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Craters on silicon surfaces created by gas cluster ion impacts
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Atomic force microscopyAFM) and high-resolution transmission electron microscapeTEM)

cross section imaging of individual gas cluster ion impact craters @0Siand S{111) substrate
surfaces is examined. The comparison between 3 and 24 kV cluster impacts from Ap @jag O
sources is shown. Results for low fluence {li@ns/cnt) 24 kV Ar individual cluster impacts onto

a Si(100 and S{111) substrate surfaces are compared with hybrid molecular dynafidietD)
simulations. A HMD method is used for modeling impacts of, An=135, 225 clusters, with
energies of 24-50 eV/atom, on(800 and S{111) surfaces. On a 800, craters are nearly
triangular in cross section, with the facets directed along the close-pétkbglanes. The $100)
craters exhibit four-fold symmetry as imaged by cross-sectional HRTEM, and AFM top view, in
agreement with modeling. In contrast, the shape of craters onld1pishows a complicated
six-pointed shape in the modeling, while AFM indicates three-fold symmetry of the impact. The
lower energy 3 kV individual cluster impacts reveal the same crater shape in HRTEM cross section
for both Ar and Q gas clusters, but with shallower crater depth than for the higher-energy impacts.
The kinetics of the Ar and Ocrater impacts may explain the successful use of higher-energy cluster
impacts for etching material of higher initial surface roughness followed by the lower-energy
impacts as an effective finishing step to achieve smoother surface200® American Institute of
Physics. [DOI: 10.1063/1.1506422

I. INTRODUCTION experimentally by the Kyoto grodp®is used to explain the
surface smoothing effect that is observed for metal, semicon-

Interactions of energetic clusters of atoms with solid sur-ductor, and insulating surfaces. According to the lateral sput-
faces demonstrate unique phenomena and promise new agring effect, smoothing occurs as a cooperative result of
plications for surface modification technolojg‘)].CIusters of multiple atomic-scale “bursts” caused by energetic cluster
gaseous elements and compounds consisting of hundreds jish impacts onto surfaces. Most of the surface material in-
thousands of atoms, with energies from a few eV to a fewsolved in such bursts does not leave the surface at all but
hundreds of eV per cluster atom are of particular interest fobecomes highly mobile, and therefore diffuses quickly along
surface modification. the lateral direction, thus making the surface smoother.

The main surface modification phenomenon for gas clus-  An individual cluster impact would leave a crater on the
ter ion beam(GCIB) technology is the surface smoothing surface, but it is impossible to experimentally study those
effect. A crystal surface, with an initial average surfacecraters at a high cluster ion fluence that is typical for surface
roughness of tens or hundreds of angstroms, becomes atomimpothing processes. The study of the crater formation, cra-
cally flat, with the residual roughness of a few ter structure, and faceting properties with low cluster ion
angstroms:*~**The GCIB smoothing typically occurs after flyence are important tasks for understanding the fundamen-
irradiation by an ionized Ar (n~1000-10000) cluster t5] surface science and smoothing effect.
beam at a charge fluence of't910"° ions/cnf. The kinetics of an atomic cluster ion impinging on a

The so-called “lateral sputtering effect” that was pre- gyrface is quite different from that of an ion implanted atom
dicted by molecular dynamid$1D) simulation and verified jnto a target. A 1000 atom gas cluster accelerated through 10
kV yields an average individual atom energy of 10 eV as the
dElectronic mail: lallen@epion.com cluster impacts the surface. This average energy is very large
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compared with the typical binding enerdy0.1 eV/argon In this study, polished silicon substrates with a native
atom of the clusters, and hence the impacts are highlyoxide were exposed to low fluence ¢2dons/cnf) argon
inelastic. and Q gas cluster ions. HRTEM cross section images of the

While experimental data are still sparse*® modeling individual cluster impacts for Ar and Oat 3 and 24 kV
and postatomic cluster impact analysis may help to evaluatacceleration energies were obtained. AFM images of the
the physical nature and mechanisms involved in the gas clusarger 24 kV Ar cluster impact craters were analyzed. HR-
ter ion-beam process. The aim of this work is to study indi-TEM revealed that no dislocation formation or lattice amor-
vidual Ar gas cluster impact data obtained by high-resolutiorphization occurs in the near surface or subsurface regions.
transmission electron microscoffHRTEM), atomic force The GCIB smoothing process may be envisioned as a sto-
microscopy (AFM), and MD simulations. High- and low- chastic overlay of individual shallow craters. The respective
energy Ar and @ gas cluster impacts are observed in crossshallow crater shapes of the 3 kV Ar and 3 k\ Cluster
section by HRTEM. AFM is used to examine the crater surimpacts appear to provide a fundamental basis for the result-
face shapes for the high-energy Ar cluster impacts for twang smoothness of material surfaces.
different silicon surface orientations. The cross section and

surface shape of the high-energy Ar gas cluster impact crahI MODEL OF INDIVIDUAL GAS CLUSTER ION
ters are compared directly with MD simulations. :

IMPACT

A. Simulation model

Il. EXPERIMENT . . . . .
In a MD simulation, the equations of motion of interact-

The general GCIB apparatus schematic is shown in Figing particles are solved numerically. Appropriate initial and
1. Gas cluster formation is achieved through supersonic gasoundary conditions are supplied. Due to limited computing
expansion from a high-pressure source into a vacuum via eesources, there is always a problem of choosing a correct
small orifice or nozzle. The adiabatic expansion reduces thsize for the model system. The number of mobile atoms cho-
relative velocity of the gas atoms and condensation into clussen will set up the MD model size: Too few atoms may show
ters is favored. The nozzle, a key component to gas clustamphysical effects but increasing it has a steep price in com-
beam formation, determines the cluster size and beam floputation time and required memory as both grow rapidly
pattern and will serve to remove some heat from the atomievith an increasing number of the degrees of freedom of the
collision process, thus assisting in the gas cluster formatiorsystem. The usual procedure is to estimate a necessary num-
Clusters with mean sizes anywhere from 500 to 10 000 atomier of the target atoms, often influenced by the available
of a source gas can be held together by van der Waals forcesomputing power, and to account for the rest of the system
A small aperture, or skimmer, collects the primary jet core ofby proper boundaries which would allow the flow of energy
gas clusters. The forward-directed neutral clusters are iordeposited by the impact to the bulk of the solid. One of the
ized by impact of electrons emitted and accelerated from aften-used techniques, based on stochastic hanglynam-
filament (Fig. 1). This forms positive ion gas clusters of ics, employs two or three atomic layers surrounding the cen-
nominally one electron charge per cluster. The ionized clustral volume treated by MD. These layers of damped atoms
ters are extracted and acceleratsghically from 2 to 25 k\) represent a “thermal bath” which simulates heat transfer to
using a series of electrodes that acts as a mass filter. Applyhe bulk of the target. This technique seems to be reasonable
ing a low voltage on the first extraction electrode ensuresn simulation of low-energy processes, such as film deposi-
that only clusters of large kinetic energies are further acceltion.
erated. Electrostatic lenses are utilized to focus the cluster Energetic cluster impacts create violent collisions be-
ions, and monomers are filtered out through the use of &een atoms in the central zone where equivalent tempera-
transverse magnetic field. lon fluence is measured by a Fature and pressure may reach °1X and 1¢ bars,
aday cup, and in the system shown next, the sample is meespectively. For modeling of such events, the boundary can
chanically scanned for complete wafer coverage. be made “flexible” by allowing its expansion to keep the
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average pressure constant for a given modulus of elasticity.

This technique is not completely satisfactory as it uses the

average pressure, which depends on the system size, and

requires the knowledge of materials characteristics, such as

thermal conductivity and compressibility. These parameters

cannot be reliably extrapolated from the normal equilibrium ;

conditions to the extreme state of matter in the collision 0 250 -40-30-20-100 10 20 30 40 50

Zone. X Axis, A

The problem of the boundary conditions can be also ex-

amined by considering shock waves created by the energetfdC- 2. Side view of the crater formed by a /Ay cluster impact, with
. . . energy of 24 eV/atom, on a @00 surface after 14.4 ps.

cluster impact. Unphysical reflections of the shock waves

from the system boundary may show up in MD results, dis-

torting the picture of the investigated process. Shock wave

reflections have been revealed for the systems as large as 4

X 10° target atoms studied by MD if fixed periodic boundary

conditions are used, for the cluster impact energy as low as

Z Axis, A

gik= — KaT&ik-i- KU” 5|k+2,b(,

Uik = Ui 3~ + & Uy i
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A new hybrid model utilizing MD for the atoms in the 3

central collision zone, and continuum mechanics and ther- 1/du  au

modynamics outside, has been proposed in a previous uikz—(—' Tk , (1d)

papet® and used for crater formation study in Ref. 17. In this 219X X

model, a shock wave theory is used to establish the minimurwhere « is the thermal expansion coefficier, and ¢ the
size of the central zone, i.e., the location of the boundanbulk elastic modulus and viscosity, and » are the sheer
between the volume where MD models atomic collisions andnodulus and viscosity, ang, is the strain tensor.

the outside, which is treated as continuum. This hybrid  For silicon at room temperaturg,~1 cnt/s,? so that
model successfully solves the problem related to a finite systhe characteristic heat transfer timg=L2%/y=1 ps is simi-
tem size by reducing the number of the required degrees dér to the characteristic deformation timg. This is conve-
freedom, and will be applied to the modeling of craters in thenient for numerical computation as it allows the use of com-
present article. For convenience, some equations of the hynon time steps for calculating thermal and mechanical
brid model are given next. variables. Equation$la—(1d) have been used to numeri-

According to the shock wave thedfjthe distancel  cally solve a two-dimensional problem projected by cylindri-
from the center of the cluster impact to where the shockcal geometry defined by the symmetry of the system.
wave becomes thermally equilibrated can be estimatdd as In the MD calculations, we used the Buckingham poten-
~dx 10”3 whered is the cluster diameter. For argon clus- tial to represent two-body forces between cluster atoms and
ters with 100 atomsi~30 A andL is of the order of 100 A.  between the cluster and target atoms while interactions be-
The shock wave travels distanten time ro=L/vy, where  tween Si atoms were represented by the Stillinger—Weber
vo is the cluster velocity(prior to impact, i.e., an upper potential. The cluster was modeled by cutting a spherical
bound. For argon clusters with kinetic energy of 20 eV per volume from a face-centered-cubic argon lattice with initial
atom, vo~10* m/s, and the time interval is:;~1 ps. temperature set to zero.

The hybrid model establishes the boundary of MD vol-  The clusters used in simulations contained about 100—
ume atL and follows the system evolution with MD calcu- 200 atoms and had kinetic energy of a few tens of kV. The
lations for the time at least several timeg. The volume  cylindrical target model contained 10° atoms in the central
beyond radiusL from the point of impact is treated as a MD zone, while the continuum mechanics calculations ex-
continuum, using a finite-element method to solve contended to ten times larger volume. In fact, there is no limi-
tinuum mechanics equations tation for the system size in this method at all.

dzui (90'“( 1 )
2 o (18 B. Molecular dynamic results
MD calculations give positions and momenta of all clus-
whereu; is the displacement vector of thith cell, oy, is the  ter atoms and the target atoms in the central zone, which

stress tensor, anglis the solid density? provide a wealth of information on the collision process and
Heat transfer is described by allow us to obtain a number of parameters of interest. Figure
2 shows a side view of the simulated crater formed by a 24
dT(r,t) eV/atom Afss cluster impact on a 8§00 surface after a
=xAT(rb), (b o S
dt time interval of 14.4 ps from the start of cluster collision

with the target. This picture shows a nearly triangular face-
with temperaturéT) at positionr and timet. Equationg1la)  ting of the crater, which is due to a higher energy of thEl)
and(1b) are coupled by the stress tensor dependence on malane. The two dashed lines in Fig. 2 show the directions of
terial constants and temperature: two (111) planes.
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FIG. 3. Top view of the §iL00) surface showing the crater that was created FIG. 5. Top view of the $iL11) surface showing a crater formed by an Ar
by a Ar 35 cluster impact with an energy of 24 eV/atom. cluster impact with 24 eV/atom energy.

The top view of the crater is shown in Fig. 3. It shows a
four-fold symmetry crater with facets formed by folrll)
planes crossing thé100 surface. In Fig. 3, only those
atomic positions are shown that lie below the previous unir
radiated surface. Figure 3 shows a thin slice of the sampl
parallel to surface that was made by cutting out the atom
with the positions within the interval=3 A<z<0.05 A,
where z; is a Si atomic position coordinate normal to the
surface. The $111) surface shows faceting features quite
d|-fferent from that of the $100 sgrfaqe as can be viewed in with Fig. 2, showing a conical impact crater with thELL)
Figs. 4 and 5. We see that the side vié¥ig. 4) has a round- : . :

lanes aligned with the crater walls. No subsurface disloca-

shaped crater and the top view is also quite interesting. It has ns are observed around the crater formed by the Ar gas

) ) ) T . 1io
a §|x-p0|nt .star shape, previously ynobserved n Slmwatlo%luster impact. The lattice integrity and orientation is pre-
or in experiment. Figure 5, a top view for($11), shows a

L . ; . served to the crater boundary and the surface.
thin slice of the sample that contains four Si atomic layers Fiqure 7 shows HRTEM cross section of a lower-ener
parallel to surface, with-4 A<z<0.05 A. 9 oy

. . Lo ... 3 kV individual Ar gas cluster ion crater on a(800) sur-
The effect is very different from monomer ion irradiation . ! .
. ) . - face. The shape and atomic plane cross section boundaries
and is clearly related to different dynamics of collisions of . . . .
o . ) . ._appear identical to that of the 24 kV impact crater, but with a
the two projectiles with a solid. Cluster impact results in

S far shallower depth. In this cross section, a thin film of sili-
transfer of kinetic energy to a large number of surface atom

sCon crystal is imaged as intact over the impact crater. Such a
which leads to their displacement and local melting or Y 9 P '
sublimation.

sectional TEM sample preparation techniques were em-
ployed. Images were formed by orientation of the sample
such that the transmitted beam was parallel to(ti&) di-

Eection of the lattice and parallel to tH&00 plane of the
surface. An objective aperture that allows transmission of 13
eams was used to form the phase contrast images.
Figure 6 shows HRTEM cross section of an individual
Ar gas cluster ion crater formed by a 24 kV acceleration into

a Si(100 surface. The image cross section shape agrees well

thin film slice of silicon is envisioned for a cross section
image that is taken near but not exactly at the crater center.
The material is thin enough to observe the back wall of the
IV. IMAGING OF CRATER IMPACTS

A. High resolution transmission electron microscopy,
atomic force microscopy

The images of individual gas cluster ion impacts were
obtained using a JEOL 2010 HRTEM with a field-emission
gun. Standard gluing, dimpling, and ion milling cross-
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FIG. 6. HRTEM cross section image of an individual 24 kV Ar gas cluster

FIG. 4. Side view of the crater formed by an,Ay, 24 eV/atom, cluster
impact on a Sil11) surface.

ion impact into Si100). Crater conical edges align along ttEL]) lattice
planes.
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FIG. 9. HRTEM cross section of an individual 3 kV,@as cluster impact
into Si(100). The rounder shape of the impact is preserved with the shallow

FIG. 7. HRTEM cross section image of an individual 3 kV Ar gas cluster
depth of the crater.

ion impact into Si100. Crater conical edges align along thEL1) lattice
planes, but the depth of impact is reduced.

“see” or will impact. No subsurface dislocations are ob-
b_served around the crater formed by thedas cluster impact.

As in the case for Ar gas cluster impacts, the lattice integrity
B is preserved. The factor of chemistry in GCIB processing is a
pic of significant interest and recent publicatfon.

crater, with the outline of the full crater cross section o
served.

The impact kinetics plays a first-order role in the GCI
to surface interaction, as observed by crater depth as a funt@
tion of energy. This was again observed through the 24 kV ) _
and 3 kV individual impact crater images of an Gluster ~ B: Atomic force microscopy
into silicon as shown in Figs. 8 and 9, respectively. Once In order to examine the impact crater morphology as
again, the general shape of the impact crater is maintained ompared with that of MD modeling, the surface of the
the higher- and lower-energy processes, with the lower enGCIB processed silicon was also imaged by AFM. Prior to
ergy impact having a shallower crater depth. In our observathe individual cluster impacts into the silicon surface, the Si
tions, both the higher-energy and lower-energydas clus-  substrates exhibitegt2 nm of a native oxide as measured by
ter impacts typically result in a more rounded crater shape aspectroscopic ellipsometSE). Upon impact by the Ar gas
compared with that of the Ar impact crater. This may be duecluster, the silicon from the substrate latti@es well as the
to an inherently different cluster mass, charge, or an immenative oxide is ejected or vaporizedAFM imaging reveals
diate silicon oxidation that, in turn, changes the bondhillock formation around and above the impact craters. The
strength that the remaining atoms of the impinging clustefarger hillocks have been found to reflect the symmetry of
the underlying Si substrate orientation. Figure 10 shows an
example of the result of the 24 kV Ar-GCIB individual im-
pacts into Si surfaces witf100 and(111) substrate orienta-
tions. In the AFM image of Fig. 1@), the symmetry of the
Si substrate crystal is reflected by the distinct four-fold hill-
ock formed by a 24 kV Ar gas cluster impact into thé198i0
surface. In the AFM image of Fig. 10), a three-fold sym-
metry can be observed in the hillock formed by a 24 kV Ar
gas cluster impact into the @iL1) surface. The image axes
are aligned with the substrate crystallographic directions, as
shown. AFM images indicate that the larger hillocks aré¢
nm high, projecting above the native oxide, with-@0 nm
diameter. Smaller hillocks are numerous, without the clarity
of symmetry found in the larger crater/hillock formations.
The larger hillocks show distinct dimples in the center that
correspond to the pits imaged by TEM. For low fluence,
high-energy Ar cluster impacts, AFM has measured a con-
tinuum of individual hillock heights. They range from just
over surface oxide heiglit-20 A) to over 50 A high.

FIG. 8. HRTEM cross section image of an individual 24 kY @as cluster V. DISCUSSION

ion impact into Sj100). Rounder impact craters typically resulted from the . . . L. .
O, cluster process, perhaps from the immediate oxidation of the Si and Hl.gh—resolutlon microscopic imaging by TEM and AFM
sidewall restructuring. of individual gas cluster impact craters for both Ar angd O
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four-fold symmetry of Si100) 24 kV Ar cluster impact hillock(a) and

three-fold symmetry of $111) 24 kV Ar cluster impact hillockb). FIG. 11. Shallow take-off angle XPS analysis of a pre-GCIB Si with a

native oxide(a), after a 7 kV 1x 10 ions/cnt Ar-GCIB process(b), and
after a 7 kV 1x10% ions/cn? O,-GCIB process(c) (see Ref. 24 The
pre-GCIB Si surfacga) exhibits a surface roughnes,=0.9 A. The 1
X 10'® ions/cn?, 7 kV Ar-GCIB processed surfaod) yields a roughness

o ] ~ R,=12 A. The 1x10" ions/cnt, 7 kV O,-GCIB processed surface)
are analyzed. For a normal incidence angle of impact intgjelds a roughnesR,=2.3 A.

Si(100), highly symmetric craters are observed. The images
show the symmetric subsurface crater with crystallographic
orientation along th€111) in the subsurface silicon. The im- For the surface imaging of the high-energy individual Ar
pact crater shape as shown by HRTEM is in good agreememiuster impacts, the four-fold hillock and three-fold hillock
with the MD simulation for the 24 kV Ar gas cluster case. formation may be explained through gas cluster kinetics and
While individual atoms are shown in some disarray, the gensurface chemistry. The HRTEM, AFM, and MD simulations
eral crater shape is consistent wiiti1) sidewall orientation of this article suggest that the fundamental kinetic process
and a four-fold symmetric crater opening. incorporates an isotropic transfer of the cluster kinetic energy
In the AFM study, a wide distribution of individual cra- to the target that produces the symmetrical crater. The distri-
ter sizes was observed. This is consistent with the bellbution of ejected material from the crater is portrayed in the
shaped distribution of the mass-to-charge ratio for individualAFM image of the hillock.
clusters that have been measured using time of fiyand The hillock formations from individual cluster impacts
the size distribution extending from about 1000 atoms peshow that they are the initial surface features of the GCIB
cluster to over 10000 atoms per cluster. The structure o$moothing process. For higher fluence GCIB processes, these
such clusters has been reported as poly-icosahedral with hdllocks eventually overlap by sheer number of crater impact
diameter of approximately 4.8 nm for a cluster of 1500 argorevents to provide full surface coverage. For higher (1
atoms?223 For each cluster impact, the symmetry and rela-x 10'° ions/cnf) fluence Ar and @ GCIB processed Si sur-
tive depth of the crater may be inferred from the shape of théaces with a native oxide, a continuous surface oxide forma-
hillock that forms over the crater. In the AFM images pre-tion of over 100 A is consistently observed by SE measure-
sented, the hillock that forms above craters of thEL@)) ment and modeling, and x-ray photoemission spectroscopy
surface exhibits the four-fold symmetry as predicted by theg XPS). As shown in Fig. 11, XPS suggests that, for high
MD simulation and consideration of the Si spatial density.fluence Ar GCIB processing on Si, the resulting surface ox-
For the case of $111), AFM imaging indicates a three-fold ide is substoichiometrit*2° For the case of high fluence,O
symmetric hillock that forms above the crater. While MD GCIB processing on Si, XPS has indicated a more stoichio-
simulation predicts a six-fold symmetry, that configurationmetric surface oxide, as evidenced by the stronger SpO 2
may be reduced in application by the overall three-fold hill-electron binding intensity and slight shift to 104 eV as shown
ock symmetry which covers the detail of the crater surfacen Fig. 11. However, the precise composition of the full cov-
edge. erage surface layer is not determined. The approximate
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chemical composition of the individual hillocks may be in- material surface with deep scratches, for example, the initial
ferred from the higher fluence GCIB surface SE and XPSuse of a higher-energy GCIB process will provide a faster
observations. The hillocks are thus suggested to be a substetch rate and provide for a more uniform surface morphology
ichiometric oxide in the case of Ar GCIB processing and afrequency distribution across the surf&¢@.The use of a
more stoichiometric oxide formation for the case of O lower-energy GCIB as a final process step provides a smaller
GCIB processing. crater depth and hillock height for a smoother surface finish.

The Ar cluster has enough energy to impact through thé'he choice of cluster gas tyge.g., changing from argon to
~20 A native surface oxide to the underlying Si crystal andoxygen may also provide a smoother surface due to a more
eject Si from the substrate matrix. Cluster impacts providegounded or shallow crater contour. The crater morphology
for new exposure of Si surface atoms and their subseque@pproach is supported by the AFM measurements associated
reactivity with the presence of oxygen. In the Ar-GCIB pro- with the data of Fig. 11 for the Ar-GCIB and ,&5CIB
cess case, the gas cluster itself does not provide a source ligher fluence processes. The lower-eneffkV) 1x 10
oxygen to react with the ejected silicon from the matias ions/cnt Ar-GCIB process yields an average surface rough-
in the case for oxygen-GCIB processemstead, adsorbed hess R,)~12 A. For the 7 kV and X 10" ions/cnt fluence
water from the surrounding surface area could provide theising an Q-GCIB process, the value is reducedRg~2 A.
oxygen to form the surface hillock. Eventually, the stochasticThe data indicate that the lower-energy gas clusters that pro-
overlay of the hillock material across the entire surface willvide a rounded crater are suitable for smoothing material
provide, in the case of higher fluence Ar GCIB, a completesurfaces. Alternately, higher-energy impacts resulting in a
surface coverage of that substoichiometric oxide composideeper crater are more effective for shallow etching of sur-
tion. faces.

In the case of @GCIB processing, the Ocluster im-
mediately provides oxygen atoms for reaction with the sili-v|. CONCLUSION
con atoms of the newly exposed matrix. In this case, forma- o i i ,
tion of a reactive product and an evaporation or ejection of _Urther insight into the nature of single gas cluster im-

the product from the surface takes place. For the oxygenF-’aCtS into a silicon surface has been provided. Experiment

GCIB process, the kinetically preferredl1l) crystallo- and simulation data for individual Ar gas cluster impacts into

graphic sidewall formation appears to be a secondary facto?i(loo) With a nf_;ltive oxide reveal a crystallographic_cra_ter
in crater morphology to that of the reactive product forma-sf'dewa” orientation and suggest a four-fold symmetric ejec-
tion. The immediate provision of oxygen to the silicon ma-lon of the silicon atoms to the surface. The presence of
trix provides an expedient method of reducing the Overa”oxygen(adsor.bed Wa“?‘f’ the yas cluster !tse]fwnl pro-
energy of the system through oxygen-silicon bonding alon ide forl prStImrﬁ).Tll.Ct ksﬂmon—o;(ygen reacuorr]]. The ej(faclted
the crater wall, and inducing the bowl shape of the crater aﬁ ateria ﬁ.rT]_S toc sonGerC:Be ;:r:ater. In the ;:gsehp" CI)(W
indicated by MD simulation. The surface hillocks formed by uence, hign-energy Ar , (NESe symmetric MiTocks
. L form over the native oxide to heights50 A. AFM of the
the O, cluster impacts have not exhibited four-fold or three-hiIIOCk surface showsand MD simulation predicisa four-
fold symmetry. Rather, these ,@CIB individual impact

hillocks have exhibited uniform coverage around and abovefgld symmetric hillock formation for the higher-energy Ar-
the crater. The @GCIB hillocks are, in general, of much CIB individual impacts into %100 and a three-foldsix-

lower height and with larger horizontal spread than for ArTOId) symmetry for the same energy Ar-GCIB individual

GCIB. Since the ejected material is fully reacted from the"ﬁnpaCtS into SU11). T.hls 'S conastent W'th the density OT
. . . . ... _atoms for the respective Si crystal orientations. The effective
cluster source atoms, their trajectories may be slightly differ- . -
use of GCIB energy and chemistry for tailoring the rough-

ent from that of nonreacted silicon atoms that can bond with ; .
. ness or smoothness of different material surfaces may be
oxygen along their paths.

While high- and low-energy individual Ocluster im- approached through the angly3|s of the c.rat'er' depth, the cra-
. . ) ter contour, and the stochastic overlay of individual craters to
pacts into Si have not been previously reported, Grube

form the finished material surface.
et al* have observed an individual G@luster impact into orm the finished material surtace
Si that also displays a rounded hillock surface. They have
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