PHYSICAL REVIEW B VOLUME 58, NUMBER 16 15 OCTOBER 1998-II

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.[S0163-182608)03136-1

. INTRODUCTION decaborane BH,,, implanted into a $100) surface at 20
keV is quite similar to that of B implanted at 2 keV. More-

In order to create low-leakage junctions for future high-over, implanted boron atoms are electrically activated, which
speed and scaled down device structures, low-energy ims desirable in boron implantation. Nevertheless, they re-
plantation is necessary for the preparation of very shalloworted that there is an inherent channeling effegithough
junctions, constituting the source-channel and drain-channghe suppression of the channeling effect is dramatic. Takeu-
regions of metal-oxide-semiconduct@vOS) devices. For  chij conjectured that the suppression of the channeling effect
example, ultrashallow doping with depth less than scores iy using a cluster ion is due to the amorphization of the
nm is required for sub-0.1s-m metal-oxide-semiconductor sjlicon substrate crystal induced by the cluster impact. How-
field-effect transistorMOSFET'S." In making such shal- ever, neither the collision mechanism that results from the
low junctions with a high concentration of impurities, the impact of clusters on a &i00) surface, nor their influence on
depth of the defects from the surface should be much shathe types or number of induced defects are clear, despite past
lower to suppress transient enhanced diffusiiED),>  work on the surface impact of clustér@he purpose of this
which is caused by the excess point defects in the region afork is to study these issues in the context of the cluster
implant damage. The above requirement extends the ion immpact mechanism.
plantation technique towards lower energies of keV order. |n keV implantation where nuclear stopping is dominant
However, standard ion-implantation technology, such as B compared with the electronic stoppititis is the converse
implantation, results in problems such as the inherent charsf the high-energy implantation proces8the single-ion im-
neling effect, anomalous diffusion due to damage such aplantation process can be described as follows. When an en-
TED, lateral diffusion under the mask, and so’on. ergetic ion collides with an atom in a crystal lattice with

Using molecules or clusters for the ion source is oneenough energy, the lattice atom will collide with other lattice
promising solutiofi since such sources reduce the effectiveatoms, resulting in a large number of successive collisions.
energy per constituting atom more than what could bea|| atomic collisions initiated by a single ion are called a
achieved by lowering the accelerating voltage of the ioncascade.
implanter> Recently, B5* has been used to make shallow  Molecular dynamics-*2is a useful tool for investigating
junctions, although it suffers from a boron penetration probthe collision phenomena in keV energy regimes, where the
lem caused by the existence of fluorfh&eeking a lower- multiple scattering, i.e., more than two atoms colliding with
energy and higher-dosage boron ion implantation technigueach other simultaneously, and the many-body interaction
Goto et al.’” used the decaborane moleculgg,, with a  between atoms becomes important, because the time evolu-
plus charge as an implanted ionized particle. SinggHB," tions of many atomsi.e., positions and velocitigsre ob-
contains ten boron atoms, it can be implanted with about &ained simultaneously without assuming a specific collision
one-tenth lower effective acceleration energy and a ten timesiechanism. This is in contrast to the often-used Monte Carlo
higher effective beam current when compared with Brhe  simulation method for implantation, such as TR(Ref. 13
impact energy of the hydrogen atoms are ignored becausend MARLOWE In these simulations, a binary collision
their masses are much smaller than those of bpfbakeu- mechanism where two particles collide with each other by
chi et al® showed experimentally that the boron secondarypairwise interaction is assumédAs far as the single-ion
ion mass spectroscopIMS) profile of the boron cluster, implantation process is concerned, this collision mechanism
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dominates in creating the collision cascade in the highwas chosen for the starting velocities of particles. The peri-
energy regime$ 10 keV). Therefore its applicability to the odic boundary conditions were applied in all directions, but
low-energy implantation is not assured, since other mechahe atoms at the bottom two layers were held fixed in their
nisms such as multiple scattering, which cannot be describeditial position and all other atoms were allowed to move
by a binary collision mechanism, are expected to play afreely. In our calculation, the microcanonicaEYN) en-
important role'® Because collision mechanism in general cansemple molecular-dynamics method with time reversible
be derived from the Newtonian mechani¢e., time evolu-  |eapfrog time integration was used, where the total energy of
tion) of a system composed (_)f pgrticles, molecular dynamicge systenE, volumeV, and the number of particles are

has been used to study particle impact phenorftéfiérom o ocen for the constant variables. In the process for obtain-

their early applications. . Lo :
. . . ing thermal equilibrium state of the crystal using molecular
In recent work, Baz de la Rubia and GilmEtstudied the dynamics, we obtained the reconstructed surface with

S|ngle-|on (Si) Implantatl_on of 5 ke_V on a §100 surfape dimers, which is the same as the dimerized surface previ-
using molecular dynamics employing three-body St||||nger-ously obtained using the Stillinger-Weber potential,

Weber potentidf as well as a Langevin dynamics procedure. : .
They showed that the primary knock-on atom mechanism is The number of atoms in the incident clustef,, were

dominant in such a case. Although an amorphous region cré&'0Sen as 1, 8, 20, and 90. Hereafter we use the term “clus-
ated by a 5-keV primary knock-on atom contains a thousan&?r" to refer tp both a cluster with more than one gtom and a
displaced atoms, only a few isolated Frenkel pairs remain§|ngle-atom(|on) case. For each cluster, the incident total
which finally collapse into clusters of interstitials or vacan- Kinetic energy is 5.7 keV. In most cases in our simulations
cies after 1 ns annealing at 1300 K. They also suggested thfar N.=1—90, atoms in the cluster have only translational
these defect clusters are primarily responsible for the envelocity perpendicular to the surface; our modeling implies
hanced diffusion of dopant atoms commonly observed irthat all particles in a cluster have the same velocity propor-
low-energy ion implanted silicon. These views are consistention to square root of the total kinetic energy of cluster over
with experimental result$-2 N.. This does not allow the thermal fluctuation of particles
Cluster impact on the surface has been studied using maéa an incident cluster, thus corresponding to the situation in
lecular dynamics by many researchf$;?* including  which the internal state has the same phonon state, or low
fullerene Gy clusters implanted on a graphite surfdcgli-  temperature. However, this restriction was relaxed for the
con cluster soft landing on a@00) surface;” and Ar cluster  some simulations foN,=20. In these cases, the cluster's
bombardment on a §i00.”#* Gilmer and Rolantf per-  center of mass has only translational velocity, but particles
formed a three-dimensional simulation of the impact of SOinsjde the cluster can have a different velocity by the follow-
silicon clusters with energy 0.5 keV onto a @00 surface  ing two methods{1) cluster atoms have the rotational mo-
to investigate the film deposition process. Insepov anqnentum around the axis with energy corresponds to 3000

2 H —
Yamada calcglated. the depth profile of an ,.Ar(n—55. K, and (2) the velocities of atoms are completely random
—200) cluster ion with an energy of 10-100 eV/cluster in a,ith energy corresponds to 4000 K

wo-dimensional surface. However r knowl h X : .
two-dimensional surface. However, o ou owledge, the Because at keV energies the electronic slowing down

silicon cluster impact problem for @i00) with an energy of o . . :
about 5 keV that is characteristic of that used to irTlIoIantdoes not significantly contribute to the production of lattice

dopants for shallow junctions in semiconductor devices haglgfec;s, defect pro;iuctlon IS causgd mamly by nuclear stop-
not been pursued. ping, i.e., the collision between an incident ion and atoms in

In this work, by referring to the work of Bz de la Rubia the substrate and Fhe collision between substrate atoms.
and Gilmet® for single ion implantation, we took a similar Here, we only take into account the effect of nuclear stop-
approach for simulating the cluster implantation process on RiNg using molecular dynamics. Because the time of the im-
Si (100 surface. In particular, we have simulated collisionsPact is too short, the impact phenomena may not strongly
of approximately 5.7 keV using silicon clusters on a8)0) depend on the detailed interaction potential between incident
surface with varying cluster sizes and temperatures. The aiand substrate particles. However, it is known that, in the keV
of our work is to study the changes in the implantation pro-regime, the simultaneous motion of particles is strongly af-
cess when clusters containing up to 90 atoms are used reléected by the presence of the many-body forces. Therefore,
tive to single atomgor iong in the energy range of 5 keV. we choose the silicon cluster as an incident cluster ion im-
pacting on a 31100 surface for the sake of simplicity. Also,
since the mass of the implanted element and the substrate are
the same, the momentum transfer from atoms in the cluster

In our molecular-dynamics simulations, the Stillinger- to atoms in the substrate is maximally estimated in our case.
Weber potential was used to calculate forces between atoms, We have assumed that the incident cluster ion neutralizes
especially the covalent forces in silicon. The computationabefore impact and therefore we can use the potentials for
cell (16.053<16.053<36 nm) contains 108 000 Si atoms neutral species rather than ions. Hereafter we use the term
and incident cluster, where the base of the cell is a squarédons” to refer to the fast impacting neutral species as in
16.053 nm on an edge and the height is 8 (mith 28-nm  Ref. 25. In our molecular-dynamics simulations, we changed
vacuum regioh As an initial position of atoms in the sub- the time step of the time integral according to the velocity of
strate, we prepare the truncated ideal silicon surface, i.e., wihe fastest particle motion in the phenomena. Our simula-
choose a perfect diamond structure as an initial position witlions were performed using a HITACHI SR2201 parallel su-
the (100) surface at the top. Maxwellian velocity distribution percomputer and mainframe systems.

IIl. METHOD OF SIMULATION
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FIG. 1. (C0|0r) The region damaged by a Sing]&pper pane| . FIG. 2. (Color) The local temperature of damaged I’egion for a
and 90-atom clustefiower panel impacts both with 5.7 keV. The Single (upper pangland 90-atom clustefower pane) impacts.
snapshots were obtained by slicing central regions of the incident

location. R; and visualized, by the marching cubes metfbd,
IIl. RESULTS AND DISCUSSIONS

I
The simulation results depicted by particle and field im- T,loc= Z v2, Irj—Ri|<0-3, (3.1
age are given in Figs. 1 and 2, respectively. Only atowis 6kgN;'° ]
having four coordinated atoms are depicted in Figiatd
Fig. 3. The coordination number used here is defined as thashere R; is the mesh pointj indicates the index for the
number of atoms inside of the sphere with radRysentered  atom, andN;'°° is the number of atoms in the local region
at an atom(Here Ry is set to 0.3 nm, which is close to the aroundR;. Figures 2 and 4 show the cross-sectional view of
nearest-neighbor distance of atoms in the diamond structut@e temperature field in the substrate. Similarly, the defect
of silicon) Since a perfect crystal form of silicon is a dia- region is determined by the combination of the potential en-
mond structure in which atoms are four coordinated, the deergy and bond analysis.
viation in the coordination number from four normally
means a defect, even though a defect may occasionally be

four coordinated. In the color map, atoms having “the coor- A. Single-ion case

dination number” 1(dark blug, 2 (blue), or 3 (sky blue Before going into detail regarding cluster implantation,
indicates that atoms are near vacancies, whil@reen, 6  single-ion implantation is discussed to clarify the changes in
(yellow), or 7 (orange, and, to a lesser extent,(8d), indi-  the physics of the impact. In some of the cases in our simu-

cates interstitials. By dividing the computational box into lation, channeling was observed where the particle goes
finer meshes each having 0.229.229<0.193 nm, the local through the system within 0.1 ps, when an incident particle
field variable for the physical quantities is determined bywith 5.7 keV injected into the channeling sites. The tempera-
smearing corresponding particle variables contained in #ure distribution obtained by smearing the particle velocity
mesh. For instance, to determine the local temperature ahowed that the energy transfer of an atom to the substrate is
mesh poinR; , T;'°°, we have smeared out the kinetic energyvery small, and thus causes no damage for the channeling
for the particle inside the sphere of radius 0.3 nm centered atase.
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FIG. 3. (Colorn The region damaged bi.=8 (upper pane|
N.=20 (middle panel and N.=90 (lower panel cluster impacts

ith 5.7 keV. Th hot biained by slici tral FIG. 4. (Color) The local temperature of the damaged region for
wi £ KeV. The snapshots were obtained by slicing central ez, ster impacts at approximately 400 fs. From top to bottom, cluster
gions of the incident location.

sizesN.=8, 20, and 90. Atoms in the cluster and their trajectories
are depicted by purple balls and red lines, respectively.

The shallowest case for single-ion implantation without
colliding with dimers is that in which the incident particle hit spreadFig. 2 (upped] and reduced in the crystal by the heat
an atom in the third layer in the substrate and transferred itsonduction after 3 ps. The process of the dissipation of heat
energy almost completely to it. The collision cascade for thiscan be seen in the animation where the blinking light-blue
case, which we will calN.=1 in our simulation, is depicted spots increase.(The animation is available from the
in Fig. 1 (upped. The impact is found to be localized and not author?”) In this case, many defects induced in the crystal
symmetrical. There are many high-temperature regions in thare finally recrystalized according to the annealing effect that
early period after the collisiorfabout 0.1-1 p9 that are results from the increasing temperature of the crystal. That
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is, the energy transferred from the incident particle allows The remaining dip in ouN.=20 and 90 cases is in con-
atoms to move to stable positions, thus allowing the damtrast to the 50 Si 0.5 keV/cluster impact into thg180)
aged region to recover over time. Our results for single-iorsurface of Ref. 24, where the compressed region expands to
implantation are consistent with previous studies such as thdill the crater within 0.6 ps. This difference is, however, due
by Daiz de la Rubia and Gilméf.The damaged region will to the impact energy: the greater the impact energy, the
recrystalize with only a small number of Frenkel pairs. greater the degree of deformations.

To obtain a microscopic view, we performed an analysis
(for N.=20 and 90 of the time dependence of the position
of the atoms along the axis just below the impact position
1. Characteristic properties of cluster implantation and along thex axis parallel to the surface. After impact,
The most prominent difference between cluster impactatom-S near the impact posmon ethangg thew_sequence n
and those of a single ion is the global influence on the Sur?)osmons_ for_ both r_neasured directions, indicating that the
f f the former. The damaae caused by a cluster ion ha\}j_eformatlon is plastlc. Whl!e atoms are far belpw the_surface
face o L hage ca y . .. or far from the impact region, they retain their position se-
Ny '_the same Kinetic energies fo_r Its constituent jons Is ISOEquences, indicating that the deformation is elastic. This may
troplc, wh|le that 'for the single-ion implantation is h|g'hly explain the deformation nature of the crater. It is interesting
anisotropic(see Figs. 1 and)2 The process for generating to note that unlike a graphite surfatethe hump on the
damages in the cluster ion implantation, which takes sever ilicon surface is not prominent
hundreds fs, is five to ten times slower than that in the single- '

ion case. In the single-ion case, a large number of successive The dramatic phenomenon observed in a cluster impact is
aSE € single-1 ’ ge . Wshock wavé® For N.= 8, the shock wave propagation was
collisions are induced in the deep region by the highly ran-

dom knock-on atoms. In contrast. in the cluster impact casenOt obvious in the study of the time evolution of the system
the cross-sectional érea of the éluster is larger s% that thaS in our coloring picture. However, by increasiNg (20
9 &nd 90, the shock waves having much higher temperature

impact of a group of atoms with almost the same Veloc't'esthan melting point are clearly seen as a light-blue arc line in

will cause collective motion such as deformation or ShOCkFigs 2 and 4. An atomistic analysis clearly shows that this

;/(\;?r:/esfa-lt—ﬁrisﬁe?c;erecIizggnigteignlr:)flzilr%(.lizteztoéggislo'cr?lle revave propagation does not induce defects, but rather merely
>Mp drep P o Rropagates as a wave form in the substrate. The wave front is
gion in orange indicates that the temperature is higher thal

20000 K. In contrast to single-ion implantation, high- about 1 nm thick with a velocity along theaxis estimated

N . from atomistic analysis to be 9 km/s, which agrees with the
temperature regionén orange are well localized near the

surface of the impact position, and turn into regions the tem_experlmentally observed longitudinal sound velocity of 8.43

peratures of which are approximately 250QiK green with km/s.

. L . The shock wave, for instandé,= 90, changes with time
time. Note that there are many orange spots distributed in the :

. T . as follows. At 300 fs, a shock wave with (temperature)
crystals well below the surface for single-ion implantation.

It is generally believed that the cluster size and inner statﬁzl.2 000 K occurs and loses its energy with multiple scat-

. ring. At 350 fs, a shock wave with high temperature
have a great influence on the number of defects and the . .
distribution. In our simulation at 5.7 keV, the cluster breaks 2000 K<T<8000 K) and with a thickness of about 1 nm

into isolated atoms after the impact since the impact energ%a\/e front propagates. The occurrence of the shock wave,

far exceeds the cohesive energy of the crygtd eV/aton), hich is not responsibl_e for forming Qefects in the' deep lay-
but almost all atom in the cluster for @l are injected into ers of the crystals, is important to dissipate the impact en-

the surface as can be seen in Figld®ver). This corresponds eray. We have conﬂrmed that_ the_ wave front of the shock
wave is almost spherical, which is similar to the recently

to the previous simulation results, where the cluster is debbserved atomic laser pulse in solids performed by Mewes
stroyed completely below 10 keV, but only a small number P p y

of atoms are evaporaté®?1On the other hand, the ejection et al.?® where phonons are condensed into the Bose-Einstein

._.condensation. In thi h mic | r emits millimeter-
of substrate atoms from the surface occurs when cluster size densatio this case, the atomic laser emits ete

is increased, with a rim forming around a crater. M= 20 scale pulses of atoms, all propagating as a single wave. It has

and 90, the ejection from the substrate becomes prominengfra Egzh&\;\g r;;h?;;hseeﬁisimﬁgrﬁ; tfr:)e;nsg(;clA( tgowhaesrséuigctlon
while atN.=8 (or less, such an effect is not substantial. the distance traveled by the shock wave in titnand the

_ experimental value isxr=0.61. Our simulation provides
2. Effects in the substrate =0.4, which does not agree with experiment. This may be

The cluster impact produces a crater at a time of 0.4 pglue to the fact that our calculation tint@nd spacescale is
after the cluster is injected. The crater is a result of the derather too small to provide the asymptotic form.
formation of substrate materia(see Fig. 3. The deformed
region expands quickly within 2.7 ps but it can not fill the
crater forN.=20 and 90. In our simulations, there remains a As can be seen in Figs. 5 and 6, the impurity atqiors
dip for the N;=20 and 90 cases, although the compresseihjected atompin the case foN.=8 go deeper, reaching 4.7
region ofN.=8 recovered almost completely. Whether a dipnm, which is very close to 5.0 nm, the deepest depth of the
is created or not according to the cluster size is mainly due tdefect generated by the impact fdg= 8. This value of the
the difference in collision mechanisms, which are discussedepth of defect is very close to the that Mf=1 case, 5.8
later on, since the injected energies iy=8, 20, and 90 are nm. This indicates that the depth profile d{=8 is similar
the same. to that of N.=1. However, the impurity atoms fd{.=20

B. Cluster implantation

3. Impurity atoms and the induced defects
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FIG. 6. Time dependence of the number of defects induced by
collisions (a) and the depth of the deepest defént

fill the crate) caused by the impact shifts the impurity atoms
upwards. The degree of macroscopic expansion of the de-
formed region increase with increasind.. This can be
clearly seen in the trajectories of the injected atoms shown in
Figs. 4, 5, and 7, where the trajectories forms loops or arcs.
This indicates that the impurity atoms do once go deeper, but
that they change direction during 2.7 ps and move upward.
The time dependencies of the number of defects and the
depth of the deepest defects induced by the impactNfor
=1, 8, 20, and 90 are shown in Figgapand &b), respec-
tively. The bumps in the curves within 3 ps in Fighpalso
indicates that the macroscopic expansion of the deformed
region occurs. Note tha&i.=1 corresponds to the implanta-
tion without channeling and the shallowest case. Figuae 6
shows that the number of defects increases Without de-
creases with time, while Fig.(B) shows that the defect po-
sitions become shallower with increasinly. (Note that in
the N.=1 case, the depth of the deepest defects is 5.8 nm.
FIG. 5. (Color) The local temperature of the damaged region for Thus, this indicates that cluster implantation is suitable for
cluster impacts over 3000 fs. From top to bottom, cluster sikes making shallower junctions since no defects are induced in
=8, 20, and 90. Atoms in the cluster and their trajectories arghe deeper region, and the defects near the surface will be
depicted by purple balls and red lines, respectively. removed by the successive process after the implantation.
From the distribution of the coordination number in the
and 90 cannot go deeper than 2.9 nm and 3.0 nm, respethermal spike at 3 ps, the defect type in the thermal spike of
tively. Note that the depth of the deepest defectNgre=8,  the cluster impact differs from that of a single-ion impact.
20, and 90 is 5.0, 3.9, and 3.8 nm, respectively. This shalThe defect types in the thermal spike for the different cluster
lowness of the impurity atoms arises from the fact that, asizes, however, will meet after annealing. For the single-ion
discussed later, if the impurity atoms even once go deepegase, how deep the collision cascade occurs, or whether
they are forced to move up by the environment. The macroehanneling occurs or not, strongly depends on the impact
scopic expansioffor vibrationg of the deformed regiofito  position. However, for the cluster impact case, the difference
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FIG. 8. (Color) Top view of the local temperature of damaged
region for 20-atom cluster impacts for different interstates: uniform
velocity (upper panel rotation around the incident velocityniddle
pane), and random velocitylower panel.

in each case. The number pf=5 defects for a single-ion
implantation has a peak value of 1300tat0.5 ps and de-
creases rapidly with time, reaching a value of 750tat
=2 ps. The peak value of,=6 defects is 650 a@t=1 ps
and 500 at=2 ps. For cluster ion impact, the number of
n,=>5 defects has a peak value, of approximately 1250 at
~1 ps forN.=8 and 20, and 2000 at-1 ps forN.=90,
but decreases very gradually for &ll.. A number ofny
=6 defects have a peak value of approximately 60Q at
FIG. 7. (Color) The local temperature of the damaged region for~1 ps and .keeps their values at approxmatetb]Z.S psS.
N.= 20 cluster impacts. From top to bottom, the time after coIIisionA notable dlﬁer(?nce between the tlme dependepce of the
is 396, 1830, and 5745 fs. Atoms in the cluster and their trajectorie§€f€ct type for single-ion and cluster ion impacts is that the
are depicted by purple balls and red lines, respectively. number of defects fon,=3 or n,=7 is very small for
single-ion impact after 1 ps, while those for the cluster case
in the individual impact may not be substantial, because th&émain 200 after 2 ps. These indicate that the defect nature
atoms in the cluster simultaneously interact with the subinduced by the impact in the two cases is different.
strate atoms in a wide area of the substrate.
Time-dependent analysis of the defect types that can be
classified by the coordination number, or the bond number, First, we will examine the size dependence of the impact
ny of defects was also performed. The impact fof=1 assuming that the cluster has purely translational velocity
—90 with defects ofh,=5 and 6 is dominant for every time perpendicular to the surface, which means the internal veloc-

4. Channeling of cluster implantation
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ity of the cluster is 0 K. In this case, all atoms are implantedwith other particles in the very early stages of the imgact
without channeling. FON.=20 and 90, as can be seen in ps after collision, but the particle collides with substrate
Fig. 5, the macroscopic upward expansionthe vibration, = atoms after 0.1 ps and cannot go deeper in our simulations.
which moves by a few nm, of the deformed region due to theThis tendency is unclear for the high-temperature melting
impact prevents impurity atoms from going deeper by forc-case. Although the impurity distributions are very similar to
ing them to move upward during the 3 ps after the impact. Irone another for the three casesMNyf= 20, the defect distri-

the very early stage of the cluster impact, the atoms in théution is clearly different. See Fig. 8. The sharp protuber-
channeling site, which could go through the crystal regionance in the defect distribution remain after 5 ps for the rota-
are likely to collide with the lattice atoms in the cluster casetional cluster case, reflecting the impact of the asymmetric
because the substrate atoms around the implanted atoruslocity distribution in the cluster. In these three cases, the
themselves move upward due to the macroscopic upwarfiuctuation of the velocity of atoms in the cluster is not so
expansion. This phenomenon seems to be a reasonable &fgh as compared to the translational velocity such that some
planation for reducing the channeling effect as compare@f the atoms could not have sufficient energy to move to the
with the mechanism proposed by Takeuebil, where the interstitial states that lead to channeling. Thus additional
amorphous layer automatically formed by the cluster impactjyctuation of the velocities or energies of the implanted at-
reduces the channeling, since amorphization of the cluste§ms in the clusteN,=20 does not cause the channeling.
impact is a much slower process than the channeling. This indicates that thsl.= 20 for silicon at about 5 keV may

~ Decaborane experiments of Takeuehal. show channel-  pe syfficiently large to prevent the channeling. Because the
ing; i.e., one or two boron atoms in decaborane have enoughass of the boron is smaller than that of Si, larger clusters of
energy to undergo channeling. The decaborane implantatiogoron or a lowering of the accelerating voltage of the ion

may corresponds to our case Nf=8, because the number jmplanter is necessary to achieve suppression of channeling
of boron atoms in decaborane is 10. Since the mass of thg poron cluster implantation.

boron is much smaller than the silicon, a boron cluster
should be large to have a similar effect to that of the eight-
silicon-cluster case. In our simulation, the character of im-
plantation in the eight-silicon-cluster case is closer to that of
single-ion implantation where the channeling occurs, be- In conclusion, we have simulated the collision of 5.7-keV
cause the cluster size df.=8 is not large enough to make silicon ion clusters of various sizes with a silicon substrate.
collective motions that prevent channeling as can be seen iWe found that the damaged region of cluster implantation is
Fig. 5. This explains why there is channeling in decaboranehallower than the shallowest one for the single ion, although
implantation. However, it is worth mentioning that we can-the deformed region near the surface becomes larger for the
not deny the possibility that the smaller cluster dissociatealuster case. With an increase in size the number of con-
from the melting cluster just before impact by the strongstituent atompg of the cluster, we found that the damaged
interaction between the cluster ion and the surface chargeegion becomes shallower. The change from the collision
may cause channeling. cascade that is a characteristic mechanism for single-ion im-
To reduce channeling the cluster size should be largemplantation to the simultaneous collision process, which leads
We have shown thatl.=20 is sufficiently large to prevent to the collective motion of particles such as macroscopic
the channeling effect. So far we have studied the implantavibrations or shock waves, is found by increasing the size
tion by using the cluster having the purely translational ve{number of the atomsof the cluster. Our result shows that
locity perpendicular to the surface. Here we study the effecthe impact energy for larger clusters is transferred partly by
of the inner state of the cluster on the impact: the cluster ishe shock wave or macroscopic vibrations, leading to sup-
injected as a melting form or the cluster is rotating. Thepression of the channeling effect. The small cluster ion im-
melting case corresponds to the situation in which the deplantation may suffer from the channeling, but it is clearly
caborane is injected with melting, since its melting point isshown that the larger cluster suppress the inherent channel-
low (372.5 K). The rotating case accounts for the fact thating overcoming the effect of the distribution of the velocities
the rotation of the cluster is most probable because it is difin the cluster. It is also found that the distribution of defects
ficult to control. To study the effects of these inner states otaused by the impact may deviate from the uniformity, re-
the cluster, we have also simulated additional 20-atom clusflecting the velocity fluctuations in the cluster if it is rotated.
ter impacts with various velocity condition$l) in which Because a large amount of CPU time is required for per-
particles have random velocity with a far higher melting tem-forming molecular-dynamics simulations, the conclusions
perature(3000 K), and (2) in which particles move around must be drawn from a single computer run or as representa-
the axis of the incident velocity. The corresponding energytive of several runs. We hope that, in the future, parallel
of rotation is 4000 K. Note that these asymmetric propertiecomputing will make it easier to solve this statistical problem
of cluster impact are only attainable by the three-dimensionaby performing simulations simultaneously on each processor
simulation performed here. In both cases and Ngr=20, node. Note, however, that since all atoms inside the cluster
however, a prominent channeling effect was not found as caoollide almost simultaneously with the substrate atoms, the
be seen in Fig. 7. The deepest depth of impurity for theresults obtained from a single run for cluster implantation
random(1) and rotational2) velocity cases during the moni- already has a statistical character compared with the single-
toring is 3.0 and 2.7 nm, both are close to that of the uniformion case. Thus, in the cluster implantation case, the results
velocity case, 2.9 nm. Truly, one of the cluster particles infor channeling where the peculiar trajectory of a impurity
the rotating cluster goes deeper into the surface compareatom is important has less of a statistical character than those

IV. CONCLUSION
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