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Mechanisms of cluster implantation in silicon: A molecular-dynamics study
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Employing molecular dynamics, we have simulated collisions of various sizes of 5.7-keV silicon clusters
with a silicon surface. At this energy, the simulation provides an atomistic description of the evolution of the
multiple scattering process of atoms in the cluster as well as the substrate where atoms interact with each other
by covalent forces. The change from the collision cascade that is characteristic in the single-ion case to the
simultaneous collision process that leads to the collective motion of particles, such as macroscopic vibration of
the surface and shock waves, is found by increasing the number of the atoms in the cluster. With an increase
in cluster size, the impurity profile and the damaged region for the cluster ion implantation is also found to be
shallower. In contrast to single-ion implantation, cluster implantation may not induce defects in deep regions,
making it suitable for device design. The channeling effect is found to be mainly suppressed by the low-
frequency macroscopic vibrations of the surface rather than by the amorphization of the surface caused by the
impact.@S0163-1829~98!03136-1#
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I. INTRODUCTION

In order to create low-leakage junctions for future hig
speed and scaled down device structures, low-energy
plantation is necessary for the preparation of very shal
junctions, constituting the source-channel and drain-chan
regions of metal-oxide-semiconductor~MOS! devices. For
example, ultrashallow doping with depth less than score
nm is required for sub-0.1-mm metal-oxide-semiconducto
field-effect transistors~MOSFET’s!.1 In making such shal-
low junctions with a high concentration of impurities, th
depth of the defects from the surface should be much s
lower to suppress transient enhanced diffusion~TED!,2

which is caused by the excess point defects in the regio
implant damage. The above requirement extends the ion
plantation technique towards lower energies of keV ord
However, standard ion-implantation technology, such as1

implantation, results in problems such as the inherent ch
neling effect, anomalous diffusion due to damage such
TED, lateral diffusion under the mask, and so on.3

Using molecules or clusters for the ion source is o
promising solution4 since such sources reduce the effect
energy per constituting atom more than what could
achieved by lowering the accelerating voltage of the
implanter.5 Recently, BF2

1 has been used to make shallo
junctions, although it suffers from a boron penetration pro
lem caused by the existence of fluorine.6 Seeking a lower-
energy and higher-dosage boron ion implantation techniq
Goto et al.7 used the decaborane molecule, B10H14, with a
plus charge as an implanted ionized particle. Since B10H14

1

contains ten boron atoms, it can be implanted with abou
one-tenth lower effective acceleration energy and a ten ti
higher effective beam current when compared with B1. ~The
impact energy of the hydrogen atoms are ignored beca
their masses are much smaller than those of boron.! Takeu-
chi et al.8 showed experimentally that the boron second
ion mass spectroscopy~SIMS! profile of the boron cluster
PRB 580163-1829/98/58~16!/10736~9!/$15.00
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decaborane B10H14, implanted into a Si~100! surface at 20
keV is quite similar to that of B1 implanted at 2 keV. More-
over, implanted boron atoms are electrically activated, wh
is desirable in boron implantation. Nevertheless, they
ported that there is an inherent channeling effect,8 although
the suppression of the channeling effect is dramatic. Tak
chi conjectured that the suppression of the channeling ef
by using a cluster ion is due to the amorphization of t
silicon substrate crystal induced by the cluster impact. Ho
ever, neither the collision mechanism that results from
impact of clusters on a Si~100! surface, nor their influence on
the types or number of induced defects are clear, despite
work on the surface impact of clusters.9 The purpose of this
work is to study these issues in the context of the clus
impact mechanism.

In keV implantation where nuclear stopping is domina
compared with the electronic stopping~this is the converse
of the high-energy implantation process!,10 the single-ion im-
plantation process can be described as follows. When an
ergetic ion collides with an atom in a crystal lattice wi
enough energy, the lattice atom will collide with other latti
atoms, resulting in a large number of successive collisio
All atomic collisions initiated by a single ion are called
cascade.

Molecular dynamics11,12 is a useful tool for investigating
the collision phenomena in keV energy regimes, where
multiple scattering, i.e., more than two atoms colliding w
each other simultaneously, and the many-body interac
between atoms becomes important, because the time ev
tions of many atoms~i.e., positions and velocities! are ob-
tained simultaneously without assuming a specific collis
mechanism. This is in contrast to the often-used Monte Ca
simulation method for implantation, such as TRIM~Ref. 13!
and MARLOWE.14 In these simulations, a binary collisio
mechanism where two particles collide with each other
pairwise interaction is assumed.9 As far as the single-ion
implantation process is concerned, this collision mechan
10 736 © 1998 The American Physical Society
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PRB 58 10 737MECHANISMS OF CLUSTER IMPLANTATION IN . . .
dominates in creating the collision cascade in the hi
energy regime (.10 keV). Therefore its applicability to the
low-energy implantation is not assured, since other mec
nisms such as multiple scattering, which cannot be descr
by a binary collision mechanism, are expected to play
important role.15 Because collision mechanism in general c
be derived from the Newtonian mechanics~i.e., time evolu-
tion! of a system composed of particles, molecular dynam
has been used to study particle impact phenomena11,12 from
their early applications.

In recent work, Dı´az de la Rubia and Gilmer16 studied the
single-ion ~Si! implantation of 5 keV on a Si~100! surface
using molecular dynamics employing three-body Stilling
Weber potential17 as well as a Langevin dynamics procedu
They showed that the primary knock-on atom mechanism
dominant in such a case. Although an amorphous region
ated by a 5-keV primary knock-on atom contains a thous
displaced atoms, only a few isolated Frenkel pairs rem
which finally collapse into clusters of interstitials or vaca
cies after 1 ns annealing at 1300 K. They also suggested
these defect clusters are primarily responsible for the
hanced diffusion of dopant atoms commonly observed
low-energy ion implanted silicon. These views are consist
with experimental results.18–21

Cluster impact on the surface has been studied using
lecular dynamics by many researchers,9,22–24 including
fullerene C60 clusters implanted on a graphite surface,9 sili-
con cluster soft landing on a Si~100! surface,24 and Ar cluster
bombardment on a Si~100!.22,23 Gilmer and Roland24 per-
formed a three-dimensional simulation of the impact of
silicon clusters with energy 0.5 keV onto a Si~100! surface
to investigate the film deposition process. Insepov a
Yamada22 calculated the depth profile of an Arn (n555
2200) cluster ion with an energy of 10–100 eV/cluster in
two-dimensional surface. However, to our knowledge,
silicon cluster impact problem for Si~100! with an energy of
about 5 keV that is characteristic of that used to impl
dopants for shallow junctions in semiconductor devices
not been pursued.

In this work, by referring to the work of Dı´az de la Rubia
and Gilmer16 for single ion implantation, we took a simila
approach for simulating the cluster implantation process o
Si ~100! surface. In particular, we have simulated collisio
of approximately 5.7 keV using silicon clusters on a Si~100!
surface with varying cluster sizes and temperatures. The
of our work is to study the changes in the implantation p
cess when clusters containing up to 90 atoms are used
tive to single atoms~or ions! in the energy range of 5 keV

II. METHOD OF SIMULATION

In our molecular-dynamics simulations, the Stillinge
Weber potential was used to calculate forces between ato
especially the covalent forces in silicon. The computatio
cell (16.053316.053336 nm) contains 108 000 Si atom
and incident cluster, where the base of the cell is a squ
16.053 nm on an edge and the height is 8 nm~with 28-nm
vacuum region!. As an initial position of atoms in the sub
strate, we prepare the truncated ideal silicon surface, i.e.
choose a perfect diamond structure as an initial position w
the ~100! surface at the top. Maxwellian velocity distributio
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was chosen for the starting velocities of particles. The p
odic boundary conditions were applied in all directions, b
the atoms at the bottom two layers were held fixed in th
initial position and all other atoms were allowed to mo
freely. In our calculation, the microcanonical (EVN) en-
semble molecular-dynamics method with time reversi
leapfrog time integration was used, where the total energ
the systemE, volumeV, and the number of particlesN are
chosen for the constant variables. In the process for obt
ing thermal equilibrium state of the crystal using molecu
dynamics, we obtained the reconstructed surface w
dimers, which is the same as the dimerized surface pr
ously obtained using the Stillinger-Weber potential.

The number of atoms in the incident cluster,Nc , were
chosen as 1, 8, 20, and 90. Hereafter we use the term ‘‘c
ter’’ to refer to both a cluster with more than one atom an
single-atom~ion! case. For each cluster, the incident to
kinetic energy is 5.7 keV. In most cases in our simulatio
for Nc51290, atoms in the cluster have only translation
velocity perpendicular to the surface; our modeling impl
that all particles in a cluster have the same velocity prop
tion to square root of the total kinetic energy of cluster ov
Nc . This does not allow the thermal fluctuation of particl
in an incident cluster, thus corresponding to the situation
which the internal state has the same phonon state, or
temperature. However, this restriction was relaxed for
some simulations forNc520. In these cases, the cluster
center of mass has only translational velocity, but partic
inside the cluster can have a different velocity by the follo
ing two methods:~1! cluster atoms have the rotational m
mentum around thez axis with energy corresponds to 300
K, and ~2! the velocities of atoms are completely rando
with energy corresponds to 4000 K.

Because at keV energies the electronic slowing do
does not significantly contribute to the production of latti
defects, defect production is caused mainly by nuclear s
ping, i.e., the collision between an incident ion and atoms
the substrate and the collision between substrate ato
Here, we only take into account the effect of nuclear sto
ping using molecular dynamics. Because the time of the
pact is too short, the impact phenomena may not stron
depend on the detailed interaction potential between incid
and substrate particles. However, it is known that, in the k
regime, the simultaneous motion of particles is strongly
fected by the presence of the many-body forces. Theref
we choose the silicon cluster as an incident cluster ion
pacting on a Si~100! surface for the sake of simplicity. Also
since the mass of the implanted element and the substrat
the same, the momentum transfer from atoms in the clu
to atoms in the substrate is maximally estimated in our ca

We have assumed that the incident cluster ion neutral
before impact and therefore we can use the potentials
neutral species rather than ions. Hereafter we use the
‘‘ions’’ to refer to the fast impacting neutral species as
Ref. 25. In our molecular-dynamics simulations, we chang
the time step of the time integral according to the velocity
the fastest particle motion in the phenomena. Our simu
tions were performed using a HITACHI SR2201 parallel s
percomputer and mainframe systems.
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III. RESULTS AND DISCUSSIONS

The simulation results depicted by particle and field i
age are given in Figs. 1 and 2, respectively. Only atomsnot
having four coordinated atoms are depicted in Fig. 1~and
Fig. 3!. The coordination number used here is defined as
number of atoms inside of the sphere with radiusRs centered
at an atom.~HereRs is set to 0.3 nm, which is close to th
nearest-neighbor distance of atoms in the diamond struc
of silicon.! Since a perfect crystal form of silicon is a dia
mond structure in which atoms are four coordinated, the
viation in the coordination number from four normal
means a defect, even though a defect may occasionall
four coordinated. In the color map, atoms having ‘‘the co
dination number’’ 1~dark blue!, 2 ~blue!, or 3 ~sky blue!
indicates that atoms are near vacancies, while 5~green!, 6
~yellow!, or 7 ~orange!, and, to a lesser extent, 8~red!, indi-
cates interstitials. By dividing the computational box in
finer meshes each having 0.22930.22930.193 nm, the local
field variable for the physical quantities is determined
smearing corresponding particle variables contained i
mesh. For instance, to determine the local temperatur
mesh pointRi , Ti

loc, we have smeared out the kinetic ener
for the particle inside the sphere of radius 0.3 nm centere

FIG. 1. ~Color! The region damaged by a single~upper panel!
and 90-atom cluster~lower panel! impacts both with 5.7 keV. The
snapshots were obtained by slicing central regions of the incid
location.
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Ri and visualized, by the marching cubes method,26

Ti
loc5

1

6kBNi
loc(j

Ni
loc

mjv j
2 , ur j2Ri u,0.3, ~3.1!

where Ri is the mesh point,j indicates the index for the
atom, andNi

loc is the number of atoms in the local regio
aroundRi . Figures 2 and 4 show the cross-sectional view
the temperature field in the substrate. Similarly, the def
region is determined by the combination of the potential
ergy and bond analysis.

A. Single-ion case

Before going into detail regarding cluster implantatio
single-ion implantation is discussed to clarify the changes
the physics of the impact. In some of the cases in our sim
lation, channeling was observed where the particle g
through the system within 0.1 ps, when an incident parti
with 5.7 keV injected into the channeling sites. The tempe
ture distribution obtained by smearing the particle veloc
showed that the energy transfer of an atom to the substra
very small, and thus causes no damage for the channe
case.

nt

FIG. 2. ~Color! The local temperature of damaged region for
single ~upper panel! and 90-atom cluster~lower panel! impacts.
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The shallowest case for single-ion implantation witho
colliding with dimers is that in which the incident particle h
an atom in the third layer in the substrate and transferred
energy almost completely to it. The collision cascade for t
case, which we will callNc51 in our simulation, is depicted
in Fig. 1 ~upper!. The impact is found to be localized and n
symmetrical. There are many high-temperature regions in
early period after the collision~about 0.121 ps! that are

FIG. 3. ~Color! The region damaged byNc58 ~upper panel!,
Nc520 ~middle panel! and Nc590 ~lower panel! cluster impacts
with 5.7 keV. The snapshots were obtained by slicing central
gions of the incident location.
t

ts
s

e

spread@Fig. 2 ~upper!# and reduced in the crystal by the he
conduction after 3 ps. The process of the dissipation of h
can be seen in the animation where the blinking light-b
spots increase.~The animation is available from th
author.27! In this case, many defects induced in the crys
are finally recrystalized according to the annealing effect t
results from the increasing temperature of the crystal. T

-
FIG. 4. ~Color! The local temperature of the damaged region

cluster impacts at approximately 400 fs. From top to bottom, clu
sizesNc58, 20, and 90. Atoms in the cluster and their trajector
are depicted by purple balls and red lines, respectively.
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is, the energy transferred from the incident particle allo
atoms to move to stable positions, thus allowing the da
aged region to recover over time. Our results for single-
implantation are consistent with previous studies such as
by Daiz de la Rubia and Gilmer.16 The damaged region wil
recrystalize with only a small number of Frenkel pairs.

B. Cluster implantation

1. Characteristic properties of cluster implantation

The most prominent difference between cluster impa
and those of a single ion is the global influence on the s
face of the former. The damage caused by a cluster ion h
ing the same kinetic energies for its constituent ions is i
tropic, while that for the single-ion implantation is high
anisotropic~see Figs. 1 and 2!. The process for generatin
damages in the cluster ion implantation, which takes sev
hundreds fs, is five to ten times slower than that in the sing
ion case. In the single-ion case, a large number of succes
collisions are induced in the deep region by the highly r
dom knock-on atoms. In contrast, in the cluster impact ca
the cross-sectional area of the cluster is larger so that
impact of a group of atoms with almost the same velocit
will cause collective motion such as deformation or sho
waves. These are clearly seen in Fig. 2~lower! of the local
temperature field representation of impact at 683 fs. The
gion in orange indicates that the temperature is higher t
20 000 K. In contrast to single-ion implantation, hig
temperature regions~in orange! are well localized near the
surface of the impact position, and turn into regions the te
peratures of which are approximately 2500 K~in green! with
time. Note that there are many orange spots distributed in
crystals well below the surface for single-ion implantation

It is generally believed that the cluster size and inner s
have a great influence on the number of defects and t
distribution. In our simulation at 5.7 keV, the cluster brea
into isolated atoms after the impact since the impact ene
far exceeds the cohesive energy of the crystal~4.6 eV/atom!,
but almost all atom in the cluster for allNc are injected into
the surface as can be seen in Fig. 2~lower!. This corresponds
to the previous simulation results, where the cluster is
stroyed completely below 10 keV, but only a small numb
of atoms are evaporated.20,21 On the other hand, the ejectio
of substrate atoms from the surface occurs when cluster
is increased, with a rim forming around a crater. AtNc520
and 90, the ejection from the substrate becomes promin
while at Nc58 ~or less!, such an effect is not substantial.

2. Effects in the substrate

The cluster impact produces a crater at a time of 0.4
after the cluster is injected. The crater is a result of the
formation of substrate materials~see Fig. 3!. The deformed
region expands quickly within 2.7 ps but it can not fill th
crater forNc520 and 90. In our simulations, there remains
dip for the Nc520 and 90 cases, although the compres
region ofNc58 recovered almost completely. Whether a d
is created or not according to the cluster size is mainly du
the difference in collision mechanisms, which are discus
later on, since the injected energies forNc58, 20, and 90 are
the same.
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The remaining dip in ourNc520 and 90 cases is in con
trast to the 50 Si 0.5 keV/cluster impact into the Si~100!
surface of Ref. 24, where the compressed region expand
fill the crater within 0.6 ps. This difference is, however, d
to the impact energy: the greater the impact energy,
greater the degree of deformations.

To obtain a microscopic view, we performed an analy
~for Nc520 and 90! of the time dependence of the positio
of the atoms along thez axis just below the impact position
and along thex axis parallel to the surface. After impac
atoms near the impact position exchange their sequenc
positions for both measured directions, indicating that
deformation is plastic. While atoms are far below the surfa
or far from the impact region, they retain their position s
quences, indicating that the deformation is elastic. This m
explain the deformation nature of the crater. It is interest
to note that unlike a graphite surface,16 the hump on the
silicon surface is not prominent.

The dramatic phenomenon observed in a cluster impa
a shock wave.28 For Nc58, the shock wave propagation wa
not obvious in the study of the time evolution of the syste
as in our coloring picture. However, by increasingNc ~20
and 90!, the shock waves having much higher temperat
than melting point are clearly seen as a light-blue arc line
Figs. 2 and 4. An atomistic analysis clearly shows that t
wave propagation does not induce defects, but rather me
propagates as a wave form in the substrate. The wave fro
about 1 nm thick with a velocity along thez axis estimated
from atomistic analysis to be 9 km/s, which agrees with
experimentally observed longitudinal sound velocity of 8.
km/s.

The shock wave, for instanceNc590, changes with time
as follows. At 300 fs, a shock wave withT (temperature)
.12 000 K occurs and loses its energy with multiple sc
tering. At 350 fs, a shock wave with high temperatu
(2000 K,T,8000 K) and with a thickness of about 1 n
wave front propagates. The occurrence of the shock wa
which is not responsible for forming defects in the deep la
ers of the crystals, is important to dissipate the impact
ergy. We have confirmed that the wave front of the sho
wave is almost spherical, which is similar to the recen
observed atomic laser pulse in solids performed by Mew
et al.,29 where phonons are condensed into the Bose-Eins
condensation. In this case, the atomic laser emits millime
scale pulses of atoms, all propagating as a single wave. It
been shown that the position of the shock front as a func
of time obeys the self-similarity form:R5Ata, whereR is
the distance traveled by the shock wave in timet and the
experimental value isa50.61. Our simulation providesa
50.4, which does not agree with experiment. This may
due to the fact that our calculation time~and space! scale is
rather too small to provide the asymptotic form.

3. Impurity atoms and the induced defects

As can be seen in Figs. 5 and 6, the impurity atoms~or
injected atoms! in the case forNc58 go deeper, reaching 4.
nm, which is very close to 5.0 nm, the deepest depth of
defect generated by the impact forNc58. This value of the
depth of defect is very close to the that ofNc51 case, 5.8
nm. This indicates that the depth profile ofNc58 is similar
to that of Nc51. However, the impurity atoms forNc520
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and 90 cannot go deeper than 2.9 nm and 3.0 nm, res
tively. Note that the depth of the deepest defect forNc58,
20, and 90 is 5.0, 3.9, and 3.8 nm, respectively. This s
lowness of the impurity atoms arises from the fact that,
discussed later, if the impurity atoms even once go dee
they are forced to move up by the environment. The mac
scopic expansion~or vibrations! of the deformed region~to

FIG. 5. ~Color! The local temperature of the damaged region
cluster impacts over 3000 fs. From top to bottom, cluster sizesNc

58, 20, and 90. Atoms in the cluster and their trajectories
depicted by purple balls and red lines, respectively.
c-

l-
s
r,
-

fill the crater! caused by the impact shifts the impurity atom
upwards. The degree of macroscopic expansion of the
formed region increase with increasingNc . This can be
clearly seen in the trajectories of the injected atoms show
Figs. 4, 5, and 7, where the trajectories forms loops or a
This indicates that the impurity atoms do once go deeper,
that they change direction during 2.7 ps and move upwa

The time dependencies of the number of defects and
depth of the deepest defects induced by the impact forNc
51, 8, 20, and 90 are shown in Figs. 6~a! and 6~b!, respec-
tively. The bumps in the curves within 3 ps in Fig. 6~b! also
indicates that the macroscopic expansion of the deform
region occurs. Note thatNc51 corresponds to the implanta
tion without channeling and the shallowest case. Figure 6~a!
shows that the number of defects increases withNc but de-
creases with time, while Fig. 6~b! shows that the defect po
sitions become shallower with increasingNc . ~Note that in
the Nc51 case, the depth of the deepest defects is 5.8 n!
Thus, this indicates that cluster implantation is suitable
making shallower junctions since no defects are induced
the deeper region, and the defects near the surface wil
removed by the successive process after the implantatio

From the distribution of the coordination number in th
thermal spike at 3 ps, the defect type in the thermal spike
the cluster impact differs from that of a single-ion impa
The defect types in the thermal spike for the different clus
sizes, however, will meet after annealing. For the single-
case, how deep the collision cascade occurs, or whe
channeling occurs or not, strongly depends on the imp
position. However, for the cluster impact case, the differen

r

e

FIG. 6. Time dependence of the number of defects induced
collisions ~a! and the depth of the deepest defect~b!.
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10 742 PRB 58SIGEO IHARA, SATOSHI ITOH, AND JUN’ICHI KITAKAMI
in the individual impact may not be substantial, because
atoms in the cluster simultaneously interact with the s
strate atoms in a wide area of the substrate.

Time-dependent analysis of the defect types that can
classified by the coordination number, or the bond numb
nb of defects was also performed. The impact forNc51
290 with defects ofnb55 and 6 is dominant for every tim

FIG. 7. ~Color! The local temperature of the damaged region
Nc520 cluster impacts. From top to bottom, the time after collis
is 396, 1830, and 5745 fs. Atoms in the cluster and their trajecto
are depicted by purple balls and red lines, respectively.
e
-

e
r,

in each case. The number ofnb55 defects for a single-ion
implantation has a peak value of 1300 att50.5 ps and de-
creases rapidly with time, reaching a value of 750 at
52 ps. The peak value ofnb56 defects is 650 att51 ps
and 500 att52 ps. For cluster ion impact, the number
nb55 defects has a peak value, of approximately 1250t
;1 ps forNc58 and 20, and 2000 att;1 ps forNc590,
but decreases very gradually for allNc . A number of nb
56 defects have a peak value of approximately 600 at
;1 ps and keeps their values at approximatelyt52.5 ps.
A notable difference between the time dependence of
defect type for single-ion and cluster ion impacts is that
number of defects fornb53 or nb57 is very small for
single-ion impact after 1 ps, while those for the cluster ca
remain 200 after 2 ps. These indicate that the defect na
induced by the impact in the two cases is different.

4. Channeling of cluster implantation

First, we will examine the size dependence of the imp
assuming that the cluster has purely translational velo
perpendicular to the surface, which means the internal ve

r

s

FIG. 8. ~Color! Top view of the local temperature of damage
region for 20-atom cluster impacts for different interstates: unifo
velocity ~upper panel!, rotation around the incident velocity~middle
panel!, and random velocity~lower panel!.
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ity of the cluster is 0 K. In this case, all atoms are implan
without channeling. ForNc520 and 90, as can be seen
Fig. 5, the macroscopic upward expansion~or the vibration!,
which moves by a few nm, of the deformed region due to
impact prevents impurity atoms from going deeper by fo
ing them to move upward during the 3 ps after the impact
the very early stage of the cluster impact, the atoms in
channeling site, which could go through the crystal regi
are likely to collide with the lattice atoms in the cluster ca
because the substrate atoms around the implanted a
themselves move upward due to the macroscopic upw
expansion. This phenomenon seems to be a reasonabl
planation for reducing the channeling effect as compa
with the mechanism proposed by Takeuchiet al., where the
amorphous layer automatically formed by the cluster imp
reduces the channeling, since amorphization of the clu
impact is a much slower process than the channeling.

Decaborane experiments of Takeuchiet al.show channel-
ing; i.e., one or two boron atoms in decaborane have eno
energy to undergo channeling. The decaborane implanta
may corresponds to our case ofNc58, because the numbe
of boron atoms in decaborane is 10. Since the mass of
boron is much smaller than the silicon, a boron clus
should be large to have a similar effect to that of the eig
silicon-cluster case. In our simulation, the character of
plantation in the eight-silicon-cluster case is closer to tha
single-ion implantation where the channeling occurs,
cause the cluster size ofNc58 is not large enough to mak
collective motions that prevent channeling as can be see
Fig. 5. This explains why there is channeling in decabor
implantation. However, it is worth mentioning that we ca
not deny the possibility that the smaller cluster dissocia
from the melting cluster just before impact by the stro
interaction between the cluster ion and the surface cha
may cause channeling.

To reduce channeling the cluster size should be lar
We have shown thatNc520 is sufficiently large to preven
the channeling effect. So far we have studied the implan
tion by using the cluster having the purely translational
locity perpendicular to the surface. Here we study the eff
of the inner state of the cluster on the impact: the cluste
injected as a melting form or the cluster is rotating. T
melting case corresponds to the situation in which the
caborane is injected with melting, since its melting point
low ~372.5 K!. The rotating case accounts for the fact th
the rotation of the cluster is most probable because it is
ficult to control. To study the effects of these inner states
the cluster, we have also simulated additional 20-atom c
ter impacts with various velocity conditions:~1! in which
particles have random velocity with a far higher melting te
perature~3000 K!, and ~2! in which particles move around
the axis of the incident velocity. The corresponding ene
of rotation is 4000 K. Note that these asymmetric proper
of cluster impact are only attainable by the three-dimensio
simulation performed here. In both cases and forNc520,
however, a prominent channeling effect was not found as
be seen in Fig. 7. The deepest depth of impurity for
random~1! and rotational~2! velocity cases during the mon
toring is 3.0 and 2.7 nm, both are close to that of the unifo
velocity case, 2.9 nm. Truly, one of the cluster particles
the rotating cluster goes deeper into the surface comp
d
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with other particles in the very early stages of the impact~0.1
ps after collision!, but the particle collides with substrat
atoms after 0.1 ps and cannot go deeper in our simulati
This tendency is unclear for the high-temperature melt
case. Although the impurity distributions are very similar
one another for the three cases ofNc520, the defect distri-
bution is clearly different. See Fig. 8. The sharp protub
ance in the defect distribution remain after 5 ps for the ro
tional cluster case, reflecting the impact of the asymme
velocity distribution in the cluster. In these three cases,
fluctuation of the velocity of atoms in the cluster is not
high as compared to the translational velocity such that so
of the atoms could not have sufficient energy to move to
interstitial states that lead to channeling. Thus additio
fluctuation of the velocities or energies of the implanted
oms in the clusterNc520 does not cause the channelin
This indicates that theNc520 for silicon at about 5 keV may
be sufficiently large to prevent the channeling. Because
mass of the boron is smaller than that of Si, larger cluster
boron or a lowering of the accelerating voltage of the i
implanter is necessary to achieve suppression of channe
in boron cluster implantation.

IV. CONCLUSION

In conclusion, we have simulated the collision of 5.7-ke
silicon ion clusters of various sizes with a silicon substra
We found that the damaged region of cluster implantation
shallower than the shallowest one for the single ion, althou
the deformed region near the surface becomes larger for
cluster case. With an increase in size~or the number of con-
stituent atoms! of the cluster, we found that the damage
region becomes shallower. The change from the collis
cascade that is a characteristic mechanism for single-ion
plantation to the simultaneous collision process, which le
to the collective motion of particles such as macrosco
vibrations or shock waves, is found by increasing the s
~number of the atoms! of the cluster. Our result shows tha
the impact energy for larger clusters is transferred partly
the shock wave or macroscopic vibrations, leading to s
pression of the channeling effect. The small cluster ion i
plantation may suffer from the channeling, but it is clea
shown that the larger cluster suppress the inherent chan
ing overcoming the effect of the distribution of the velociti
in the cluster. It is also found that the distribution of defec
caused by the impact may deviate from the uniformity,
flecting the velocity fluctuations in the cluster if it is rotate

Because a large amount of CPU time is required for p
forming molecular-dynamics simulations, the conclusio
must be drawn from a single computer run or as represe
tive of several runs. We hope that, in the future, para
computing will make it easier to solve this statistical proble
by performing simulations simultaneously on each proces
node. Note, however, that since all atoms inside the clu
collide almost simultaneously with the substrate atoms,
results obtained from a single run for cluster implantati
already has a statistical character compared with the sin
ion case. Thus, in the cluster implantation case, the res
for channeling where the peculiar trajectory of a impur
atom is important has less of a statistical character than th
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for the defect and impurity distributions where many ato
are involved.
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