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Abstract

In this thesis, the impact process of cluster ions on solid surfaces was stud-

ied using molecular dynamics (MD) simulation. Cluster is an aggregated

material which consists of a few to thousand atoms. The impact process of

cluster ion on solid surface is of great interest because the e�ect of impact

by cluster ion cannot be explained by the summation of individual monomer

ions, and it is termed as `nonlinear e�ect.' In order to understand the non-

linear e�ect by cluster, the dynamics of collisional process between cluster

and solid surface should be examined. MD simulation is one method of

computer simulation to solve numerically the Newton's equation of motion

for each atom in the system using di�erence equation technique, so MD can

make it possible to trace the time evolution of coordinates and velocity for

every atom with high resolution.

The basic theory of molecular dynamics and the acceleration method

are described in chapter 2. For this study, the original MD program was

developed, which can accelerate the calculation speed of collisional process

of high-energy atoms with a solid surface by applying di�erent timestep to

each atom depending on its velocity. Due to this acceleration technique

and recent progress in computers, it can be possible to simulate the system

with a large number of atoms, or more than hundred simulations in order

to obtain statistics.

In the following chapters, MD simulation is used to examine the im-

pacts of various types of clusters on a number of well de�ned substrates.

Chapter 3 describes the typical impact process of cluster on solid surface

examined using large argon cluster and silicon substrate. The di�erences

between cluster and monomer impact are shown in penetration range, dam-

age formation and sputtering. The energy dependence of penetration depth

of cluster was examined and it was fond that the penetration depth is pro-
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ii Abstract

portional to the cube root of the incident energy. This is due to a large

number of collisions between cluster atoms and surface atoms, which cause

isotropic propagation of incident energy. Through this multiple-collision

process, a crater-shaped damage is formed on the surface.

In chapter 4, the impacts of carbon cluster onto carbon substrate are

examined both by MD simulation and experimentally. Carbon is a suitable

material to generate well-de�ned small size clusters such as C7, C19 and

C60 in experiments. It was found that the penetration depth of carbon

clusters with several keV/atom is similar to that of monomer ion, but a

larger number of displacements are formed with the cluster size of larger

than 10. From this study, the boundary size of cluster size where a cluster

shows the nonlinear e�ect is discussed.

Shallow junction formation by boron cluster implantation into silicon

substrate is discussed in chapter 5. Decaborane (B10H14) is a stable ma-

terial of boron cluster and each boron atom can be irradiated with 1/10

energy of the total acceleration energy. This implies that the low-energy

implantation can be obtained easily. The penetration depth by B10H14 is

shown to be the same as that by boron monomer ions with same accelera-

tion energy per atom. Furthermore, it is found that B10H14 implantation

can form larger number of displacements in the near surface region, with

lower atomic dose than monomer ions. The high-yield damage formation on

the surface suggested to suppress the transient enhanced di�usion (TED).

These properties of B10H14 implantation are considered as advantageous

for small LSI fabrication.

In chapter 6, the impact of 
uorine cluster and neon cluster onto sili-

con substrate are compared, in order to examine the sputtering e�ect by

reactive cluster ion. Fluorine cluster shows higher sputtering yield than

both 
uorine atom and neon cluster at low energy region. It is suggested

that the high-density atomic and energy deposition by cluster ion impact

prompt the formation of volatile silicon-
uoride materials and desorption

of 
uoride materials. As the incident energy increases, 
uorine and neon

cluster shows similar sputtering yield because the physical sputtering e�ect

through atomic collisions is major e�ect in high energy region.

From these results, characteristics of cluster ion impact depending on
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incident energy, cluster size and cluster and substrate species are discussed.
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Chapter 1

Introduction

1.1 Kinetics in Macro and Microscopic Scale

In the 17th century, the motion of celestial bodies was the subject of most

interest among scientists. Numerous data were collected with careful ob-

servation by Tycho Brahe, Kepler and Galilei. From these results, Kepler

and Galilei determine a number of laws about motion of objects.

Sir Isaac Newton, the most famous physicist and mathematician in the

17-18th centuries, proposed three laws about motion and described his idea

using a new mathematical concept developed by himself 1). First, he explic-

itly de�ned the parameters such as coordinates, velocity and acceleration,

in order to describe the motion of an object. Then, he formulated the rela-

tionships between these parameters in the manner of di�erential equations.

In these works, he introduced a simple formula of force between two ob-

jects, which is proportional to the product of masses of two objects and to

the inverse square of the distance (ra) between them. His theory and math-

ematical method were successful in explaining the motion of celestial and

other objects. For example, he proved that, if the motion of two bodies is

governed by a force which depends on r�2a , their trajectories give an ellipse,

parabola or hyperbola curve: this is a generalization of Kepler's law 2).

Another system in which a physical phenomenon is described as the

motion of isolated objects was found on a very small scale, about the order

of 10�9m. During the middle 19th to the early 20th century, the kinetic

theory of gases based on atomism was established by Maxwell, Boltzmann

and Einstein. On the other hand, many experiments were done to prove the

1
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existence of atoms and molecules by Perrin et al. Geiger and Marsden 3)

made experiments of �-ray collision on gold �lm and Rutherford 4) explained

the structure of the atom from their results. As the atomic hypothesis

became explicit, the material began to be considered as a bulk of small and

rigid particles. The properties of materials started to be analyzed with the

consideration of interactions between many atoms, instead of continuous

properties such as density, temperature and pressure.

1.2 Atomic Collisional Processes in Solids

The motion of energetic atoms in a solid is an attractive subject not only

for physics but also for materials engineering because the collisional process

provides the method to control the composition and structure of materials.

In order to understand the motion of atoms in solids, it is essential to �nd

suitable descriptions of the forces between atoms. Unlike celestial objects

in space, the nucleus is usually surrounded by electrons which cause the

`screening e�ect.' The motion of electrons in such a small scale became

to be understood by the development of quantum mechanics in the early

20th century, which is based on the solution to the Schr�odinger equation

deals with the `duality' of electrons as waves or as particles. This was

a new and di�erent concept from classical Newtonian mechanics. Inter-

atomic force including electrons was studied using quantum mechanics by

many physicists such as Bohr 5), Thomas 6), Fermi 7) and Firsov 8). Addi-

tionally, incident atoms also interact with free electrons in the material and

a�ected electrons can be excited, which is termed as `electronic stopping.'

Lindhard and Schar� 9) developed the electronic stopping theories based

on the Thomas-Fermi model. Due to the complexity of the mechanisms

a�ecting one atom, these interatomic forces cannot be solved analytically

except in some speci�c cases.

In collisional process of ions in solid, there usually is a contribution of

multiple atoms di�erently from atoms in gases. This is also one of the

more di�cult points to analyze the collisional process of atoms. However,

at middle incident energy range (1-100keV), it is possible to consider the

impact process as a sequence of the collisions of a projectile atom and one
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target atom in a solid. This `binary collision' approximation is supported

by the fact that the range of signi�cant interatomic force for the collision is

shorter than distances of target atoms in the bulk because of the screening

e�ect, and the collisional process lasts for times in the order of 10�15s,

which is much less than the lattice vibration period of atoms.

Under the binary collision approximation, the impact parameter, which

is given by the initial coordinates of projectile and target atoms, for each

collision and collision frequency can be given randomly from the density

of materials. Lindhard, Schar� and Schi�tt solved this stochastic process

analytically and succeeded to obtain the implant range and distribution of

implanted atoms in a solid 10). The possible e�ects occurring during the

irradiation of a substrate are point defects formation (creation of vacancies

or interstitials), removal of atoms from the surface (sputtering), as well as

physical and chemical adsorption. Sigmund 11) proposed a linear cascade

theory, which is based on the assumption that the energetic atoms including

both projectile and knocked-on target atom do not interact with each other

but only collide with a static target atom. He developed the equation of

transport of an energetic target atom in the solid and derived the formula to

explain the sputtering yield depending on incident energy of the projectile.

These theories showed good agreement with experimental results and

contributed to the progress of the ion beam engineering in industrial appli-

cation such as ion implantation and ion beam sputtering.

1.3 Cluster Ion Impact and the Nonlinear E�ect

Cluster, an aggregate consisting of a few to thousand atoms, is an interest-

ing topic of study because of its di�erent properties from both atomic and

bulk states. The collisional process of a cluster also shows the interesting so-

called `nonlinear' e�ect. `Nonlinear' means that the e�ect of cluster impact

cannot be explained by summation of the single ion e�ect. For example,

Benguerba et al. irradiated with gold cluster having the size ranging 1 to 5

on organic and metallic targets, and they found that the yield of secondary

ion emmision per atom is largely enhanced by cluster irradiation compared

with a monomer with the same energy-per-atom 12).
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The nonlinear e�ect of cluster impact has been introduced into indus-

trial use in various studies by Yamada and co-workers at Kyoto Univer-

sity 13, 14, 15). They developed a high current gas cluster ion source and

showed that the irradiation by large gas clusters, Ar, O2 and SF6 with

mean size of about 2000, can be used for high-quality thin �lm forma-

tion 16, 17), surface smoothing 18, 19) and etching 20) processes. On the other

hand, it was found that shallow implantation can be achieved by decaborane

(B10H14) implantation with ten times higher acceleration energy than con-

ventional B monomer ion implantation and high-performance small p-MOS

with 40nm of gate length can be fabricated 21, 22). These results indicate

that the cluster ion process has many advantages compared to the monomer

ion beam process.

The collisional process between a cluster and a solid surface is still not

understood as well as that of a single atom, because the collisional process

depends on a cluster size, shape and density, which are not necessary for

a single atom impact. In case of the collision of a cluster with a solid,

interactions among more than three atoms should be considered, so that a

simple binary collision approximation cannot be applied for analyzing the

collisional process of cluster. It was shown that, if a cluster is considered

as one large and heavy particle, the stopping parameters of the cluster can

be calculated by introducing a correlation function to describe shape and

density of the cluster 23). However, it is hard to describe the evolution of the

correlation function itself, i.e. when a cluster collapses and the nonlinear

e�ect is lost. Because of the various new technological applications of cluster

ion beam technique, it is an issue of high priority to establish a theory for

the dynamics of cluster impacts on solid targets.

1.4 Computer Simulation of Atomic Collision

Due to the advancements in computers, it became possible to calculate the

trajectory of a high energy ion directly and to derive statistical properties of

ion irradiation through a certain number of trials. The binary collision pro-

cess was studied using Monte-Carlo (MC) computer simulation by Oen 24),

Robinson 25), Biersack 26) and Ziegler 27). These simulations basically rep-
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resent the Lindhald and Sigmund theory mentioned in the section 1.2; the

impact parameter and mean free path are given randomly and interactions

between high-energy projectile and knocked-on atoms are ignored. MC sim-

ulations made it possible to examine the evolution of a collision cascade,

the formation of damage as well as ion-beam mixing and sputtering, not

only for a single, but also complex materials, which is a more di�cult case

to be solved analytically.

Binary collision simulations were successful in analyzing the impact pro-

cess of a single atom, however, as mentioned previously, this method is not

available for analyzing the cluster impact process. In order to analyze the

collision of cluster and solid, it is required to describe the motion of all atoms

concerned in the collisional process, and to establish and solve numerically

the Newton's equation of motion for all atoms in the system. This method

is termed as `molecular dynamics (MD)' simulation. The concept of MD

is simple but longer computational time and larger memory resources are

required than the MC method based on binary collision theory. However,

MD simulation can provide atomic and structural information which is not

possible by other methods, such as channeling e�ect, and time and space

evolution of atomic coordinates in the order of fs to ps, which are like in-

situ and real-time observations. The idea of MD simulation was proposed

by Alder and Wainwrite in 1957 28) and they found the phase transition

mechanism of hard-sphere particles in 1959 29). Rahman 30) and Verlet 31)

simulated about thousand argon atoms in liquid phase using Lennerd-Jones

potential model and showed good agreement in thermodynamical proper-

ties under various temperature and pressure conditions between `real' and

`computer' experiments.

The analysis of the collisional process of cluster ion using MD simulation

started in around 1990. Shulga 32), Averback 33) and Insepov 34) performed

MD simulations and explained the nonlinearity of cluster impact depend-

ing on the particle (mass ratio of cluster to target atom), cluster size and

incident energy. As the performance of computers was improved and the

price decreased, larger and more complex systems can be treated by MD

simulations. Recently, Moseler et al. 35) simulated the cluster ion deposi-

tion through sequential irradiation. The system in simulation rapidly ap-



6 Chapter 1. Introduction

proaches the real experimental condition and the nonlinear e�ects of cluster

impact can be analyzed more precisely by computer simulation.

1.5 Purpose of Study and Structure of the Thesis

As mentioned in section 1.3, the cluster ion beam process is expected to

provide a solution to the problems which arise in the conventional ion beam

engineering. In order to apply the cluster ion beam to the industrial �eld,

it is important to establish the theoretical background about cluster ion

impact. This study is aimed to understand the nonlinear collisional process

of cluster ion impact using molecular dynamics (MD) simulation. The

structure of the thesis is as follows:

The basic theory of MD is described in chapter 2. MD simulation is a

suitable method to analyze the atomic collisional process with high time

and space resolution, but it requires longer calculation time than the Monte-

Carlo method under binary collision approximation. Chapter 2 describes

the design of MD simulation for atomic collisions and explains the method

to accelerate the MD calculation which is especially useful for the collisions

between high-energy particles and static solid target atoms.

In the following chapters, MD simulation is used to examine the impacts

of various types of clusters on a number of well de�ned substrates. In chap-

ter 3 and 4, basic characteristics about cluster ion impact are discussed

by MD simulations of argon and carbon clusters. Chapter 3 deals with

the impact process of Ar cluster on Si solid surface, because it is an inert

gas with no chemical reaction with the surface. The e�ect observed with

Ar cluster will reveal e�ects of mass and energy impact with no e�ects of

chemical identity of the ion. The di�erences between cluster and monomer

impact are shown in penetration range, damage formation and sputtering.

In chapter 4, the impact of carbon cluster onto a carbon substrate is exam-

ined. Experiments of carbon cluster irradiation were also performed under

similar condition of energy, cluster size and species to MD. The simulation

and experimental results are compared and the size dependence of implan-

tation range and damage formation yield at the energy range of several

keV/atom are discussed.
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Chapter 5 deals with shallow junction formation by B cluster implan-

tation. Decaborane (B10H14) is a stable molecule which can be considered

as a boron cluster and it has been shown that the low-energy implantation

can be obtained easily using B10H14. By MD simulations of small B cluster

implantation, the penetration depth, implant e�ciency and damage forma-

tion are examined and the advantages of cluster ion implantation from the

view point of LSI fabrication.

In chapter 6, the sputtering e�ect by reactive cluster ions is examined. It

has been observed that higher sputtering yield can be achieved by reactive

cluster ion impact, such as SF6 cluster on Si target, because high-density

atomic irradiation high-density energy deposition e�ect. The impacts of


uorine and neon cluster onto silicon substrate are compared using MD

simulations. The energy dependence of sputtering yield and distribution of

sputtered products are examined and the sputtering mechanism by reactive

cluster ions is discussed.

From these results, characteristics of cluster ion impact depending on

incident energy, cluster size and cluster and substrate species are summa-

rized in chapter 7.





Chapter 2

Development of MD Program for

Atomic Collisions

In this chapter, the elemental topics about MDmethods, such as integration

algorithm, potential model and boundary conditions are explained. The

original MD code `MDsim' was developed for this study. We also discuss

the acceleration and optimization methods for the MD simulation for high-

energy atomic impact on a solid target.

2.1 Integration Algorithm

Molecular dynamics (MD) is the way to calculate the time evolution of

atomic coordinates by solving di�erential equation numerically 36). An ob-

ject in a system moves under Newton's law of motion. The classical New-

ton's equation of motion for an object in the system 2) is given by

dv(t)

dt
=

d2r(t)

dt2
=
F (t)

m
; (2.1)

where F is the force a�ecting on the object, which has mass of m, velocity

v and coordinate r at the time of t. If the time is advanced or disadvanced

by a short time-step, �t, the coordinate r(t��t) can be approximated to

r(t��t) ' r(t)�
dr(t)

dt
�t +

1

2

d2r(t)

dt2
�t2

= r(t)� v(t)�t +
1

2

F (t)

m
�t2; (2.2)

using Taylor's expansion theory. The summation of r(t+�t) and r(t��t)

in eqn. (2.2) leads to the formula to calculate the coordinate, r, at t +�t

9
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from the one at t��t and t,

r(t+�t) = �r(t��t) + 2r(t) +
F (t)

m
�t2: (2.3)

This method is termed as Verlet's algorithm 31). In the Verlet's algorithm,

v(t) can be derived from the di�erence of r(t+ �t) from r(t��t),

v(t) =
r(t+�t)� r(t��t)

2�t
: (2.4)

The leap-frog method 37, 38) is another representation of Verlet's algo-

rithm, with which r(t) and v(t+ �t
2
) lead to r(t +�t),8>>>><

>>>>:
v(t+

�t

2
) = v(t�

�t

2
) +

F (t)

m
�t

r(t+�t) = r(t) + v(t+
�t

2
)�t

: (2.5)

In the leap-frog method, both the coordinate and the velocity can be stored

and their time evolution can be calculated. For each time step, the velocities

for current time t may be calculated by formula:

v(t) =
v(t� �t

2 ) + v(t+ �t
2 )

2
= v(t �

�t

2
) +

1

2

F (t)

m
�t; (2.6)

and the total energy H = K + � (where K:kinetic energy, �:potential en-

ergy) can be calculated at the same time t as for potential energy. This is

necessary because for an isolated system the total energy should be con-

served. Therefore, this is the main test for any MD program to be run

correctly.

The leap-frog method is useful when the velocity is required at the same

instant for reasons of kinetic energy calculation, applying friction force for

Langevin dynamics (shown in section 2.3.2), etc. The MDsim code applies

the leap-frog method to time integration algorithm.

2.2 Interatomic Forces

2.2.1 Potential Models

Usually, the interactions between atoms are described in the form of poten-

tial energy depending on the interatomic distance. The force on particle i
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can be given by the derivative of the potential function,

F i = �
@

@ri

�tot(r1; r2; : : :): (2.7)

In this formula, the total potential energy of �tot can be expanded according

to the number of atoms to construct the potential model as following,

�tot(r1; r2; : : :) =
X
i

�1(ri)+
X
i<j

�2(ri; rj)+
X

i<j<k

�3(ri; rj ; rk) + : : : ; (2.8)

where the
P

i<j notation indicates a summation over all distinct pairs i

and j without counting any pair twice. The �rst term in eqn. (2.8), �1(ri),

represents the e�ect of an external �eld on the system. The remaining terms

represent interactions between particles. The �2 and �3 are termed as two-

body and three-body potential, respectively. Large number of potential

models have been proposed in order to represent the properties of various

atoms. The interatomic potentials applied used in this study are described

as follows.

ZBL model

In usual atomic collisional process with the energy ranging from several

eV to several tens keV, the interaction between atoms can be described

as 2-body potential model taking into account the screening e�ect. The

`screening e�ect' is that the Coulomb interaction between nuclei of atoms

in the collisional process is compensated by the charge due to the electrons

surrounding the nuclei, so that the screened Coulomb potential can be

formulated as;

�(r) =
Z1Z2e

2

4�"r
�(r); (2.9)

where Z1 and Z2 are the atomic number of two atoms and r is the inter-

atomic distance. Various types of the screening function, �(r), have been

proposed. In the MDsim code, the screening function developed by Ziegler,

Biersack are Littmark 27) is applied to the interactions concerned with rare

gas atoms such as Ar and Ne. In the ZBL model, the screening function,

�ZBL(r), is given as the function of the interatomic distance r and scaling
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parameter a;

�ZBL(r) =
4X

i=1

ci exp

�
�di

r

a

�
;

4X
i=1

ci = �(0) = 1; (2.10)

and

a =

 
9�2

128

!1=3
aB

Z
1=3
12

; Z12 = (Z0:23
1 + Z

0:23
2 )3; (2.11)

where aB is the �rst Bohr radius. The screening parameters, (ci; di), in eqn.

(2.10) are given by 27),

(ci; di) = (0:028171; 0:20162);

(0:28022; 0:40290);

(0:50986; 0:94229);

(0:18175; 3:1998): (2.12)

The ZBL potential model monotonically decreases with increasing inter-

atomic distance, but does not expire at long distance. In order to reduce the

calculation time in MD simulation, it is required to introduce a cut-o� ra-

dius as mentioned in the following section. Thus, the ZBL potential model

are modi�ed to reduce to 0 at cut-o� length (rc) using a spline function of

3rd order,

�ZBL0(r) = �ZBL(r)S(r) (2.13)

S(r) =

8>>><
>>>:

1 (r < a)

(2r � 3a+ b)(r� b)2

(b� a)3
(a < r < b)

0 (b < r)

: (2.14)

In this study, the a and b in eqn. (2.14) are set at 0:8rc and rc, respectively,

and rc usually is the bond length of molecule. The interactions concerned

with rare-gas atoms, such as Ar and Ne, are described with only repulsive

potential of the ZBL model. This is because, for example, the binding

energy of Ar{Ar and Ar{Si are considered to be less than 0.1eV, and this

energy is much less than the incident energy of ions, which is in the range

from several-eV to several-keV, and the binding energy between Si atoms,

which is about 2eV.
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Table 2.1: Parameters of Stillinger-Weber potential for silicon 39).

� (eV) 2.1673 � (�A) 2.0951

a 1.8

A 7.049556277 B 0.6022245584

p 4 q 0

� 21.0 
 1.20

Stillinger-Weber model

The multi-body terms, �3 and other terms with relating to more atoms

described in eqn. (2.8), represent the e�ect of the coordination of atomic

bond, which becomes more signi�cant when the dynamics of solids and the

structure of the molecule are considered. Stillinger and Weber 39) developed

a potential model to describe the structure and properties of silicon at both

solid and liquid phase. The Stillinger-Weber (SW) potential is formulated

as;

�2(ri; rj) =

8><
>:
�A

�
B
� rij

�

�
�p

�
� rij

�

�
�q
�
�exp

h� rij
�
� a

�
�1
i

(if rij=� < a)

0 (if rij=� � a)

;(2.15)

�3(ri; rj ; rk) = h(rij; rik; �jik) + h(rjk; rji; �kji)

+ h(rki; rkj; �ikj); (2.16)

h(r1; r2; �) = �� exp
h



��
r1
�
� a

�
�1

+
�
r2
�
� a

�
�1
�i

� (cos � + 1
3
)2; (2.17)

where rij , for example, is the distance between atom i and j, and �jik is

the angle around atom i formed by i-j and i-k bonds. The parameters of

this potential model for Si atom are shown in table 2.1. As shown in eqn.

(2.17), the element of three-body potential, h(r1; r2; �), gives the minimum

value of 0 at cos � = �1=3, which means that the three-body term induces

the silicon atoms to form the tetrahedral structure, whereas the two-body

term gives the bond length and the binding energy of silicon.

The interatomic potentials between F{F and Si{F were also developed
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by Stillinger et al. 40, 41, 42) and modi�ed by Weaklime et al. 43) in a similar

manner to that of Si atoms. The 2-body terms for F{F and Si{F are given

by;

�2;FF(r) = �FFAFF(r
�8

� r
�4)exp

��
r

�FF
�aFF

�
�1
�
; (2.18)

�2;SiF(r) = �SiFAFF(BSiFr
�3 � r

�2) exp

�

SiF

�
r

�SiF
�aSiF

�
�1
�
; (2.19)

and 3-body elements depending on the atomic species are given by;

hFFF = �FFAFFF(r1r2)
�4 exp

��
r1
�FF

�aFF

�
�1
+
�

r2
�FF

�aFF

�
�1
�

+ (50� 25 cos2 �)

� exp

�

FFF

��
r1
�FF

�bFF

�
�1
+
�

r2
�FF

�bFF

�
�1
��

; (2.20)

hSiSiF = �SiFASiSiF

��
cos � + 1

3

�2
� cSiSiF

�

� exp

�

SiSiF

��
r1

�SiF
�aSiF

�
�1
+
�

r2
�SiF

�aSiF

�
�1
��

; (2.21)

hSiFSi = �SiFASiFSi exp

�

SiFSi

��
r1
�SiF

�aSiF

�
�1
+
�

r2
�SiF

�aSiF

�
�1
��

;(2.22)

hSiFF = �SiFASiFF exp

�

SiFF

��
r1
�SiF

�aSiF

�
�1
+
�

r2
�SiF

�aSiF

�
�1
��

; (2.23)

hFSiF = �SiF

h
AFSiF (cos � � cos 103�)2 � cFSiF

i
� exp

�

SiSiF

��
r1

�SiF
�aSiF

�
�1
+
�

r2
�SiF

�aSiF

�
�1
��

: (2.24)

The SW potential parameters for F-F and Si-F are given in table 2.2.

Terso� model

As for the interaction between carbon atoms, Terso�'s empirical model

potential 44) is applied. The Terso�'s model is formulated as follows;

E =
X
i

Ei =
1

2

X
i6=j

Vij ; Vij = fC(rij)[fR(rij)� bijfA(rij)]; (2.25)

where fC(rij) is a cut-o� function that restricts interactions to nearest

neighbors, fR(rij) and fA(rij) are Morse-like pair functions of the inter-

atomic separation, rij , and bij is a many-body function that can be regarded
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Table 2.2: Parameters of Stillinger-Weber potential for 
uorine{


uorine and silicon{
uorine 40, 41, 42, 43).

�FF (eV) 1.66 �FF (�A) 1.2141

aFF 3.6 bFF 2.8

AFF 6.052463017 AFFF 8.4


FFF 3

�SiF (eV) 2.1673 �SiF (�A) 2.0951

aSiF 1.8 
SiF 1.339450

ASiF 21.199221 BSiF 0.546418

ASiSiF 3.624533 cSiSiF 0.218615


SiSiF 0.463088 ASiFSi 50.874092


SiFSi 1.371580 ASiFF 2.792073


SiFF 1.0 AFSiF 22.406434

cFSiF 2.068601 
FSiF 0.890132

as an e�ective Pauling bond order;

fR(rij) = A exp(��rij); (2.26)

fA(rij) = B exp(��rij); (2.27)

fC(rij) =

8>><
>>:

1 (rij < R)
1

2
+
1

2
cos

�(rij �R)

S �R
(R < rij < S)

0 (rij > S)

; (2.28)

bij = (1 + �
n
�
n
ij)
�

1

2n ; (2.29)

�ij =
X
k 6=i;j

fC(rik)g(�jik) ; and (2.30)

g(�jik) = 1 +
c
2

d2
�

c
2

d2 + (h� cos �jik)2
(2.31)

where �jik is a bond angle. This potential is suitable to describe equilibrium

properties in various phases of carbon, such as graphite and diamond, but

is not suitable at the high-energy collisional condition because the 2-body

repulsive term, fR(rij) in eqn. (2.26), gives �nite value at rij = 0. In order

to simulate collisions of high-energy ions, fR(rij) is replaced by the ZBL

model given by eqn. (2.9), when the rij is less than 0.4069�A. The di�erence

in potential energy between the two models at this distance is 136.97eV.
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Table 2.3: Parameters of Terso� potential model for carbon 44).

A(eV) 1:3936�103 B(eV) 3:467�102

�(�A�1) 3.4876 �(�A�1) 2.2119

� 1:5724�10�7 n 7:2751�10�1

c 3:8049�104 d 4:384�100

h �5:7058�10�1

R(�A) 1.8 S(�A) 2.1

This energy is subtracted from the ZBL potential at rij < 0:4069�A to

connect these two potential curves and their derivatives smoothly. Thus,

the repulsive part of Terso�'s model is replaced by

fR0(rij) =

(
�ZBL(rij)� 136:97eV (rij < 0:4069�A)

fR(rij) (rij � 0:4069�A)
: (2.32)

The parameters for eqn. (2.26)-(2.31), and the modi�ed potential curve

given by eqn. (2.32) are shown in table 2.3 and �gure 2.1, respectively.

2.2.2 Cut-o� Radius

As the number of atoms to deal with for potential calculation becomes

larger, longer simulation time is required. For the calculation of m-body

potential in the system with N atoms, the number of pairs taken into con-

sideration counts up to the order of Nm. In order to reduce the calculation

time, the usual potential functions, except the long range force such as

Coulomb force, are designed to have the cut-o� radius | the maximum

atomic distance in which a surrounding atom a�ects on the central atom.

In the case of SW potential model in eqn. (2.15){(2.17), for example, the

cut-o� radius can be set at �a. By introducing the cut-o� radius, the num-

ber of atoms for potential calculation considered as constant, is a few or

several tens atoms, so that the calculation times can be reduced from the

order of Nm to N .
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Figure 2.1: Modi�ed potential curve of the repulsive part in Terso�

potential model for high-energy atomic collision.

2.3 Boundary Conditions

2.3.1 Periodic Boundary Conditions

The problem of surface e�ects can be overcome by implementing periodic

boundary conditions (PBC). A schematic of 2-dimensional PBC is shown

in �gure 2.2. The central box is replicated throughout the space to form

an in�nite lattice. If an atom moves in the original box (framed with thick

line), its periodic image in each of the neighboring boxes moves in exactly

the same way. Thus, if an atom leaves the central box, such as the atom `a'

in �gure 2.2, one of its images will enter through the opposite face, which

is shown as `a0'

In a course of simulation, the relative distance between two atoms might

be modi�ed according to the original position of them. Figure 2.3 shows

the schematic of 1-dimensional PBC. The original periodic cell with the

periodic length L(= L1; L2) and the two atoms, `O' and `a', are drawn with

thick line. In �gure 2.3, the atom `a' can be considered to be out of the
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Figure 2.2: Schematic of 2-dimensional periodic boundary condition.

O aa'

L1

L2

L
Oa

Oa'

Figure 2.3: Schematic of mapping method under 1-dimensional peri-

odic boundary condition. If Oa > L=2, the atom a is wrapped to a0

and the distance Oa0 is calculated as Oa � L.
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Thermal Bath
by Langevin Dynamics

Free
Molecular Dynamics

y

x

z

Figure 2.4: Boundary conditions of MD simulation in this study.

periodic cell from the view point of the atom `O', which is indicated as L2,

so that the interatomic distance between `O' and `a' should be considered

as one between `O' and the periodic image `a0'. Thus, the relative distance

Oa is given by,

Oa =

8><
>:
Oa0 = Oa� L (Oa > L=2)

Oa0 = Oa + L (Oa < �L=2)

Oa (else)

: (2.33)

This formula can be applied to the calculation under 2- or 3-dimensional

PBC. The PBC cannot be applied if the interatomic force is governed by

long range potential. In order to simplify the implementation of PBC, the

periodic length L should be longer than double the cut-o� radius mentioned

in section 2.2.2, otherwise the force calculation should take into considera-

tion the contributions of both original and duplicated atoms.
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2.3.2 Temperature Control

Figure 2.4 shows the boundary conditions of the system used in this study.

The 2-dimensional periodic boundary condition is applied in the two hori-

zontal x and y directions. The boundary in the upper z-direction is free and

the atoms in bottom 4 mono-layers are �xed keeping the bulk structure.

The several mono-layer atoms on �xed layers act as thermal bath. This

thermal bath releases the excess kinetic energy out of the system because

the solid target is irradiated with monomer and cluster ions with up to

several tens keV.

The motion of atoms in the thermal bath is governed by Langevin Dy-

namics 45, 46). The classical Langevin dynamics for 1-dimensional system is

described as the stochastic di�erential equation about velocity v,

_v(t) = �
v(t) +A(t); (2.34)

where 
 and A are the friction coe�cient and the acceleration by a ran-

dom force, respectively. If A(t) represents a Gaussian random process, it

should satisfy the following condition about the average, hA(t)i, and the

autocorrelation function, hA(t)A(t+ �)i;

hA(t)i = 0 (2.35)

hA(t)A(t + �)i = 2 ~D�(�); (2.36)

where �(�) is a delta function and 2 ~D gives the variance of A. The Fourier

transformation of eqn. (2.34) can be given by

~vT (!) =
~AT (!)

i! + 

: (2.37)

In eqn. (2.37), ~vT (!) and ~AT (!) are Fourier-transformed expressions of v

and A clipped by window function, respectively:

~XT (!) =

Z
1

�1

�T (t)X(t) exp(�i!t)dt (2.38)

�T (t) =

(
1 (�T=2 < t < T=2)

0 (else)

(X � A; v):
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Eqns. (2.36) and (2.38) lead to the spectral density of ~AT (!) and ~vT (!),

SA(!) = lim
T!1

1

�T
j ~AT (!)j

2

=
1

�

Z
1

�1

hA(t)A(t + �)i exp(�i!�)d�

=
1

�

Z
1

�1

2 ~D�(�) exp(�i!�)d�

=
2 ~D

�
; (2.39)

and

Sv(!) = lim
T!1

1

�T
j~vT (!)j

2

=
1

�

Z
1

�1

hv(t)v(t+ �)i exp(�i!�)d�

=
1

!2 + 
2
SA(!)

=
2 ~D

�(!2+ 
2)
: (2.40)

The simple equation of autocorrelation function of v can be given by second

and forth formula in eqn. (2.40),

hv(t)v(t+ �)i =
1

2

Z
1

�1

Sv(!) exp(i!�)d� =
~D



exp(�
�): (2.41)

If � converges to 0, the left term in eqn. (2.41) gives the variance of ve-

locity, which is kbT=m if v allows Boltzmann distribution (kb: Boltzmann

constant, T : temperature, m: mass of object). Thus, eqn. (2.41) leads to

the relationship between ~D and 
,

~D =
kbT


m
: (2.42)

Consequently, the probability of a random acceleration A is given as the

Gaussian distribution;

P (A) =
1p

2� 2 ~D
exp

 
�

A
2

2(2 ~D)

!
: (2.43)
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In the MDsim code, the P (A) is approximated to uniform distribution

P (A) ' P
0(A) =

8<
:

1

6
p
2 ~D

(�3
p
2 ~D < A < 3

p
2 ~D)

0 (else)
: (2.44)

Thus, the acceleration by random force A can be generated by following

formula,

A = 3

q
2 ~D(1� 2R[0; 1]) = 3

s
2kbT


m
(1� 2R[0; 1]); (2.45)

where R[0; 1] is random value uniformly distributed on 0 to 1.

2.4 Acceleration Methods for MD Calculations

2.4.1 Book-keeping Method

It is a signi�cant subject to accelerate the calculation speed of MD simu-

lation. If the potential model is described with the cut-o� length (rc) ex-

plained in section 2.2.2, the book-keeping method, which is one of the most

conventional and e�cient methods to accelerate the calculation speed, can

be applied. In the book-keeping method, each atom has the list of neighbor-

ing atoms which reside within the cut-o� sphere. This `book-keeping' list

can be updated after a certain number of time-steps. In this method, up-

dating the list takes a time of O(N2), however, the time for usual potential

calculation can be reduced to O(N).

The cut-o� radius for the book-keeping list, rlist, should be long enough

for another atom not to come into the rlist sphere until the next update

time. Thus, the minimum rlist is given by

rlist � rc + u � vmax�t; (2.46)

where u and vmax are frequency of list-update and maximum velocity in

the system, respectively.

2.4.2 Linked Cell Method

Another conventional method for acceleration is the so-called `linked cell'

method. In this method, the space is divided into cubic cells, as shown in
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rlist

Figure 2.5: Schematic of linked cell method.
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�gure 2.5. The length of the cell is set at larger than rlist. Every atom in the

system is distributed in one of these cells at similar frequency with the book-

keeping method. In the course of simulation, the neighboring atoms within

the rc sphere will be found from the cell where the atom of interest itself

belongs, and the cells surrounding. In the linked-cell method, the number

of atoms to be considered during the force calculation is several times larger

than that of the book-keeping method. However, every procedure in the

program, such as distributing the atoms and searching neighboring atoms

will be �nished within the O(N) order, and less memory resources are

required than in the book-keeping method. If enough memory resources

are available, it would be a more e�cient method to use both the book-

keeping and the linked-cell methods; atoms are distributed in cells �rst,

and then book-keeping lists are made in the manner of linked-cell method.

2.4.3 Di�erent Time-step Method

The displaced length, �ri, with which the atom i moves during time-step,

�t, is given by vi(t + �t=2)�t. This indicates that the time-step should

be set short enough to keep the precision, which usually depends on vi. As

for the usual MD simulation of high-energy ion impacts on a solid surface,

the time-step should be decided depending on the velocity of the incident

atom, which is extremely high compared with that of target atoms, i.e. the

target atoms in the majority are simulated on excessive precision.

The di�erent time-step method is the way to apply independent time-

step to each atom according to its velocity and accelerate the calculation

speed of high-energy atomic collisional process. If the maximum displace-

ments per 1 time-step, �r, is given, the `short' time-step can be given by

�tshort =
�r

vi
; (2.47)

where the vi is the maximum velocity in the system, which usually corre-

sponds to the velocity of an incident atom. On the other hand, the MD

calculation for almost all of atoms in the system can be done with a longer

time-step than �tshort,

�tlong =
�r

vs
; (2.48)
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where vs is considered as the maximum velocity only among the substrate

atoms. Thus, the maximum acceleration ratio by the di�erent time-step

method, s, can be estimated as

s =
�tlong

�tshort
=

vi

vs
: (2.49)

Figure 2.6 shows the 
owchart of di�erent time-step methods applied

to the MDsim code. First, all atoms in the system are categorized in four

types after they are distributed to linked cells:

Atom-1, having high velocity and requiring short time-step of �t.

Atom-2, having low velocity and interacting with atom-1 directly.

Atom-3, having low velocity and interacting with atom-2.

Atom-4, other low velocity atoms.

The threshold value to distinguish between high and low velocity is given

by vs in eqn. (2.48). The velocity and position of atom-1 and -2 are updated

every short time-step, �t, so that the interactions concerned with atom-1

and -2, f12 and f23, should be calculated every �t. On the other hand,

slow atoms, atom-3 and -4, are updated every s�t, where s is de�ned in

eqn. (2.49), so that the interaction between atom-3 and -4, f34 is calculated

only once in this routine. It should be noted that the interaction between

atom-2 and -3 should be calculated every �t, but atom-3 does not move

during the short time-step calculation. The force on atom-3 concerned with

atom-2 is averaged by accumulating the force divided by s, i.e. the force on

atom-3 is given by

F3(0 � (s� 1)�t) = f34(0) +
s�1X
l=0

f23(l�t)

s
: (2.50)

Figure 2.7 shows the relationship between the estimated and achieved

acceleration ratio by the di�erent time-step method in the MDsim code.

In this test, the Si(001) substrate which consists of 262144 Si atoms is

prepared and simulated at the temperature of 300K with vi and vs varied,

but with �r �xed. In �gure 2.7, each velocity is described in a reduced

unit, vu, which is given by
p
(�=m) (where m is mass of Si atom and � is in
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Figure 2.6: Flowchart of the `di�erent time-step' method. The atom-

1 has high velocity and requires a short time-step. v and r of atom-1

and -2 are updated every �t and those of -3 and -4, every s�t.
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table 2.1). As can be seen in �gure 2.7, the calculation speed is improved

by as much as the estimated ratio, except at vs=0.5vu. This is because

some Si atoms are considered as fast atoms at vs=0.5vu, as shown in �gure

2.8 | the velocity distribution of Si atoms at 300K. The di�erence in s

value between estimation and result increases with increasing s, because a

longer rlist is required with increasing vi and the number of atoms taken

into consideration at each force calculation also increases proportionally to

r
3
list, as shown in eqn. (2.46). Figure 2.7 also shows the results at the impact

of Ar688 cluster with the incident energy of 10eV/atom on Si(001) target.

The calculation speed is also accelerated, which means that, for such a large

system, almost all of the calculation time is consumed by the calculation of

static target atoms.



Chapter 3

Impact Processes of Cluster Ions

3.1 Introduction

When a cluster ion impacts on a solid surface, high-density atomic collisions

occur between the cluster and substrate atoms. This multiple collision

mechanism cause phenomena di�erent from those of monomer ions. For

example, it has been found by STM observation of a surface irradiated

by cluster ions, that cluster impact forms a large crater-like damage on

the surface, which is not shown with monomer ion irradiation47, 48, 49). In

this chapter, MD simulations of Ar monomer and Ar cluster, with size

ranging from several to thousands atoms, impacting on the Si(001) surface

will were performed. The penetration, damage formation and sputtering

process are examined and the nonlinear collisional processes of cluster ions

are discussed.

3.2 Simulation Model

The Stillinger-Weber (SW) potential model 39) is employed as the inter-

atomic potential between Si atoms. The formula of SW potential model

and its parameters are given by eqn. (2.15){(2.17) and table 2.1. The SW

model well represents the properties of solid and liquid Si under widely

ranging temperature and pressure, which means it is capable to simulate

the collisional process of ion impact.

As for the interactions between Ar{Ar and Ar{Si, the 2-body potential

model developed by Ziegler, Biersack and Littmark 27) is applied, which is

given by eqn. (2.9){(2.14). The cut-o� radius (rc) for Ar{Ar under ZBL

29
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model is set at 3.84�A which corresponds the bond length of Ar2 molecule.

On the other hand, the rc for Ar{Si is 3.1�A, which is the mean bond length

of Ar{Ar and Si{Si (2.35�A).

Si(001) substrate is prepared as the target material. The periodic

boundary condition and thermal bath are applied as shown in �gure 2.4.

The dimension of the target is varied depending on the cluster size and the

energy of the incident particle. The largest Si substrate consists of about

260,000 atoms, 128 mono-layers with 2048 atoms, and its dimensions are

about 180�A cubic. Before irradiation of ions, the substrate temperature is

set at 300K by the simulation with the Langevin dynamics applied to the

whole part of substrate except bottom-�xed layer for 8ps �rst, and then by

the simulation of free molecular dynamics for 8ps. In this heating process,

the surface Si atoms form the stable 2�1 surface structure 50).

Ar cluster and monomer are irradiated on the Si surface in order to

understand the nonlinear e�ect by cluster ion impact due to the physical

atomic collision process. The total energy of the Ar cluster is varied from

0.5keV to 55keV and the number of atoms in the cluster (cluster size) is

changed from 13 to about 1000. In each simulation, the Ar cluster has

a spherical shape and icosahedral structure, which is supported by the

experimental results reported by Farges 51) and Miehel 52). These clusters

impact on the surface in the normal direction. The internal temperature

of the cluster is considered negligible, so that each atom in the cluster has

the same velocity in both magnitude and direction at the beginning of the

impact.

3.3 The Impact Processes of Monomer and Clus-

ter Ions

3.3.1 Monomer Ion Impact

First, the MD simulation of Ar monomer impact was performed. Figure

3.1 shows snapshots of Ar monomer accelerated with 7keV impacting on a

Si(001) substrate. The large white, small light-gray and dark-gray circles

indicate incident Ar, stable Si and displaced Si atoms, respectively. Dis-
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100Å

0fs 38.5fs 77fs 154fs

Figure 3.1: Snapshots of Ar monomer impacting on Si(001) with 7keV.

placed Si atom is de�ned as an atom having potential energy 0.4eV above

the bulk state 53). The incident Ar atom penetrates the surface and dis-

placements are formed along trajectory of incident atom. At 154fs after

impact, the displacements show a branched structure due to the `cascade

model' 11); some knocked-on substrate atoms obtain high energy and they

generate new displacements in a similar manner to the incident atom.

3.3.2 Cluster Ion Impact

The impact process of large Ar cluster was simulated and compared with

that of monomer ion. Figure 3.2 shows the snapshots of an Ar688 clus-

ter impacting on a Si(001) surface. Comparing with �gure 3.1 and 3.2,

it is shown that the impact process of cluster is very di�erent from that

of monomer ion. At this size and incident energy, almost all of incident

Ar atoms are once implanted into the substrate maintaining themselves as

cluster state, whereas the monomer ion with 10eV/atom cannot penetrate

the surface but is only re
ected on the surface. This is because that the
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Figure 3.2: Snapshots of Ar688 with 10eV/atom impacting on Si(001).
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Figure 3.3: STM images of Si(111) surface irradiated with Ar cluster

ions at totally 8keV, 6:3�1010 ions/cm2.

�rst cluster atom at the collision with a substrate atom is given the kinetic

energy from the following cluster atoms to penetrate the surface, and then,

if the substrate atom is pushed aside from its original site, the next fol-

lowing cluster atom can impinge into the substrate without collision with

a substrate atom and kinetic energy loss. This characteristic penetration

e�ect by cluster is termed as `acceleration e�ect' or `clearing-way' e�ect 32).

In this impact process, the incident atoms are con�ned into a narrow region,

so that the collisional point on the surface gains extremely high-pressure

and high-temperature during several pico seconds. The surface atoms at

the impact point are largely displaced and a homogeneous damaged region

is formed surrounding the cluster. At a few ps after impact, these displace-

ments start to recover, and then the incident cluster atoms are re
ected.

Consequently, almost all of the cluster atoms re-evaporate to the vacuum

because of the small interatomic force between cluster, and surface atoms

and a crater-like damage remains on the surface.

This crater-like damage formation is also observed experimentally. Fig-

ure 3.3 shows the STM image of a Si(111) surface irradiated with Ar clus-

ter accelerated with a total energy of 8keV and with a dose of 6:3�1010
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ions/cm2. The left and right images show a 200nm�200nm and a by

20nm�20nm ares, respectively. Those images obtained by experiment and

simulation show similar shape and size of the crater-like damage, which

means that this MD simulation has been done correctly and it can be con-

sidered that the impact process of cluster ion proceeds as in the course

shown in �gure 3.2.

3.3.3 Multiple-collision E�ect and Thermalization

Figure 3.4 shows the impact of Ar688 clusters with the total incident en-

ergy of 1, 3, 5 and 7keV on the Si(001) substrate at 3.85ps after impact.

Additionally, the time evolution of the total kinetic energy and penetration

depth of the cluster in each case is shown in �gure 3.5. In �gure 3.5, the

penetration depth of the cluster is de�ned as the position of the center-of-

mass of the cluster. The interacting time between cluster and surface is as

long as several ps, whereas the interaction between monomer and surface

with same incident energy usually lasts less then 1ps. As the incident en-

ergy decreases, the penetration depth and interacting time decrease. When

the incident energy is as low as 1keV (1.5eV/atom), the cluster does not

penetrate the surface but collapses on the surface. The upper graph in

�gure 3.5 shows that the kinetic energy of re-evaporated cluster atoms is

about 0.7keV totally and about 1eV per atom, at any incident energy. This

phenomenon is considered to be the result of the thermalization of incident

energy through the `multiple-collision' e�ect.

Figure 3.6 shows the kinetic energy distributions of re-evaporated Ar

atoms with di�erent incident energy, 3.85ps after impact. In order to rep-

resent velocity distribution, the distributions are plotted as the function of

the square root of kinetic energy. At the low energy impact, such as 5keV

and less, collisions between the cluster atoms are not frequent, so that the

incident cluster atoms directory re
ected at the surface and the velocity

distribution of the cluster atoms is shifted from the ideal Boltzmann distri-

bution. As the incident energy increases, the number of collisions increases

and the impact point is well thermalized during the period in which the

incident cluster collides with the surface. Thus, the distribution becomes
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Figure 3.4: Snapshots of Ar688 impacting on Si(001) with various

incident energies, 3.85ps after impact.
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Figure 3.6: Kinetic energy distribution of re-evaporated Ar cluster

atoms, 3.85ps after impact. Distributions are plotted as the function

of square root of kinetic energy, which corresponds to velocity of

particles.

similar in pro�le to the ideal Maxwell-Boltzmann distribution at a total

incident energy of 7keV.

3.4 Energy and Size Dependence of Penetration

Depth

3.4.1 Energy-per-atom Dependence

Figure 3.7 shows the energy-per-atom dependence of the maximum pene-

tration depth (Rp) of Ar43, Ar688 cluster and Ar monomer. The Rp of Ar

monomer is calculated by TRIM, which is a Monte-Carlo method to simu-

late the impact process of monomer ions 26, 27). The Rp of both Ar43 and

Ar688 cluster are larger than that of monomer ion and are proportional to

the cube root of the incident energy between 10eV/atom to 100eV/atom.

The cluster can penetrate the surface even with low energy per atom be-

cause of the clearing-way e�ect and cause multiple-collision in the substrate.

In this multiple-collision process, the incident energy and momentum are
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Figure 3.7: Energy-per-atom dependence of the maximum penetra-

tion depth of Ar43 and Ar688 cluster.

transferred isotropically and the cluster atoms expand hemispherically in

the substrate. If the whole incident energy of the cluster is deposited onto

the substrate to form a crater-like damage, the volume of the displaced re-

gion corresponds to the incident energy. Thus, if the shape of the displaced

region keeps similar aspect ratio at any incident energy, it is considered

that the penetration depth obeys a cube-root law as well as the radius and

the depth of crater on the surface.

The cube-root law does not apply at both high-energy and low-energy

regions as shown in �gure 3.7. The threshold energy of nonlinear e�ect at

low-energy side is 10eV/atom and this energy is very close to the threshold

energy of ion implantation for monomer ion 54). If the incident energy

is less than 10eV/atom, the cluster does not penetrate the surface even

with the help of the clearing-way e�ect and it collapses on the surface

as shown in �gure 3.4. Therefore, the Rp decreases rapidly at energies

below 10eV/atom, and approaches that of monomer ion with the decreasing

incident energy. On the other hand as shown in �gure 3.7, the threshold
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Figure 3.8: Energy dependence of the crater diameters with Ar cluster

ions on Au surfaces, measured by STM.

energy at high-energy side is around 500eV/atom for Ar43 cluster. The Rp

of Ar43 with 1150eV/atom, which is higher than this threshold energy, is

larger than the one estimated by cube-root law. In this case, each Ar atom

in the cluster collides with the substrate atoms and penetrates the substrate

independently. Thus, the multiple-collision between incident atoms and the

lateral expansion of cluster become less probable.

The cube-root law is con�rmed by the experimental results by STM

observation of gold surface irradiated with Ar cluster ions. Figure 3.8 shows

the energy dependence of the inside and outside of the crater diameters

measured by STM 49). The target is Au(111) surface and is irradiated by

Ar cluster with the energy ranging from 20keV to 150keV. The mean cluster

size was 3000 atoms, so that the incident energy per one Ar atom ranges
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Figure 3.9: Total energy dependence of the maximum penetration

depth of Ar clusters.

from 6.7eV/atom to 50eV/atom. As can be seen in �gure 3.8, the diameter

of crater is proportional to a cube root of the incident energy, which agrees

result by MD shown in �gure 3.7.

3.4.2 Total Energy Dependence

The total energy dependence of the Rp is shown in �gure 3.9. Cluster is

implanted to shallower region than monomer with same total acceleration

energy, and the di�erence of Rp between monomer and cluster increases

with the increase of incident energy. Figure 3.9 indicates that two di�erent

clusters in size but having same total kinetic energy, Ar43 with 160eV/atom

and Ar688 with 10eV/atom, show same Rp, and the Rp of both Ar43 and

Ar688 form one line represents cube-root law. These results imply that there

is not size e�ect in Rp if the kinetic energy of the cluster is in the range

where the Rp is proportional to a cube root of the incident energy. The Rp

of Ar169 with 7keV of the total incident energy shows similar value to Ar43

and Ar688, however, Ar6 and Ar13, which is smaller than Ar43, shows deeper
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Figure 3.10: Cluster size dependence of the maximum penetration

depth of Ar clusters.

Rp and become similar to that of monomer as the cluster size decreases.

These result suggests that, as for the penetration depth, more than several

tens atoms of cluster size is required to cause nonlinear e�ect at 7keV of

total incident energy.

3.4.3 Cluster Size Dependence

Figure 3.10 shows the cluster size dependence ofRp at 7keV of total incident

energy. The cluster size is changed from 1 (monomer) to 688. In order to

obtain statistics, 100 simulations for Ar1, and 4 simulations for Ar6 and

Ar13 are performed with di�erent impact point. The Rp of cluster shows

the same value of about 17�A at the cluster size of more than 43. However,

the Rp of small cluster, Ar6 and Ar13 are similar to that of monomer ion

with same incident energy per atom, which means that the impact process

of such small clusters can be considered as the independent monomer ion

impacts. The incident energy per atom of Ar43 and Ar13 are given by

160eV/atom and 540eV/atom, respectively, so that the threshold energy-
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per-atom to cause nonlinear e�ect can be considered as several hundreds

eV/atom. This result consistent with the results in previous section and

�gure 3.7.

From these results, the conditions, with which a cluster shows the nonlinear

e�ect in the penetration depth, are concluded as following;

� Cluster size is ranging from several tens to thousand.

� Incident energy is ranging from ten to several hundreds eV/atom.

A cluster which satis�es these conditions can be considered as one large

particle independent of the cluster size and the Rp is proportional to cube

root of the incident energy.

3.5 Damage Formation and Lateral Sputtering

3.5.1 Damage Formation Mechanism by Cluster Impact

As shown in �gure 3.2, cluster impact causes characteristic damage on solid

surface. The formation process of the damage by cluster impact is exam-

ined. Figure 3.11 shows the time evolution of the shape of displaced region

at the impact of Ar688 cluster with 10eV/atom. The shape of damage is

obtained from the mean radial distance of displacements, which are shown

as dark-gray circles in �gure 3.2, from the impact point on the surface.

The displaced region spreads in both lateral and normal direction, and the

hemispherical damage is formed because of the isotropic propagation of in-

cident energy by the multiple-collision mechanism. This damage formation

is di�erent from so-called `point defect' by monomer ion impact. In the case

of cluster impact, a large number of substrate atoms are moved at the same

instant, so that the damage region is considered to be amorphized under

high-pressure and high-temperature. As can be seen in �gure 3.11, the size

of the damaged region reaches maximum at 1.5ps after impact and then it

recovers and the incident Ar atoms are re
ected. Finally, the hemispherical

damage with the depth and radius of 30�A remains on the surface at 12ps

after impact.
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Figure 3.11: Compression and relaxation process in damage forma-

tion by Ar688 (10eV/atom) impact.

3.5.2 Size Dependence of Damage Formation

Figure 3.12 shows the pro�les of damage caused by Ar13, Ar43 and Ar688

cluster with the same total incident energy of 7keV. Each pro�le is taken

at the time when it shows the maximum crater radius and depth in the col-

lisional process. These argon clusters have di�erent radii, but show almost

similar pro�les of damage and penetration depth, as shown in �gure 3.10.

Figure 3.13 shows the penetration-depth dependence of the transitional

kinetic energy of Ar cluster (�EkAr), kinetic energy of Si substrate (�EkSi)

and potential energy of Si substrate (�EpSi), for Ar13, Ar43 and Ar688

cluster impacts. Each cluster is accelerated to the same kinetic energy of

7keV. The cluster stops in the very shallow region in the substrate and

transfers a large part of its kinetic energy to the substrate. In the case

of Ar688 cluster impact, for example, the cluster loses 5.7keV of its kinetic

energy during the impact process, and the �EkSi, �EpSi and the thermal

bath gain 1.5keV, 3.9keV and 0.3keV, respectively. The pro�les of �EpSi,

which corresponds to the defect formation energy, show a similar curve at
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Figure 3.12: Pro�les of damage formed by Ar13, Ar43 and Ar688 with

the same total incident energy of 7keV.
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any cluster size, but the �EkAr and �EkSi show evident dependency on

the cluster size. In the case of the impact of large cluster such as Ar688,

the �EkAr transforms directly into �EpSi and the �EkSi does not change

much. In the case of the impact of a small cluster such as Ar13, however,

the �EkAr rapidly decreases at the impact and �EkSi increases at the same

instant, so that the gain of �EpSi is provided from the �EkSi, and not from

the �EkAr.

These results indicate the di�erences in the damage formation process

between small and larger cluster impact. Figure 3.14 shows the model

of damage formation process by large and small cluster impact. In the

case of large cluster impact, the displacements are formed through direct

collisions between the cluster and the surface atoms. On the other hand,

the small cluster, in which each cluster atom has much higher kinetic energy

than in the large cluster, generates a large number of substrate atoms with

high-energy at the impact. These energetic substrate atoms collide with

the other substrate atoms in the similar manner to cluster atoms in large

cluster. Consequently, a similar shape of the damaged region is formed by

both large and small cluster impact.

3.5.3 Lateral Sputtering

Figure 3.15 shows the snapshots of Ar688 cluster impacting on Si(001) sub-

strate with the incident energy of 80eV/atom, about 55keV totally. In such

a higher energy impact, the cluster penetrates the substrate keeping itself

in cluster state like the Ar688 10eV/atom impact. As the incident energy

increases, the height of the rim of the crater increases as well as the radius

of the crater and some atoms on the rim of the crater are sputtered.

Figure 3.16 shows the kinetic energy and momentum pro�le at the im-

pact of Ar688 with an acceleration energy of 80eV/atom. Each pro�le is

taken at 0.2ps, 0.4ps and 1.2ps, respectively. The radius of the circle indi-

cates the mean kinetic energy in a 5�A square. The open circle shows the

kinetic energy of the substrate atoms and the �lled one shows that of the

cluster atoms. The line drawn from each circle represents the magnitude

and direction of momentum at each place. The pro�le of crater and kinetic
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Figure 3.14: Model of damage formation process by large and small

cluster impact.
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Figure 3.15: Snapshots of Ar688 with 80eV/atom impacting on Si(001) substrate.
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energy distribution at 1.2ps is also shown in �gure 3.17.

The momentum of the incident cluster is transported in the isotropic

direction as the cluster impinges into the substrate and the substrate atoms

surrounding the cluster are also displaced isotropically to form the crater

structure. In this crater formation process, some atoms on the edge of

the crater leave the surface in lateral direction to the surface, which is

called `lateral sputtering' and has been observed experimentally 55). In

�gure 3.16, about 10 atoms are sputtered at 1.2ps after impact, but this

number of sputtered atoms is much less than the measured experimental

value, which is reported 25atoms/ion for Ar cluster of the size of 2000

and total incident energy of 20keV 56). It is thought that the substrate

atoms on the edge of the crater leave the surface in the following several

pico seconds, because each atom in this region still has almost the same

momentum and enough kinetic energy, above 2eV, to leave the surface, as

shown in �gure 3.17. These sputtered atom can be considered to leave

the surface in the state of not only monomer, but also dimer, trimer and

cluster because of the coherency of the momentum, which is supported

by experimental observations 57). These characteristic sputtering e�ects of

cluster ion irradiation is caused by the crater-like damage formation process

at the impact.

3.6 Summary

The characteristic impact processes of cluster ions were studied by molec-

ular dynamics simulation of Ar cluster impacts on Si(001) surface. The

results in this chapter are summarized as follows:

1. A large crater-like damage is formed on the surface by the impact

of cluster, whereas monomer ion causes branched and interspersed

displacements in the target by the cascade-collision model.

2. The penetration depth of cluster ions is larger than that of monomer

ions with the same incident energy per atom. This is due to the

clearing-way e�ect, in which the �rst cluster atom collides with a

substrate atom and clears the substrate atom from its original site and
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the following cluster atom can penetrate the surface without energy-

loss.

3. On the other hand, the penetration depth is cluster shows lower than

that of monomer with the same total incident energy. At the impact

of a cluster, a large number of collisions occur between the cluster

and the substrate atoms and the incident energy of cluster is trans-

ferred isotropically from the impact point. This multiple-collision

e�ect causes a crater-like damage on the surface.

4. A cluster impact causes hemispherical crater-like damage whose vol-

ume is proportional to the incident energy of the cluster, and the

penetration depth of cluster and the radius and depth of crater are

proportional to a cube root of the incident energy. This characteris-

tic penetration and damage formation e�ect by cluster impact can be

observed at the cluster size ranging from several tens to thousand and

the incident energy ranging several tens to several hundreds eV/atom.

5. During the crater-like damage formation process, some atoms at the

edge of the crater leave the surface in lateral direction. This lateral-

sputtering process by cluster impact is di�erent from the sputtering

by monomer ions and causes larger sputtering yield than monomer

ion.





Chapter 4

Nonlinear E�ects by High-energy

Cluster Impact

4.1 Introduction

In chapter 3, MD simulations of Ar cluster impacting Si (001) surface were

performed in order to examine the characteristic impact process by large

cluster ion, and the range of cluster size and incident energy at which a

cluster impact causes nonlinear e�ect were discussed. It is desirable to

use much smaller and well-de�ned cluster ion beams to do a more precise

analysis of the cluster irradiation e�ects. However, the Ar gas clusters

obtained in experiments lie in the range from 100 to 3000 atoms, and have a

broad size distribution, so that it is di�cult to discuss the size dependence

of nonlinear e�ect by small cluster impact. Fullerene (C60), which is a

large stable carbon molecule, enables us to obtain a well-selected cluster

ion beam and is useful for investigating the nonlinear irradiation e�ects of

cluster ions.

A number of groups have examined the peculiar irradiation e�ects pro-

duced by fullerene impact by both simulation and experiment. Webb et

al. have performed MD simulation of fullerene impact and have shown that

the damage yield per one C atom for cluster size 60 to 84 is the same,

but is several times higher than that by a monomer with the same energy-

per-atom 58). On the other hand in experiments, Perez et al. have found

that a high energy (about 1MeV/atom) small carbon cluster, with a size of

less than 10, shows a larger number of displacements in the shallow region

but a similar number in deeper regions 59). Both their results indicate that

53
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drastic changes in irradiation e�ects are expected in a cluster size ranging

from 1 (monomer) to 60.

In this chapter, molecular dynamics simulations of carbon clusters im-

pacting carbon surface were performed. First, the penetration processes

of C60 into a diamond substrate are discussed at various incident energies

ranging from several tens eV/atom to several keV/atom. The penetra-

tion depth and the stopping power of C60 are examined, and the boundary

energy to discriminate the linear and nonlinear e�ect are discussed. The

energy dependence of damage formation yield is also examined by both MD

simulation and experiments of C60 impact. Next, MD simulations of various

sizes of carbon cluster impacting on a Highly Oriented Pyrolitic Graphite

(HOPG) substrate are performed in order to examine the size-dependence

of the damage formation by cluster ion impact. The results from MD sim-

ulation are compared with those obtained by STM observations of single

traces on the surface produced by cluster ion impact, which are performed

with the similar conditions to the MD simulations.

4.2 Simulation Model

Terso�'s empirical model potential 44) was applied to describe the interac-

tion between carbon atoms, which is given by eqn. (2.25){(2.32) and table

2.3. Diamond (001) and Highly Oriented Pyrolitic Graphite (HOPG) sur-

face were prepared as the target material. For both targets, the maximum

number of carbon atoms was about 260,000, where the corresponding di-

mensions are 120�A3 (2048atoms/ML�128ML) for diamond, and 120�A2 area

and 180�A depth (5408atoms/ML�50 ML) for HOPG. Periodic boundary

conditions were applied to the horizontal boundaries, and the atoms of the

lowest layer were �xed to retain the bulk structure. The initial temperature

of the target was 0 K.

The C60 molecule was constructed by locating carbon atoms at the

vertices of a truncated icosahedron. By using Terso�'s potential model,

the radius of C60 is 3.68�A, which gives a minimum potential energy of

-405eV. In addition to C60, C1, C4, C8, C19 were also irradiated on the

HOPG substrate in order to examine the cluster size dependence on the
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Figure 4.1: Snapshots of C1 and C60 impacting on diamond (001)

surface, 0.1ps after impact. White circles and black dots are incident

C atoms and their trajectories, respectively. Gray dots are displaced

substrate atoms. The snapshots of C1 are made by overlapping each

one of 64 trials.

impact process of a cluster ion. Each cluster was constructed by locating

the carbon atom at the vertices of a tetrahedron (C4), octahedron (C8) and

fcc structure (C19). The radii of both clusters were set to give the minimum

potential energy. Both ions were directed and implanted at normal direction

toward the surface. For simulation of C1, 128 trials have been done and

the result is averaged in order to obtain a statistical value of penetration

depth and displacement yield.
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4.3 The Penetration Process of C60 into Diamond

4.3.1 Penetration Depth of C60

The penetration process of C60 in the diamond substrate was examined with

various energies ranging from several tens eV/atom to several keV/atom.

Figure 4.1 shows the snapshots of C1 accelerated with 200eV/atom and

2keV/atom, and C60 with 20eV/atom, 200eV/atom and 2keV/atom, im-

pacting on a diamond (001) surface. C60 impacts on the surface in normal

direction to the surface, but C1 impacts with the incident angle tilted 7�

from a surface normal and twisted 30� to (100) direction in order to avoid

channeling. In �gure 4.1, the open circles indicate the coordinates of irra-

diated carbon atoms at the moment, black dots show their trajectories and

the gray dots indicate displaced substrate atoms that are de�ned as atoms

having potential energy 2eV above the bulk state. Under this de�nition,

the corresponding displaced distance from the lattice site was calculated to

be more than 0.4�A, but this de�nition avoids displacements due to defor-

mation of the lattice structure to be taken into account. The �gure shows

the picture 0.1ps after impact for each energy, and for C60 with 20eV/atom

at 0.5ps after the impact. The snapshots of C1 were made by overlapping

each one of 64 trials.

In the case of 20eV/atom, C60 is compressed in the normal direction

and consequently collapses at the surface of the target. Almost all of the

carbon atoms of C60 re-evaporate within the following 1ps, and have short

interaction time with the surface atoms. Very few atoms are displaced in

the target. This result is in good agreement with other simulations of C60

impact reported by other groups 60, 61, 62). When the energy is 200eV/atom,

C60 impinges into the target deeply compared with C1 with 200eV/atom.

In the collisional process, all carbon atoms in C60 keep close to each other

and a hemispherical displaced region is formed around the impacting C60.

Some implanted atoms are leaving the surface, and crater-like damage is

left behind. This impact process of C60 is similar to that of Ar clusters with

size ranging from tens to several thousands and total acceleration energy

from 1keV to 50keV onto Si(001) surface, as shown in chapter 3. This result

suggests that C60 with 200eV/atom, which consists of a smaller number of
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Figure 4.2: Energy dependence of the penetration depth (Rp) of C60

and C1 into diamond.

atoms than the Ar clusters in former experiments and simulations, presents

the same characteristics of the cluster impact process as large Ar cluster.

As the incident energy increases, the lateral dispersion of incident atoms

reduces, whereas the penetration depth increases. In the case of the inci-

dent energy of 2keV/atom, a C60 penetrates into the substrate without

interruption, but after embedding itself into the substrate it dissociates to

individual carbon atoms, and each incident atom implants into the sub-

strate obeying the collision cascade mechanism. The trajectories of C60

become similar to those of monomer ions with the same incident energy

per atom. The shape of the damaged region in the shallow surface region

changes from hemispherical to cylindrical. At the end of the range of the

cylindrical displacement, far from the surface, interspersed displacements

occur due to a collision cascade mechanism 11). In the following section,

the nonlinearity of penetration of C60 will be explained using two models

| the `clearing-way' e�ect and the `multiple-collision' e�ect.
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4.3.2 Clearing-way E�ect

Figure 4.2 shows the dependence of the penetration depth (Rp) of C60

and carbon monomer on the kinetic energy per atom. Carbon monomer

results are calculated by averaging the penetration depths of 128 carbon

atoms. When the kinetic energy is between 100eV/atom to 1keV/atom, C60

penetrates deeper than carbon monomer (C1) with the same kinetic energy

per atom. This is caused by the `clearing-way (CW) e�ect' as a consequence

of high-density irradiation. The CW e�ect occurs when one incident atom

follows another atom, which clears the way for the following atom. The

following atom can penetrate into the solid without energy loss 32).

4.3.3 Multiple-collision E�ect

When the particles of a cluster are implanted into the substrate, a large

number of collisions occur between the implanted atoms and the target

atoms. These implanted atoms, whose momentum before impact only had

a vertical component, are given a lateral component to the surface dur-

ing the collisional process. Finally, implanted atoms spread isotropically

from the center of the impact area and this e�ect is called the `multiple-

collision (MC) e�ect.' The kinetic energy of C60 is transferred to the defect

formation energy isotropically because of the MC e�ect. Consequently, a

hemispherical crater-like damaged area is formed, as shown in �gure 4.1

(200eV/atom). In this case, both the radius of the crater and the Rp are

proportional to the cube root of incident energy. The impact process of

cluster ion is therefore described as a combination of two nonlinear e�ects,

the CW e�ect and the MC e�ect.

As the energy increases, the Rp of C60 does not follow the cube root law

and converges to the Rp of carbon monomer with the same velocity. Figure

4.3 shows the penetration depth dependence on the ratio of the lateral

component (Exy) to the total kinetic energy (E). When the incident energy

is less than 1keV/atom, the ratio Exy=E increase and converges to a value

of 2=3 while the cluster implants into the surface. This result con�rms that

the kinetic energy of the cluster disperses isotropically by the MC e�ect.

However, when the kinetic energy is above 2keV/atom, the MC e�ect is
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Figure 4.3: Penetration depth dependence of the ratio of lateral com-

ponent of kinetic energy (Exy) to the total kinetic energy (E). The

value of 2/3 indicates that the incident energy, which has only ver-

tical component before impact, is transferred to isotropic direction

from the impact point.

reduced, and C60 penetrates into the target without dispersing its kinetic

energy in lateral direction.

4.3.4 Nonlinearity in Stopping Power

The stopping power (SP) of C60 was examined in order to explain the energy

dependence of the CW and MC e�ects of C60 cluster impact. Figure 4.4(a)

shows the transition of kinetic energy of C60 in the diamond substrate as a

function of the penetration depth, and 4.4(b) shows the SP of C60. The SP

is which is calculated by di�erentiating its mean kinetic energy by its mean

penetration depth (�dE=dRp), which is given in �gure 4.4(a). In �gure

4.4(b), thick lines indicate the SP of C60 implanted with various energies

from 20eV/atom to 5keV/atom. Dashed lines, marked as Sn, represents

the nuclear stopping power for a carbon monomer in a diamond target

with ZBL potential model given by eqn. (2.9).

For C60, the pro�le of SP does not follow Sn and varies according to
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Figure 4.4: Kinetic energy loss of the C60 as the function of the

penetration depth (upper:a), and stopping power of C60 in diamond

substrate (lower:b). The stopping power is calculated from the upper

graph by di�erentiating the mean kinetic energy by the penetration

depth
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Figure 4.5: Classi�cation of the nonlinearity in the stopping power

(SP) at C60 impact. The left �gure indicates the reduction of SP

by the clearing-way (CW) and the right one is the enhancement by

multiple-collision (MC) e�ect.

incident energy. The shift of SP can be classed into two regions, as shown

in �gure 4.5. The �rst one is the region where the SP is less than the Sn and

appears in the initial stage of the impact of every cluster, which is shown

by �gure 4.5(a). The other region is where the SP is larger and it appears

when the incident energy of the cluster is in the range from 200eV/atom

to 2keV/atom, as shown in 4.5(b). The former region is explained as the

result of the CW e�ect and the latter as the result of the MC e�ect.

Reduction of Stopping-power by the Clearing-way E�ect

Figures 4.6 and 4.7 show the schematics to explain the transformation of

the SP by the CW and MC e�ect, respectively. In the very early stage of the

impact, only one carbon atom of C60 collides with the target. Therefore,

the SP of C60 in the initial stage can be 1/N (where N is cluster size) of

Sn as shown in the left side of �gure 4.6. In fact, all atoms of C60 impact

within a �nite area of the target with high-density. The SP of the cluster

is reduced according to the density of irradiated atoms. If only M atoms
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Only one cluster atom loses 

its kinetic energy

Total energy loss: dEclu = Sn dx
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Total energy loss: dEclu = -M×Sn dx
Stopping power per atom: Sclu = Sn×M/N

Figure 4.6: Schematic model of the transformation of stopping power

by the clearing-way e�ect.

in the cluster with the size of N collide with the substrate and lose their

kinetic energy, but other (N �M) atoms do not transfer the kinetic energy

to the substrate because of the CW e�ect, as shown in the right side of the

�gure 4.6, the total energy loss of the cluster is given by;

dEclu = �M � Sndx: (4.1)

Thus, the transformed SP of the cluster by CW e�ect is reduced to;

SCW = �
dEclu

dx

1

N
= Sn �

M

N
: (4.2)

The reduction of the SP causes both the increase of Rp and the decrease

of threshold energy of implantation into the surface. The CW e�ect is an

intrinsic characteristic of cluster and is found to be independent of incident

energy. When the kinetic energy is less than 100eV/atom, C60 cannot

overcome the surface potential to penetrate the target even if the CW e�ect

is taken into account and Rp decreases rapidly. C60 with such low kinetic

energy collapses on the surface of the target.



4.3. The Penetration Process of C60 into Diamond 63

Substrate Substrate

v θ

v

R
Rdθ

dθ

vcosθ
v

v

Rsinθ

y
x

z

Figure 4.7: Schematic of the transformation of stopping power by the

multiple-collision e�ect. Each cluster atom has same velocity, v, and

spreads hemispherically from the impact point.

Enhancement of Stopping-power by the Clearing-way E�ect

When the incident energy is between 200eV/atom to 2keV/atom, the SP

of C60 is higher than Sn. The atoms of C60 cluster, which are implanted

deeper than C1 because of the CW e�ect, are scattered isotropically from

the center of C60, due to the MC e�ect. If we suppose that each cluster

atom on the hemispherical interface of cluster and target has the same

velocity v and spreads in normal direction to the interface, the velocity of

the center of mass of the cluster, vclu, can be obtained by averaging the

z-axis component of the velocity, as shown in �gure 4.7;

vclu =
1

2�R2

Z �=2

0
v cos � 2�R sin � Rd� =

1

2
v: (4.3)

Eqn. (4.3) leads to the transformed SP by the MC e�ect;

SMC = �
dEclu

dx

1

N
=

SnN � vdt

vcludt

1

N
= 2Sn: (4.4)

Consequently, the total SP of a C60 by the MC e�ect is evaluated as being

larger than that of a monomer. The range of incident energies for the MC

e�ect is narrower than that of the CW e�ect. The reason for this is that
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Figure 4.8: Pro�les of shadow cones formed by carbon atoms impact-

ing on a diamond substrate with various incident energies. The black

circles indicate the position of target carbon atoms in the diamond

structure.

the required number of collisions between cluster and surface atoms for the

MC e�ect is larger than that for the CW e�ect.

Energy Boundaries to Cause Nonlinear Penetration E�ect

The number of collisions depends on the cross-section of impact and, there-

fore, on incident energy. Figure 4.8 shows the pro�les of shadow cones

formed by carbon atoms impacting on a diamond substrate with various

incident energies. Each line in these �gures indicates the trajectory of an

incident carbon atom, which collides with the target carbon atom at (0,0)

with various impact parameters. The black circles are the coordinates of

target carbon atoms in the diamond structure, which indicate how long the

incident carbon can penetrate into the substrate until next the collision

with a substrate atom.

In the case of low-energy ion impact such as 100eV and 500eV, the

incident atom is largely scattered at �rst collision and then it is considered
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to collide with the next substrate atom which resides shallower than the

depth of 1 unit-cell. If a cluster impacts on the surface with such a low

incident energy, the �rst atom to collide with a surface atom is largely

scattered to a lateral direction and the atom can reside in shallow region,

which causes the lateral dispersion of the cluster and a large number of

collisions between �rst incident atom and the following ones.

As the incident energy increases, the cross-section of the impact de-

creases and the incident atom become to penetrate to the deep region sub-

strate without secondary collision with the target atoms, which corresponds

to the decrease of the Sn at high energy region. In this case, the incident

atoms of the cluster are implanted into the substrate independently and do

not cause the MC e�ect, which means that the penetration process of each

cluster atom is similar to that of monomer. As for the impact of carbon on

diamond surface, the stopping power decreases at the kinetic energy above

2keV/atom. Therefore, C60 with an energy higher than 2keV shows similar

property with the independent carbon monomer, as shown in �gure 4.2.

The kinetic energy of 2keV/atom is the energy where the maximum stop-

ping power is given for C monomer, and also considered as the boundary

energy at which the CW and the MC e�ects are balanced in energy loss,

and the Rp shows the same value as that of monomer.

4.3.5 Damage Formation by C60 Impact

The characteristics of damage formation by C60 cluster impact were ex-

amined with various energies. Figure 4.9 shows the time dependence of

the number of displacements per incident atom for C60 and C1. The num-

ber of displacements caused by C1 impact is calculated by averaging the

results of 128 trials. At 0.1 ps after impact, about 20, 40 and 200 dis-

placements/atom are formed by C60 impact with the incident energy of

200eV/atom, 500eV/atom and 2keV/atom, respectively. Each value is 4

to 7 times higher than those produced by monomer ions because of the

di�erent mechanism to form displacements.

In the case of monomer ion impact, displacements are formed by knock-

on mechanism and tend to result in point defects. In the case of clusters
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Figure 4.9: Time dependence of the number of displacements per one

carbon atom formed by irradiation of C60 and C1 with the energy of

200eV/atom, 500eV/atom or 2keV/atom.
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ments formed by C60 and C1.
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such as C60, the opposite occurs. The kinetic energy of cluster is trans-

ferred to the substrate atoms around the cluster by a collective movement

and more homogeneously. Hence, the mean potential energy of each dis-

placement produced by cluster is much less than by monomer ion, but a

large number of displacements are formed. These results imply that the

amorphous damaged region can be formed by low-dose cluster radiation.

The di�erence of damage formation process is also shown in the the re-

covery process. In each case of monomer ion irradiation, the number of

displacements decreases during the period of 0.05 ps to 0.1 ps, whereas the

number of displacements by cluster ion impact remains almost constant

even after 0.5ps.

Figure 4.10 shows the energy dependence of the displacement yield,

which is the number of displacements induced by one incident atom. As

comparing with the penetration depth shown in �gure 4.2, the displacement

yield by cluster ion shows di�erent property against the incident energy

from the penetration depth. In the case of energy ranging from 200eV/atom

to 2keV/atom, the displacement yields of C1 and C60 are proportional to

the incident energy, and the yield of C60 is from 4 to 7 times higher than

that of C1. However, the pro�le of penetration depth of C60 becomes much

steeper, as the incident energy increases above 2keV/atom.

Figure 4.11 shows the depth pro�les of displacements in diamond by

C60 and C1 implantation, 0.1ps after impact. In �gure 4.11, both C60

and C1 are irradiated with the energy of 200eV/atom and 2keV/atom. At

200eV/atom of incident energy, C60 impact causes larger displacements

and deeper distribution in the substrate than C1 because of the clearing-

way e�ect. On the other hand, at the impact with 2keV/atom, the range

of damaged area by C60 is similar to that by C1, as well as the penetration

depth at the high-energy region. However, a larger number of displacements

are formed in the shallow substrate region, whereas a similar pro�le to C1

is shown in the deep substrate region, more than 50�A from the surface. At

high-energy cluster impact, the atoms in the cluster penetrate the surface

without interacting with other cluster atoms, as mentioned in the previous

section, but produce a large number of high energy target atoms near the

surface region with high density. These high-energy substrate atoms cause
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Figure 4.11: Depth pro�le of displaced carbon atoms in diamond by

C60 and C1 impacting with 200eV/atom and 2keV/atom, 0.1ps after

impact.

the multiple-collision e�ects in the similar manner to the cluster atom at

the middle range of the kinetic energy.

The damage formation yield by C60 were measured experimentally. C60

and C2 ions were radiated onto sapphire surface and the displacement

of Al atoms were measured by Rutherford back-scattering (RBS) spec-

troscopy 63). Figure 4.12 shows the atomic dose dependence of the number

of displaced Al atoms in sapphire irradiated with C60 and C2. Both C60

and C2 were radiated with the same energy of 5keV/atom. In each case,

the number of displacements saturates around 8:5�1016 atoms/cm2 at the

atomic dose of 6:0�1015 atoms/cm2. The saturation value is equivalent to

the projection range of incident atoms and this result implies that both C60

and C2 ions with incident energy of 5keV/atom have the same projection

range. When the number of displacements is not saturated, the displace-

ments increase with increasing atomic dose, and the displacement yield can

be calculated. The displacement yield of C60 and C2 are about 400 and 90,

respectively, and the ratio of the yield of C60 to the one of C2 is 4.4. This
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Figure 4.12: Atomic dose dependence of the number of displaced Al

atoms in sapphire irradiated with C60 and C2, measured by RBS.

The incidence energy of both C60 and C2 is 5keV/atom. The lower

�gure shows the magni�ed view of the upper one.
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C1 C4 C8 C19 C60

30Å

Figure 4.13: Snapshots of various sizes of cluster ion impacting on

HOPG surface with the energy of 2keV/atom. Large open circles

indicate the incident carbon atoms. Gray ones indicate displaced

substrate. Each �gure shows the picture 0.1ps after impact.

ratio agrees with the results of MD simulation, as shown in �gures 4.2, 4.9

and 4.10.

4.4 Cluster-size E�ect on Small Carbon Cluster

Impact

4.4.1 MD Simulation of Small Carbon Cluster Impact

Figure 4.13 shows snapshots of various sizes of carbon clusters impacting

an HOPG surface at the time of 0.1ps after impact. Each cluster is accel-

erated with an energy-per-atom of 2keV/atom so that, C60, for example,

has 120keV total incident energy. A large white circle indicates the inci-

dent carbon atom and a large gray circle indicates the displaced substrate

atoms.

In the case of the C1 impact, interspersed damaged areas are formed

through the cascade-collision mechanism. It is shown that both C4 and

C8 form interspersed displacements in similar way to the C1. However, in

the case of the C19 and C60 impacts, a di�erent shape of displacement is

formed in the shallow region of the substrate because of a nonlinear e�ect
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Figure 4.14: Time dependence of the number of displacements on the

surface induced by various sizes of carbon clusters. The number of

displacements is normalized to that by one constituent atom in the

cluster.

of high-density particle irradiation.

When the cluster size increases, the higher energy is deposited in a

narrow region and homogeneous displacements are formed in a shallow

region near the surface. The cluster impinges into the substrate keeping

the incident atoms aggregated and amorphized, and rod-like damage is

formed. The lifetime of the aggregated status of the cluster becomes longer

with increasing cluster size, so that the rod-like damage formed by C60 is

found deeper than that of C19. At the end of the rod-like damage zone, the

cluster breaks-up and each fragmented C atom acts in a similar manner

to the C monomer. Consequently, interspersed damage is formed in the

deeper region of the substrate, similarly to the impact on a diamond, as

mentioned in the previous section.

The di�erence in the damage formation process on the surface according

to cluster size is examined. Figure 4.14 shows the time dependence of the

number of surface displacements induced by various sizes of clusters. Figure
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Figure 4.15: Size dependence of the number of displacements on the

surface at 0.05ps and 0.1ps after the impact.

4.15 shows the number of surface displacements as a function of cluster size

at the time of 0.05ps and 0.1ps after impact. Surface damage is de�ned as

displaced atoms which reside less than 30�A below the surface level. Figures

4.14 and 4.15 show the damage yield induced by 1 carbon atom which

was obtained by dividing the total number of surface displacements by

cluster size. In �gure 4.14, both C1 and C4 show the same increasing then

decreasing behavior. However, the C8, C19 and C60 clusters show a larger

number of displacements and di�erent dynamics of damage formation than

that by smaller cluster. This result implies that a cluster with a threshold

size around 10 shows di�erent impact and damage formation processes from

monomer ion.

4.4.2 Overlapping Model for Damage Formation by Small

Cluster Impact

The size dependence on the surface damage formation is explained by the

`overlapping damage formation model' 64) as shown in �gure 4.16. When a

monomer ion collides with the surface, the incident atom excites the atoms
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Figure 4.16: Schematic of the `overlapping model' to explain nonlin-

ear damage formation e�ect by cluster impact.

in an area (Sa). After the incident atom goes through the �rst layer, excited

atoms in Sa lose their energy and the rim of Sa is not damaged. Finally, the

only damage remaining in each Sa is represented by Sd. This assumption is

supported by the result shown in �gure 4.14 that the number of surface dis-

placements caused by C1 impact �rst increases and then decreases towards

the end.

When a small cluster ion, such as C4, collides with the surface, the

cluster breaks-up and each constituent atom in the cluster is scattered. In

this case, each Sa area is isolated and only the Sd area remains on the

surface. Therefore, the total number of surface displacements atoms equals

Sd�N (where N is cluster size), that is, damage yield per incident atom is

the same as that of monomer ion.

When the cluster size increases to as much as 8, the density of inci-

dent atoms increases and the a�ected areas Sa start to overlap with each

other. The overlapped area is more excited and remains as damage. This

`overlapped damage' contributes to enhance the yield of surface damage.
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In the case of C8 impact, the number of displacements shows the maxi-

mum value of 40 atoms per carbon-atom at the time of 0.06ps and then

decreases. However, as the cluster size increases, the decay ratio of the

damage decreases because of the increase in overlapped area.

In the case of C60, the number of displacements increases monotonically

and converges to 32 atoms per carbon-atom at the time of 0.2ps after the

impact. This result means that almost of all Sa areas overlap each other and

the impact region is considered to be completely amorphized. The cluster

size in which the overlap e�ect becomes valid depends on the incident energy

of the cluster ions. Perez et al. have reported that there is a signi�cant

di�erence in damage formation in the shallow region even between C1 and

C2 when both are accelerated to about 1MeV/atom 59). This is because

large damaged and a�ected regions are formed on the surface by such a

high-energy ion so that overlapped damage is formed from only two atoms.

As the incident energy decreases to as low as a few keV/atom, the a�ected

regions shrink and some incident events are needed to form overlapped

damage.

4.4.3 STM Observation of the Damage Formation by Clus-

ter Ion Impact

In order to examine the nonlinear e�ect in surface damage formation by

cluster ions experimentally, STM observations of HOPG surfaces irradiated

with various sizes of cluster ion were performed. Figure 4.17 shows STM

images of HOPG surfaces irradiated by C4, C7, C19 and C60 accelerated

with 5keV/atom. Small hills with diameter of about 50�A were observed on

the surface irradiated by C4 or C7. Large hills with diameter of 100-150�A

were observed on the surfaces irradiated by C19 or C60. A large di�erence

was observed between cluster sizes 7 and 19. This indicates that in the case

of a size above 19 the mechanism of trace formation is di�erent from that

formed by small carbon cluster with a size less than 7.

The dependence of the trace area on the cluster size is shown in �gure

4.18 The carbon cluster was accelerated to Va=5keV/atom or Va=10keV

/atom. The trace areas are proportional to the cluster size up to 10 for
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Figure 4.17: STM images of HOPG substrate irradiated with various

sizes of carbon clusters. Each cluster is accelerated with 5keV/atom.
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Figure 4.18: Cluster size dependence of the trace area on HOPG

surface, measured by STM.

both energies, and increase suddenly for cluster sizes above 10 atoms. These

experimental results are in good agreement with the result of MD simulation

and damage formation model as shown in �gure 4.17.

4.5 Summary

The energy and cluster size dependence of the irradiation e�ect of a small

cluster ion impact was studied by Molecular Dynamics. These results in

this chapter are summarized as follows:

1. C60 ions with kinetic energy from 100eV/atom to 1keV/atom show

deeper penetration than C1 with the same energy per atom because

of the clearing-way (CW) e�ect. The penetration depth of C60 is

proportional to the cube root of the energy because of the multiple-

collision (MC) e�ect. This result suggests that C60 can be considered

as a cluster and its interaction dynamics is similar to that of a large

Ar cluster.
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2. The stopping power (SP) of C60 was found to change dynamically

according to the initial impact energy of the cluster. In the initial

stage of impact, the CW e�ect is the dominant process because of the

high coherency of the momentum and the kinetic energy of the cluster

atoms, and the SP decreases compared to that of monomer ion. Later,

implanted cluster atoms disperse into the target in isotropic direction

from the impact point due to the MC e�ect, and the SP increases.

For the kinetic energies ranging from 200eV/atom to 2keV/atom, the

SP is enhanced by the MC e�ect. In this energy range, most of the

cluster atoms are implanted into the target and many collisions occur

to scatter the incident atoms in isotropic direction e�ectively.

3. The MD simulation and experiments of C60 irradiation showed that a

C60 impact gives 4 to 7 times higher damage formation yield compared

with monomer carbon with the same incident energy per atom, at the

energy ranging from several hundreds eV/atom to several keV/atom.

This energy range is wider than that in which the penetration depth

of C60 shows the nonlinear e�ect. At the incident energy of several

keV/atom, each cluster atom implants into the substrate indepen-

dently so that the penetration depth of cluster atoms shows similar

to that of monomer ions. However, the cluster atoms cause a large

number high-energy substrate atoms with high density at the near

surface region and these energetic surface atoms contribute to form a

larger number of displacements on the surface.

4. Cluster-size dependence of the impact process of small carbon clusters

on carbon substrate was investigated using molecular dynamics simu-

lations and STM observation of HOPG surface irradiated with small

carbon clusters. When the cluster size is less than about 10 and the

energy is several keV per atom, each cluster atom acts independently

and the damage formed in similar way to that from a monomer ion

with the same energy-per-atom. On the other hand, a carbon cluster,

with a size larger than 10, induces several times larger damage on the

surface as compared to a monomer ion.
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5. The `overlapping model' is proposed to explain these nonlinear e�ects

in damage formation by small cluster ion impact. The model agrees

with the MD results of the time dependence and number of displace-

ments, and also with the STM observations of the HOPG substrate

irradiated with various sizes of carbon cluster ions.



Chapter 5

Shallow Implantation by Boron

Cluster Ions

5.1 Introduction

As the scale of LSI device decreases, the formation of high-quality shallow

p-type junction becomes more important. In order to fabricate a sub-0.1�m

p-MOS device, boron atoms are expected to be implanted with less than

1keV 65, 66). However, as the energy of implant energy decreases, it becomes

more di�cult to obtain enough current for industrial fabrication because of

the space charge e�ect 67). Furthermore, the transient enhanced di�usion

(TED) of dopant boron atoms becomes a serious problem as the incident

energy decreases 68).

The boron cluster ion implantation technique using decaborane (B10H14)

has been proposed as one solution for shallow junction formation21, 22). It

has been experimentally observed that the implant range of B atoms using

the B10H14 ion implantation is equivalent to that of monomer B ions ac-

celerated with 1/10 of the energy of B10H14
22). B10H14 implantation has

great advantages in shallow junction formation because no extra accelera-

tion and decceralation system is needed and charging of the wafer, which

causes destruction of devices, is reduced to one tenth of that with monomer

ion implantation.

There are other advantages: cluster ion implantation is expected to have

a nonlinear e�ect caused by the high-density irradiation of incident atoms.

Considering the irradiation e�ect of argon and carbon cluster described in

chapters 3 and 4, B10H14 should be considered as a material on the border

79
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between cluster and monomer. Therefore, it is important to examine the

similarity and di�erences between B10H14 and B1 ion implantation.

In this chapter, MD simulations of small boron cluster with the size

less than 10, and boron monomer implantation into Si(001) substrate were

performed. The dependencies of the implant depth, implant e�ciency and

damage formation on the size and structure of clusters are examined and

the advantages of cluster ion implantation technique are discussed.

5.2 Simulation Model

In order to examine the implant process of small boron clusters, the MD

simulations of B1, B2, B4 and B10 monomer/cluster impacting on a Si(001)

substrate are performed. The Stillinger-Weber potential model shown in

eqn. (2.15){(2.17) and table 2.1 is applied to the inter-atomic potential of

Si{Si. On the other hand, the ZBL model given by eqn. (2.9){(2.12) is

applied to B{B and B{Si. The cut-o� radius for B{B and B{Si under the

ZBL model is set at 1.8�A and 2.08�A, respectively. A Si(001) substrate is

prepared as a target material, which consists of 32768 atoms with a cube

side of about 90�A and is applied with the boundary conditions shown in

�gure 2.4. Before implantation of the B monomer/cluster, the substrate is

heated to 300K in the manner described in section 3.2.

In this work, B1, B2, B4 and B10 are radiated on the Si substrate with

the incident energy of 230eV/atom. As for B2, B4 and B10 impact, these

clusters are radiated with di�erent geometries as shown in �gure 5.1. The

reason for this is that, as the cluster size decreases, the structure and ori-

entation of the cluster at impact becomes more signi�cant, whereas large

clusters have a spherical structure and no dependency of orientation. In

the case of B4, two cluster structures were considered; one has a square

structure and the other a chain structure, and each B4 cluster impacts in

parallel and perpendicular directions to the Si surface. A B10 cluster is

implanted as either a horizontal chain, a vertical chain or a spherical f.c.c.

structure. The distance between the B atoms is 1.8�A for each structure, as

calculated from the atomic radius of a boron atom.

B1 monomer and vertical B2, B4 and B10 chains are implanted with
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Figure 5.1: Structures and orientations at impact of B1, B2, B4 and

B10 prepared for MD simulation.
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Figure 5.2: Implant pro�le and e�ciency of B atom implantation, by

B1(a), B2(b), B4(c) and B10(d). The depth of 0�A shows the surface

of the substrate and the values on the left side indicate the ratio of

unimplanted B atoms to total irradiated atoms.

an incident angle of 7� to the surface normal and rotated 30� to the (001)

direction to avoid channeling implantation, and other clusters are implanted

with normal direction. In order to obtain statistical properties, such as

depth pro�le of implant atoms and displacements, 100 simulations for B1

and B2, and 25 simulations for both B4 and B10 were done at di�erent

impact points, respectively.

5.3 Implant Pro�le and E�ciency

Figure 5.2 shows the depth pro�le of implanted B atoms from B1, B2, B4

and B10 impacts, respectively, 1.2ps after impact. In each �gure, the region

on the RH side where the depth is larger than 0�A indicates the substrate and

the values on the LH side indicate the ratio of unimplanted boron atoms to
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Table 5.1: Mean implant depth and implant e�ciency of boron cluster.

Implant
Depth [Å]Structure 

of Cluster Implant
Efficiency

Num. 
of Stacks 

B1 B2 B4 B10 

18.625 20.325 18.25 18.2
0.83 0.835 0.79 0.784

23.125

1 

0.85
22.287 21.42 
0.885 0.89

19.03

3 0.804

29.0254 

0.98

32.1
10 

0.972

the total irradiated atoms. The mean implant depth and implant e�ciency

for each impact is summarized in table 5.1, where the results are categorized

by the properties of cluster; the cluster size and the number of stacked

atoms in the perpendicular line to the surface. Each boron atom/cluster

is irradiated on the target with the same incident energy of 230eV/atom,

so that the total incident energy of B2, B4 and B10 are 0.46keV, 0.92keV

and 2.3keV, respectively. Figure 5.2 and table 5.1 indicate that, B2, B4

and B10 implantation shows the same implant pro�le and e�ciency as B1,

about 82%, except for the case of the vertical B4 and B10 chains.

In order to understand the enhancement mechanism of implantation

depth and e�ciency by chain-like cluster impact, the di�erences in the B

implant pro�le are investigated according to the initial position in the clus-

ter. Figure 5.3 shows the distribution of B atoms implanted by vertical

B10 chain, according to the initial position in the cluster. As can be seen,

the atoms-1 and -2, which impact on the substrate �rst, show shallower

distribution than atoms-9 and -10, which impact last, and almost all of the
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Figure 5.4: Schematic model of the implant process by vertically-

stacked B cluster.
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backscattered atoms come from atoms-1 and -2. The model of enhance-

ment in implant depth and e�ciency by the vertical-chain cluster is shown

in �gure 5.4, in which the �rst B atom of a chain cluster knocks-on a sub-

strate Si atom and the following B atoms can penetrate to a deeper region.

This collisional process can be considered as the minimum model for the

clearing-way e�ect, which was also shown in argon and carbon cluster im-

pact. Unlike vertical B4 and B10 chain impact, the implant e�ciencies of

vertical B2 and vertical square B4 clusters show a similar value to that of

B1 and horizontal B4 chain cluster. These results suggest that the stack

number of two in B2 and B4 square does not have enough density to cause

an improvement in implant e�ciency, but four is enough for this incident

energy of 230eV/atom. This assumption is supported by the spherical B10

in which the stack number is two or three and shows similar implant depth

and e�ciency to that of a horizontal B10 chain rather than a vertical B10

chain.

As the number of stacks in the cluster increases, the mean implant

depth increases. In the case of the vertical B4 chain cluster impact, the

B4 cluster collapses immediately after it penetrates the �rst layer of the

substrate. However, the B10 chain keeps the coherency of velocity in the

substrate and each B atom continues to penetrate deeply into the substrate.

In these collisional process of small B clusters, the interactions between B

atoms are considered to be less probable and each B atom in the cluster

acts in a way similar to monomer ions with the same energy per atom. The

result of implant e�ciency and implant pro�les are in agreement with the

experimental results from B10H14 which has spherical structure and shows

the same implant pro�le as B monomer ions accelerated with 1/10 of the

energy of B10H14
22). These experimental and MD results demonstrate that

each B atom in B10H14 can be treated as independent B monomer ions.

5.4 Damage Formation by Boron Cluster Impact

5.4.1 Time Evolutions of Damage Formation

Figure 5.5 shows the time dependence of the number of displacements per

single B atom. The displacements are de�ned as these Si atoms which have
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a potential energy of 0.4eV above the bulk state 53). Figure 5.5(a) shows

the transition of the displacement yield by B1 monomers and various B2, B4

and B10 clusters from 0 to 1.2ps. Figure 5.5(b) shows the results from the

calculation continued on to 8ps for B1, horizontal B4 square and spherical

B10.

Until the time of 0.2ps, almost all of the incident energy from the initial

B atoms is transferred to substrate atoms, and the number of displacements

reaches the maximum value at around 0.2ps and then decreases. The maxi-

mum number of displacements depends neither on cluster size nor on cluster

structure. Figure 5.6 shows the time dependence of the mean kinetic energy

of B atoms at the impact of B1 and B10. As can be seen in �gure 5.6, the

energy transition process of both two shows similar pro�le. Therefore, it

can be considered that each implanted B atom interacts with the substrate

atoms individually and the kinetic energy of the incident atoms is trans-

ferred to the substrate without overlapping. This suggestion agrees with

the aforementioned result that implant pro�le and implant e�ciency do not

have size and structure dependency except for the case of the vertical chain

cluster.

The damage recovery process takes a longer time than the energy de-

position from the projectile to substrate, and is di�erent depending on the

cluster size. As shown in �gure 5.5(b), the displacements induced by B1 re-

cover rapidly in 2ps and about eight displacements remain 8ps after impact.

However, the damage recovery rate slows down as the cluster size increases.

In the case of spherical B10 impact, about 30 displacements, which is four

times higher than B1, remain 8ps after impact. The high yield displacement

by cluster ion impact is due to the high-density energy irradiation e�ect.

When a B10 cluster impacts the substrate, B10 deposits its incident kinetic

energy of 2.3keV in a �nite region on the surface so that a large number of

energetic knocked-on atoms are created. These knocked-on atoms interact

with each other, and then these are considered to remain as the deforma-

tion of lattice in the substrate. Therefore, the yield of displacement by B10

remains several times higher than that of B1.
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Figure 5.7: Snapshots of B1 and B10 impacting on Si(001) surface,

0.16ps and 8ps after impact.

5.4.2 Depth Pro�le

Figure 5.7 shows snapshots of B1 and spherical B10 cluster implantation

into Si(001) substrate 0.16ps and 8ps after impact. Large black spheres

represent the implanted B atoms and gray ones are the displaced Si atoms.

Figure 5.8 shows the depth pro�les of displacements induced by B1, hor-

izontal B4 and spherical B10 cluster. The depth pro�les in �gure 5.8 are

calculated by averaging the results of 50 trials for B1 and 25 trials for B4

and B10, respectively.

At 0.16ps after impact, each B monomer and cluster shows a similar

pro�le of damage distribution, like B implant pro�le and total number of

displacements per atom. Figures 5.7 and 5.8 indicate that, at 8ps after

impact, a larger number of displacements are formed by B10 than by B1,
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Figure 5.8: Depth pro�le of displaced Si atoms by the impact of B1,

B4 and B10 on Si(001) surface, 0.16ps and 8ps after impact.

as indicated in �gure 5.5. Furthermore, B monomer and B10 clusters show

a di�erence in the distribution of displacements.

In the case of B1 implantation, transient displacements are formed along

the trajectory of incident atom, however, these displacements easily recover

because the deposited energy through interaction with incident atom is

small. In this case, knocked-on displacements reside around the incident

B atom, and this is termed `end-of-range' damage 69) as shown in �gure

5.7. The end-of-range displacements are statistically observed in the region

deeper than 30�A in �gure 5.8, which shows larger ratio of displacements for

B1 compared to those of B clusters. The end-of-range displacements tend

to kick-out the boron atom from a lattice site through annealing and, there-

fore, the kicked-out B atom di�uses into the deeper region of the substrate.

This di�usion mechanism, called `Transient Enhanced Di�usion (TED),' is

a serious problem in high-quality shallow junction formation using conven-

tional monomer ion implantation techniques 68, 69).

On the other hand, B10 cluster creates a high density of displacements

on the surface at the impact point because of the high-density energy ir-

radiation e�ect. This damaged region is considered to be amorphized and

appears as a box-like shape from the surface to a depth of 20�A, which is
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comparable with the mean implant depth of the B atoms. This charac-

teristic damage formation by B10 is expected to result in signi�cant ad-

vantages in shallow junction formation because of reducing TED without

pre-amorphization. Through annealing, the reconstruction of a substrate

irradiated with B10 clusters proceeds from the bottom of the amorphized

layer to the surface of the substrate. Therefore, interstitial Si atoms tend

to move to the top surface thus avoiding B atom di�usion into deeper re-

gions of the substrate. It has been observed experimentally that low-energy

B10H14 implantation into a Si substrate does not cause TED 21, 70), simi-

larly to the e�ect of B monomer implantation into a well pre-amorphized

Si substrate.

5.5 Summary

In order to examine the advantages of cluster ion implantation for high-

quality shallow junction formation, molecular dynamics simulations of B1,

B4 and B10 implanting into the Si substrate were performed. The results

in this chapter are summarized as follows:

1. B2, B4 and B10 provide low-energy ion implantation equivalent to

1/2, 1/4 and 1/10 of the total acceleration energy, respectively. Each

B atoms in these clusters show similar implant e�ciency and implant

pro�les to that of B1 with same acceleration energy per atom, except

for the impact of the chain-like structure oriented perpendicular to the

substrate. The enhancement of implant e�ciency was shown through

the impact of vertical chain-like clusters, whose size is larger than

four because of coherency of incident velocity.

2. For each case of impact, the number of displaced Si atoms reaches the

same maximum value, but decays with di�erent speed. The similarity

in the maximum number of displacements is caused by the individ-

uality of the incident B atoms, that is, the kinetic energy of each B

atoms is transported to the displacements individually without over-

lapping. The decay speed is lower as the cluster size is larger because

of the high-density energy irradiation e�ect.
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3. In the case of cluster impact such as B10, the impact point is well-

amorphized by cluster ion impact and this damage region is expected

to stop TED of boron atoms to deeper regions of the substrate. These

MD results suggest that the cluster ion implantation technique using

B10H14 has many advantages for high-quality shallow junction forma-

tion through of low-energy implantation and by suppressing TED as

a result of high-yield damage formation.





Chapter 6

Reactive Sputtering by Fluorine

Cluster Impact

6.1 Introduction

Fluorine is known for its high chemical reactivity and it is well established

that 
uorine ion irradiation as either ion beam or plasma has much higher

yield than non-reactive ions. Furthermore, cluster ion irradiation provides

high-density atomic irradiation and high-density energy deposition, which

are expected to promote the chemical reaction on the surface.

Figure 6.1 shows the sputtering yield of various target materials at the

irradiation by Ar monomer, Ar cluster and SF6 cluster with total energy

of 20keV 20) and the predicted sputtering yields by Ar monomer irradiation

obtained from the collision cascade theory as the reference 71). For both Ar

and SF6 cluster impact, the mean size is about 2000. Figure 6.1 indicates

that, when SF6 cluster is irradiated on Si and W substrate, the sputtering

yield is 10 times higher than that of Ar cluster, which in turn is 10 times

higher than monomer ions with the same total acceleration energy.

In order to observe the chemical reaction by SF6 cluster impact, the

evaporated particles during irradiation were measured by quadrupole mass

spectrometer (QMS). Figure 6.2(a) shows the mass spectrum after intro-

ducing SF6 cluster beam, and �gure 6.2(b) is the spectrum observed during

SF6 cluster irradiation on Si target with the total energy of 20keV. As

shown, when the Si substrate is present, a mass peak is observed at 85

amu, which is attributed to SiF+3 , the main peak of the SiF4 spectrum.

This result indicates that SF6 cluster bombardment causes large number

93
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Figure 6.1: Sputtering yield by Ar monomer, Ar cluster and SF6 clus-

ter impact to various target materials20). The predicted sputtering

yields obtained from the collision cascade theory are also shown as

the reference 71).

of SiF4 due to its high chemical reactivity at the impact, and these SiF4

molecules are ionized and detected as SF+3 at the QMS. At the bombard-

ment of a (SF6)2000 with total energy of 20keV, each F atom in the cluster

has an energy of 1.3eV. However, it causes chemical reaction on the sur-

face and a higher sputtering yield, as shown in �gure 6.1. This high-yield

etching e�ect is considered the result of the nonlinear e�ect by cluster ion

impact.

It is important to understand how energetic ions and clusters enhance

the sputtering yield, not only from the viewpoint of science but also for

industrial applications. In this chapter, MD simulations of 
uorine atoms,

molecules and clusters impacting on Si(001) and Si mono-
uoride (001)

surfaces were performed. The sputtering yield and the sputtered species

are compared with those formed by a neon gas cluster, which has similar

atomic weight but no chemical reactivity with Si.
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6.2 Simulation Model

Potential Model

In this work, MD simulations of F1, F2, (F2)30, Ne1 and Ne60 molecule/

dimer/cluster impacting on a Si(001) and a Si mono-
uoride(001) (Si{

F(001)) surfaces were performed. In order to describe the interactions

between Si and F atoms, the Stillinger{Weber (SW) type potential model

was applied. The SW type potentials and their parameters are given by

eqn. (2.15){(2.24) and table 2.1 and 2.2. On the other hand, the interac-

tions between Ne{Ne and Si{Ne are described only in Ziegler, Biersack and

Littmark (ZBL) universal potential model 27) given by eqn. (2.9){(2.14), be-

cause the binding energies of Ne{Ne and Si{Ne are much lower than those

of Si{Si, Si{F, F{F and also lower than the incident energy of projectile

atoms in this work. The cut-o� radius (rc) of Ne{Ne interaction was set

at 3.2�A, which corresponds to the bond length of Ne{Ne. For the Ne{Si

interaction, rc is 2.75�A, which is the mean bond length of Ne{Ne and Si{Si.

Cluster Modeling

The structure of the F2 cluster has been reported to consist of a central

F2 which is hexagonally surrounded by six neighboring F2 molecules in

a horizontal plane and is considered to be stable 39). In this simulation,

(F2)30 cluster was constructed by stacking 3 planes of F2 molecules. Each

F2 plane contains 7, 16 and 7 molecules respectively. The distance between

F2 molecules in the horizontal plane is 3.12�A and the interplanar distance is

4.53�A, which corresponds to the distance between two aligned F2 molecules

giving minimum potential energy. The shape of Ne60 cluster is spherical and

it has an icosahedral structure. For both 
uorine and neon clusters, each

atom in the cluster has the same velocity in both magnitude and direction

at the beginning of the impact. In this study, all clusters and molecules are

irradiated with the energy ranging from 1eV/atom to 100eV/atom.
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Substrate Modeling

The Si(001) target substrate consists of maximum 260,000 atoms and its

maximum dimension is 180�A�180�A�180�A, which is large enough to receive

incident energy of this magnitude. The surface Si atoms construct a sta-

ble 2�1 structure 50). A periodic boundary condition and thermal bath is

applied to the substrate, as shown in �gure 2.4, and the substrate tempera-

ture is set at 300K before impact. For comparison, a Si mono-
uoride (001)

surface (Si{F(001) surface) was also prepared as the target material. For

the Si{F(001) surface, each surface Si atom has a bond with one F atom.

In order to obtain enough statistics, the simulations of (F2)30 (100eV/atom)

and Ne60 (100eV/atom) were performed 10 times and the others 100 times

with di�erent impact points. Each impact process was calculated for 8ps,

a time interval which is long enough to �nish the impact process and in-

vestigate the adsorption and desorption of molecules. The sputtering yield

was calculated by dividing the total number of desorbed Si atoms by the

total number of irradiated F atoms in a molecule/cluster.

6.3 Penetration and Sticking Mechanism

6.3.1 The Impact Event

Figure 6.3 shows snapshots of (F2)30 cluster impacting on the Si(001) sur-

face with 1eV/atom (60eV total), 10eV/atom (600eV) and 100eV/atom

(6keV), respectively. For each impact energy, the side view at 0, 0.15, 1.5

and 8ps after impact, and top view at 8ps are shown. When the acceleration

energy is very low, 1eV/atom, the cluster cannot penetrate the surface and

collapses on it. During the impact at this low energy, some F2 molecules in

the cluster dissociate to F atoms and some F atoms remain on the surface.

The surface structure of Si(001) 2�1 is almost undisturbed and almost all

of adsorbed F atoms have a bond with one Si ad-atom on the surface. This

result recon�rms the previous observations that 
uorine monomer or dimer

are adsorbed on a Si(001) 2�1 72, 73).

As the incident energy increases, the cluster penetrates the surface and

a crater-shaped damage occurs on the surface. Most of the F atoms are
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Figure 6.3: Snapshots of (F2)30 cluster impacting on bare Si(001)

surface at 1, 10 and 100eV/atom taken at 0, 0.15, 1.5 and 8ps after

impact as indicated. For 8ps both side and top view are shown. Gray

circle, white circle and large white circle are F, Si and Si atom bonded

to F atom, respectively.



6.3. Penetration and Sticking Mechanism 99

1 10 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

a) to Si bare surf.
 (F2)30

 F1

 F2

S
tic

ki
ng

 P
ro

ba
bi

lit
y

Incident Energy [eV/atom]

1 10 100

b) to Si-F surf.
 (F2)30

 F1

 F2

Incident Energy [eV/atom]

Figure 6.4: Incident energy dependence of the sticking probability
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surface, 8ps after impact.

adsorbed on the wall and the bottom of the crater. The formation of

crater-like damage was observed with non-reactive cluster ion impact both

by simulations and experimentally as shown in the previous chapters and

as also shown by the other groups 74, 75, 76, 77). In the case of 10eV/atom,

as shown in �gure 6.3, one Si atom is sputtered as SiF. When the incident

energy is as high as 100eV/atom, a large number of Si atoms are sputtered

as a non-
uorine-containing Si cluster, which is signi�cantly di�erent from

the result with 10eV/atom.

6.3.2 Sticking Probability

Figures 6.4(a) and 6.4(b) show the energy dependence of the sticking prob-

ability of F atoms to a bare Si and a Si{F surface, respectively, at 8ps

after impact. When the incident energy is 1eV/atom, almost all of 
uorine

monomers stick on the bare Si surface and form a stable bond with the

surface Si ad-atom. The 
uorine dimer also dissociates and both two F

atoms adsorb on the bare Si surface. However, the sticking probability of

(F2)30 is much smaller than that of F1 and F2; only 40% of incident F atoms

are adsorbed on the surface. The diameter of (F2)30 is about 10�A, which
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corresponds to the length of 2 unit cells of silicon. In the case of (F2)30

impact, the F atoms are arriving in such a narrow region, so that some of

them cannot interact with surface Si atoms and are expected to leave the

surface. As shown in �gure 6.3, at the impact with 1eV/atom, F atoms of

(F2)30 spread over a square of about 20�A�20�A(4 Si unit cell length square)

which contains 32 surface ad-atoms and 23 F atoms stick on the surface af-

ter 8ps. In this case, many Si{F bonds with high density are formed on the

surface. Therefore, the formation of volatile 
uoride products such as SiF4

is prompted and a higher etching rate is expected compared to F monomer

or dimer irradiation.

On the other hand, when the Si surface is already covered with F atoms,

the sticking probability is low as it is di�cult for another F atom to �nd

an F-free site on the surface. In the case of F2 impact with 1eV/atom,

all incident molecules are re
ected without dissociation. This result is due

to the fact that the bond energy between F{F is 1.66eV 40) and the F2

dimer carries 2eV of kinetic energy. A similar result is shown with (F2)30

irradiation; only 2% of incident molecules were dissociated and almost of

all are evaporated keeping the F{F bond.

As the incident energy increases, the sticking probability of F1 and F2 to

bare Si surface �rst decreases and then increases. When the incident energy

is 10eV/atom, some of the incident F atoms are re
ected through atomic

collisions with surface Si atoms. If the incident energy is 100eV/atom,

however, the F atoms can penetrate the surface and most of them are

implanted into the substrate. On the other hand, the sticking probability

of (F2)30 increases monotonically with the increasing incident energy. At

higher energy, (F2)30 can penetrate the surface and the number of Si atoms

which interact with F atoms increases. The sticking probability to the Si{F

surface also increases as the incident energy increases because of a similar

reason to the (F2)30 impact on a bare Si surface. It should also be noted

that, at the highest energy, 100eV/atom, the sticking probability for all

cases coincide to 1.0, as shown in �gure 6.4.
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6.4 Sputtering E�ect

6.4.1 Sputtering Yield

Figures 6.5(a) and 6.5(b) show the energy dependence of the sputtering

yield of F, F2 and (F2)30 as well as Ne monomer and Ne60. Figures 6.5(a)

and 6.5(b) shows the yield of bare Si and Si-F surfaces, respectively. At

100eV/atom, all incident particles cause sputtering. F1 and F2 shows the

same sputtering yield per one F atom to both bare Si and Si{F surfaces,

which indicates that each F atom in the F2 molecule interacts with the

surface atoms independently, i.e. nonlinear e�ect does not occur. However,

the sputtering yield of (F2)30 is several times higher than F1 and F2. This

result suggests that (F2)30 impact causes nonlinear e�ects in sputtering by

high-density particle and energy irradiation.

When a cluster impacts on a substrate with energy high enough to pen-

etrate the surface, the cluster deposits its kinetic energy with high density.

Furthermore, high-density atomic irradiation causes a large number of col-

lisions between cluster{cluster, cluster{substrate and substrate{substrate

atoms. Because of these multiple collisions, the deposited kinetic energy is
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atoms with or without F, at the impact of (F2)30 on Si(001) surface.

transferred isotropically and the impact point is deformed hemispherically,

as shown in �gure 6.3 and in other MD simulations of inert gas clusters

mentioned in chapter 3 and 4. The nonlinear e�ect in sputtering is ob-

served in Ne cluster ion impact. In �gure 6.5(a), Ne60 cluster also shows

higher sputtering yield than Ne1, like the (F2)30 cluster.

The di�erence in sputtering yield between F cluster and F monomer/

dimer increases as the incident energy decreases. When the incident energy

is below 10eV/atom, the F monomer and dimer do not cause sputtering but

the (F2)30 cluster shows a relatively high sputtering yield. On the contrary,

with 10eV/atom or less, sputtering is not observed with Ne60 accelerated.

It is considered that the mechanism of enhancement of sputtering yield by

cluster ion is di�erent depending on the incident energy.

6.4.2 Sputtered Species

Figure 6.6 shows the incident energy dependence of the sputtering yield of

Si atoms with or without F, at the impact of (F2)30 on Si(001) surface.

Figure 6.6 indicates that, at the low energy impact, almost all of Si atoms
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are sputtered as a 
uorized compound, however, as the incident energy in-

creases, most of Si atoms are sputtered without bonding to F atoms. It can

be considered that the major e�ect to dominate the sputtering mechanism

by 
uorine cluster will vary according to the incident energy of the cluster.

Figures 6.7(a)�(d) show the distribution of sputtered molecules by im-

pacts of various atom/molecules. The major sputtered product by F cluster

impact on a bare Si surface is di�erent with varying incident energy. At

100eV/atom, the major sputtered products by (F2)30 are Si clusters with

no 
uorine, whereas Si monomer is the main product with F and F2 irra-

diation. This tendency is shown also for Ne cluster and Ne monomer with

100eV/atom. It has been shown in �gure 3.17 that, when crater-shaped

damage is formed by a cluster impact, the surface atoms move in lateral

direction and form the rim of a crater. In this collisional process, these

surface atoms on the rim have the same kinetic energy and momentum,

so that some atoms in rim of crater leave the surface as a cluster, which is

termed as `lateral sputtering.' Therefore, the mechanism of high-yield sput-

tering with high-energy (100eV/atom) cluster impact can be considered to

be mainly a physical atomic collisional process.

As the incident energy decreases, the major sputtered products change

to silicon 
uorides with more F atoms, i.e. they are more volatile molecules.

Considering that F1, F2 and Ne60 do not cause sputtering with an en-

ergy below 10eV/atom, the high-yield sputtering e�ect with low-energy

(10eV/atom or less) depends on the chemical reactivity due to the high-

density atomic irradiation by the cluster impact, which causes high-density

Si{F precursors on the surface.

When the incident energy is 100eV/atom, the sputtering yield of 
uo-

rine monomer, dimer or cluster on a Si{F surface is similar to that on a bare

Si surface, but the sputtered products are di�erent; the major products are

SiF2, SiF and Si cluster containing some F atoms for F1, F2 and (F2)30, re-

spectively. In any case, considering the sticking probability, almost all of the

F atoms in the sputtered particle are considered to be the atoms adsorbed

on the surface before impact, as shown in �gure 6.4. Therefore, chemi-

cal reactivity is not an important factor in bombarding with 100eV/atom

particles onto a Si{F surface.
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As shown in �gure 6.5(b), the sputtering yield of a Si{F surface is lower

than that of bare Si at 10eV/atom. At the lowest impact energy for which

results were obtained, 1eV/atom, no sputtering occurs. The distribution of

sputtered products from a (F2)30 cluster with 10eV/atom to bare Si and

Si{F surface are shown in �gure 6.7(b). Irradiation onto a Si{F surface

does not produce non-
uorine-bonded Si as the sputtered particle. If the

incident energy is low, the surface potential barrier has a decisive role in

the impact process regarding the sputtering yield. The surface potential

barrier of a Si{F surface is higher than that of the bare Si surface, so that

the cluster is re
ected on the surface without depositing kinetic energy.

6.4.3 High Performance Etching by Reactive Cluster Ion

Figure 6.8 shows the depth pro�le of displaced Si atoms at the impact of

F1, F2 and (F2)30 on a Si(001) surface with various incident energies, 8ps

after impact. The displacements are de�ned atoms which gained 0.4eV of

the potential energy above the bulk state. At any incident energy, (F2)30

cluster impact shows larger damage formation yield and deeper pro�le of

displacements compared with F1 and F2. This is because a (F2)30 cluster

can penetrate to a deeper region due to the clearing-way e�ect and deposit

its kinetic energy in narrow region, similar to the C60 impact mentioned in

chapter 4.

The relationship between the yield of sputtering and damage formation

in the substrate was examined. Figure 6.9 shows the relationship between

the mean damage depth and the sputtering yield by F1, F2 and (F2)30

impact. As can be seen in �gure 6.9, (F2)30 impact shows higher sputtering

yield but forms shallower damage distribution compared with F1 and F2.

These results indicate that the low-energy cluster ion impact enhances the

chemical reactivity on the surface and high-yield and low-damage sputtering

e�ect can be achieved.

6.5 Summary

In this chapter, MD simulations of 
uorine atom, molecule and cluster

impacts on a bare silicon and silicon-
uoride (Si{F) surface were performed
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Figure 6.8: Depth pro�le of displaced Si atoms at the impact of F1,

F2 and (F2)30 with various energies, 8ps after impact.
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Figure 6.9: Relationship between the mean damage depth and the

sputtering yield by F1, F2 and (F2)30 impact.

to elucidate the mechanism of silicon sputtering by 
uorine clusters. the

results in this chapter are summarized as follows:

1. A (F2)30 cluster impact on a bare Si surface shows sputtering even at

the low incident energy of 1eV/atom, whereas F and F2 only adsorb

on the surface at this energy and sputtering does not occur. For

cluster impact, Si atoms desorb from the surface as silicon 
uoride,

which means that chemical sputtering occurs.

2. The e�ect of the chemical enhancement by cluster impact is due to

the fact that the cluster impact brings many atoms into a very nar-

row region and this causes a large number of Si{F precursors to be

formed. Moreover, the kinetic energy of the cluster is deposited with

high density and precursors are excited and prompted to create SiFx

species.

3. With increasing incident energy the sputtering yield increases, but the

ratio of 
uoride particles to the total sputtered particles decreases. At

an incident energy of 100eV/atom, Si atoms are sputtered as silicon
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cluster without 
uorine, in a sputtering mechanism similar to that of

the Ne60 cluster. This indicates that the sputtering with high energy

is preceded by a physical e�ect through a large number of atomic

collisions.

4. The sputtering yield and sticking probability to the bare Si and Si{F

surfaces are similar for an incident energy of 100eV/atom. However,

if the incident energy is less than 10eV/atom, the sputtering yield of

the Si{F surface is signi�cantly lower than that of bare Si. This is

attributed to a surface potential barrier which prevents the formation

of SiFx species.

5. (F2)30 impact causes larger and deeper damaged region compared

with F1 and F2 impact with the same incident energy per atom. How-

ever, from the view point of total sputtering yield and damage depth,

the cluster impact provides a higher sputtering yield than monomer

and dimer impact which cause the same mean damage depth as the

cluster. This result demonstrates that the reactive cluster impact can

achieve high-yield and low-damage etching.



Chapter 7

Summary and Conclusions

In this work, the impact processes of cluster ions on solid surface were

studied by use of molecular dynamics (MD) simulation. It was demon-

strated both in MD simulations and in experiments, that cluster ion causes

an interesting collisional process at the impact with a solid target, which

cannot be explained by summation of single ion e�ects and is called `non-

linear collisional process.' The nonlinear e�ects caused by cluster impact

are summarized as following.

In chapter 3 and 4, the basic impact processes of cluster ions were dis-

cussed using large argon clusters, which consist of several tens to thousand

atoms, and small carbon clusters, such as C4, C8, and C60. In order to

explain the collisional process of cluster ion, two e�ects, the `clearing-way'

and the `multiple-collision' e�ects, are proposed. The `clearing-way' e�ect

occurs with the following mechanism: At the impact of a cluster ion, a large

number of cluster atoms are irradiated in a narrow region. In this collisional

process, the surface atoms are pushed aside from their original site by the

�rst cluster atoms to hit the surface and the next following cluster atoms

penetrate the surface without energy loss. Thus, the cluster can penetrate

into the substrate deeper than a monomer ion with the same energy per

atom.

On the other hand, implanted cluster atoms collide with a large num-

ber of surrounding substrate atoms, which in turn also cause many col-

lisions with other substrate atoms as well as cluster atoms. Because of

this `multiple-collision' e�ect, cluster atoms spread isotropically rather than

penetrate to a deeper region in the substrate, so that the mean penetra-

109
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tion depth of cluster is shallower than that of monomer ion with the same

total acceleration energy. In the multiple-collision process of cluster ion,

the homogeneous damaged region with the shape of crater is formed on

the surface. These penetration and damage formation processes are very

di�erent from the cascade-collision processes, which occur with monomer

ion impact.

Nonlinearity in the penetration depth occurs with the incident energy

ranging from several tens to several hundreds eV/atom for Ar cluster on

Si substrate impact, and from about one hundred to several thousands

keV/atom for C60 on diamond substrate. In these energy regimes, the mean

penetration depth of cluster atoms and the radius of the crater formed on

the surface are proportional to the cubic root of the incident energy. This

is because, in the multiple-collision process, the incident energy and mo-

mentum are transferred isotropically and the cluster atoms expand hemi-

spherically in the substrate. If the whole incident energy of the cluster

is deposited onto the substrate to form displacements, the volume of the

displaced region will correspond to the incident energy. Thus, if the shape

of the displaced region keeps a similar aspect ratio at any incident energy,

it is considered that the penetration depth as well as the radius and the

depth of crater obey a cubic-root law.

At low energy impact, with less than the lower threshold energy to

show the cubic-root law, the cluster does not penetrate even with the help

of the clearing-way e�ect and it collapses on the surface. On the other

hand, if the incident energy is above the higher threshold, cross-section of

impact decreases, so that the incident atoms of the cluster are implanted

into the substrate independently and do not cause the multiple-collision

e�ect, and the penetration depth approaches that of monomer ions for the

same incident energy per atom.

As for the damage formation by cluster impact, the energy range in

which the nonlinear e�ect occurs extends to the cases in which penetration

depth does not obey the cubic-root law. In the kinetic energy regime in

which the penetration depth obeys the cubic-root law, the energy of clus-

ter is deposited in shallower region compared with the monomer ion with

the same total acceleration energy. In addition, because of the multiple-
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collisions e�ect, the kinetic energy of the cluster is transferred homoge-

neously to the substrate atoms near the impact site by a collective move-

ment. Consequently, a large amorphized crater-shaped damage is formed

on the surface.

As the incident energy increases and the multiple-collision e�ect de-

creases, each cluster atoms impinges into the substrate independently, but

produces a large number of high energy target atoms near the surface region

with high density. These high-energy substrate atoms cause a multiple-

collision e�ect in a similar manner to the cluster atoms in the middle range

of the kinetic energy. In the case of high energy impact, cluster ion ir-

radiation provides a similar penetration depth, but several times higher

displacement yield compared with monomer ion with the same acceleration

energy per atom.

The size-dependence of the damage formation under high-energy cluster

impact was examined using small carbon clusters ranging from the size 1

to 60. At the incident energy of 2keV/atom, in which these clusters show

a similar implant depth to carbon monomer, the damage typical to the

cascade-collision mechanism is formed with the size of less than 8, whereas

C19 and C60 impacts show homogeneously damaged regions in the surface

of the substrate. These results indicate that the threshold cluster-size to

cause the nonlinear e�ect in damage formation is around 10.

In chapter 5, MD simulations of small B cluster and monomer implan-

tation were performed, and the characteristics and advantages of cluster

ion implantation were discussed. B1, B2, B4 and B10 are irradiated on Si

(001) substrates with acceleration energy of several hundreds eV/atom. In

this simulation, the dependence of cluster size and structure on the impact

process were examined. It was shown that, in each cluster impact, im-

plant depth and implant e�ciency similar to monomer ions were obtained,

except for vertical chain-like cluster with the size larger than 4. In this

exceptional case, deeper implant depth and higher implant e�ciency were

observed. The latter can be explained by the following mechanism: The

atom which impacts on the substrate �rst clears the substrate atom and re-

sides in a shallower region in the substrate than the atoms following, which

will penetrate the substrate without energy loss like in the clearing-way
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e�ect. This result suggests that each B atom in a B cluster acts like a

monomer ion.

Nonlinearity is shown in damage formation similar to that observed

for carbon cluster impact. The number of displacements produced by one

B atom once increases to the same maximum for both B cluster and B

monomer. However, the damage recovery process is di�erent, depending

on cluster size. Damage induced by B10 recovers more slowly, with 4 times

more displacements remaining, compared to B1. These displacements by

B10 clusters concentrate in the near surface region of the impact point, while

those by B1 reside around the implanted B atom as end-of-range damage.

This characteristic damage formation by B10 cluster is expected to avoid

transient-enhanced-di�usion of incident B atoms and achieve the formation

of high-quality shallow p-type junction.

In chapter 6, MD simulations of 
uorine atoms, molecules and clus-

ters impacting a silicon substrate were performed in order to investigate

the impact process of a reactive cluster ion. The results show that when

the incident energy of the impacting 
uorine atom or molecule is below

10eV/atom, the species are only adsorbed on the surface and sputtering

of substrate atoms does not occur. On the other hand, a 
uorine cluster

consisting of 30 molecules produces sputtering even at a low incident en-

ergy of 1eV/atom. At these conditions, the surface atoms are desorbed as


uorine-containing species, such as SiF or SiF2, indicating that chemical

desorption is enhanced by irradiation with 
uorine clusters.

As the incident energy of the cluster increases to values as high as

100eV/atom, almost all the 
uorine atoms penetrate the surface and a

crater-shaped damage is formed. The incident F atoms reside at the bot-

tom region of the crater. In this case, silicon atoms leave the surface as

monomers, dimers or clusters without F atoms, i.e. physical sputtering

through atomic collisions has a higher probability than chemical reactions

in this energy regime, like in the case of Ne or Ar cluster impact.

(F2)30 impact causes larger and deeper damaged region compared with

F1 and F2 impact with the same incident energy per atom. However, from

the view point of total sputtering yield and damage depth, the cluster im-

pact provides higher sputtering yield than monomer and dimer impacts
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which cause the same mean damage depth as the cluster. This result

demonstrates reactive cluster impact can be used for the high-yield but

low-damage etching process.

In this work, the nonlinear characteristics of cluster ions were clari�ed

for varying incident energy, cluster size and species. It is expected that, by

proper selection of cluster size, species and energy, new nano-scale processes

such as shallow junction implantation, high-yield sputtering and surface

modi�cation could be developed.
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