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Computer simulation of the spreading of metallic clusters landing at grazing incidence
on a metallic surface
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Simulations of the impact of metallic clusters at grazing incidence on a metallic surface are presented. The
interatomic interactions are described by a many-body potential rooted on the tight-binding formalism. Several
molecular dynamics simulations are performed to study the influence of some relevant parameters such as the
initial velocity, the chemical identities of the cluster and the surface and the nature of the surface plane. For the
velocities studied here (10-54 A/ps) a soft cluster landing at grazing incidence on a hard metal surface
simply spreads over the surface without causing much damage and the degree of spreading depends on the
initial cluster velocity. A channeling effect occurs when the cluster moves originally in a direction parallel to
atomic channels on the surface. On the other hand a hard cluster landing on a soft metallic surface can
penetrate into the substrate material and the degree of fragmentation also depends on the initial velocity.

[. INTRODUCTION component of the velocity parallel to the surface. Several
molecular-dynamicg¢MD) simulations are performed to de-

A number of theoretical studies of cluster deposition ontermine the influence of different factors on the deposition
solid surfaces involving metallic materials have been perprocess: the initial cluster velocity, the surface orientation,
formed in recent years® Motivation for these studies and the chemical nature of cluster and surface atoms. To
comes from the interest in nanofabrication methods and ifnodel the interatomic interactions a semiempirical many-
possible technological applications of the nanostructured suRedy potential derived from the tight-binding method s
faces obtained upon cluster deposition. Typically these clustSed-” The simulation method is briefly described in Sec. Il
ters are formed by a few tens, hundreds, or thousands d@ynd the results_are shown _anq discussed in Sec. 1. The
atoms. This method is very suitable in such aplications a{nfluence of the impact velocrcy is analyzed forggdandmg
surface or thin-film growth because the clusters release theff" @ Cy011) surface. C.omparlsc_)n of the results W'th those
energy in a region localized near the surface and do no‘?t.’talned for Abs on Ni(01D), Niss on Al(011), Niss on
penetrate deeply into the bulk. The structure and propertie'gl'(m.l) and Aks on Al(011) serves to analyze the eﬁect qf
of the thin films formed depend on the details of the cIuster;:he.mlcal nature of cIus_ter and substrate. Some simulations

or impact of Aks on a Ni001) surface allow us to study the

deposition The supported structures obtained from clusteri fluence of surface plane orientation. A different kind of

deposition can be observed experimentally by means q luster motion on a surface, arising from purely thermal ef-

atomic force and scanning tunnelling microscopies and havgy.is has been studied experimentally and theoretically in
interest for future nanoscale electronic applicatibi@ther other works21%-16 and unexpected diffusion mechanisms
applications such as surface cleaning or sputtering have al$gyye peen discovered.

a technological potential in very large scale integrated
processing.

We present a computer-simulation study of the deposition
of metallic clusters landing at grazing incidence on a metal In this paper the clusters and substrate surfaces involve
surface. The interest of studying nonperpendicular impact ishe metallic elements Ni, Al, Cu, and Au. The clusters are
highlighted by recent work by van Dijkeret all° These initially near the surface within the interaction range of the
authors have studied the deposition of atomic Cu beams ocluster-surface potential. To model the interatomic interac-
Cu(001) surfaces at incident angles that deviate strongltions, we use a semiempirical many-body potential derived
from the usual perpendicular incidenteviations between from the tight-binding method’*®that for a system contain-
50° and 85°). The results reported show striking differencesng N atoms of the same element is
with respect to those obtained in the same work for perpen-
dicular deposition. The importance of oblique impact in clus- 1 NN N vz
ter deposition was stressed by Moseletal,"* who have V=3 > | X AePrilfom—| > £2e-2a(rj /r"_l)) }
shown, using molecular-dynamics and mesoscopic modeling, =1l=t =1
that impact onto a tilted part of the substrate surface is re- (1)
sponsible for the observed surface smoothing by energetic
cluster impact. But to our knowledge, investigations of thewith j#i. The first term is a repulsive pair potential and the
grazing impact of clusters are still lacking. In our simulationssecond is an attractive many-body band-energy contribution.
the clusters are initially very close to the surfdeathin the  ry; is the distance between atoinandj andr is a reference
interaction range of the cluster-surface potepald have a distance, usually the equilibrium nearest neighbor distance in

1. MODEL
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the bulk metal. The values of these parameters are fitted tonly 0.011 eV above. A number of experiments and theoret-
reproduce the magnitude of bulk equilibrium cohesive propical calculations support the icosahedral structure gf K
erties. The generalization to two types of atoms isDensity-functional calculations by Yét al?® predict that a
straightforward® and the corresponding parameters are fittecdcuboctahedral fcc structure is more stable than the icosahe-
to the cohesive properties of crystalline solid alloys. Thedral one for Aks, but that structure is also compact and
values of the parameters for the materials used in this pap&ather spherical. In practice the use of icosahedral isomers
are given in Ref. 20. A cutoff radius for the potential is does not bias our conclusions since the clusters dismember
introduced such that interactions up to fifth nearest neighborgnd spread during the impact process.

enter the simulation. In the case of heteroatomic interactions 10 monitor the impact of the cluster on the substrate we
the cutoff chosen is the larger of the two different radii. ~ Use several indicators. The evolution of hend z coordi-

The substrate is modeled by a crystalline parallelepipedifates of the center-of-mass of the clustes, andz,, re-
block with fcc structure. The surface is in the,y) plane spe_ct|vely,.reflect well the charact_erlst_lc time scales of the
and periodic boundary conditions are imposed |n)t|fm]dy maln atomic rearrangements ocurring in the |mpaCt process.
directions. The substrate is formed by three types of atomi#n this respect, and for the purposes of calculating the coor-
layers: several top layers whose atoms are treated by coflinates of the center-of-mass, all the atoms initially in the
stant energy MD, a single thermal layer whose function is tcfluster are taken into account, even if the cluster dismembers
dissipate the excess thermal energy that the impinging clu®nd loses its identity during landing. Another indicator, that
ter releases to the substrate during landing, and three inegives information on the evolution of the shape of the clus-
bottom layers formed by fixed atoms that serve to computdef, is an elongation parameter defined as
forces on the atoms inside the nonstatic layers. The atoms of N

the intermediate thermal layer obey the Nose-Hoover 2 Vi~ Yenl

equationg*?which contain a friction term, and in this way = 1YimYem

the substrate is coupled to a heat bath. The substrate block =g 2
has between five thousand and ten thousand atoms and typi- > %= Xenl

cal dimensions areXy X2 nm, wherey varies in the range i=1

6-20 nm. This means that we have about ten layers in th\(/avhose value is larger than 1.0 for clusters with an elongated
direction perpendicular to the surfa@ecluding also thermal 9 ' 9

and inert layersand that the block is long enough in the shape_ in they direction. € is thg ratio pf the averaggandx
initial direction of motion of the cluster, thgdirection. Two coordinates of the atom positions with respect to the cenFer-
different surface plane orientations have been studiti) of-mass of the cluster, and consequently this parameter gives

and (001). To focus on the effect of cluster velocity and to n%dg?;??ﬁglﬁ?;get the shape in tizedirection, perpen-
separate this from thermal effects due to the temperature cgjfI '
the substraté® the substrate is initially thermalized &t

=0 K, and the effect of the thermal layer is to ensure that . RESULTS

the temperature of the whole system after deposition wouldy Time scale of the impact process and influence of the initial
also beT=0 K after equilibration following a transient cluster velocity

time.

The clusters landing on the metallic surfaces are icosahe- The characteristic time scales of the phenomena ocurring
dral 55-atom clusters whose structure and interatomic diswhen the cluster lands on the surface at near grazing inci-
tances have been previously optimized by an steepesfience are reflected in Fig. 1, whexg, andycn, thezandy
descent method by starting from an ideal Mackaycoordlnates of the center-of_—mgss of thg cluster, are plotted
icosahedrori? The clusters are initially placed near the sur-for the case of a Ay cluster initially moving parallel to the
face such that the minimum distance between a cluster atoghannels in th¢011] direction on a C(011) surface with an
and the top atomic layer is 3.5 A. This distance is a littleinitial velocity component parallel to the surface,
larger than typical bulk interatomic distances in these mate=10 A/ps[Fig. 1(a)] andv,=20 Alps[Fig. 1(b)]. Those
rials, which vary in the range 2.5-2.9 A, but at the samesurface channels can be seen in Fig. 2. At the beginning of
time is short enough to allow the cluster to interact with thethe simulationy,,, varies linearly witht, that corresponds to
substrate. Initially, a velocity parallel to the surface is giventhe free flight period before touching the surface. During this
to the cluster. That velocity ranges between 10 and 54 A/pdree flight the velocity component perpendicular to the sur-
With those velocities we achieve cluster kinetic energies irface, arising solely from the cluster-substrate interaction is
the KeV range, typical of impact depositidr"?° Since at about 1 A/ps. But at a tim&=5 ps, y., experiences a
the begining of the simulation the velocity in the direction drastic deceleration and this time can be taken as the instant
perpendicular to the surface is zero, the cluster impacts thef impact of the cluster with the surface. At this time, cluster
substrate with a velocity component in the perpendicular dibonds start breaking and new bonds form between cluster
rection due only to the cluster-substrate interaction potentialand surface atoms. A second characteristic ttjmean be
This velocity is small so the landing is at near grazing inci-noticed at whichy.,,, does not change any more. This is the
dence. The use of an optimized icosahedral cluster structuopping time.t; is close to 8 ps for the simulation of Fig.
is a convenient assumption since icosahedral structures aftéa) and about 10 ps in Fig.(lh), as a consequence of the
rather common for metallic clustet$According to density-  higher initial kinetic energy of the cluster in the second
functional calculations by Garmcet al,?’ the lowest-energy ~simulation. That ist;—t;=3 ps and 5 ps, respectively, in
structure of Ays is disordered, but the icosahedral isomer isFigs. 1a) and 1b). Those two characteristic timésandt,
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80 . . - moatomic cases Ni-Ni and Al-Al. Previous studies of vertical
cluster impact deposition for the Al-Ni system have shown
great differences when the chemical natures of the cluster
i and substrate are interchandegigure 4 shows the results of
two simulations for A5 landing on a Ni011) surface with
initial cluster velocities),=20 A/ps andv,=54 A/ps, re-
— Yem spectively. The impact timg;=1 ps, is lower than for the
noble metals of Fig. 1. This is a consequence of the higher
force exerted by a more attractive cluster-substrate interac-
tion in the Al-Ni case. A more attractive interaction is ex-
i pected from theories of alloy formatithand also from the
existence of intermetallic compounds with high melting tem-
peratures in the Al-Ni system as compared to Cu2ATihe
elapsed time between impact and stopping is also smaller. In
15 20 summary, the stopping intervalt appears to be determined
by the magnitude of the attractive interacti@mn tendency to
form alloys between cluster and substrate elements. Again,
as in the case of Au-Cu, the shape of the cluster after stop-
ping depends om,. Figures 5 and 6 show snapshotst at
=20 ps for the simulations with,=54 Alps and witho
=20 A/ps, respectively. Those shapes are completely dif-
] ferent. The cluster has a planar connected shape for the lower
- Yom vp but it is completely dismembered and spread out in the
------------ Zem case of the highes,. This becomes reflected in the values
of the parametere plotted in Fig. 7.€ is larger foruv,
=54 A/ps. Figures @) and 6 show very different results,
yet the initial velocity was),= 20 Alps in both cases. The
gold cluster dismembers completely on the Cu surface while
the Al cluster flattens but remains as a connected body on the
Ni surface. Two factors contribute to the different behavior.
First, the kinetic energy of the Al atoms is lower due to their
0 5 10 15 20 . - .
(b) time (ps) lower mass, and second the more attractive Al-Ni interaction
is more effective in reducing the spreading of the Al cluster.
FIG. 1. Time evolution of they andz coordinates of the center- In the configuration of Fig. 5 one appreciafsge also Fig.
of-mass of Ays landing on a C(011) surface with initial parallel  2(b)] that some substrate atoms have been removed from

Center of mass coordinates (f\)

100

50

Center of mass coordinates (i\)

velocitiesv,=10 A/ps(a) andv,=20 A/ps(b). their original positions in the outermost substrate layer and
have been replaced by Al atoms.
are also reflected in features ip,,: the slope ofz;,, has a A strikingly different behavior is observed when the role

break att; and z.,, reaches a constant value tat In the  of Al and Ni are interchanged, that is when a Ni cluster
interval betweert; andtg, z.,, gives a measure of the flat- impacts on an Al surface. We have simulated the impact of
tening of the cluster. Niss on an A(011) surface for initial cluster velocities ,
The effect of the initial cluster velocity on the shape of =20 A/ps andv ,= 54 Alps. The feature seen in the snap-
the deposited cluster is drastic: the configurations of the clusshots of Fig. 8, that correspond #g =20 Alps, is the sub-
ter after stoppindt=20 p9 are shown in Fig. 2. In the case stantial damage produced in the substrate as soon as the Ni
of lowerv,, the cluster still forms a connected body, althoughcluster impacts on the Al surface. This damage occurs be-
heavily distorted and flattened. However, fg5=20 Alps  cause the substrate is a soft metal compared to the projectile.
the cluster becomes spread and fragmented along the direlir fact, the melting temperaturg,,(Al) =932 K is nearly
tion of motion. It now forms a flat disconnected strip. A few one-half of that of Ni,T,(Ni)=1725 K. Then we observe
Cu atoms have been displaced from their original positionshat a hard projectile (Ni) causes great damage on the sur-
leaving vacancies behind, and most of those vacancies ha¥gce of a soft substratéAl) while a soft projectile (Als)
been filled by Au atoms, replacing the original Cu atoms. Adoes not cause appreciable damage on a hard metal surface
quantitative measure of the spreading is given bydhg-  (only displacements of some of the outermost surface at-
rameter defined in Ed2). Its evolution with time is given in  oms. The value ofe after stopping remains close to 1.2, and
Fig. 3. € changes fast in the intervat;(t;) and reaches a the snapshot at=20 ps gives the explanation: the hard
practically constant value aftég. cluster becomes partially embedded into the Al matrix but it
remains fairly compact. The cluster removes a substantial
amount of Al atoms from the surface and near-surface layers
and some of those atoms patrtially cover the Ni cluster. The
To analyze the influence of the chemical identity of clus-melting temperatures of Au and Cu are nearly identical
ter and substrate we compare the results for Au-Cu with T,(Cu)=1357 K, T,,(Au)=1336 K], so being equally
results for simulations for the system Al-Ni, and for the ho- hard, it becomes understandable that the Cu surface remains

B. Influence of the chemical nature of cluster and substrate
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not met in our simulation. In particular, an adequate substrate
temperature that would promote thermal diffusion of atoms
would be required. The heat released during impact to the
substrate is enough to allow for the local atomic rearrange-

o'.'o,:'z.:,o ments that anneal a large part of the topological lattice dis-

alalalelelole order, reverting the lattice to a state with a good degree of
K :'0

crystallinity, but is not enough to promote the long-range
diffusion that would allow ordered compound formation.

Simulations for homoatomic systems give complementary
information. Figure 10 shows snapshots for the landing of
Niss on a Ni011) surface with(a) v,=20 Alps and(b) Up
=54 A/ps. The snapshots are taken at 20 ps, and the differ-
ent colors distinguish cluster and substrate atoms. In @se
there is no damage on the substrate and the cluster forms a
rather flat epitaxial island witle near 1.2. This is a conse-
quence of the identical nature of cluster and substrate. The
cluster dismembers completely in cabg and a few surface
vacancies is the only damage produced. A similar behavior is
observed for A5 landing on A[01]) atv,=54 Alps, Fig.
10(c), but with a slightly higher damage on the substrate, that
appears as a consequence of the Al substrate softness. In
summary, at the impact velocities studied here, we confirm
that the substrate is appreciably damaged only when the clus-
ter is substantially harder than the substrate.

A more quantitative analysis of the damage caused in the
substrate by the cluster impact as well as of the final struc-
ture of the combined system formed by the substrate and the
deposited cluster is presented in Table I. The number of sub-
strate atomsNg) which are kicked out from their original
positions in the substrate and that move to positions above
the substrate surface, increases wifh is larger in the het-
eroatomic cases than in the homoatomic cases, and is larger
for harder clusters. For the homoatomic cases and for a soft
nearly undamaged. In perpendicular cluster impact a crater iduster landing on a hard surfadee., Al on Ni), the re-
formed on the surfa¢&>! but we find no crater formation in moved substrate atoms adopt epitaxial positions with respect
the case of grazing incidence. Between all the cluster-surfac® the substrate surface and most of the empty places left out
combinations studied here, the case just described, that i the substrate by the removed atoms are filled in by cluster
the impact of Nis on the Al surface, is the only one that atoms. The net effect is a very small number of vacancies in
produces a structure with a mild ressemblance to the formahe substrate. Most cluster atoms do not insert into the sub-
tion of a crater on the substrate. This arises from the combistrate and adopt epitaxial positions above the substrate sur-
nation of a hard cluster and a soft substrate. Nevertheless, &ce. In the case of a hard cluster landing on a soft substrate
one can appreciate in Fig. 8, the crater has been filled by th@.e., Ni on Al) more than half of the cluster atoms penetrate
cluster. into the substrate. For the initial cluster velocity,

Increasingv,, to 54 A/ps also produces interesting re- =20 A/ps the cluster remains quite compact and does not
sults. Snapshots given in Fig. 9 for3 ps,t=10 ps, and create vacancies into the substrate. The cluster atoms do not
t=20 ps show a higher damage and also partial dismembeadopt positions corresponding to the substrate lattice and,
ing of the cluster, that loses atoms as it penetrates into theonsequently, the Al atoms that partially cover the Ni cluster
substrate. A fraction of the transient disorder seent at are not in epitaxial configurations with respect to the sub-
=3 ps anneals out later on, and tat20 ps the picture strate surface either. For the initial cluster velocity
obtained is that of a surface region with some vacancies, but 54 A/ps the picture is quite different. Mogt3 out of 47
the lattice itself has recovered well its crystalline face-of the cluster atoms that penetrate onto the substrate adopt
centered-cubic structure in the region of impact. ThesNi final positions corresponding to lattice points of the sub-
cluster has lost a number of atoms although it seems to retastrate. Moreover a big number of vacancies are left out on
a core of connected Ni atoms at the end of the simulation. Athe substrate upon cluster impact. A significant fraction of
that timee is near 3. The atoms lost by the travelling clusterthe substrate atoms that move above the substrate surface are
are not well mixed with the host. Those Ni atoms form sev-not able to adopt epitaxial configurations with respect to the
eral dimers. Our interpretation is that this reflects the neglisurface substrate. The idea that the outcome of the impact
gible solid solubility of Ni in bulk Al3? Although Ni and Al depends crucially on the ratio of the cohesive energiasd-
form crystal compounds NiAl Ni,Al;, NiAl, and NizAl, nessesof cluster and substrate materiéasd on the cluster
the conditions for producing such compounds are evidentlkinetic energy was first introduced by Hsiet al,! in their

FIG. 2. Shape of the Ay cluster after stopping20 p9 for the two
simulations of Fig 1(a) v,=10 A/ps, and(b) v,=20 A/ps.
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——- vp =10 Angs/ps
—— vp = 20 Angs/ps

10 15

time (ps)

FIG. 3. Time evolution of the shape parameteof Auss for the two

simulations of Fig. 1.

molecular-dynamics simulations of perpendicular cluster im-
pact. We conclude that the same variables control the out-

come of grazing impact.

20

16 035

FIG. 5. Shape of the A} cluster landing on ND11) after stopping {

Moseler et al! have simulated the impact of large Cu =20 ps) for an initial cluster velocity,=54 A/ps.

clusters(1000—2000 atomson a tilted Cu surface. The tilt
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=
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FIG. 4. Time evolution of thegy andz coordinates of the center-of-mass
of Algs landing on a N{01l) surface with initial parallel velocities ,

=20 A/ps(a) andv,=54 A/ps(b).

10 15
time (ps)

20

angle, that is the angle between the direction of incidence
and the direction normal to the surface, was smaller than
10°. In our simulations the clusters are smaller and the tilt
angle is much largeflarger than 80°). But the initial kinetic
energies of the incident clusters are in the range of KeV’s in
both series of simulations and useful contact between them
can be established. Moselet al,, find that the tilt angle has
the effect of inducing a downhill particle current that reduces
the local roughness initially produced by the cluster impact.
In our simulations the mass transport, that is the spreading of
the cluster in they direction seen in Fig. 2, is a trivial con-
sequence of the large tilt angle. The mass transport was
quantified by Moseler by defining the displacement sum

on=2, d, 3)

FIG. 6. Shape of the A} cluster landing on ND11) after stopping {
=20 ps) for an initial cluster velocity ,=20 A/ps.
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8 . T T t=3ps t=10ps

——- vp =20 Angs/ps
— vp =54 Angs/ps

0 ! L L FIG. 9. Snapshots at 3 ps, 10 ps, and 20 ps for the landingsgoNian

0 5 10 15 20 Al(011) surface with initial velocityv ,= 54 Alps.
time (ps)

FIG. 7. Time evolution of the shape parameteof Al for the two C. Influence of the surface plane orientation. Channeling effect

imulati f Fig. 4.
Simiations o1 To study the effect of the nature of the surface plane on

whered( is the displacement of atoinalong the direction the deposition process we compare the impact of ag Al
of the slope, and the sum is extended overNraetoms of the ~ cluster on a Ni surface in two different orientatid@d 1) and

cluster. An empirical law (001). Those surfaces are shown in Fig. 11. Atoms that are
part of the outermost surface plane are represented by dark
Sy NEY2 (4) spheres and the light-gray spheres represent atoms in the

di d relati d the i f th next atomic plane. The nearest-neighbor distance in the fcc
was discovered, relatingy and the impact energy of the crystal is given as, and the lattice constant iso=\/§ ro-

clyster E. We ha_ve data_for_simulati_on of & Ianding O " For each surface, two different directions of cluster motion
Ni(011) at four different kinetic energies. The analysis of thehave been selected. In the case of (&1 surface the mo-

displacements suggests a law linear in E, namely, . - — - .
P 99 y tion directions ar¢ 011] and[100]. Those directions are in-
S5ny<NE. (5) dicated in Fig. 10a). For the (001) surface the directions

) o ~ selected ard110] and [100], indicated in Fig. 1(b). The
The difference should not be surprising, and we ascribe it teyjtial cluster velocity was in all cases,=54 A/ps.

the very different tilt angles in our simulations compared to  The general features of the impact deposition are similar
those in Moseler's work. _ _ in all cases, that is the cluster dismembers and spreads over
The results obtained in this section and in Sec. lll A abovene surface, but some subtle differences occur during the
involve the impact of icosahedral 55-atom clusters. For somgtopping interval. Table Il gives the values of the elongation
metallic elements, especially the transition metals, theparametere after stopping. The largest value= 6.0 occurs

closed-shell icosahedral structure makes this cluster SIZg - otion along thg 011] direction on the(011) surface
more stable than clusters of neighbor st2emd the question Lower values occur for motion along t1i&00] direction on.

arises of the generality of our results. However the bmdm%he same surfacécase B and along thd 110] direction on

energi?s dvary slowly Witg crl]ustg_;fsize in the s_izg_ range ol o (001 surface(case @, with the smallest value ot
several dozen atoms and the differences in binding energy - " S ’
amely,e=2.9, for the motion along thELOQ] direction on

per atom between clusters that are not too similar are in th . e
order of 0.01 eV only. These differences are small compare € (001) surface(case D. The explanation for the differ

to the kinetic energies of the impacting clusters, so we can
safely predict that similar results will be obtained for other @ b) 9
clusters with a few tens of atoms.

)
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FIG. 10. Snapshots at 20 ps f@) the landing of Nis on Ni(011) with
FIG. 8. Snapshots at 3 ps, 10 ps, and 20 ps fa Ninding on an initial velocity v,=20 A/ps and(b) with vp,=54 Alps;(c) the landing of
Al(011) surface with initial parallel velocity ,=20 Alps. Alss on Al(011) with initial velocity v,=54 Alps.
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TABLE |. Some characteristics of the cluster-substrate finalsurface orientation. The variations were attributed to the dif-
configuration upon cluster deposition at near grazing incidence witlferent shear constants along different crystallographic direc-
initial parallel velocityv,, (in A/ps). N5 is the number of substrate tions. Those differences enhance particle transport along cer-
atoms that move above .the. substrqte surfacg, either in epitaxighin directions and justify the elongated crater shapes
positions (N§) or in non epitaxial positionsNg) with respect to the —,painaq for certain surface orientations. To this interesting

substrate surfacéNg is the number of vacancies in the substrate. - .
N&, N&, and N are the number of cluster atoms that penetratereSUIt we now can add another mechanism for particle trans-

into the substrate, sit on the substrate surface at epitaxial positionBCl: namely, surface channeling. By its very nature this
and sit on the substrate surface at nonepitaxial positions, respefde€chanism is probably important only in the cases of graz-
tively. ing incidence of clusters or atoms. It should be interesting to

investigate if any relative atomic size conditions are required

Cluster Substratev, N5 N& N Ng Ng N Ng for its occurrence.

Al Al 54 16 16 O 4 12 43 0

Ni Ni 20 6 6 0 0 6 49 0 IV. CONCLUSIONS AND COMMENTS

Ni Ni . . . L

All Nil ;’g 129 129 g g ;2 :82 51 The behavior of metallic clusters landing at grazing inci-

Al Ni c4 23 18 5 5 18 32 5 dence on metallic surfaces has been studied by computer
, : simulation using many-body interaction potentials rooted on

N! A 20 3 8 22 0 34 1 20 tight-binding theory. The size of the clusters was always 55

Ni Al 54 90 57 33 43 47 2 6

atoms, and the variety of combinations of cluster and sub-
strate covers the whole range of possibilitié®: the cluster
is a metal of larger cohesive energy than the substNiten
ences ine appears to be a channeling effect, that is, theal), (b) the cluster has a lower cohesive energy than the
focused motion of atoms along the atomic channels in thgubstrate(Al on Ni), (c) cluster and substrate have similar
surface. The width of the channelsdg= \2r, in case Ar,  cohesive energieAu on Cu, and(d) cluster and substrate
in cases B and C, andO/2=r0/\/§ in case D. One can are identical metal$éNi on Ni; Al on Al). The effect of the
observe a correlation between the value @ind the width of  initial velocity of the incident cluster was also studied. In the
the atomic channel. Channels if or lower are rather nar- range of velocities studied here, 10 to 54 A/ps, the grazing
row and it is reasonable to obtain a reduced elongation impact produces a total or a partial dismembering of the
compared to case A, because the higher channel width facileluster and the precise behavior depends on two ingredients:
tates the focused motion of the atoms. the kinetic energy of the cluster and the relative cohesive
When the velocity is reduced to,=20 Alps, the Al energies of cluster and substrate metals. When the cluster is
cluster impacting on the X001) surface forms an island softer than the substrate, that is, if the cluster has a lower
similar to the case of the K011) surface. In summary, only cohesive energy, or if both have similar cohesive energies,
when the kinetic energy is high enough and the cluster disthe cluster simply flattens and forms a planar island when the
members and there are isolated Al atoms moving on théncident velocity is low, and it becomes partially or com-
surface, the channeling mechanism becomes effective. pletely dismembered if the velocity is larger. In both cases
In their simulations of perpendicular impact of Cu clustersthe cluster becomes at rest in a few picoseconds and the
on a Cu surface, Nordiekt al®! found that the shape and atoms remain on the surface, removing a few surface atoms
size of the crater formed on the substrate depends on thend producing a few surface vacancies, some of these filled

a) fce(011) b) fcc(001)
a0
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TABLE II. Elongation parametes for anAlgs cluster landingon  the activation energies for lateral atomic displacements
a Ni surface for different directions of cluster motion, and witth  gre provided by the cluster velocity, in contrast to substrate
of the corresponding surface channels. heating in the conventional atomic vapor deposition. In
a previous work® we studied the influence of the substrate

Surface Direction ¢ w temperature on the soft landing of &uand Aug clusters
011 [011] 6.0 V2r, on CuU001). The results showed that heating the substrate
011 [100] 3.2 o produces a progressive flatte_ning o_f the deposited_clusters.
001 [100] 29 ro/\2 However, there are only minor dlffe_rences for different
001 [110] 38 fo temperatures up to 800 K during the first 10 ps of the pro-

cess, that is, for times of the order of the stopping time en-
countered here. Obviously, the later evolution of the depos-
d structures for longer times will be affected by thermal

by the cluster atoms, but the amount of damage done on tHEY S
substrate surface remains very small. In constrast, a “harg*“iffusion. o _

cluster shows a rather different behavior. At an incident ve- " the usual cluster deposition experiments the clusters
locity of 20 A/ps, a Nis cluster landing on an Al surface impact t_he surface tra_vellmg in the perpendicular direction.
penetrates in part into the substrate and some of the atord practice the_ focusmg may not be perfect and clusters
removed cover the cluster, which does not show appreciabl9@ impact with a slightly different angle. Also the sur-
fragmentation. On the other hand, by increasing the incide ce may be tilted on a nanoscopic scale. Moseleal.
velocity to 54 A/ps the cluster fragments heavily and cause ave shown that the Impact on a tilted part of _the Substrate
larger damage, as it penetrates into the substrate, aIthougHr}aﬁjuceS_ a downhill particle current responsible for the
part of the damage anneals out by the time the cluster ato oqthlng of th_e_surface rouoghneoss observed at a meso-
come to rest. By comparing the results forzAlanding on scopic scale. A tilting of only 5 —.10 seems to belenough to
two different surface planes of Nihe (011) and (001) sur- produce the observed smoo'thlng. Our S|mulat|ons corre-
face orientations, respectivélwe have observed a channel- s_p_ond to an extreme case Of.t'lt'.ng and predict that the depo-
ing effect when the direction of incidence is parallel to oneSition of clusters at grazing incidence can provide a useful

of surface channels. This channelling effect enhances th@ay to deveI(_)p hanostructures at the nanoscopic scale. A
spreading of the cluster. careful selection of materials and velocities may lead to a

The simulations described in this paper have been per(;ontrolled patterned covering of metallic surfaces with low

formed at a very low substrate temperattdeally 0 K) to substrate damage.
suppress thermal diffusion and to concentrate on the local-
ized effects due to the cluster impact. A finite substrate tem-
perature will certainly add interesting new effécto those Work supported by DGE8Grants PB98-0345 and PB98-

found here. Room temperature is well suited to produce thil0368. M.J.L. acknowledges support from Universidad de
films by cluster impact techniqués:® In these techniques Valladolid.
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