafers, are based on this phe-

nomenon [3; 22; 23; 24; 25; 26]. An example of more exotic future applications of localized high en-

ergy density is the recently discovered formation of nanodiamonds using energetic fullerene ions [27].

Cluster beams are also used to elemental analysis of surfaces. The beams eject atoms from the surface.

The atoms can be detected and their depth of origin can be calculated from the irradiation time. This

method is called secondary ion mass spectrometry (SIMS) [4;28; 29; 30]. Cluster ion beams are

proposed also for measurement of surface hardness [31].

3.2 Hypervelocity impacts in nature

In addition to artificial cluster ion beams in laboratories,nano- and microparticle impacts also occur

also in space. The velocity of micrometeoroids is 3-70 km/s [32], which is of the same magnitude

as the velocity of 1 keV/atom cluster ion beams.4 Micrometeoroid impacts are studied because they

are harmful for spacecraft [32; 33] and because they affect surfaces of bodies without atmospheres

(Figure 1) [34]. On the surface of the Moon, micrometeoroid impacts and the solar wind together

induce vapour that deposits on the regolith. The deposited material contains small iron particles.

These particles change the optical properties of the surface, which is called space weathering [8].

It is well known that the impacts of large asteroids have affected the evolution of life on Earth. In addi-

tion, it is suggested that micrometeoroid impacts on Earth before the development of the atmosphere

induced the synthesis of organic molecules [7; 35; 36; 37; 38]. The average size of micrometeoroids is

larger than the typical cluster sizes in cluster ion beams [39]. However, the physics of micrometeoroid

impacts is similar to the physics of large clusters impacts,as is shown in publicationVII .

3.3 Classification of cluster impacts

The variety of combinations of different clusters and substrates is countless. However, the most sim-

ple of them are usually used to explore the basic processes ofimpact dynamics. Atomic clusters,

4Hypervelocity is not precisely defined. In most cases it refers to velocities that are considerably higher than the
velocity of sound in the material but less than 100 km/s.
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Figure 2: Types of nanoparticle impacts shown in a cluster size–energy grid. The energyE/N and
cluster nuclearityN regimes are explained in section 3.3. The cratering regime is explored in this
thesis.

which consist of atoms of only one element are ideal impactors for basic research because they do

not have a mesoscale internal structure, that could introduce additional complexity to impact dynam-

ics. Noble gas clusters are especially commonly used in research and applications because they are

chemically inert. An example of a more complex nanoparticleis the tetrairidium dodecacarbonyl

Ir4(CO)12 molecule, which fragments into its elements while stoppingin silicon [40]. The most sim-

ple substrates include crystals or amorphous samples of pure elements, or simple compounds like

silicon oxide. Crystalline silicon coated with a native oxide layer is an important substrate, because

many cluster beam applications are used to process silicon wafers.

For the purposes of impact dynamics research, atomic cluster impacts can be classified according to

the number of atoms in the clusterN, which is called cluster nuclearity, and impact energy per atom

(E/N). The following energy regimes describe the different impact mechanisms (Figure 2):

• I. Deposition: The cluster scatters back from the surface [41] or deposits on the surface at

impact energies below 1 eV/atom. It can diffuse over the surface.

• II. Pinning: The cluster deposits on the surface without diffusing. Thisoccurs at 1-100

eV/atom, and is also called the hyperthermal collision regime [42].
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• III. Cratering: The cluster penetrates beneath the surface and deposits itsenergy in the surface

layers. This occurs at 100 eV/atom - 500 keV/atom. Nuclear stopping is the main stopping

mechanism. Often a clear crater is formed and atoms are sputtered.

• IV. Track formation:The cluster penetrates deep into the substrate leaving a cylindrical track

behind. This occurs at impact energies over 500 keV/atom. Electronic excitation phenomena

become important. These clusters are often called swift clusters.

The energy regimes vary according to cluster and substrate species, hence the energy limits given

here are only rough guidelines. This thesis focuses on regime III, which is important for sputtering

and doping applications, as well as for SIMS.

When the impact energy per cluster atom is kept constant, but the number of atoms is changed, the

impact dynamics change. How and why this happens is one of themain questions addressed by this

thesis. For this purpose, the size regimes are the following(figure 2):5

• A. Monatomic ion (N= 1): Monatomic ion impacts are understood better than cluster impacts.

• B. Small cluster (2 ≤ N . 10): The energy density induced in the substrate increases with

nuclearity, and nonlinear scaling emerges. Atomic level randomness causes variation in effects

of impact events.

• C. Moderate size cluster (10. N . 1000): Variation in crater volumes and many other quanti-

ties decrease with increasing nuclearity.

• D. Large cluster (1000. N): The impact mechanism is that of strength regime macroscopic

impacts (publicationVII ).

3.4 Cluster impact phases

The impact process for large clusters is a complicated phenomenon, so it is more easily understood if

it is first divided into four phases. The division is quite clear at high energies or at large nuclearities.

However, the phases overlap for impacts of small, low energyclusters.

Thestopping phasebegins when the cluster starts to interact with the substrate surface. In this phase,

the cluster atoms deposit their energy into the substrate through nuclear and electronic stopping mech-

anisms. The dominant mechanism in the cratering regime is collision between cluster and substrate

5There is no definition for the upper size limit of atomic clusters. Several tens of thousands of atoms is sometimes
used as the limit [2].
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atoms. The cluster atoms that are partners in these collisions are called primary knock-on atoms. The

stopping phase lasts until the cluster atoms have lost theirimpact energy, and takes less than 100 fs

in small and moderate cluster impacts, but can last 1 ps or longer in large cluster impacts at the ener-

gies that are simulated in this thesis. In theexpansion phase, the impact energy is dissipated over a

larger volume than that of the cluster stopping region. Because the energy density is high in cratering

regime impacts, the material inside this volume is melted, and atoms are displaced from their equi-

librium positions. Collective movements of atoms can occur in the melted region and also outwards

to the vacuum. The set of the displaced atoms is called a displacement cascade. The cascade expands

until its border atoms no longer have enough energy to displace atoms located around the cascade.

The expansion typically lasts 1-100 ps depending on the total impact energy. After the expansion, the

displacement cascade and its surroundings are still far from thermal equilibrium. The system cools to

the ambient temperature in thecooling phase, which lasts longer than the expansion phase. During

this phase, craters get their final form. Recrystallizationoccurs in metals and amorphisation in cova-

lently bonded materials. The last phase is theafter-effect phase, which lasts an arbitrarily long time.

During that phase, surface diffusion [6], smoothing of crater rims [43], surface step dynamics [44],

oxidation (V), and other surface effects occur. Inside the substrate, the defects induced by the im-

pact may diffuse or evolve [45; 46]. The effect of an impact isthe combination of the effects of all

processes occuring during these four phases.

The effects of a single impact can be classified as cluster-induced surface modifications, structural

and compositional modifications, and environmental effects. Cratering regime impacts induce craters

and hillocks, as well as plateaus and rims on surfaces (V). During a continuous irradiation these

effects can induce overall surface smoothing or erosion [2;47]. Examples of structural modifications

are amorphisation of the crystalline silicon in the vicinity of the crater [48; 49], implantation of

cluster atoms in the substrate [26; 50], and defect formation [51; 52]. An overall amorphisation can

occur during irradiation [51]. At high total impact energies, coherent displacement of substrate atoms

becomes an important effect (publicationVII and for example reference [53]). Sputtering of material

is an environmental effect that has been investigated for around 150 years, but in the context of cluster

impacts it has only been under investigation during the recent few decades [10]. Nonlinear scaling

with nuclearity is observed in cluster impacts [54; 55; 56; 57; 58; 59].

3.5 Comparison to macroscopic craters

The apparent similarity between nanoscale impact craters that are artificially created in laboratories

using atomic cluster beams and large meteorite craters on planetary surfaces has been noted by many

scientists [60; 61; 62; 63; 64; 65]. In addition to the enormous difference in the diameters of craters
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found in nature, another fascinating observation is that craters are formed by very different physical

mechanisms. Atomic clusters usually induce craters on homogeneous metal or semiconductor sub-

strates, and a crater’s form emerges due to atomic level collision mechanisms or due to liquid flow of

material from the cavity (publicationsIII-IV ). On the other hand, meteorite impacts create craters on

inhomogeneous or even porous planetary surfaces under the influence of gravity, and material is often

ejected from the cavity as large bodies fragmented from the substrate.

Traditionally, cluster and meteorite impacts are described by different theoretical and computational

models, and only a few attempts have been made to compare the quantitative scaling laws between

nanoscale and macroscopic craters [60; 61]. An interestingquestion is how the atomistic mecha-

nisms that are known to induce nanoscale craters change withincreasing impactor size, and how the

typical macroscopic cratering mechanisms emerge. In publicationVII it was shown that atomistic

simulations can be used to answer this question. Although the simulated systems are still very sim-

ple compared to real planetary impacts, some mechanisms that emerge at the atomistic level and are

typical for macroscopic impacts are described in this thesis.

The scaling laws of macroscopic hypervelocity impacts varydepending on the effect of gravitation on

the crater formation mechanism [11]. If gravitation is an important factor for impact dynamics, the

impact is said occur under the gravitation regime. The scaling laws include the effect of gravitation.

If the strength of the material is the main limiting factor instead of gravity in crater formation, the

scaling laws of the strength regime apply. In this thesis, large cluster impacts are compared to strength

regime impacts, because gravitation is a very weak interaction in the context of cluster impacts.

3.6 From the linear age to the cratering regime

Research on monatomic ion-induced sputtering emerged in the 1950’s from the observation that the

lifetimes of components of nuclear reactors are limited by radiation damage [66]. It has been a subject

of active research since then [10; 67; 68; 69; 70; 71; 72]. Most cluster impact research has been done

during the last three decades [10; 12; 13; 57; 73; 74]. Therefore, the terms and theories of cluster

impacts research are based on a relatively long tradition ofmonatomic ion impact research.6 Even the

question of the nonlinear scaling arises in this context, asthe following short review shows.

The time prior to the 1970’s can be called the linear age, because the displacement cascade was

considered as a branching chain of binary collisions which occurred in a linear manner, i.e. each

6An example of inheritance of terms is the term ’overlapping cascades’. It can give an incorrect impression that the
cluster atoms induce cascades that develop independently.Although it can be used as a descriptive term, as is done in
publicationIII , the energy dissipation process is not a linear sum of processes induced by single cluster atoms.
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atom was included in only one branch [66]. The culmination was Sigmund’s theory of ion induced

sputtering in 1969 [15]. MD simulations had already begun inthe linear age. The first molecular

dynamics simulation of 500 hard spheres was carried out already in 1957 [75]. What were robably

the first MD simulations of atomic collisions in a solid substrate were reported in 1960 [76]. In that

study, collision mechanisms were investigated by analyzing in detail the simulated time evolution of

the collision cascade, which is in principle the same methodas used in publicationsIII-VII . However,

MD has developed very much during the past 50 years, and it is now a powerful tool to analyse

dynamic atomic systems. In addition to the enormous computing power now available, the availability

of physically realistic interatomic potentials is anotherimportant difference between the pioneering

and contemporary impact simulation studies.

In the 1970’s, researchers began to seek the limits of Sigmund’s theory. It was concluded that in some

monatomic impacts the collision cascade was so dense that itcould not be linear. Sputtering yields

observed in the bombardment of silver with heavy ions [77] were not in agreement with the theory.

A few years later it was observed that a diatomic ion-inducedlarger sputtering yields in gold than the

sum of the yields of two monatomic ions [54; 55].

Thermal spike is a volume in which almost all atoms are displaced from their equilibrium positions by

an impact and are in movement. Evaporation of atoms from the thermal spike was already being used

in the 1960’s to explain some observed features of sputtering [78; 79]. Later the thermal spike was

used to explain the nonlinearities in sputtering yields induced by heavy ions and molecular ions [80;

81]. Sigmund and Clausen published a theory of sputtering from the thermal spike in 1980 [82].

It describes sputtering from hot surfaces of cylindrical tracks. However, it was shown in 1978 that

small cluster impacts destroy the surface [56]. It was also proposed that impact-induced shock waves

fragment the substrate around the impact point in certain cases and therefore clusters are sputtered [83;

84].

In the 1990’s, cluster impact research became very active because cluster sources, experimental meth-

ods and molecular dynamics developed at the same time. Hundreds of articles were published about

cluster impacts. The coherent picture of impact mechanismsdeveloped in this thesis includes many

elements from the work by many researchers in the field. References to the original works are in-

cluded in this summary and the discussion sections of the publications.
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4 METHODS

In this section the computational methods utilised in this thesis are briefly summarised. The findings

about the interaction models and the molecular dynamics method are collected in section 5.

4.1 Classical molecular dynamics simulations

Classical molecular dynamics (MD) is a method to simulate a system of particles by integrating the

Newtonian equations of motion numerically as the system evolves over a period of time [85; 86]. In

this thesis the particles are atoms. The MD simulations werecarried out with the Parcas molecular

dynamics code [87; 88]. It runs in parallel mode, which makespossible impact simulations at large

cluster sizes and energies.

The equations of motion are solved using the fifth-order Gearpredictor-corrector algorithm [85; 89].

During a simulation, the time step is continuously adjustedaccording to the highest value among the

kinetic energies of the atoms. This ensures conservation ofenergy when energetic atoms are present,

and speeds up simulation when the atoms are moving slowly. Thus, the computer time required to

simulate a cluster impact depends on the number of atoms in the system and the total impact energy

of the cluster. Nowadays, low energy (< 1 keV/atom) cluster impacts on systems up to 200 million

atoms, or high-energy (≈ 500 keV/atom) impacts of small clusters (N<20) on systems of 10 million

atoms can be simulated in parallel mode.

The adiabatic Born-Oppenheimer approximation [90] (ABO) has a central role in molecular dynam-

ics, because its validity in a given atomic system is a necessary condition for simulation of the system

with MD, and because it provides a theoretical background for modelling of the interactions between

atoms in the system. In most atomic systems the nuclei move very much slower than the electrons,

and the electrons can almost immediately respond to small changes in positions of the nuclei. ABO

assumes that electrons interact with fixed nuclei, and nuclei see electrons as a potential field. There-

fore, the nuclear and electronic motions can be described with separate equations of motion. The

forces on atoms can be derived from the potential that is induced by the neighbour atoms at each step

of the simulation [91].

The dynamics of a system of atoms can be simulated with MD if the ABO is valid [85]. This condition

is realized in this study, because the velocities of the fastest atoms in the simulations are considerably

lower than the Fermi and Born velocities in the substrates. For example, the Fermi velocity of Au is

1.4×106 m/s [92], which is about the same as the velocity of a 2 MeV Au atom. The fastest clusters
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simulated in this study are 1.5 MeV/atom Au clusters in publication IV . In addition, the substrates

simulated in this study are not known to violate the ABO, as does, for example, graphene [93].

The impact velocities of projectiles in the simulations in this thesis are in the slow velocity regime,

where the electronic stopping force is approximately proportional to the projectile velocity [94]. In

the simulations, the electronic loss of kinetic energy was calculated at each time step for atoms having

kinetic energies larger than 5 eV, and it was directly proportional to the distance traveled by the atom

during a time step. The lost energy was removed from the system. Therefore, both the nuclear and

electronic energy losses are included in the stopping forceanalysis, but the electronic loss does not

contribute to cascade formation or sputtering. This approximation is common in impact simulations,

and it is based on the fact that the energy gained by the electron system dissipates rapidly over a large

region without greatly affecting the atomic motion. However, the energy may induce some minor

effects in displacement cascades, as has been recently demonstrated by Duvenbecket al. [95].

4.2 Simulation setup

The substrates used in the simulations were rectangular boxes that had one side open to the impact.

A few atomic layers on the opposite surface were fixed at theirinitial positions to prevent artificial

deformations of the substrate. Periodic boundary conditions were employed on the other sides of the

box. Berendsen temperature control [96] was used to cool thesides and the bottom of the simula-

tion cell to the ambient temperature. Prevention of shock wave effects in this setup is discussed in

publicationI .

Before the actual impact simulations, the substrate was always relaxed to its equilibrium volume at

the ambient temperature using periodic boundaries. After that the open surface was relaxed. This is

especially important for the SiO2 surfaces. Clusters were prepared and relaxed separately.

In the impact simulations, the cluster was placed near the open surface and a constant velocity was

given to all cluster atoms as they moved towards the surface.The position and orientation of the

cluster was randomnly varied between the simulations runs,while the other parameters were kept

constant. This makes it possible to calculate averages for quantities like sputtering yield and crater

depth. The number of random variations required to get reliable averages vary very much, as will

be discussed in Section 5.4. The positions, kinetic energies, velocities and in some studies also

accelerations of atoms were saved at the end of each simulation and usually also several times during

the simulation. The analysis of atomistic mechanisms is based on this data.
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4.3 Interatomic potentials

Impact simulations have more requirements for potentials than more static simulations of bulk prop-

erties, because both solid, liquid and gas phases as well as surfaces co-exist in the simulated system.

The outcome of a simulation can be physically realistic onlyif the interactions between atoms are

described with a model that realistically describes bonding in the substrate in the solid, liquid and

gaseous states. In addition, the model should also describethe surface.

Four classes of interatomic potentials were used in this thesis to calculate forces between atoms in the

simulations:

• The molecular dynamics and Monte Carlo corrected effective medium (MD/MC-CEM) [97; 98;

99; 100; 101] potential is employed in Au simulations for publicationsI , III , IV , andVII . In

addition, the embedded atom method (EAM) [102; 103; 104] potential is used in the potential

comparison in publicationI .

• Three potentials for Si are compared in publicationII . They are the environment-dependent

interatomic potential (EDIP) [105; 106], the Stillinger-Weber potential [107; 108], and the

Tersoff potential [109; 110; 111; 112]. The Stillinger-Weber potential is employed in the actual

impacts simulations for publicationV, and the EDIP potential for publicationVI .

• The Watanabe potential [113] for mixed Si and SiO2 systems was implemented in the Parcas

MD code, and it is used for publicationV.

• Pair-potentials are used for interactions between rare gasatoms, and between these and Au, O,

and Si atoms.

The repulsive potentials were smoothly joined to the attractive potentials. The Ziegler-Biersack-

Littmark (ZBL) [114] and the potential described in reference [115] were used.

4.3.1 Gold potentials

Both the MD/MC-CEM and the EAM potentials are based on the effective-medium concept [98]: The

interaction of any one atom with the other atoms in the systemis modelled by an interaction between

that atom and an infinite homogenous electron gas with a uniform compensating positive background

density, usually called jellium. This simplifies the N-bodyproblem to a set of N one-body problems.

The concept is approximately valid in the framework of the density-functional theory and local density
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approximation [116; 117]. The potentials based on this concept describe metals better than simple

pair potentials [102]. In impact simulations, the environmental dependence of atom-atom interactions

leads to a different sputtering behaviour than detected with pair potentials [118].

In the corrected effective medium method (CEM), the cohesiveenergy of a system of atoms{Ai} is

∆E({Ai}) = ∑∆EJ(Ai;ni)+∆VC +∆G({Ai}), (1)

where∆EJ(Ai;ni) is the embedding energy for atomAi in jellium of densityni, and∆VC is the differ-

ences in the Coulombic energies between the atomic system andthe set of separate atoms. The third

term∆G({Ai}) is the difference in the sum of the kinetic, exchange, and correlation energies between

the system of atoms and every atom embedded in jellium [97; 101].

The direct use of the CEM method in MD is computationally demanding due to the multicenter

integration required to calculate∆G({Ai}) [97]. If the electron density environment does not change

too drastically, this problem is eliminated by incorporating the effect of∆G in the embedding energies.

Then the cohesive energy is

∆E({Ai}) = ∑FJ(Ai;ni)+∆VC, (2)

whereFJ(Ai;ni) is a new function of the jellium density [97]. This model is called the molecular

dynamics and Monte Carlo corrected effective medium (MD/MC-CEM) method. It was defined in

1988 by DePristo and co-workers [101].

If ∆VC is approximated with the sum of pair potentials, Eq. (2) is similar to the main equation of the

embedded atom method (EAM) [102; 103; 104]

∆E({Ai}) = ∑FJ(Ai;ni)+
1
2 ∑

i 6= j

φi j (r i j ), (3)

whereφi j is the screened short-range pair potential between a pair ofatoms, andr i j is the distance

between atomsi and j. Due to this similarity, the MD/MC-CEM and EAM potentials employed

in publicationI are simulated using the same potential algorithm in the Parcas code, although they
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differ numerically. The MD/MC-CEM implementation is based onthe calculations of DePristoet

al. [119]. This MD/MC-CEM functional is fitted to the bulk properties, as well as toab initio dimer

data, whereas the EAM funtional is fitted only to the bulk properties.

4.3.2 Silicon potentials

In publicationII , three Si potentials are compared for the purposes of cluster impact simulations.

The motivation for this comparison is the following. The Si crystal is covalently bonded and has a

diamond structure. It is now clear that this very regular structure can be modelled with relatively

simple empirical potentials. However, the applicability of the potentials to impact simulations is not

self-evident, because in these simulations the potential should describe liquid phase and surfaces. For

example, liquid semiconductors are not insulators, but contain conducting electrons, and therefore it

could be asked whether any temperature- and density-independent potential can describe all phases of

Si [107]. No recent comprehensive review of Si potentials isavailable, although many partial reviews

have been published [106; 120; 121; 122; 123; 124].

The Stillinger-Weber potential of atomi due to atomsj and k is the sum of pair interaction and

three-body interaction terms [107]:

Vi = ∑
i< j

V2(r i, r j)+ ∑
i< j<k

V3(r i, r j , rk), (4)

wherer i, r j , andrk are the positions of the atoms. The three-body term is proportional to the following

sum of three functions:

V3 ∝ h jik(r i j , r ik,θ jik)+hi jk(r ji , r jk,θi jk)+hik j(rki, rk j,θik j), (5)

wherer i j is the distance between atomsi and j. The functions depend on anglesθ jik between atoms

j, i, andk:

h jik(r i j , r ik,θ jik) = λ
(

cosθ jik +
1
3

)2

exp

(

γ
r i j −a

+
γ

r ik −a

)

. (6)
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The parametersλ, γ, anda, as well as other parameters not shown in Eqs. 5 and 6, were chosen to

give the diamond structure as the most stable structure, at least among the simple alternatives [107].

The melting temperature was also considered, and the potential gives it almost exactly correctly. It

follows from Eq. 6 that the diamond lattice is energeticallythe most favourable structure, because

the three-body term has its minimum atcosθ jik = −1
3. This fact naturally raises questions about the

transferability of the potential for modelling surface phenomena [125].

The Tersoff potential does not define a fixed angle for Si-Si bonding. Instead, it includes a function

that makes the strength of the attractive interaction between atomsi and j depend on the number

of competing bonds, the strengths of the competing bonds, and the cosines of angles between the

competing bonds [109; 111]. The function is

bi j = (1+βnζn
i j )

−1/2n, (7)

ζi j = ∑
k6=i, j

fc(r ik)g(Θi jk)exp[λ3
3(r i j − r ik)

3], (8)

g(Θ) = 1+c2/d2−c2/[d2 +(h−cosΘ)2], (9)

whereΘi jk is the bond angle between bondsi j andik and fC is the potential cutoff function.β, n, λ,

c, d, andh are parameters.

This formulation of the environment dependence of the strength of attraction between each pair of

atoms is inutitively more suitable for the simulation of multi-phase systems than the fixed angular

dependence formulation in the Stillinger-Weber potential. However, as shown in publicationII , the

Tersoff potential is not superior to the Stillinger-Weber potential in impact simulations.

The environment dependent interatomic potential (EDIP) was developed by Bazantet al. in the middle

of 1990’s, about ten years later than the famous Stillinger-Weber and Tersoff potentials [105; 106].

The basic idea is that the bonding in an arbitrary configuration of atoms can be expressed as a simple,

three-body potential that adapts itself to the local atomicenvironment. Unlike the Stillinger-Weber

and Tersoff potentials, the EDIP-potential has been derived from anab initio database of the cohesive

properties of Si both in the diamond and graphite phases. Bazantet al. applied a special method to

extract the potential fromab initio data, or more precisely from cohesive energy curves. The pair

interaction is split into a short-range repulsive component φR(r) and into an attractive component

φA(r):
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V2(r,Z) = φR(r)+ p(Z)φA(r), (10)

wherep(Z) is the bond order. It determines the strength of attraction as a function of atomic environ-

ment, measured by the coordinationZ. This bond order decomposition is valid for a wide range of

volumes away from equilibrium and for a representative set of low-energy crystal structures [106].

The three-body interaction depends on the following term, which incorporates environment depen-

dence:

h(l ,Z) = H

(

l + τ(Z)

w(Z)

)

, (11)

wherel = cosΘ. Θ is the angle between the three interacting atoms measured relative to the atom that

is subject to the force calculation. FunctionH has the following generic form:

H(l ,Z) = λ

[(

1−e−Q(Z)(l+τ(Z))2

)

+ηQ(Z)(l + τ(Z))2

]

, (12)

w(Z)−2 = Q(Z) = Q0e−µZ, (13)

whereλ andη are parameters. Functionw(Z) defines the angular stiffness of the energy minimum.

It is stiffest atZ = 4, and the minimum becomes wider both at largerZ, when the bonding becomes

more metallic, and at smallerZ, whensp2 bonds are present [106]. The functionτ(Z) defines the

equilibrium angleθ0(Z) of the three-body interaction as a function of coordinationas follows:

τ(Z) = −l0(Z) = −cos(θ0(Z)). (14)

Its flexibility makes the EDIP potential a good choice for impact simulations where both solid and

liquid phases, as well as the transitions between them, mustbe described. The melting point of
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EDIP silicon is only 10% below the experimental value, whichis better than the values given by

some commonly used density-functional methods [126], and which ensures that the description of

displacement cascade development is realistic. It also describes the crystalline phase, amorphous

phase and point defects very well. However, the average coordination of liquid EDIP Si is 4.5 while it

is 6.5 experimentally [126]. This may be a problem in high energy (E > 10 eV/atom) cluster impact

simulations, where the behaviour of the liquid flows is important. Recently, the EDIP was found to

be a better choice for Si nanowire simulations than the Stillinger-Weber and Tersoff potentials [124],

which indicates that it can also describe impact-induced protrusions and rim structures.

In addition to the Si potentials employed in this thesis, twoimportant types of potentials are developed

for Si. The analytic bond-order potentials describe dependence of the strength of Si-Si bonds on the

environment more precisely than for example the Tersoff potential, but are computationally more

demanding [121; 127]. The embedded-atom method is also applied to Si. In this context, the method

is called the modified embedded atom method (MEAM) [128; 129;130; 131]. It is also used in

sputtering simulations [122; 132; 133; 134]

4.3.3 Silicon oxide potentials

The Watanabe potential [113] for mixed silicon and silicon oxide (SiO2, silica) systems was chosen

without prior comparison of SiO2 potentials, because the aim was to study cratering in oxide-coated

Si systems. The potential is based on the Stillinger-Weber potential, thus it also describes the pure Si

and the results of the simulations can be compared to the results of simulations of Si systems.

Most of the bonds in SiO2 are formed between Si and O atoms. The bonds are usually classified as

covalent, although they also have ionic character [135]. Anideal continuous random network [136]

of amorphous SiO2 is made up of corner-sharing tetrahedra that have a Si atom intheir center and an

O atom in each of the four corners [137; 138]. The oxygen atomsare shared by two neighbouring

tetrahedra. The tetrahedra are relatively rigid, but can rotate rather freely relative to each other. It is

easy to describe this ideal geometry with an empirical potential that gives the correct bond lengths

and angles. Several rather simple empirical potentials have been developed for SiO2. They describe

the static structures reasonably well [139], for example the Keating potential [140; 141], the Born-

Mayer-Huggins potential [142; 143], and the TTAM potential[144]. However, the challenge is to

model dynamic properties, phase transitions, surfaces, SiO2/Si interfaces, and defected structures,

because the Si-O bond depends very much on the environment [139].

In the Watanabe potential, both Si-Si and Si-O bonds are described with similar functional forms,

as in the Stillinger-Weber potential. The changing Coulombic character and strength of the bonds
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is described by introducing an environmental dependence tothe strength of pair interactions, which

is called the bond softening function. Thus, the potential does not have explicit Coulomb interaction

terms like some other silica potentials [142; 144; 145]. TheCoulombic effects are implicitly described

by the environmental dependence. The bond softening function is only partially implemented in the

current version of the potential in the Parcas code, as explained in publicationV.

The three-body term consists of short range (1) and long range (2) contributions:

f3(i, j,k) = Λ1(i, j,k)Θ1(θ jik)+Λ2(i, j,k)Θ2(θ jik), (15)

where

Λn(i, j,k) = λn, jik exp

[ γi j
n, jik

r i j −ai j
n, jik

+
γi j
n, jik

r i j −aik
n, jik

]

, (16)

Θn(i, j,k) = (cosθ jik −cosθ0
n, jik)2 +αn, jik(cosθ jik −cosθ0

n, jik)3, (17)

λn, jik = µn, jik{1+νn, jik exp[−ξn, jik(z−z0
n, jik)2]}. (18)

The parametersa, γ, cosθ0, µ, ν, andξ, as well as the other parameters of the potential, have different

values depending on which combination of Si and O atoms are present in the seti jk of atoms.

4.4 Optimization of amorphous structures

It was found in test simulations that the surfaces of amorphous silicon and silica targets sink due to

impacts if the target was created by annealing it with MD. This artificial effect was avoided by using

amorphous targets optimized with the Wooten, Winer, Weaire(WWW) algorithm [141; 146].

At every step of the WWW algorithm, one bond is changed. After that, the structure is relaxed,

which is done in this case by using the Keating potential [140; 141]. The modified structure is always
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accepted if its total energy is lower than the energy before the modification. In the opposite case, the

step is accepted randomly. With this Monte Carlo annealing, it is possible to create an energetically

well-optimized amorphous random network. Because the algorithm is slow, it is possible to optimize

only small structures, in practice not larger than 10×10×10 nm. Therefore, the larger targets used in

the impact simulations are aggregates of small identical, optimized parts. Their mesoscale periodicity

does not affect displacement cascade development. Becausethe Keating potential was used in the

optimization, the aggregate targets were again relaxed with the potential used in the impact simulation.

Only very small changes were detected in the total energy andvolume during these final relaxations.

4.5 Remarks on analysis of atomistic mechanisms

Even tracks, energies, and velocities of individual atoms can be monitored in MD simulations. This

possibility was already made use of in the first impact simulations [75]. For instance, it is possible to

detect all atoms knocked from their position by the cluster atoms moving into the substrate (primary

knock-on atoms), and then calculate their projected range distribution, for instance.

However, the detection of knock-on atoms is not possible in aunique way, because of the many-

body nature of the interaction. In the simulations of this thesis, an atom was labelled as a primary

knock-on atom if a cluster atom was closer than a certain distance at the moment when the kinetic

energy of the target atom for the first time exceeded 0.1 eV. How displaced atoms are defined, can

vary between research groups. According to the Kyoto group,the atom is displaced if it is located

below 2.5 Å from the surface and its potential energy is above0.2 eV from bulk level [147]. The

Valladolid group considers an atom as displaced if its final position is more than 0.7 Å from a lattice

site [22]. In this thesis, the latter definition is used. The range calculations are also problematic,

because atoms can gain energy in several collisions, and candrift in a collective flow of atoms after

they have stopped. However, the average behaviour of atoms in displacement cascades becomes very

clear if enough impact cases are simulated or the cascade is large.
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5 METHODOLOGICAL CONSIDERATION

In this section, findings on the interaction models and the molecular dynamics method are summa-

rized. High energy densities, shock waves, and ejection of clusters from liquid crowns are typical

in impacts of large or high energy clusters.7 Therefore, it was not evident in the beginning of the

study whether the interaction models that were developed for less dynamic conditions, will apply to

the simulations of these high-energy density cluster impacts. PublicationsI-II are focused on this

question. In publicationsIII-VII , the simulated results are compared to experimental data orobser-

vations to ensure that the simulations are at least in qualitative agreement with experimental results.

The silica potential used in publicationV is implemented into the Parcas molecular dynamics code in

this study.

5.1 The quality of potentials

The repulsive part of the interatomic potential is the most important factor for realistically describ-

ing a head-to-head collision in the stopping phase (Figure 3). Especially at high impact energies,

the partners in atom-atom collisions come very close to eachother. Although longer range attractive

interactions are also present, their effect is less important at impact energies higher than 100 eV/atom

(II ). Fortunately, the short-range repulsive potentials can be calculated very precisely [115]. How-

ever, the joining of the short-range repulsive potential tothe attractive potential is critical in impact

simulations. This was also observed in the tests of the silica potential.

The simulations of expansion and cooling phases depend verymuch on the choice of the interatomic

potential, because the interaction energies are much lowerthan in the stopping phase. The EAM and

MD/MC-CEM potentials were compared in publicationI . It was shown that the proportion of clusters

sputtered from the crown changes by a factor of ten in Au, depending on the choice of potential

(Figure 4). The MD/MC-CEM potential is a better choice for impact simulations than the EAM

potential.

The sensitivity of sputtering to small changes in Au potential is demonstrated also by Colla and

Urbassek [148]. Wucher and Garrison reported that the MD/MC-CEM potential describes the Ag

clusters emitted as a part of the sputtering flux from Ag surfaces [149]. The angular dependence

of sputtering yields from Ni and Rh targets is found to agree better with experimental values when

7The number of atoms in the impact simulations is increasing.Currently 106 atom systems can be simulated by a
single CPU and 108 using a parallel computer. Dozens of independent small scale simulations can be run simultaneously
in computer clusters. However, the limiting factor is not the number of atoms, but the CPU time needed to simulate the
multimillion atom displacement cascades with sufficientlyshort time steps.
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Figure 3: Effect of interatomic potential on the outcome of impact simulation. Profiles of craters
in crystalline silicon bombarded with Ar12 clusters (left), and depth of the damaged region and
the number of atoms in the displacement cascade (right). Twoparametrizations of Stillinger-Weber
(SW,SWM) and Tersoff (TER,TERM) potentials, as well as the EDIP potential are compared. The
independence of the depth on potentials is due to the fact, that the primary energy deposition depends
mainly on the repulsive interaction, that is the same in all cases of this comparison. The graphs are
from publicationII .

MD/MC-CEM is used instead of EAM [150]. The MD/MC-CEM potential is also applicable to the

study of surface phenomena. It reproduces reasonably well the surface energy of Au [151]. Udler

and Seidman found that MD/MC-CEM and EAM provide different values for surface energies of

different lattice surfaces in several metals [152]. The simulated surface energy for Au is 1.4 J/m2

with the MD/MC-CEM potential and 0.8 J/m2 with the EAM potential [153]. The experimental value

of the surface energy is difficult to determine, but a recent study [154] indicates that 1.51 J/m2 is a

good value. These findings demonstrate that even two potentials based on almost the same interaction

theory and fitted with bulk properties of the material can give very different results in simulations.

Three Si potentials were compared in publicationII . None of them is superior in impact simula-

tions. Different crater forms are induced with different potentials in crystalline silicon (Figure 3).
8 In simulations, the hillock formation on the native oxide surface is very sensitive to the potential

8After publicationII appeared, a new comparison of Si potentials was published [155]. It shows that recrystallization
of the amorphous Si depends on the interatomic potential. This may have an effect in the after-effect phase, because the
crater walls in Si are amorphous after the cooling phase.
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parametrization.

It was found in test simulations that a new version of the Watanabe potential [113] binds the SiO4 on

the surface more than the older version [156; 157]. Therefore, the crater rims grow higher with the

new version.9

In conclusion, the results in this thesis show that the best interatomic potentials now available can

be used in large-scale cluster impact simulations, although most of them was not developed for this

purpose.

The following issues should be considered to ensure reliability of results of impact simulations:

• The short-distance repulsive potential should be very realistic and it should be smoothly joined

to the attractive potential.

• The attractive potential should reproduce the melting and surface energies as accurately as

possible.

• In covalently bonded materials, the angular dependency of the potential should not restrict the

movement of atoms relative to each other. (This problem is described in reference [113]).

• At least some of the simulations in each study should be run with different potentials to detect

the sensitivity of the results to the choice of potential.

• Finally, the simulated results should be compared to experimental results. Unfortunately, the

availability of experimental data on cluster impacts is still very limited.

5.2 Substrate effects

The results of simulations may disagree with experimental results because the very ideal conditions

in the simulations are not fully comparable to the conditions of the experiments. For example, defects

or inhomogeneities in the substrate can affect the results in experiments. This issue is discussed

in publicationIV regarding polycrystalline Au targets and in publicationV regarding the possible

inhomogeneities of the native oxide layer in Si surfaces. The structure of the amorphous targets used

in the simulations should be carefully optimized. Test simulations for this study show that amorphous

Si and SiO2 substrates must be optimized with the WWW method to avoid compaction of the structure

by the impact.

9Silica potentials were not compared in this study. However,the Watanane potential describes amorphous silica
reasonably well (V).



33

1

10

102

S
pu

tte
rin

g
yi

el
d

(a
to

m
s/

io
n) Measured

EAM
CEM

10-1 1 10 102

Ion energy (keV)

1

2

3

4

5

6

S
im

ul
at

ed
/e

xp
er

im
en

ta
ly

ie
ld Level of perfect agreement

EAM
CEM

Figure 4: Comparison of experimental and simulated sputtering yields of gold atoms in the case of
the Au(111) surface bombarded by Xe ions. The graph is from publicationI .

5.3 The size of simulated systems

In publicationsV andVII it is shown that impacts induce environmental changes within a quite large

surface area compared to the diameter of the crater. Traditionally, the size of the simulation box is

chosen to be large enough that it contains the displacement cascade and there is room for material

compression around the cascade. Because as a small number ofatoms as possible is desirable for

performance reasons, various methods are then used to prevent reflected shock waves from affecting

to the development of the cascade. (See for example references [147; 158; 159] and the discussion in

publicationI ).

However, to simulate long-range environmental changes there is no alternative to a large simulation

box, which of course increases the simulation time. The sizeof the simulated surface should be at least

150×150 nm in the moderate energy impacts on amorphous surfaces and even larger in large cluster

impacts on metals. In practice, this means that more than 100million atoms should be simulated. The

pair potentials are fast, but they cannot be used to describelong-range effects, because these effects

depend on many-body interactions.
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5.4 Statistics

In the large cluster regime, many quantities like crater dimensions vary only slightly between simula-

tions in which the impact point and cluster orientation are randomly varied but other initial conditions

are kept constant. For instance, the crater volume can be determined accurately enough in one simula-

tion. However, some other quantities do vary, and long simulation series are required to get a reliable

average. Examples of such quantities are the distribution of protuberances on the silica surface (V)

and other long-range effects.

The sputtering yield in small energetic cluster impacts on crystals is an example of the effect of rare

events on averages (I ). When most of the displacement cascades are induced in the inner parts of the

substrate, one random surface collision cascade can affectthe average yield very much. A very long

series is required to get a reliable estimate for the average.

5.5 Simulation of macroscopic hypervelocity impacts

This study shows that MD can be used to complement the traditional computational methods used

to investigate mechanisms of macroscopic hypervelocity impacts. Meteoroid and asteroid impacts

on planets and moons are simulated with hydrocode models [160; 161; 162; 163], which are de-

signed for geological conditions. Smaller scale hypervelocity impacts are simulated with the finite

element method (FEM) using an algorithm for the automatic conversion of distorted finite elements

to meshfree particles [164]. In addition, theoretical models of macroscopic impacts have also been

developed [165]. Because the current methods describe the macroscopic impacts very well, the role of

MD will be to simulate the atomistic mechanisms which cause the macroscopic behaviour. Examples

include compression in the stopping phase, the displacement cascade expansion, and crack propaga-

tion. MD is already an important research method in failure mechanics as well [166; 167; 168; 169],

which is a topic related to the cluster impact research.

MD is also useful in simulations of the liquid crown. MD givesan inherent advantage over hydrody-

namical models when nanoscale flows are considered, becauseit is based on the interactions between

atoms and so describes the liquid phase and corona more realistically. The initial randomness of the

atomic positions is naturally included in this model. Perturbations must be separately introduced into

hydrodynamical models to grow fingers in the crown [170].
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5.6 Outlook

According to a recent review [171], the use of MD is still in its infancy. MD simulations can now

be carried out up to the energies where the electronic swift cluster effects become important (Section

6.4). The high energy density regions in large cluster impacts may also be affected by electronic

effects at lower energies. Hence, the inclusion of electronic effects in MD simulations is very impor-

tant for more detailed exploration of impact effects. Some effects are already implemented in MD

simulations [95; 172; 173; 174; 175], but this field is open for new innovations.

Another important future direction is the development of models, where the influence of the clus-

ter ion beam is modelled analytically, but the parameters are detected from MD simulations.10 For

example, analytical models for cases where a monatomic ion beam induces surface smoothing have

been developed [82; 177]. They include a response function that describes the average effect of an

impact on substrate. The form of the response function is still an open question [177]. In principle,

the function can be detected from MD simulations, hence the smoothing model can be tailored for

different substrates. At the moment, analytical models forcluster ion beam-induced smoothing do

not exist [21].

10It is possible to simulate the common effect of two spatiallyor temporarily close impact events [176]. However, it is,
and it will be in the near future, very time consuming to simulate the effect of millions of events on the same surface with
MD.
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6 THE ORIGIN OF NONLINEAR SCALING

The results related to cluster stopping, dynamics of the displacement cascade, and the origin of non-

linear scaling are summarized in three models:

• The droplet model relates sputtering yields to the geometrical forms of displacement cascades

(IV ).

• The expansion model demonstrates how the increasing energydensity inside the collision cas-

cade is formed, and how it triggers the nonlinear sputteringbehaviour (VI ).

• The two-component sputtering model demonstrates that sputtering is based on two main mech-

anisms in the nonlinear regime (III ).

In this section, the droplet model that serves as a general framework for understanding cluster impact

events is presented first. After that, the dynamics of cluster stopping, collision cascade development

and sputtering are discussed according to the phases introduced in Section 3.4. Because cluster impact

research has been active for many years, the results of this thesis are compared in this summary

and in the publications to some recent results of others to form a coherent picture of cluster impact

dynamics. Finally, some important phenomena beyond the lowand high energy limits of the models

are discussed. Possible future directions for research aresuggested.

6.1 The droplet model

The droplet model introduced in publicationIV relates the average shape of displacement cascades to

impact energy and nuclearity. In the case of small Au clusterimpacts on Au(111) surfaces, the model

can be formulated as an empirical scaling law. In that form the model explains theN2 scaling of the

sputtering yield in Au [59] and the experimental observation that the maximum of the sputtering yield

is located lower in theE/N scale than the maximum of the nuclear stopping power [13; 59]. This

formulation can not be generalized directly to other cluster and substrate types.

The qualitative dependence of average displacement cascade shape on impact energy and nuclearity

is very general, but the exact dimensions of the form depend on the particular atomistic processes

induced in the substrate by the impact. These processes are somewhat different in metals (IV ) and in

amorphous substrates (VI ). In addition, the shapes of displacement cascades inducedby monatomic

projectiles or small clusters vary randomly (I ), thus the droplet form describes only the average form



37

of collision cascades. In particularly, subcascades induced by channelling of fast cluster constituents

destroy the regular form of the cascade. The variation decreases rapidly with increasing cluster nu-

clearity.

The simulations clearly show how the shape of the displacement cascade changes when the nucle-

arity remains constant and the impact energy increases in the Au impacts on Au(111) (Fig. 5). At

low energies, the cluster stops and fragments just beneath the surface, which induces a hemispherical

displacement cascade. When the impact energy increases, thecluster travels longer and longer dis-

tances as one entity due to channelling and because the scattering angle decreases with impact energy.

The clearing-the-way effect, which will be discussed in section 6.2.1, can also lengthen the range in

amorphous substrates. Eventually, the form of the collision cascade changes from a hemisphere to

the form of a droplet. The intersection area of the surface and displacement cascade decreases, which

also decreases sputtering. At very high energies (> 1 MeV/atom) the displacement cascade becomes

deep and cylindrically shaped. Atoms are ejected only from the part of the cascade that is located

near the surface, and most of the impact energy is dissipatedinside the substrate.11 In an amorphous

substrate, the energy dependence of the shape of the cascadeis similar, but the deep penetration at

high energies occurs only due to the small scattering angle,not due to channelling. Cluster stopping

is discussed in more detail in Section 6.2.1.

It is shown in publicationsIV , VI andVII that the final displacement cascade shape is to a great

extent determined by the energy and momentum distributionsinduced in the substrate in the stopping

phase. In the expansion phase, the nature of the substrate determines the width of the cascade and

sputtering processes, but the dependence of the mesoscale shape of the cascade on the impact energy

and nuclearity is already fixed in the stopping phase.

In conclusion, the cluster impact phenomenon is complex enough that two levels of explanation are

necessary. Firstly, the atomic interaction mechanisms explain how the energy and momentum are

distributed in the stopping phase, how the displacement cascade expands, what the different types of

sputtering are, and how the mesoscale shape of the displacement cascade is formed (III-VI ). Sec-

ondly, the mesoscale geometry explains statistically the scaling of sputtering yield (III-IV ). These

shapes can probably be used in the future as components of themodels describing cluster beam-

induced surface modifications by, for instance, replacing the Gaussian function now used in surface

smoothing models [177].

11At still higher energies, the sputtering yield increases again [178], because more energy is deposited in the surface
layer due to the increasing electronic stopping.
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Figure 5: Left: Examples of simulated collision cascades ofAu5 clusters. Each figure shows a 0.5
nm thick and 16 nm wide slice of the crystal 1.5 – 3.0 ps after the collision. At this stage the cluster
has broken apart and its energy has been transferred to the secondary atoms, which have moved away
from the initial collision region. Right: Schematic figure of the droplet model. Sputtering yield
depends on the intersection area of the surface and the droplet shape, which describes the average
shape of collision cascades. The portions of the imaginary droplets inside the solid have variable
shapes depending on energy, and the cross section varies. Atlow energies (a) the shape is an almost
perfect hemisphere and at high energies (c) the shape is almost a cylinder. Between these extremes, a
droplet shape appears (b). The figures are from publicationIV .

6.2 Cluster impact dynamics

6.2.1 The stopping phase

In the stopping phase, the impact energy and momentum are distributed among the substrate atoms,

and the initial energy and momentum distributions are formed. The stopping of small clusters usually

lasts less than 100 fs, whereas the stopping of a 500 eV/atom Au161000cluster takes around 1 ps. The

stopping mechanisms are simulated in fcc metal (Au) (IV ), in a structurally optimized amorphous

substrate (a-Si) (VI ) and in a layered system (oxide-covered Si) (V). The mechanisms of small cluster

impacts are summarized in this section. Section 8.1 concerns the transition from these mechanisms

to the macroscopic stopping regime at large cluster sizes.

The impact energy is deposited from the cluster atoms to the substrate mostly by elastic collisions at

energies below 1 keV/amu [179]. The energy distributed to the valence electrons by the electronic

stopping is rapidly dissipated over the substrate [179], although in some cases it is claimed to induce

minor effects in the substrate [95]. Thus, the process is essentially mechanistic, and can be simulated

with MD. However, the binary collision approximation is notvalid in most cases, because the cluster

atoms travel near each other in the substrate. Therefore, a substrate atom can interact simultaneously



39

with many cluster atoms. In publicationIV it is shown that the cluster atoms can sometimes even gain

energy in multi-particle collisions. Only high-energy head-to-head collisions, which occur between

two channelling periods, can be understood as elastic binary collisions. At the end of the cluster atom

range, the kinetic energy is low, which increases the average scattering angle. The track bundle of

the cluster spreads, which is clearly seen in amorphous substrates (VI ). At energies higher than 1

keV/amu, elastic collisions are still important until the electronic effects become clearly dominant at

around 25 keV/amu, which is considered the upper limit for low velocity monomer ion impacts [94].12

Because elastic collisions are the main energy deposition mechanism, the short-distance repulsive

potential plays an important role in MD simulations during the stopping phase at the energies studied

in this thesis. For example, the depth of the damaged region in crystalline Si does not depend very

much on the choice of attractive silicon potential (II ).

The range of the strong repulsive potential is less than the equilibrium distance between the substrate

atoms. Therefore, the cluster atom approaching the surfacesees the substrate as a lattice of small

repulsive spheres separated by rather large areas where theinteractions are weak compared to the

kinetic energy of the cluster atom. The simulations show that the atoms of small clusters (N < 15) fit

into the spaces between the substrate atoms (Figure 6) because the large impact parameter collisions

are the most probable, and therefore the repulsive grid of the substrate atoms steer them into these

spaces. An important consequence of this steering mechanism is that it prevents the cluster from

falling apart as long as the cluster atoms can fit into the spaces between the highly repulsive centres.

The collective fitting into the spaces is possible because the equilibrium distances between atoms in

both cluster and substrate are usually not very different.

Figure 6: A 1500 keV/atom Au13 cluster penetrating into to the Au(111) crystal. The rightmost frame
shows disorder in the same region after 55 fs. The graph is from publicationIV .

12For Au the limit is around 5 MeV/atom and for Ar it is 1 MeV/atom.
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In crystals, the cluster atoms can travel long distances in channels, whereas in an amorphous substrate

the probability of head-to-head collision is higher. An entire small cluster can travel in the substrate

so that its atoms are channelled in parallel channels and thecluster keeps its shape. In all cases the

cluster atoms gradually loose their kinetic energies and the average scattering angle of the collisions

increases, leading to the fragmentation of the cluster. If channelling is not possible, the cluster atoms

rapidly loose their energy in strong collisions. Then the displacement cascade develops just beneath

the surface or, at high impact energies, the cluster still travels some distance as one entity pushing

all substrate atoms out of its way. It has been shown experimentally that the track of small swift

clusters in the surface layers is cylindrical [180]. Eitherchannelling or pushing is the reason that the

average behaviour of high-energy clusters is to travel somedistance inside the substrate before the

track bundle spreads and atoms deposit most of their energy in the cluster fragmentation phase. This

is the reason for emergence of the droplet form as the impact energy increases.

Figure 7: Side view of displacement cascades at 300 fs induced by 1.25 keV/atom Ar12 (left) and
Ne12 (right) impacts on Si(111). Only atoms that have energies> 0.1 eV are shown. The crystal
structure is still maintained in the border regions of the cascade. Ne atoms can more easily channel in
the crystal, thus they form clear subcascades. In amorphousmaterials, cascades are more regular in
shape than they are in crystals.

There are many variations in this process, however. In an Au crystal the atoms of a swift cluster can

separate from the cluster one at a time, and subcascades are formed along the cluster track. It has

been verified experimentally that a cluster can fall apart gradually [181]. The incident angle affects

the channelling of clusters in crystals, but the dependenceseems to be more complicated than in

monatomic impacts (publicationIV Fig. 2, 4 and Fig. 5). In amorphous Si, the tracks of cluster atoms
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form a conical shape. The width of the cone decreases with increasingM1/M2 ratio, whereM1 and

M2 are the atomic masses of the cluster and substrate atoms, respectively. Ar and Ne atoms channel

differently in the crystalline Si (Figure 7). The Si/SiO2 interface increases stopping, because the

distances between atoms near the interface are, on average,shorter than the corresponding distances

in bulk. These examples show that the atomistic mechanisms can be very different depending on the

substrate and impact energy.

An interesting question is whether or not the range of cluster atoms is longer than the range of atoms

of the same species when they arrive separately with the sameenergy per atom. The answers are

controversial. WhenE/N is constant, the average range of Ar atoms in amorphous Si is independent

of the cluster nuclearity at least up toN = 16 (publicationVI Fig. 3).13 Similar results are obtained

experimentally [182; 183] and in other simulation studies [184; 185; 186; 187]. For instance, the

atoms of swift Au5–Au40 clusters stop in an amorphous polymer foil, as do single Au atoms [188].

However, as Sigmund proposed in 1989, the cluster atoms at the leading edge may clear the way for

the atoms in the tail of the cluster [189]. Therefore, the average range of the cluster atoms increases.

The effect should be strong whenM1 ≪ M2. On the other hand, publicationVII shows that at very

large nuclearities this clearing-the-way effect indeed occurs. In publicationVI , a small increase in

stopping power is detected when the cluster size increases.Anders and Urbassek have also shown

in their simulations that the stopping power of Au clusters in an Ar substrate decreases when the

nuclearity increases. The effect is stronger if the impact energyE/N is small. A weak clearing-the-

way effect is detected in simulations of Au cluster impacts on Cu [190]. Yamamura and Muramoto

have shown that the clearing-the-way effect occurs when Ag clusters impact on an Al substrate but

not vice versa [191].14

In light of the preceding analysis of cluster stopping, the following conclusions can be made related

to the clearing-the-way effect:

• If the cluster channels as one entity through the substrate,no strong mechanical clearing-the-

way effect can occur, because the substrate atoms are left almost at their equilibrium positions.

• If the cluster travels through the substrate as one entity, but the atoms are not channelled, the

substrate atoms on the track of the cluster start to move withthe cluster atoms or are pushed

away from the track. The clearing-the-way effect can occur.

13In this study the vertical or projected ranges of atoms are detected at the moment when they are almost stopped. After
that, their positions may still change because they may drift along with the flow of liquid material.

14A pair potential is used in this simulation, therefore it is not fully comparable to the present simulations.



42

• At very high nuclearities, material is compressed in front of the moving cluster, which clears

the way, but gradually induces a very high repulsion towardsthe moving cluster and stops it

(VII ).

• The clearing-the-way effect is strongest when the atomic mass of the cluster atoms is very

much larger than the atomic mass of the substrate atoms, because then the scattering angle of

the cluster atoms in elastic collisions with the substrate atoms is small, and therefore, the cluster

travels a relatively long distance as one entity.

• At very high impact energies, the electronic clearing-the-way effect can occur [14].

When the mechanical clearing-the-way effect occurs, the material is compressed at the front of the

moving cluster also at low nuclearities, which increases the probability of stopping collisions and

decreases the range. Thus, the clearing-the-way effect first decreases the cluster stopping power but

gradually increases it. In other words, this effect may not increase the overall range of the cluster

atoms considerably, but rather changes the shape of the primary energy and momentum distributions

by increasing the length of the droplet tail. More research is needed to systematically analyse under

which conditions this mechanical clearing-the-way effectoccurs and how strong it is in different types

of impact systems.

It is also an open question how much the strengths of the attractive interactions affect the early phases

of cluster stopping. Although the kinetic energies are muchhigher than the strength of the attraction,

even weak interactions affect the tracks, and may induce mesoscale changes in the average shape of

the energy and momentum distributions.

The cluster atoms distribute their energy to the substrate atoms along their tracks. Most of these

primary knock-on atoms have energies much lower than the impact energyE/N, but some of them

can have energies which are tens of percents of the cluster atom energy (IV andVI ). Thus, the kinetic

energy distribution is weighted to the low energies. The maximum of the distribution moves to higher

energies with increasing nuclearity, because more and moreprimary knock-on atoms get energy from

several cluster atoms. In other words, the energy density along the track is a function of nuclearity.

WhenN > 10, all substrate atoms that are located along the cluster track near the surface become

primary knock-on atoms.15

Because most of the primary knock-on atoms near the surface have very low kinetic energy compared

to the cluster atoms, the cluster atoms move considerably faster that the primary knock-on atoms.

15The term ’knock-on atom’ refers to atoms that are moved from their initial positions by atoms travelling through the
substrate. The term comes from the binary collision theory,but here it does not imply that the collisions are binary. The
primary knock-on atoms are those atoms that interact with one or more cluster atoms passing by them.
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This is another reason why rather big clusters can penetratethrough the substrate. The interatomic

distances remain almost unchanged during the passage of thecluster. Only knock-on atoms that

have been partners in strong head-to-head collisions accelerate almost immediately to a high speed.

This difference of timing in movements is very clear in impacts of small Au clusters on Au(111)

(publicationIV Fig. 2).

6.2.2 The expansion phase

In the expansion phase, the primary energy is dissipated over a substrate volume through various

mechanisms, including scattering of single atoms and collective flow of atoms. In metals the free

electrons also transport energy they have gained in the electronic stopping processes, but that effect

does not significantly cool the displacement cascade [192].The energy dissipation process pushes a

volume of atoms aside from their equilibrium positions. This volume is called the displacement cas-

cade in this thesis.16 The expansion phase starts locally immediately after the cluster or its fragment

has passed the location and lasts by definition until the displacement cascade does not grow any more.

For small clusters whose impact energy is about 1 keV/atom, the expansion lasts not longer than 5

ps, whereas for 500 eV/atom Au161000it takes around 100 ps in Au substrate. The duration depends

on substrate. In this thesis the expansion mechanisms are simulated and analysed in Au (IV ) and in

amorphous Si (VI ).17 A simple cellular automaton model of the dissipation process is presented in

publicationVI . It is called the expansion model.

The energy and momentum distributions induced in the stopping phase determine in principle where

and in what directions the expansion of the displacement cascade starts. However, the movements

of the primary knock-on atoms are arrested by their neighbour atoms. In crystals, for instance, the

atoms can easily move certain directions, whereas some other directions may be blocked. Together

with the many-body nature of the collisions, this makes the primary knock-on atom interactions very

complicated. PublicationIV shows that in Au some knock-on atoms move relatively long distances

and induce a separate subcascade, while others give their energy to their neighbour atoms. In amor-

phous Si the scattering of the knock-on atoms is random and the ranges can be estimated statistically.

In the expansion model, the range is approximated to be within a conical zone, the direction of which

is determined by the location of the source point relative tothe impact point on the surface and the

16The term ’collision cascade’ or ’collision spike’ is used inthe linear collision theory to refer to the set of substrate
atoms that are pushed aside in the successive binary collisions [193]. A very dense collision cascade is usually called a
’heat spike’ or ’thermal spike’. Originally, this term referred to the melted region around the impact point or the projectile
track [80; 193]. The effects caused by dense collision cascades are called ’spike effects’ [80], which is sometimes usedas
a synonym for nonlinear effects. However, ’displacement cascade’ is a more general and more precise term that describes
all atoms that are pushed aside from their initial locationsregardless of the mechanism that caused the movement.

17The term ’negative energy values’ should be replaced with ’positive energy values’ in the caption of Fig. 7 of
publicationIV .
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size is determined by the energy deposited on the source point. Although the droplet form of the dis-

placement cascade is determined in the stopping phase, the expansion process affects the size of the

displacement cascade and also its form in some substrates. The expansion is clearly affected by the

lattice directions in the case of very large clusters (VII ). Differences in mobility of primary knock-on

atoms affect defect formation [87] and ion beam mixing [194].

The primary knock-on atoms distribute their energy to secondary knock-on atoms, which distribute

their energy to tertiary atoms, and so on. The process continues and the displacement cascade grows

until the atoms on its boundaries do not have enough energy todisplace any more atoms. It is well

known that this process can not be described as a binary collision tree, because of the many-body

nature of the interactions and because most of the atoms are partners in several collisions [66]. The

question of whether or not the cluster-induced displacement cascade is the sum of overlapping cas-

cades of the individual cluster atoms is more difficult, however. In publicationIV it is shown that

in Au, the primary knock-on atoms scatter rather long distances from their initial locations, thus cre-

ating rather independent satellite cascades, which gradually grow together. The density of satellite

cascades increases with nuclearity, and therefore also theenergy density increases inside the cascade.

However, in amorphous Si the distribution of the primary knock-on atoms is very dense near the sur-

face, and many individual knock-on atoms have gained their energy from several cluster atoms (VII ).

Therefore it would be misleading to use the concept of overlapping cascades.

When nuclearity increases, the energy density inside the displacement cascade becomes so high that

it induces a pressure gradient against the walls of the cascade. Then the displaced atoms move col-

lectively towards the walls and a cavity opens in the middle of the cascade. This flow turns towards

the surface, and atoms flow into the vacuum. A competing mechanism to release the pressure is the

direct escape of atoms from the inner parts of the cascade to the vacuum. In the heat spike models

this sputtering is explained as thermal evaporation from the surface [82], but the simulations show

that it is rather a collective movement of atoms. The velocity distribution of the sputtered atoms is not

Gaussian. The sputtered atoms carry energy away from the inner parts of the displacement cascade.

This is called flow sputtering.

In macroscopic hypervelocity impacts, regular craters form because the impact energy is first com-

pressed in a small volume that expands radially [164; 165]. However, craters are observed experimen-

tally [147; 195] and also detected in simulations in small cluster collisions. In spite of the random

irregularities in the shape of the initial energy distribution and restrictions to expansion due the crystal

structure, the expansion process promotes spherical symmetry in the displacement cascade. The con-

sequence is that a very regular hemispherical or hemiellipsoidal crater forms, if the primary energy

deposition has occurred near the surface. At the other extreme, in the case of swift clusters, cylin-

drical cascade forms with a small crater near the surface. This smoothing effect also compensates
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for the asymmetry caused by small oblique incident angles. However, at glancing incident angles,

the smoothing can not compensate for the asymmetry induced in the primary energy and momentum

distributions [196].

The timing of events in the expansion phase is a very important factor that affects sputtering.18 As the

displacement cascade grows, the energy density on its outermost layer decreases. Therefore the atoms

inside the cascade move faster than the expansion advances,and can escape to the vacuum while the

cascade is still expanding or starting to flow collectively along the cavity walls. In addition, the

energy density inside the cascade increases faster thanN at small cluster sizes. The expansion model

verifies this (VI ). The origin of nonlinear sputtering is based on these two effects. The energy density

increases rapidly, and the displacement cascade expansionprocess is not fast enough to dissipate the

energy over the substrate before hot atoms begin to escape (Figures 8 and 9).

The sputtering yield per cluster depends onN2 in Au [58]. However, this relationship seems not to be

universal and the scaling varies at different size regimes,according to the results in publicationVI .

Sputtering processes can not be observed directly, but the angle and velocity distributions of the

sputtered material indirectly provide information about the processes. Thermal evaporation does

not explain the cluster-induced sputtering observed experimentally [197]. Types of sputtering are

analysed in publicationIII and the results of simulations are compared to the existing knowledge

about cluster-induced sputtering. For example, the experimental energies of sputtered material in

reference [197] support the conclusion that different sputtering mechanisms exist. The following

types of sputtering are present when the cluster is large andenergetic enough to induce a high energy

collision cascade near the surface:

• Few atoms are scattered from the surface due to strong head-to-head collision when the cluster

hits the surface. This knock-on sputtering mechanism has been known for a very long time and

it is the main sputtering mechanism in low energy ion impacts[198].

• The second type of sputtering occurs in the expansion phase,when the energetic atoms collec-

tively flow to the vacuum. This is called flow sputtering.

• Sputtering from the crown in the cooling phase is discussed in Section 8.

The volume of macroscopic crater in particular material depends on the material’s strength [11]. It has

been shown that the volumes of craters induced by small cluster impacts on Pd and Pt scale with the

inverse of the product of the melting temperature and cohesive energy [61]. ArN (N = 10-200) clusters

18Collision cascade lifetime was already considered an important factor in Sigmund’s thermal spike model [80].
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Figure 8: An example of emergence of nonlinear scaling for small cluster impacts. The number of
primary (P), secondary (S), and tertiary (T) knock-on atoms, and displaced atoms at various cluster
nuclearities and energies per cluster atom in ArN impacts on amorphous Si are displayed on the
graphs, which show how the scaling behaves differently in the stopping and cascade expansion phases.
The graph is from publicationVI .

begin to form craters on Si(001) at 10 eV/atom, and after that, the displacement cascade depth scales

with E1/3, whereE is the total impact energy [199]. These examples demonstrate that scaling laws

related to the expansion phase can be detected. However, thesputtering yield is not trivially related to

any material parameter. The amount of material in the crown depends on the expansion process, and

so does the flow sputtering yield. On the other hand, surface energy is important in crown sputtering

(I ), but not in flow sputtering.

6.2.3 The cooling phase

The system is still far from thermodynamic equilibrium at the end of the expansion phase. There is a

hot region around the crater, the crater crown emits clusters, and in crystals, deformations like coher-
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Figure 9: Si sputtering yield per cluster atomY/N as a function of Ar cluster nuclearityN (left) and
number of sputtered Si atoms together with the Si atoms remaining in the crater rim above the original
surface plane after the impact (right). Notice that in the left frame the yield is per cluster atomY/N,
thus the constant yields indicate linear and the increasingyields indicate non-linear behaviour. The
graph is from publicationVI .

ent displacements [53; 200] may surround the crater. In the simulations, the cooling is accomplished

by removing energy from the boundaries of the substrate, which corresponds to heat conduction to

an infinite substrate. Cooling to the ambient temperature lasts longer than the expansion phase. For

example, the cooling of the impact region induced by a 100 keV/atom Au13 projectile lasts around

150 ps.

The crater shapes observed with scanning probe microscopesget their form in the cooling phase.

The outer boundaries of the displacement cascade do not sputter, but forms a more or less damaged

region around the crater. If the cascade has the droplet formor is even cylindrical, the crater is formed

near the surface and the rest of the cascade forms a damaged region inside the substrate. In Au the

damaged regions recrystallize (III andVII ) and in Si they become amorphous [48].

6.3 Comparison to other models

The common purpose of the three models introduced in this thesis is to demonstrate that the mech-

anisms detected in the simulations can explain the essential features of sputtering. They are not
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intended to form a comprehensive theory of cluster-inducedsputtering. Considerably more mutually

comparable simulations and experiments in various substrates are needed to develop a more univer-

sal mathematical formulation. Several other empirical models and preliminary theories have been

published in recent years. Some of them are summarized here.

Although the qualitative picture of sputtering is clear, itis a challenge to formulate a theoretical sput-

tering model for cluster-induced sputtering which will cover a broad range of energies and substrates,

as does Sigmund’s analytical theory for ion-induced sputtering published in 1969 [15]. This theory

successfully explains sputtering in the case of low energy monatomic ion impact. Now we know that

this is a special case of the rather complex collision cascade mechanism described in the previous

subsections. In generally, the binary collision approximation can not be applied to cluster collisions.

The Sigmund-Clausen model (1980) describes sputtering froma hot cylindrical track induced by a

heavy atomic or molecular ion [82]. It relates the high energy density to sputtering and predicts that

sputtering does not depend linearly on the energy depositedin the surface layers. The sputtering

occurs as thermal evaporation from the surface. This model is not generally valid for cluster im-

pacts, in which flow and crown sputtering occur. There is alsoexperimental evidence to support this

claim [197]. However, at the same time with the droplet model, Seah showed that the Sigmund-

Clausen model with reasonable parameters can predict the high self-sputtering yields observed in

Au [201]. It is not possible to deduce from this result that the sputtering occurs by thermal evapora-

tion, nor is the agreement due to a coincidence. Rather, the Sigmund-Clausen model gives, at least

in some cases, a correct statistical description of sputtering, although the actual mechanism is more

complex than thermal evaporation from the surface. (See also the comparison of the model with the

simulated results in publicationVII ).

Jakas and Bringa have developed an extended version of the Sigmund-Clausen model which includes

transport of mass in the displacement cascade (2000) [202; 203]. The model is in agreement with the

findings presented in this thesis. It describes the expansion phase based on hydrodynamical equations,

whereas the expansion model presented in publicationVI does not assume any special mechanism for

energy dissipation.

Brunelle and Della-Negra introduced in 2004 an empirical model which is in agreement with the

experimental sputtering yields obtained for bombardment Au clusters in the keV to MeV energy

range [204]. It derives sputtering yield from the energy deposited on the surface layer. In this respect,

the model is based on the same ideas as the droplet model, but formulates it differently. Like the

droplet model, it also includes the assumption that only a part of the impact energy deposited in the

surface layers is transferred to sputtered atoms. The analysis of collision processes in publicationIV
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shows that different types of primary collisions have to be taken into account when energy deposition

leading to sputtering is calculated.

Lin Shaoet al.have shown (2006) that the nonlinear scaling of the number ofdisplacements induced

by cluster impacts can be explained by overlapping collision cascades [205]. This is another for-

mulation of the emergence of high energy density in the substrate. The model is based on a similar

geometrical argument as the part of the droplet model that explains cascade development (publica-

tion IV , Appendix).

Independently of us, Russo and Garrison have recently developed the mesoscale energy deposition

footprint (MEDF) model, which describes the relative yieldand ejection volume size and shape differ-

ences between various cluster/substrate combinations [206]. The key idea of the model is that energy

distribution in the substrate during the first phases of cluster impact (footprint) determines the position

and shape of the displacement cascade and therefore also thesputtering yield. The cluster track bun-

dles shown in Fig. 2 of publicationVI roughly correspond to the footprints in the MEDF model. The

MEDF model is in agreement with the expansion and droplet models. Both the MEDF and the droplet

model predict sputtering yields based on the mesoscale geometry of the cluster collision phenomenon.

In conclusion, the results presented here and the models constructed by others provide a very coherent

understanding of the main mechanisms leading to nonlinear sputtering. Thus, the problem of nonlin-

ear sputtering is essentially solved. However, many details remain to be solved. Some of them are

discussed in the next section.

6.4 Scope of the models

The droplet and expansion models are based on the predictions made by simulations of small 0.25 -

1500 keV/atom clusters on Au, Si and SiO2 substrates. Although this energy regime is broad, there

are several phenomena that are typical for impacts of lower or higher energies and can also be present

to some extent in the energy regime studied in this thesis. Inaddition, the models are not valid for the

macroscopic impact regime, which is clear in light of the results presented in section 8.

At low impact energies, a cluster deposits on the surface or penetrates only partially into the sub-

strate [207]. For instance, 6-2000 atom metal clusters weredeposited on a metal surface at 25

meV/atom [207]. However, these energies correspond to velocities of several hundred kilometers

per hour. In macroscopic impacts this causes much damage. Some interesting question are, what are

the impact mechanisms of very large (N > 108) nanoparticles at low energies, iat what energy and size

regimes does the macroscopic impact behaviour emerge, and what are the scaling laws for damage in
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various substrates? Because the nanoparticles may be only partly destroyed on impacts in that that

regime, the mechanisms described in the previous subsections are not valid. Chemical reactions may

affect expansion and sputtering in the hyperthermal collision regime [42].

At high impact energies (E/N > 1 MeV/atom), various electronic effects gradually become important.

When a fast cluster travels through a dense substrate as one entity at a velocity equal to or higher

than the Bohr velocity of the valence electrons, coherent electronic excitations are induced [12; 13;

14; 208; 209]. These excitations are sometimes called vicinage effects and they affect the stopping

of the cluster. The stopping of both fast molecules and smallclusters is theoretically described by

the united atom model [208; 210]. Ionization of cluster atoms may induce a Coulomb explosion,

which disintegrates the cluster [211; 212]. Electronic excitation along the cluster track may affect the

expansion [172]. These effects are not included in the standard interatomic potentials used in MD

simulations. Although the effects are known to occur at highimpact energies, it is possible that they

also have a minor role in some substrates at moderate impact energies (i.e. between 1-10 keV/amu).

Stopping and expansion mechanisms are more or less different in layered structures, granular sub-

strates, organic materials and low density materials. The validity of the models was not tested in these

substrates. For instance, in graphite the layer structure plays an important role in the formation of the

damaged region [48; 213].
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7 COMPLEX CRATERS

Silicon wafers are covered with a 2-3 nm native (natural) oxide layer whenever they are exposed to air

under ambient conditions. The effect of the SiO2/Si(111) interface on the outcome of ArN (N = 12,43)

cluster impacts is investigated in publicationV. The results are summarized in this section.

7.1 Stopping at the interface

If the impact energy is sufficient, the cluster penetrates through the oxide layer to the crystalline Si.

The cluster atoms lose more energy in the 2 nm native oxide layer than in a equal thick layer of

bulk amorphous SiO2. The explanation for this is the higher probability of smallimpact parameter

collisions due to the higher number density in the native oxide layer compared to the density of bulk

SiO2. The compressive effect of the interface affects the entirenative oxide layer, an effect that can

also be detected in a thermally grown layer [214]. The nativeoxide layer also makes the cluster atom

track bundle broader than it would be if the cluster atoms hadtravelled through a 2 nm crystalline

silicon layer. A consequence is that a larger lateral (parallel with the surface) momentum is induced

in the surface layers, which may cause topographical changes. This broadening is also seen in the

context of monatomic ion implantation. In B doping of Si wafers, it causes unwanted channelling,

and hence broadening of the B depth distribution in the wafer[215].

An increase in the number of collisions also occurs in the grain boundaries of polycrystalline Au (IV ).

Although the effect has not been analysed in detail, it is evident that it decreases the channelling prob-

ability in polycrystalline gold and then the sputtering yield also increases, especially at high impact

energies. This is the most probable explanation for the difference between simulated and measured

sputtering yields of Au cluster impacts on Au. The effect of the average size of the crystallites on

sputtering yield is a topic future future research.

7.2 Hillocks

Atomic force microscope (AFM) images show that cluster impacts induce various crater forms on

the native oxide surface (publicationV and references [216; 217]). The simplest forms are hillocks.

In 0.1-1.5 keV/atom Ar12 impacts, their height is not more than 2.5 nm and the diameteris about

20 nm. The width is rather consistent with the simulated hillock diameters, if the AFM tip convolu-

tion effect [218] is considered (figure 10). The simulated hillocks are craters that have very narrow

openings. These openings probably also exist in reality, but are too narrow to be detected by AFM
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(figure 10), or are closed during the post-impact oxidation process, when the substrate is exposed to

air. Oxidation is possible because the displacement cascades move Si atoms onto the crater rims and

uncover the Si surface on the bottom of the crater. The heights of the hillocks are lower than in the

experiments, probably due to oxidation in the aftereffect phase, which was not simulated. The exper-

imentally observed decrease of the hillock heights with increasing impact energy was not detected in

the simulations.

In general, the crater forms on different substrates vary, due to the different responses of the materials

in the expansion phase [48]. Therefore, they give indirect information about the expansion process.
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Figure 10: Average simulated surface profiles of the hillockregion after Ar12 cluster impact on the
silica-silicon structure. The upper frame shows the profilecalculated by emulating an ideal spherical
AFM tip of radius 0.3 nm. The lower frame is calculated from the same data but emulating a 2 nm
radius tip. The graph is from publicationV.

The apparent similarity of nanocraters, on the one hand, andmacroscopic craters as well as splashes

of liquid droplets on the other hand, raises the question of whether or not the cratering mechanisms

are the same in these phenomena. In this case, the analogy leads to the hypothesis that the hillock and

the complex crater surrounding it on the surface would be frozen forms of liquid SiO2 splashes. When

a liquid droplet impacts on a liquid surface, it forms a transient cavity. In the next phase, the liquid

flows towards the bottom of the cavity due to gravitation. This inward flow creates a transient hillock



53

in the bottom [170]. In cluster impacts, there is no force in the expansion or cooling phases with a role

similar of gravitation in macroscopic splashes. No collective flows of atoms towards the bottom are

seen in the simulations. Hence, the mechanisms of liquid splashes and formation of complex craters

are different.

7.3 Long-range effects

Rims and plateaus around some hillocks are seen in the AFM images (publicationV and refer-

ence [217]. In 0.1-1.5 keV/atom Ar12 impacts, the diameters of these forms are 30-50 nm, which

is considerably larger than the crater rim diameter detected in MD simulations, and so large that the

difference can not be due to the AFM tip convolution effect. The most peculiar observation is that

only some hillocks have these surrounding structures. The probability of their occurance is higher in

the native oxide-coated surface than in the surface coated by an amorphous Si layer. The simulations

were not able to reproduce these forms. However, it was detected that the impact induces a coherent

radial displacement which temporarily moves the surface ofthe oxide layer, until the surface relaxes

and moves back to its average initial position. Although thedisplacement is not more than about

3 Å, it changes the relative positions of SiO2 tetrahedra. Some tetrahedra pile up and form small

protuberances. It is possible that the plateaus seen in the AFM images are due to groups of small

protuberances.

The seemingly random occurence of the plateaus and rims cannot be explained by the simulations. It

is possible that the clear differences in the forms of the observed craters are due to inhomogeneities

in the real substrate, whereas the surface layer and the SiO2/Si(111) interface are pure and homoge-

nous in the simulations. The different energy scaling of hillock heights observed in the experiments

is probably due to the differences between the real and simulated substrates. The phenomenon re-

quires more research. In general, the stopping and expansion phases in layered structures may induce

mesoscale effects, which are not covered by the models discussed in Section 6. For example, Liuet

al. have observed occasional long-range changes on a graphite surface [219]. Continuous swift heavy

ion irradiation induced bubbles filled with a granular structure in multilayer SiO2/Si materials [220].

In addition, the differences between observed and simulated crater forms may be due to weaknesses

in the interatomic potentials. The outer rims observed in the experiments in the silica layer may be

formed because of transient or permanent coherent displacement of Si(111) atoms located around

the crater, or even because of cracking of the material. Coherent displacements are detected in the

simulations of metals (references [53; 200] and publication VII ). However, the silica potentials are

not able to reproduce the cracking behaviour of the crystalline Si for the reasons explained in detail in

references [131; 221; 222]. Coherent displacements are not detected probably for the same reasons.
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More research is required to find out whether coherent displacements or cracks appear underneath the

oxide surface and induce complex crater forms.

An important result is the observation that even relativelylow impact energies can induce changes on

surfaces over a wide area, up to a diameter of several tens of nanometers. To simulate these effects,

the surfaces should be larger than the surfaces typically used in the MD simulations. For instance,

an amorphous surface of at least 150×150 nm is required to simulate 2keV/atom Ar12 impacts. The

AFM tip convolution effect should be taken into account, whenever the results are compared to AFM

measurements.
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8 THE TRANSITION TO MACROSCOPIC IMPACTS

This section summarizes results related to crown sputtering and transition to the macroscopic crater

regime. Compression of the projectile in the stopping phase is characteristic for macroscopic hy-

pervelocity impacts. PublicationVII shows that this effect emerges with increasing projectile size.

Crown sputtering also occurs in small energetic cluster impacts, but it is a very strong effect in large

cluster impacts, even at energies below 500 eV/atom.

8.1 Compression of material

Figure 11: Stopping of a 5 keV/atom Au161000cluster in Au(111). The compressed region is the dark
area in the middle (red in the online version). In this case the maximum density is around four times
the normal Au density. The views are 17 nm wide.

Small clusters can travel relatively long distances insidethe substrate as one entity either by pene-

trating the lattice or pushing the substrate atoms out of their route (Section 6.2.1). In both cases, the

cluster track begins its development to a full collision cascade only after the cluster has passed the

location. Finally, the cluster disintegrates and the individual cluster atoms continue their movement

rather separately. When the cluster size increases, every substrate atom on the track becomes a partner

of a small impact parameter collision with at least one cluster atom. The substrate atoms are scattered

and the cluster drills a cavity that has very energetic atomsin its walls. The depth of the cavity de-

pends on the impact energy/atom. When the cluster becomes even bigger, the cavity becomes wider

and most of the substrate atoms can no longer escape to the walls of the cavity (Figure 11). A com-

pressed region of cluster atoms is formed at the front of the moving cluster. This occurs at Au cluster

sizesN > 750 in Au(111). The size limit depends on the material.
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The density of the compressed region in Au(111) simulationswas 2-3 times the normal Au density

(Figure 12). This region stops the cluster effectively, hence the cluster stopping power increases with

depth. It also blocks the cluster disintegration. At the endof the stopping phase the cluster and

substrate material form a disc shaped compressed region at the bottom of the transient cavity.

A similar stopping process occurs in macroscopic hypervelocity impacts on planets and moons [165]

and on other macroscopic objects [164]. In the theory of planetary impact processes, an extreme

approximation is made: the impact energy is assumed to be instantaneously deposited in a region of

zero extent [11]. The compressed region is also called an isobaric core and assumed to be almost

spherical [165].

The simulations carried out so far show that macroscopic stopping mechanisms can be detected in

atomistic simulations in the case of Au cluster impacts on Au(111). The dependence of the macro-

scopic transition limit on the substrate type is not yet known. In addition to the strength of the mate-

rials, the width of the cluster plays an important role in theemergence of compression. The stength

of Au(111) is high, thus the compressed region is easily formed. In porous materials, the projectile

penetrates deep into the substrate and does not induce a widesurface crater [223]. An example of a

hypervelocity impact into a very low density material is a meteoroid impact on Earth’s atmosphere.

The stopping mechanisms discussed in Section 6.2.1 can be called small-size effects, because they

occur only at small cluster sizes. These effects include thepenetration of the cluster into the substrate,

disintegration of the cluster, and formation of a conical track bundle.

8.2 Expansion and cratering

The stopping and expansion phases are distinct in the macroscopic regime. The compressed region at

the bottom of the cavity is the starting point of the expansion. The impact energy is converted to poten-

tial energy, then the high pressure induces an explosive expansion. The expansion is strongest towards

the inner parts of the substrate if the cluster has entered atnormal angle. However, the compressed

region releases its energy to some extent in all directions.Therefore, the initially very directional

momentum is transformed to a radial momentum distribution which is however asymmetric.

The expansion induces a displacement cascade that is very much larger than the transient cavity after

the stopping phase. For instance, a 500 eV/atom Au160000cluster induces a crater that is 60 nm wide

and 20 nm deep.19 A hemispherical shock wave is emitted at the end of the expansion.

19This size is near the famous upper limit of nanoscience, which is 100 nm. A ten-times bigger nanoparticle would
induce a macroscopic crater according to this definition.
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The simulations in this thesis show, that the volume of the crater scales linearly with nuclearity for

large clusters (Figure 12), whereas in the small cluster regime scaling is nonlinear. Linear scaling

is typical for macroscopic hypervelocity impacts [11]. In Au, the transition to linear scaling occurs

belowN = 50000. The experimental ArN induced sputtering yields per cluster atom (Y/N) decrease

in Si atN = 2000−10000 and in Au atN = 200−1000, but the linear regime is not yet reached [224].

If we assume that the yield scales with crater volume, this supports the conclusion that the change to

the macroscopic regime is reached at cluster sizes not very much bigger than these.

The nonlinear scaling of crater volumes and sputtering are consequences of the fact that the energy

density increases in the near-surface cascade faster than nuclearity, and material escapes to the vacuum

from the center of the cascade (Section 6.2.2). When the energy is deposited into a relatively small

region inside the substrate, it is released mostly towards the inner parts of the substrate. It forms a

displacement cascade whose volume depends linearly on the deposited total impact energy. It is seen

in the simulations that the cascade expansion occurs beforethe main ejection of material in the large

cluster impacts. Therefore, it can be concluded that a near-surface cascade that emits atoms already

during the expansion phase is another small-size effect.

However, the crater volume per cluster atom is smaller in themacroscopic regime than it is in the case

of small clusters (VII , Fig. 3). This is related to the fact that a relatively large proportion of the impact



58

energy is dissipated outside the displacement cascade by the shock wave and thermal conduction in

the macroscopic impacts.

Cubic clusters were used in the simulations. In spite of the variable incident orientation, the crater

was hemiellipsoidal in all cases. The compression and expansion phases smooth the asymmetries

effectively, if the cluster is spherically symmetric. In macroscopic impacts, very long projectiles

induce asymmetric craters [225], and it has been shown theoretically that deviations from spherical

symmetry affect crater volume [226].

In the models of macroscopic impacts, the strength of the material is an important parameter that af-

fects crater volume [227]. The use of the macroscopic scaling laws to predict impacts of nanoparticles

is not directly possible, because of the extrapolation to a considerably smaller scale and because no

parameters are available for the idealized materials used in the MD simulations. However, the macro-

scopic scaling laws in the strength regime [11] seem to be an excellent framework to analyse the data

calculated from MD simulations, and to find more qualitativesimilarities in the future. Some com-

parisons to macroscopic scaling are already available in the case of moderate size clusters [60; 61].

8.3 Ejection of material

The pressure against the displacement cascade walls increases with the total impact energy. There-

fore, in energetic small cluster impacts, and especially inlarge cluster impacts in the macroscopic

compression regime, the atoms flow collectively against thecavity walls. This induces a flow out

from the cavity along the walls because the hard walls effectively arrest lateral expansion. The flow

bursts out to the vacuum and a crown around the cavity is induced above the surface as in the splash

of a water droplet [170]. Fast atoms are sputtered from the crown rim, while the crown continues

to grow (Figure 13). Eventually, fingers emerge on the top of the rim because of local variations in

the upstream velocity and because surface tension rapidly deforms the fastest moving parts to fingers.

Thus clusters of atoms are ejected from the tips of the fingersdue to the flow that causes finger growth

and because of surface tension.

Crown development is analysed in the Au simulations, but it isalso detected in the Si simulations,

hence the phenomenon is common to all materials that are dense enough to restrict expansion. The

crown outer diameter is larger than the cavity diameter. Forinstance, a Au161000 cluster at 500

eV/atom induces a crown with a diameter greater than 100 nm.

Splashes of liquids are also simulated with hydrodynamicalcontinuum models. In these models, a

perfectly spherical drop does not induce fingers but a uniform corona, unless artificial disturbances
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Figure 13: An example of crown development. The 30 nm wide views are from a 500 eV/atom
Au6800 impact on Au(111). At 5 ps the crown is growing just after flow sputtering has ceased. The
fingers are emerging at 10 ps and emit clusters at 20 ps. Finally, the crown has collapsed and a crater
rim is left at 50 ps. Some sputtered cluster are hovering above the surface.

are applied to the liquid and to the drop [170; 228]. The reason is that the hydrodynamic models

do not include atomic level randomness like MD models, and the crown is initially symmetric and

no disturbances exist in the flow. It has been found experimentally that the formation of fingers in

the spreading front on a solid surface develops in extremelyearly stages [229], which supports the

conclusion that they originate from atomic length scale inhomogeneities in the stream.

The simulations show that in the case of metals the fingers arethe main source of ejected clus-

ters, and the biggest clusters are always sputtered from thefinger tips (publicationIII and refer-

ences [153; 230]). The proportion of atoms sputtered in clusters increases with the total impact

energy, because the flow out from the cavity increases. It hasrecently been shown that in Si this pro-

portion also increases with nuclearity at a constant total impact energy [231]. PublicationIII shows

that crown sputtering has strong experimental support, because its characteristic features are observed

experimentally. For example, crown sputtering occurs later than direct flow sputtering from the sur-

face of the cavity, the velocity of material ejected from therim is lower than the material sputtered in

the earlier phases, and crown sputtering has a characteristic sputtering angle. It has also been found
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that the cluster ejection rate depends on the number of near-surface displacement cascades [232], and

collapsed fingers are observed with transmission electron microscopy [230].

The sputtered clusters are unstable and they fragment in a few nanosecond after sputtering [153].

Because some of them have very low velocity away from the surface, fragments may gain velocities

towards the surface. Therefore, some ejected material deposits back onto the surface, which decreases

the sputtering yield. If this effect is considered, the simulated and measured Au sputtering yields

induced by Au13 clusters agree quite well (III ).

8.4 Coherent displacements

Like crown sputtering, coherent displacements are typicalnot only for cluster impacts in the macro-

scopic regime, but also occur in energetic small cluster impacts [53; 200]. In coherent displacement,

a piece of crystal slides a small distance, typically a few Å,parallel to lattice planes. This occurs

around the cavity during the expansion phase due to the high pressure against the cavity walls. In this

study, the phenomenon is detected in Xe impacts (I ), in small Au cluster impacts (III ), and especially

in the large cluster impacts (VII ). Coherent displacement is detected also in Cu and Ni [53].

It is clearly seen in large cluster impacts that the cavity isdeformed according to the crystal symmetry,

because the strength of the material against pressure depends on the direction of the force in the

crystal. In addition, the coherent displacement forms symmetric patterns around the cavity. The

patterns are transient and the perfect crystal structure isreproduced in the cooling phase. However,

some permanent patterns are detected in the bottom of the recrystallized parts of the crater rim.

Zhanget al. have recently shown with MD simulations that strong pressure around cavities of large

cluster impacts can induce cracks in the material [166; 167]. In macroscopic impacts on metals, the

fracturing occurs at impact velocities higher than 1-2 km/s, depending on both the type of material

and strength of the particle [233]. Impact crater-related microstructures are also observed in polycrys-

talline materials [234; 235]. In brittle materials, a crackcan even propagate in front of the projectile

that is penetrating into the material, which decreases the stopping power [236]. The rather old models

of shock wave-induced sputtering [83; 84] may be valid in certain cases. The possibility of cracking

and coherent displacement as reasons for complex craters isdiscussed in section 7.3. These examples

show that fracturing is a common and important phenomenon inlarge cluster impacts. Because of

the importance of fracturing in everyday applications, it is one of the most significant future research

topics which can be explored with the help of large cluster impact simulations.
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9 CONCLUSIONS

In this thesis, molecular dynamics simulations have been utilized to study nanoparticle impacts on

gold, silicon and silica substrates. The results were compared with experimental observations and

with other computational results. A coherent picture of cluster impact dynamics was formed. It is

summarized with three simple models, which are the droplet model, the two component sputtering

model, and the expansion model. Applicability of the molecular dynamics method for nanoparticle

impact simulations was also considered.

The impact dynamics change with cluster nuclearity. Small mono-elemental clusters induce displa-

cement cascades near the surface of the substrate. The energy density inside the cascades increases

with cluster nuclearity, which is a consequence of the timing of energy dissipation processes. If the

total impact energy is large enough, a flow of atoms from the cascade to the vacuum occurs, while

the cascade is still expanding. The increasingly high energy density, together with the rapid escape

of atoms, is the reason for the nonlinear sputtering yields.Clusters of tens of thousands of atoms first

induce a compressed region at the bottom of a transient cavity, and only then energy is released to the

substrate from this high-pressure core, excavating a largecrater. The volume of the crater depends

linearly on nuclearity. In conclusion, nonlinear scaling can be regarded as a small-size effect.

A large cluster drills a clear cavity while stopping. However, a small cluster at around 1 keV/atom

can also weakly clear its way in amorphous Si. This does not necessarily increase its range.

The changes in the stopping mechanism with increasing impact energy per cluster atom explain the

decrease in sputtering yield which is observed experimentally in metals at lower energies than the

maximum of the nuclear stopping power. At high impact energies, only a portion of the impact energy

deposited on the surface layers affects displacement cascade development, and the main displacement

cascade is formed inside the substrate.

In addition to knock-on sputtering, which is the typical sputtering mechanism in low-energy

monatomic ion impacts, cluster impacts induce two other types of sputtering, which are called flow

sputtering and crown sputtering in this thesis. Crown sputtering becomes the most important mech-

anism when the total impact energy increases. The differentsputtering types have characteristic

velocities and angles, which makes it possible to detect their relative intensities experimentally. The

fragmentation of sputtered clusters and deposition of the sputtered material back onto the surface

must be taken into account when simulated and measured sputtering yields are compared.

In amorphous substances, the cluster impacts induce surface modifications over an area that is con-

siderably larger than the crater area. This is probably the explanation for the complex crater forms
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observed in native oxide-coated silicon surfaces. To simulate these long-range surface effects, areas

over 100 nm wide must be modelled, even at moderate energies and cluster sizes. The AFM con-

volution effect should be taken into account when the simulated and measured crater dimension are

compared.

The results of this thesis are in agreement with the experimental and computational results of others.

Thus it can be concluded that the main mechanisms of cluster impacts are now understood in mono-

elemental solids . It is possible to demonstrate the combined effects of the mechanisms on the scaling

of measurable quantities by simple models, although a general theory of cluster-induced sputtering

has not yet been developed.

Only a few simulation studies of very large cluster impacts have been carried out. With the comput-

ers that are expected to become available in the next five years, it will become possible to routinely

simulate effects of million-atom clusters on different substrates. These results can also benefit macro-

scopic impact research, especially research on failure formation. On the other hand, to advance the

computational research on small swift clusters, the effects of electronic excitation should be included

in the molecular dynamics models.
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