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The collisional dynamics between clusters of Cu, Ni, or Al atoms, with energies of 92 eV to 1.0 keV
and sizes of 4 to 92 atoms, and substrates of these same metals were studied using molecular-dynamics
computer simulations. A diverse behavior was observed; depending sensitively on the size and energy of
the cluster, the elastic and chemical properties of the cluster-substrate combination, and the relative
mass of the cluster and substrate atoms. For the 92-atom Cu clusters impacting a Cu substrate, the clus-
ter can form a “glob” on the surface at low energy, while penetrating the substrate and heavily deform-
ing it at high energies. When the cluster energy exceeds =~25 eV/atom, the substrate suffers radiation
damage. The 92-atom Al clusters do not much deform Ni substrates, but rather tend to spread epitaxial-
ly over the surface, despite the 15% lattice mismatch. For 1-keV collisions, several Al atoms dissociate
from the cluster, either reflecting into the vacuum or scattering over the surface. 326-eV Ni clusters
embed themselves almost completely within Al substrates and form localized amorphous zones. The po-
tentials for these simulations were derived from the embedded-atom method, although modified to treat
the higher-energy events. Ab initio linear-combination-of-atomic-orbitals-molecular-orbitals calcula-
tions were employed to test these potentials over a wide range of energies. A simple model for the ex-
pected macroscopic behavior of cluster-solid interactions is included as an appendix for a comparison
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with the atomistic description offered by the simulations.

I. INTRODUCTION

The interactions between energetic clusters and sur-
faces are of growing scientific interest because of their po-
tential importance for such applications as surface
metallization, surface cleaning, catalysis, cluster science,
precision machining, and cluster fusion.!™* Ionized clus-
ter beam (ICB) deposition, for example, has recently re-
ceived a great deal of attention as a promising method for
synthesizing high-quality thin films at low temperatures.2
The basic idea motivating the use of energetic cluster
beams for thin-film deposition is that a large amount of
energy, some keV, can be delivered to a localized region
of the surface where it can stimulate atomic motion.
Such a localization of energy has been found helpful dur-
ing ion-beam-assisted deposition (IBAD) in lowering the
temperatures that are required for good epitaxial
growth.> Among some possible drawbacks to IBAD,
however, are its potential for creating radiation damage
and the implantation of the irradiating species. In con-
trast to IBAD, no single atom in an energetic cluster un-
der ‘“typical” ICB conditions is expected to carry
sufficient energy to become implanted or to create radia-
tion damage in the underlying substrate. Rather, it is be-
lieved that the clusters either fragment or melt on im-
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pacting the surface and that cluster atoms undergo stimu-
lated migration over the substrate surface. Our
molecular-dynamics (MD) simulations revealed, however,
that the cluster-substrate interaction is more complex
than this simple picture affords, and that the collective
nature of the collision must be considered to fully under-
stand the deposition process.® It was demonstrated, for
example, that a Cu cluster of 92 atoms and 326 eV can
penetrate a Cu substrate by a shear deformation process,
even though each atom in the cluster initially contains
just 3.54 eV.

The experimental difficulties in studying cluster-solid
interactions are numerous, as few techniques have both
the lateral and depth resolution required to investigate
single cluster impacts or the time resolution to capture
the dynamics of these highly transient events. However,
the problem of energetic clusters impacting surfaces is
quite conducive to study by MD simulations; the volume
of material affected by clusters of a few to hundreds of
atoms, and energies up to several keV, is quite small, re-
quiring less than =~1X10° atoms in a simulation cell,
while the total time for the interaction is less than =10
ps- Moreover, the development of reliable interatomic
potentials now makes it possible to address real systems
with confidence. In an earlier study of cluster-solid in-
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teractions, we had employed Lennard-Jones potentials,’
and although this work provided some insight into the
collective nature of the collision dynamics, it was not
easy to relate these results to the behavior of real metal or
semiconductor systems. The present simulations employ
embedded-atom-method (EAM) potentials.®° For some
of the more energetic events, a hybrid potential consist-
ing of EAM potentials plus the Moliere potential was em-
ployed. In the development of our potentials we used
ab initio linear-combination-of-atomic-orbitals—molecu-
lar-orbitals (LCAO-MO) calculations!® to provide
benchmarks for testing these potentials at close range.

In the current work, we will show that the way that a
cluster interacts with a solid substrate depends on a num-
ber of parameters describing the cluster and substrate:
these include the size and energy of the cluster, the elastic
and chemical properties of the substrate and cluster, and
the relative atomic masses of the cluster and substrate.
Although the details of these interactions are complex, a
simple macroscopic model can illustrate how these vari-
ous parameters can influence cluster-substrate interac-
tions. This model, which was developed by one of the au-
thors (C.P.F.), is included as an appendix for comparison
with the atomistic MD simulations.

II. THE SIMULATION MODEL
A. Interatomic potentials

The requirements of interatomic potentials employed
for cluster-substrate interactions, and ion-beam
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modifications of materials in general, are rather severe,
since the energies of the interactions range from under a
tenth of an eV to more than some tens of eV. At the high
end of the energy regime, pair potentials, such as the
Moliere or universal potential,!! are adequate, whereas at
the low end, many-body potentials, such as those derived
from the embedded-atom method, must be employed. To
span the entire energy regime of relevant interactions, hy-
brid interatomic potentials were developed for the Cu
cluster impacts by combining EAM potentials with a
Moliere potential. The connection between the two po-
tentials, which occurs over an energy regime from
~20-100 eV, was made by using a cubic spline fit be-
tween the Moliere potential and the repulsive pair poten-
tial in the EAM potentials. Over the same range, the
cohesive part of the many-body potential is smoothly
switched off. The choice for the screening length in the
Moliere potential, as well as the details of the connection
of the two potentials, is somewhat arbitrary; however,
data of threshold energies for atomic displacements, i.e.,
the minimum energy required to create a Frenkel pair
(FP), were employed as benchmarks for fitting. Thresh-
old energies are generally anisotropic; in Cu they range
from 20 to 80 eV.!? Our hybrid potential, therefore, was
adjusted by simulating dynamic recoil events that lead to
atomic displacements. Shown in Table I are the results of
the simulations for three recoil directions and three
choices for the screening length in the Moliere potential
(denoted as L —L; ;). The bottom two rows contain ex-
perimentally determined threshold energies reported by

TABLE 1. Threshold displacement energy anisotropy. Three recoil directions are included: 1° from
(111), 1° from {100), and §=67.5° and ¢$=0°. For each direction, three screening lengths in the
Moliere potential were tested: L;,=0.0738, L,,=0.0960, and L,;=0.08826. 0, 1, or 2 indicate the
number of FP’s produced. The bottom two rows are simulation data from Refs. 12 and 13.

1° [111]
0=44.74
$=45°
Recoil Energy
(eV) L;, L, Ly,

1° [100]
6=89°
$=0°

0=67.5°
=0

L:,Z Ls,} L:,l LS,Z Lx,}

15
20
25
30
35
40 1
45
50 1
55
60
65
70 0
75 0
80 0 1
85
100 0
120 0
130 1
Ref. 12 75 eV
Ref. 13 80 eV

65 eV
40 eV

20 eV
25 eV
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King and Benedek.!? Also shown, for comparison, are
MD simulation data obtained by Gibson et al. using the
Gibson II potential.!* The table shows that the Moliere
potential with a screening length of L =0.08826 pro-
vides the best match to the experimental data.

Ab initio LCAO-MO calculations!® were also em-
ployed to set benchmarks for testing the interatomic po-
tentials at close range. This application of LCAO-MO
should prove extremely important, since the use of exper-
imental displacement energies is limited. These values
are statistical quantities, whereas, for practical reasons,
few simulations around a given symmetry direction can
be run. Moreover, displacement energies in most metals
are known only imprecisely. Figure 1 illustrates the mod-
el calculation; a cluster of eight atoms is created with
each atom initially located at its perfect crystal lattice
site; a single atom, atom A, is then moved along the [110]
direction toward atom B. The potential energy of the
system is calculated at selected distances. Because atom
A approaches atom B in the presence of the other
nearest-neighbor atoms, the potential reflects the many-
body effects. In addition, atom A4 can be different from
the other seven atoms, so that alloys can be studied by
this scheme.

The curves in Fig. 2 show the potential energy of the
system of eight atoms as a function of distance between
atoms A4 and B obtained by the hybrid potential, the
EAM potential,® and the LCAO-MO calculation. The
three sets of data were normalized at the nearest-
neighbor distance r,, which is 2.55 A for Cu. The results
show that the benchmarks set by the ab initio
LCAO-MO calculations lie on the curve of the hybrid
potential. One of the calibration points has a potential
energy of 675 eV at a distance of 0.638 A, whereas the
hybrid potential yields 468 eV at this separation. Al-
though this discrepancy is not significant for the interac-
tions studied here, where the relevant atomic energies are
significantly below ~100 eV, it would be important for
calculations of defect production.

For the Al and Ni system, the EAM potentials of
Voter and Chen were employed.® These potentials are
similar to those of Foiles, Baskes, and Daw,? except that
they employ a Morse potential for the repulsive ion-ion
interaction. Since the Morse potential also contains an
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FIG. 1. A cluster of eight atoms at their lattice sites. Atom
B is the nearest-neighbor atom of the other seven atoms. Atom
A approaches atom B along [110], while the other atoms are
fixed. The system is used to calculate the changes of potential
relative to the interatomic distances.
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FIG. 2. Changes of potential relative to the distance between
atoms A and B in Fig. 1. The three sets of data are the results
from the hybrid potential (solid line), the EAM potential
(dashed line), and the molecular-orbital calculations (squares).

attractive part, the Voter-Chen potential is not complete-
ly dependent on the embedding function for cohesion.
The LCAO-MO calculations were employed to check
these potentials as well; the results are shown in Fig. 3.
For Ni or Al atoms approaching the seven fixed Ni lat-
tice atoms, the calibration points lie close to the EAM
curve, although the interaction between the Al atom and
seven Ni atoms (the dashed line) is somewhat “‘softer”
than that for the pure Ni case. The results for the Al ma-
trix are shown in Fig. 4. The LCAO-MO data are shift-
ed slightly to smaller separations, implying a smaller
“hard-core” radius. Again, we remark that these devia-
tions are not overly significant for the cluster-substrate
collisions studied here, where the initial energy per atom
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FIG. 3. Changes of potential relative to the distance between
atoms 4 and B in Fig. 1. The Ni-7Ni curve is the data for atom
A and the others being Ni atoms. The Al-7Ni curve is the data
for atom A being Al and the others being Ni. The circles are
the results from molecular-orbital calculations.



4420

in the Ni cluster is 3.26 eV, but for other beam-assisted
deposition and radiation damage problems, the Chen-
Voter potential would need modification. A more-
detailed description of the use of the LCAO-MO method
for generating empirical potentials will be published else-
where. 1

B. The simulation system

The MD simulations in this work are fully dynamical,
three-dimensional calculations. The orthorhombic sub-
strates had dimensions 19a,X19a,X 11a, (a, is the lat-
tice parameter), except for the 92- and 326-eV Cu clusters
impinging on a Cu substrate [denoted as Cuy,(92
eV)—Cu and Cugy,(326 eV)— Cu, respectively], where the
dimensions were somewhat smaller, 11a, X1layX5a,.
Two layers of damped atoms were employed inside fixed
boundaries on five of the faces, with damping coefficients
adjusted to mimic the flow of vibrational energy from the
region of the computational cell to a semi-infinite sur-
rounding medium. No constraints or damping were
placed at the substrate surface, which was (001). The in-
cident clusters were approximately spherical, but they
were relaxed prior to initiating the event. For conveni-
ence, the cluster and the substrate were crystallographi-
cally aligned at the outset; however, the cluster velocity
was directed 9° from the surface normal to avoid singular
behavior. The tangential velocity was in the [110] direc-
tion.

III. IMPACT OF Cu CLUSTERS
ON Cu AND Ni SUBSTRATES

We begin our discussion of cluster-solid collisions by
describing the interactions between Cu clusters and Cu or
Ni substrates. These collisions were employed to investi-
gate the influence of the size and energy of the cluster
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FIG. 4. Changes of potential relative to the distance between
atoms 4 and B in Fig. 1. The Al-7Al curve is the data for atom
A and the others being Al atoms. The Ni-7Al curve is the data
for atom A being Ni and the others being Al. The circles are
the results from molecular-orbital calculations.
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and the relative elastic properties of the cluster and sub-
strate. EAM potentials for Cu and Ni were obtained
from Ref. 8. The general features of the interaction be-
tween a large cluster of atoms with a substrate can be
clearly seen in Figs. 5(a) and 5(b), which show snapshots
of the atoms in the simulation cell at various instants of
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FIG. 5. Sequential snapshots of the locations of cluster atoms
(0), surface atoms in the substrate (X ), and other substrate
atoms (@) at various instants of time into the event. (a) Cug,(326
eV)— Cu; (b) Cug,(326 V) —Ni; (c) Cug,(1.0 keV)—Cu.
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time during a collision event between Cug,(326 eV) with
either a Cu substrate [Fig. 5(a)] or Ni substrate [Fig.
5(b)]. For clarity, only atoms within a cross-sectional
slab containing two (200) planes through the center of the
cluster are shown. As the impact begins, the atoms in the
cluster-substrate interface begin to compress, with the
cluster losing its crystalline structure as it massively de-
forms. This occurs on a time scale of one lattice vibra-
tion and should not be identified with local heating and
subsequent melting, but rather as a dynamic shearing of
the cluster and substrate material. During these initial
stages of the collision, the cluster depresses the substrate
surface, but surface and cluster atoms do not inter-
penetrate each other; i.e., intermixing is small. This ob-
servation confirms that some of the gross features of the
interaction can be viewed on a macroscopic level, without
consideration of the details of the atomic collision pro-
cesses (see the Appendix). After the initial elastic-plastic
compression of the substrate at =~0.68 ps, the impacted
region starts to rebound upward, but no atoms are
reflected from the surface. At =~1.02 ps, the system is
near its maximum expansion, and substrate atoms begin
to appear on the surface at the periphery of the cluster.
Still, little intermixing of cluster and substrate is ob-
served. By 2.40 ps into the event, the atoms begin to re-
lax to their final equilibrium locations, with many cluster
atoms replacing the substrate atoms in the near surface.
Within 5.47 ps of the impact, the system has almost com-
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pletely relaxed, and all atoms settle onto lattice sites.

The locations of cluster atoms at the end of the event
are shown in the top and side views in Fig. 6. Here, all
atoms in an atomic row are included in the projected
views. For the Cu substrate, Fig. 6(a) (middle) shows that
the cluster atoms form two epitaxial layers on the surface
and that they extend in depth to the third (200) plane.
The complete depth distribution of cluster atoms is com-
piled in Table II. The top view shows the spreading of
atoms over the surface. No evidence for fragmentation of
the cluster is apparent. Only a few cluster atoms do not
have at least one other cluster atom as a nearest neigh-
bor, and of these, all are within the cutoff distgnce of the
potential from another cluster atom, 4.95 A. Cluster
atoms do, however, spread over the surface; the radius of
gyration r, of those cluster atoms in the epilayers is
2.236a,, (values of r, for all events are listed in Table III).
[rg=({r?))!/2/N, where r, is the transverse distance be-
tween the ith cluster atom and the center of mass of the
N cluster atoms in the epilayers.] This compares to
re =1.096a,, for the original cluster. Atoms most distant
from the center of the cluster come from surface sites on
the central equatorial planes of the cluster, illustrating
that during the rapid compression of the cluster, these
atoms shear from the cluster as it penetrates the sub-
strate.

The spatial distribution of substrate atoms that are
transported onto the surface also provides a revealing

TABLE II. The number of cluster atoms, the number of vacancies, and the number of interstitials at every atomic layer at the end
of the event. s; is the ith substrate layer below the surface (i=1 is the surface layer) and e; is the ith epilayer above s,. For Alg,(1.0

keV)— Ni, three cluster atoms are reflected from the surface.

€3 € €1 S S2 53 S4 Ss Se S7 Sg S9 S10 Sn
Cluster atoms
Cuy,(326 eV)—Cu 10 50 20 9 3
Cuy,(326 eV)—Ni 18 60 14
Cug,(1.0 keV)—Cu 4 18 29 21 15 3 1 1
Aly,(326 eV)—Ni 1 69 20 2
Algy(1.0 keV)—Ni 49 27 12 1
Cug,(92 eV)—Cu 10 33 44 4 1
Cu,;(326 eV)—Cu 1 4 7 1
Cuy(326 eV)—Cu 3 1
Vacancies
Cuyy(326 eV)—Cu
Cuy,(326 eV)—Ni 1
Cuy,(1.0 keV)—Cu 4 1 1 1 1 1
A192(326 eV)—-»Ni
Algy(1.0 keV)—Ni 2 1 1
Cugy(92 eV)—Cu
Cu,5(326 eV)—Cu 7 1
Cu,(326 eV)—Cu 10 1 2
Interstitials

Cuy,(326 eV)—Cu
Cuy,(326 eV)—Ni
Cugy(1.0 keV)—Cu
Aly,(326 eV)—Ni
Alg,(1.0 keV)—Ni
CU92(92 eV)—»Cu
Cu,5(326 eV)—Cu
Cu,(326 eV)—Cu
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picture of the collision dynamics. It is seen in Figs. 6(a)
(bottom) and 6(b) (bottom) that these atoms form a ridge
surrounding the impact zone. We can infer from this dis-
tribution and Fig. 5 that the shear stress generated in the
substrate exceeded its critical shear strength. Thus, dur-
ing the compression stage of the impact, atoms below the
cluster shear relative to those just outside the impact
zone. On subsequent expansion, substrate atoms at the
perimeter of the cluster flow onto the surface. A similar
picture is obtained on viewing the flow of atoms on an
atomic level. In Fig. 7, several representative atomic dis-
placement trails that bring substrate atoms onto the sur-
face are illustrated. The figure was constructed by locat-
ing substrate atoms that were transported to the surface,
and backtracking to find which atoms acquired their lat-
tice sites, and which atoms, in turn, replaced them. The
trails were traced back to where a cluster atom made the
replacement; this site is identified in the figure. It is ob-
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TABLE III. The radii of gyration of the cluster atoms. Left
column shows the radii of gyration of all cluster atoms. Right
column shows the radii of gyration of cluster atoms in the epi-
layers, only. Unit are lattice constants a,. The radius of gyra-
tion of a 92-atom cluster before deposition is 1.096a,, that of a
13-atom cluster is 0.554a,, and that of a four-atom cluster is
0.354a,. Cluster atoms in events G —I are embedded in the sub-
strate, so values for epilayers are not applicable.

r, (total) r, (epilayers)

Cuy,(326 eV)—Cu 1.986 2.236
Cugy(326 eV)—Ni 2.229 2.383
Cug,(1.0 keV)—Cu 2.049 2.821
Alg,(326 eV)—Ni 3.044 3.331
Algy(1.0 keV)—Ni 5.306 6.737
Cug,(92 eV)—Cu 1.753 1.780
Cu13(326 eV)—Cu 1.004

Cu,y(326 eV)—Cu 0.680

Nig,(326 eV)—Al 1.405
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FIG. 6. The locations of atoms at the end of the event. Top: top view of cluster atoms (O ) on the surface; middle: side view of all
cluster atoms (O ); bottom: top view of substrate atoms ( X ) on the surface and substrate atoms (-) in the surface layer. (a) Cuy,(326

eV)—Cu; (b) Cug,(326 eV)— Ni; (c) Cug,(1.0 keV)—Cu.
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served that substrate atoms move radially outward and
then flow upward onto the surface. Although some of
the sequences cover several atomic distances, any single
atom moves only about one atomic distance; thus these
displacement trails are comprised of replacement se-
quences. These sequences, however, are distinguished
from replacement collision sequences (RCS’s), which are
familiar in the field of radiation damage.!> RCS’s are
linear trails of replacement events propagating at super-
sonic velocities and are responsible for the creation of
point defects (Frenkel pairs) during particle irradiation.
The replacement events here are not linear; they travel at
subsonic speeds, and no Frenkel pairs are created.

Similar behavior is observed when Cug,(326 eV) im-

X Y
(c)
z QQ X
3 q
Y —%

FIG. 7. Representative traces of atomic displacement se-
quences of substrate atoms that eventually end up on the sur-
face, or as interstitial atoms. (a) Cug,(326 eV)— Cu; (b) Cu,3(326
eV)—Cu; (c) Cuy(326 eV)—Cu. Small squares locate where the
substrate atom is first replaced by a cluster atom in (a) and (b);
in (c) the squares show where displacement sequences were ini-
tiated whether they where induced by recoil or cluster atoms.
Among them, four sequences end up as interstitials (+).
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pacts a Ni substrate, as illustrated in the sequence of
Figs. 5(b) and 6(b). Important differences, however, are
apparent. For example, Fig. 6(b) and Tables II and III
show that the penetration of the Cu cluster is less in Ni.
Whereas 35% of the cluster atoms are embedded in the
Cu substrate, only 15% are embedded in the Ni sub-
strate, and just one Cu cluster atom penetrates deeper
than the surface layer. The value of 7, for this case is
2.383a,, which is somewhat larger than the case of
Cug,(326 eV)—Cu. A ridge of substrate atoms is still
created on the Ni substrate, but here it is less pro-
nounced. No Frenkel pairs are produced in this event,
but a single vacant site is created in the second substrate
layer. With only one vacancy, and a single collision
event, it is uncertain whether this observation signifies a
real difference between the response of Cu and Ni sub-
strates or is just a statistical artifact. It is consistent,
however, with the overall more rigid response of the Ni
substrate, which would not allow time for defect
recovery. We attribute this more rigid response to the
higher strength of Ni, since kinematic and chemical fac-
tors should not be significant.

The effect of increasing the cluster energy on the in-
teraction is seen in Figs. 5(c) and 6(c), where the impact
of Cug,(1.0 keV)—Cu is illustrated. At this higher ener-
gy, the plastic response of the substrate becomes far more
pronounced. At 1.19 ps, the cluster has depressed the
substrate to the extent that the cluster itself has dipped
below the original surface. Similar to the 326-eV events,
however, no substantial intermixing between the cluster
and substrate is observed during the compression stage,
and no RCS’s are generated. Substrate atoms respond to
the stress rather by flowing around the cluster and onto
the surface, where now a well-defined ridge of atoms is
formed [Fig. 6(c)]. At the end of the event, 70 of the 92
cluster atoms are embedded in the substrate, while 79
substrate atoms are brought onto the surface. Nine va-
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FIG. 8. Kinetic energies of cluster atoms as a function of
time.
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cancies are created, one as deep as the seventh layer
below the surface. Since no RCS’s or interstitials are gen-
erated, these vacancies appear to be a consequence of a
rapid quenching of a localized melt zone, as is now dis-
cussed.

Snapshots of the 1-keV event at 1.67 and 2.80 ps sug-
gest that, in addition to shearing, the substrate undergoes
local melting. This is indicated by the apparent loss of
crystalline structure over a wide band surrounding the
cluster and by the interdiffusion between cluster and sub-
strate atoms. These times, moreover, are sufficiently long
and the heated volume sufficiently large that the concept
of a liquid droplet is sensible. Macroscopic modeling
confirms that a 1.0-keV cluster of 92 atoms falls within
the parameter space where local melting is expected (see
Appendix). To probe the local temperature in the vicini-
ty of the cluster more carefully, the kinetic energies of the
cluster atoms were followed in the simulations as a func-
tion of time; the results are shown in Fig. 8. In all three
events, the kinetic energy drops rapidly during the initial
compression stage. This is a consequence of compressing
the local volume of material, heating the cluster and sur-
rounding substrate, and possibly emitting shock waves.
The 1-keV cluster loses kinetic energy at a much faster
rate than the two lower-energy events, so that when the
three events thermalize, the cluster atoms have similar ki-
netic energies, =0.1-0.4 eV. The cluster atoms for the
1-keV event, however, cool more slowly, owing to the
larger volume of surrounding substrate that has been
heated. The kinetic energy of the cluster atoms over the
time period of a few ps (i.e., some tens of lattice vibra-
tions) is =~0.1-0.4 eV/atom or =800-3200 K. These
temperatures appear too low for melting any significant
volume of the Ni substrate for as long as 1 ps, but they
are high enough to melt Cu. For the 1-keV event, this is
evident in Fig. 5(c). These data suggest, therefore, that
the onset of significant melting in Cu substrates occurs at
cluster energies of ~0.5-1 keV. It is worth noting that
local melting in Cu during ion implantation also begins
when ion energies reach ~1 keV.!> It signifies that for
an energy pulse spreading in Cu for a few ps with a lattice
thermal diffusivity of ~10' A%/s, 1 keV of energy is re-
quired to raise the temperature of the heated volume to
its melting temperature. In contrast to the 1-keV cluster,
a 92-eV cluster, Cug,(92 eV)—Cu, interacts rather weak-
ly with the substrate. Although an energy of 1 eV/atom
corresponds to a high thermal energy, the rapid transfer
of this energy to the substrate prevents local melting. As
seen by the distribution of cluster atoms in Table II, and
the value of r, =1.780a,, this cluster forms a “glob” on
the surface without significant wetting or penetration.

The effect of cluster size was investigated by comparing
collision events for Cu clusters containing 92, 13, or four
atoms, impinging on Cu substrates with 326 eV. The en-
ergies per atom in the latter two clusters, 25.1 and 81.5
eV/atom are too large to use the Foiles-Daw-Baskes
EAM potential;® thus the hybrid potential described in
Sec. II was employed. For Cug,(326 eV), which was de-
scribed above, some cluster atoms substitute for substrate
atoms and thus force other substrate atoms onto the sur-
face; no vacancies or interstitial atoms are created in the
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TABLE IV. Relevant properties for cluster-substrate interac-
tions.

Shear Nearest Cohesive Melting
module neighbor energy temperature
Target (10" erg/cm’) (A) eV) (K)
Al 0.27 2.86 3.39 932
Ni 0.95 2.49 4.44 1725
Si 0.68 2.35 4.63 1700
Cu 0.55 2.55 3.49 1358

substrate. For Cu;4(326 eV), a crater of eight vacancies is
formed at the surface, but with no interstitials being
created. Most of the cluster atoms are embedded in the
substrate (see Table II). For Cu,(326 eV), a crater is also
formed, and all cluster atoms are embedded in the sub-
strate. In addition, four interstitial atoms are created
deep within the substrate—between the eighth and 11th
atomic layers below the surface. In this regime, the
response of the substrate switches from predominantly
“elastic-plastic” to one of “radiation damage.” This
change in character in the cluster-substrate interaction
can be seen by following the atomic displacement se-
quences shown in Fig. 7. For the Cu,;3(326 eV)— Cu, dis-
placement chains terminate on the surface of the sub-
strate, as shown in Fig. 7(b), which are similar to those
for the Cug,(326 eV) in Fig. 7(a), although some begin
with replacements moving downward, into the substrate.
For Cu, (326 eV)—Cu, Fig. 7(c) shows that many recoil
sequences are generated by the four cluster atoms.
Among them, four replacement sequences extend into the
substrate and terminate as interstitial atoms. It is
noteworthy that “radiation damage” switches on for clus-
ter energies of ~25 eV/atom, which is approximately the
threshold energy for defect production for single-particle
collisions. In another event, a single atom was accelerat-
ed to 326 eV. Then, two vacancies were created in the
fourth and sixth layers, and three interstitials (including
the projectile) were produced: one in the fourth layer and
two in the tenth layer. In regard to this event of a
single-atom “‘cluster,” it should be noted that when the
number of atoms in the cluster becomes small, each event
becomes less typical, and statistical averages over many
directions become necessary. For this reason, the results
of this event are not included in Table II. It should be
noted, however, that the purpose here has not been to ob-
tain accurate predictions of defect production, but rather
to elucidate the mechanisms that operate in various re-
gimes of cluster-solid interactions.

IV. IMPACTS OF Al CLUSTERS
ON A Ni SUBSTRATE AND A Ni CLUSTER
ON AN Al SUBSTRATE

The impacts of Al and Ni clusters on Ni and Al sub-
strates, respectively, were simulated to further investigate
the role of cohesive properties on cluster-solid collisions
and also to explore the effects of chemical interactions
and differences in the atomic masses of the cluster and
substrate atoms. Three events are simulated: Alg,(326
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amount of cluster penetration. For example, only 22 Al
atoms are embedded in the Ni substrate for the 326-eV
event, leaving 70 Al atoms to be accommodated on the
surface, and these (less one) lie in a single layer. Like the
Cug,(326 eV) on Ni event, the Al cluster does not dissoci-
ate. The one Al epilayer is seen to be perfectly epitaxial
on the Ni substrate, even though the lattice parameter of
Al has a =15% misfit with Ni. For Alg,(1.0 keV), Al
atoms in the epitaxial layer have a much larger value of
o' =6.737a,; this larger value is indicative of a new
mechanism coming into play, the dissociation of Al
atoms from the main cluster and their scattering over the
surface. Figure 11 illustrates the dissociation process by
mapping some typical trajectories of cluster atoms that
have sheared from the main cluster. The top view in Fig.
11 shows that the atoms leaving the cluster were initially
on the central equatorial planes of the cluster, while the
side view in Fig. 11 shows that atoms dissociate almost
immediately on impact, within 0.1-0.2 ps. Two atoms
are reflected from the surface as a dimer, and another
cluster atom leaves the surface as a monomer. Other tra-

’

0.34 ps, the 1-keV
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2.236a, and 2.383a, For Cug,(326 eV) on Cu and

Ni, respectively. The value of re thus increases with in-

3.331a, (a, of Ni) for the 326-eV event as compared

The spreading of Al atoms over the Ni substrate is
greater than the corresponding events for Cu clusters

Al, and intermixes with it, very little penetration and

time sequences of these events and the final locations of
spectively. Quite remarkable is the enormous difference
in behavior when Ni clusters strike Al or Al clusters
strike Ni. While Nig,(326 eV) completely embeds itself in
mixing is observed for the Al cluster impacting Ni, even
when the cluster energy is raised to 1 keV. Note that at
the instant of greatest compression, ¢

Al cluster only slightly depresses the surface of the Ni
substrate. Because of this rather small penetration, the
ridge of substrate atoms surrounding the cluster impact
that was characteristic of the Cu cluster impacts is not
observed here [Figs. 10(a) and 10(b)].

creasing hardness of the substrate relative to the cluster.

eV)—Ni, Alg,(1.0 keV)—Ni, and Nig,(326 eV)—Al. The
atoms are shown in Figs. 9(a)-9(c) and 10(a)-10(c), re-
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FIG. 9. Sequential snapshots of the locations of cluster atoms (O ), surface atoms in the substrate (-) and other substrate atoms ()

at various instants of time into the event. (a) Aly(326 eV)— Ni; (b) Aly,(1.0 keV)—Ni; (c) Nigy(326 eV)— Al
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reflected upward and radially outward, but since they
cannot overcome the binding energy of the surface, they
return to the surface. In some cases they ‘“bounce.” One
trajectory, indicated by the symbol (O ) in Fig. 11, is seen
to scatter into a { 110) channel during the bounce. These
low orbits above the surface explain how cluster atoms
can travel far distances over the surface. These atoms are
clearly not migrating by a thermally stimulated diffusion
process in this 0-K simulation.

The threshold energy for cluster dissociation is found,
from these simulations, to lie between 326 eV and 1 keV
for Alg, on Ni. This corresponds to 1.05-3.21 times the
cohesive energy of Al, which is not surprising. However,
the ratio of the initial kinetic energy of the cluster to its
cohesive energy is not the only factor important for clus-
ter dissociation; the relative cohesive energies of the clus-
ter and substrate must also be considered. Note that the
dynamics of 1 Cugy(1.0 keV)—Cu is dramatically
different from that of Alg,(1.0 keV)— Ni, yet the cohesive
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energy of Cu is not far different from that of Al (see Table
IV). The reason for this difference is that the hard Ni
substrate does not undergo substantial yielding under the
Al cluster impact, thus making the substrate response far
more elastic. The Al cluster rebounds from the surface at
0.2-0.3 ps when the cluster still contains 3—4 eV/atom,
Fig. 12. The 1-keV Cu cluster, on the other hand,
penetrates deeply into the Cu substrate and dissipates en-
ergy as it deforms and heats the substrate. The system
does not begin to rebound upward until =~1.2 ps when
the kinetic energy of the cluster is only =0.3 eV/atom.
In addition, when the Cu cluster atoms do rebound up-
ward, they are constrained from moving outward by the
surrounding matrix. Al atoms on the equatorial plane of
the cluster surface; however, are not embedded in the Ni,
and therefore they are not constrained by the Ni sub-
strate; they can dissociate without obstruction. Thus, the
relative cohesive energies of the cluster and substrate
play an important role in determining the collision dy-
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FIG. 10. The locations of atoms at the end of the event. Top: top view of cluster atoms (O) on the surface; middle: side view of
all cluster atoms (O ); bottom: top view of substrate atoms (X) on the surface and substrate atoms (-)in the surface layer. (a)

Alg,(326 eV)—Ni; (b) Alg,(1.0 keV)—Ni; (c) Nigy(326 eV)— AL
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namics. (As discussed in the Appendix, the shear
modulus of the substrate is probably more relevant than
its cohesive energy, but the latter is more convenient for
comparison to the cluster; moreover, it tends to scale
with the shear modulus.) A comparison of Cugy(326
eV)—Ni with Alg,(326 eV)—Ni [Table II and Figs. 5(b),
6(b), 9(a), and 10(a)] shows that these collisions are very
similar, although the Al spreads more widely over the Ni
surface and the Ni substrates yields more to the Cu clus-
ter. These small differences can be due to the differences
in (i) the cohesive energies, (ii) atomic masses, or (iii)
chemical affinities of Cu and Al for Ni. These studies
show, therefore, that when the cohesive energies of clus-
ters are equal to or greater than that of the substrate they
impact, the clusters will embed themselves in the sub-
strate and not dissociate. For larger sizes and higher en-
ergies, it may be possible that the cluster and substrate
thermally vaporize, as discussed in the Appendix. That
phenomenon, however, was not observed in the events
studied here. Finally, for the energies and cluster sizes
considered here, sputtering of the substrate does not
occur.

For Nig,(326 eV)— Al, Figs. 9(c) and 10(c) show that
the interaction is substantially different from that of the
other events. In this case, the cluster almost completely
embeds itself in the Al only seven Ni atoms remain
above the surface layer. In addition, this event does not
show a ridge of substrate atoms surrounding the cluster
crater. Instead, the substrate atoms that are forced to the
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surface are nearly uniformly distributed over the impact
zone. It also appears in Figs. 9(c) and 10(c) that the Ni
and Al undergo substantial interdiffusion during the
embedding process and that the local volume containing
the cluster becomes amorphous. These latter two obser-
vations are examined more rigorously in Fig. 13, where
the partial pair correlation functions gpn; ai1(7), gnini(7)
are plotted for Ni-Al and Ni-Ni pairs, respectively. The
absence of second-nearest-neighbor peaks and the broad-
ness of the other peaks are signatures of an amorphous
phase. It is also seen that the integral of gy a,(7) is
larger than that of gy;.ni(7), even at the nearest-neighbor
distance, indicating thorough mixing of Al substrate
atoms with Ni cluster atoms. The average alloy concen-
tration in the center of the amorphous impact zone is
~NiAl,. The pair correlation function of the Ni cluster,
prior to impact, is shown for comparison. The broadness

15 v ; . —~———rr N

== Ecluster

g

3.5 4 45 s
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FIG. 13. Partial pair correlation functions for cluster atoms
at the end of the Nig,(326 eV)—event, and for the relaxed clus-
ter before the collision begins.
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of the peaks and peak splitting in this pure 92-atom clus-
ter is a consequence of structural relaxation. The details
of the mixing process have not yet been elucidated, but it
appears that the cluster locally melts providing for the
rapid interdiffusion. This is consistent with the kinetic
energies in Fig. 12 and the low melting temperature of
Al, 933 K. The energy for the melting can be supplied
partially by the kinetic energy of the cluster and partly by
the heat of solution, the latter being AH, =145 eV/92-
atom cluster (the difference in the potential energy of the
system at the beginning and end of the event).

V. CONCLUSIONS

The MD simulations described here show that the in-
teraction of energetic clusters of atoms with solid sur-
faces can display a variety of different phenomena de-
pending on several cluster-substrate parameters. These
interactions are summarized in Fig. 14 by a “mechanism
diagram.” At the top of the diagram, when the kinetic
energy/atom in the cluster E{., /N, is greater than about
ten times the cohesive energy of the substrate, ES2, the
threshold energy for atomic displacements is exceeded,
and RCS’s are generated. In addition, the cluster is im-
planted. This was illustrated by the smaller Cu clusters
on Cu. At low cluster energies, the cluster remains in-
tact, either forming a “glob” on the surface, if the sub-
strate is hard, or penetrating it, if it is soft. At intermedi-
ate cluster energies, the cluster will break up if it strikes a
hard substrate, either splatting, dissociating and migrat-
ing over, or being reflected from the surface. If the clus-
ter strikes a soft substrate, it will penetrate it and induce
local melting as it is stopped.

Since the relevant parameter space describing the in-
teractions is more than two dimensional, this diagram

Mechanism Diagram

implantation
10 radiation damage
reflection
Penetration
dissociation
splatting alloy
formation
ES .
kin/ Ne melting
EZon
tin
1 wetting craters
buried clusters
globs

.5 1 1.5

ESon/ Edon

FIG. 14. Mechanism diagram of the interaction between en-
ergetic clusters of atoms and metal substrates.
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represents a slice through a more complete diagram.
Consequently, the choice of axes is somewhat arbitrary.
As mentioned previously, and in the Appendix, the
penetration of the cluster into the substrate is better de-
scribed by the shear modulus of the substrate than by its
cohesive energy; however, to reflect the importance of the
relative properties of the substrate and cluster on the
abscissa by a simple physical ratio, the cohesive energy
was chosen. The diagram, therefore, is an approximate
guide for the case of clusters in the size range =~ 10-100
atoms, energies between =~ 50 and 5000 eV, and mass ra-
tios of 0.5—-2. Moreover, since only four cluster-substrate
combinations were simulated, the diagram spans a larger
region in this two-dimensional space than we have actual-
ly investigated.

Comparison of this chart with that in the Appendix re-
veals that the general behavior predicted by the macro-
scopic model is indeed observed. However, these atomis-
tic simulations are important for locating the boundaries
for different mechanisms and elucidating the details of
the interactions along them. As it was demonstrated,
rather small changes in certain parameters, e.g., the rela-
tive cohesive energies of the cluster and substrate, com-
pletely change the nature of the interaction. The macro-
scopic model does not show how sharp these boundaries
actually are.

Much of the reported work on cluster beam deposition
has been concerned with growing high-quality metallic
films on Si substrates.? Yamada and coworkers reported
that ionized cluster beam deposition is particularly useful
for growing Al films on Si.?> Moreover, they have shown,
using masking techniques, that if the deposition is per-
formed at room temperature, the Al atoms migrate far
from the impact sites. The energy of these clusters were
0-5 keV. Unfortunately, the size distribution of the clus-
ters employed in the Yamada experiments is not accu-
rately known; however, if we guess they are in the range
50-1000, then their deposition conditions should resem-
ble our simulations of Alg(1 keV)—Ni, since the
cohesive energies of Ni and Si are rather similar (Table
IV). In addition, since the ratio ES; /ES is less than
one, little penetration is expected, and so differences in
the chemical properties of Ni and Si should not be overly
important for the collision dynamics. Inspection of the
mechanism diagram, and Figs. 9(c) and 10(c) above for
the Al on Ni impacts, shows that the Yamada experi-
ments are in the regime of cluster “splatting” and dissoci-
ation. If single Al atoms are mobile on the Si surface at
the deposition temperature, then the spreading of the Al
beam “under the mask” is expected, as reported. If the
cluster sizes were less than =25 atoms, then the ionized
fraction of this beam would have an energy greater than
25 eV/atom (for cluster energies greater than =1 keV)
and would create radiation damage in the Si substrate,
probably creating a thin amorphous layer. This is not ob-
served, perhaps indicating that the Yamada experiments
do, indeed, involve large clusters. However, if the ion-
ized fraction is extremely small and only single atoms or
small clusters are deposited on the surface, the same re-
sults might also occur. The simulations, therefore, can-
not verify whether the Yamada experiments have been
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correctly interpreted; they are, however, consistent with
this interpretation. If other combinations were experi-
mentally examined, e.g., a hard cluster on a soft sub-
strate, the characteristics of the cluster beam could be de-
duced from the simulations.
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APPENDIX: GLOBAL DYNAMICS
OF CLUSTER BEAM DEPOSITION

When modeled in macroscopic terms, the behavior of
clusters during deposition has much in common with
planetary cratering and armor penetrating ordinance.
Here we first pursue the macroscopic model before finally
commenting on its relevance.

We are concerned with regimes of behavior when a
moving compact cluster impacts on an initially flat sur-
face. Interesting phenomena span many orders of magni-
tude in cluster size and energy, while the relevant materi-
al properties scale into a relatively limited range, in
which typical cases differ from the mean by a factor of
order unity. In the impact, the kinetic energy of the in-
cident cluster is converted into heat mainly by plastic de-
formation of the surface and of the cluster. A cluster of
N atoms, radius r =aN!/3, with a the atomic radius,
when embedded in the surface, cools with time constant
1p =r2/D, with D the heat diffusion coefficient, typically
~0.1 cm?/sec for T >®, and © the Debye temperature.
Thus, for N <200, the cooling time

Tp=~3X10" N2/ (A1)

is less than one atomic vibrational period
v !=h/k®=10"1 sec. Such rapid cooling is not com-
patible with surface smoothing by solid-state diffusion,
which typically requires 10* vibrations per jump, even for
surface diffusion at the melting point T,,. Therefore, the
final surface profile is determined by the plastic flow, un-
less the material exhibits local melting.

The melting of an initially cold cluster requires heat of
order 3NkT,,. By equating this to the initial kinetic ener-
gy of N atoms of mass M and velocity v we obtain the
necessary critical velocity as

v =(12kT,, /M)/*~(T,, /10u)'"? km /sec , (A2)

with u the mass number and T, in K. For T,, =1000 K
and p =~ 100, the magnitude of the resulting velocities =1
km/sec is clearly that of meteorite and missile impacts.
A factor of 2 in the energy has been included to account
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for comparable heating of surface material.

To assess the time scale of the events further we esti-
mate the duration 7 of the impact. When the cluster
embeds itself to depth r in the surface with initial velocity
v, the impact time is clearly of order 7=r /v, which, using
values of the critical velocity for melting, gives

r=~10"8N'3/10°(10p/T,,)'"?

~10"BN3(10u/T,, )12 . (A3)

With the last factor =1, this impact time exceeds the
cooling time by a factor of 30/N /3, which falls to unity
only for N >10* atoms. It is therefore evident that much
heat energy is lost from the location of the impact during
the collision, for events with N <10* typically of interest
in cluster beam deposition.

In summary, the results of these estimates indicate that
plastic deformation and melting, rather than solid-state
diffusion, determine the surface profile after the event.
Melting requires a kinetic energy associated with initial
cluster velocities =~km/sec. The resulting impact times
for N <10* are, however, longer than the time constant
for cooling by thermal conduction. Consequently, the
impact energies required for actual melting are larger
that would otherwise be expected. The situation is fur-
ther complicated by the fact that the cooling time is com-
parable with the atomic vibrational period in this regime.

An approximate description of the plastic processes
during the impact may now be obtained in the following
way. Suppose that the cluster and the surface exert on
each other a mean force F for the duration 7 of the col-
lision. The cluster and the surface undergo comparable
deformations corresponding to similar accelerations p/7
and s/72, respectively, with 7=s/v. F and s are related
to the energy E of the incident cluster by E =Fs, and the
force defines a shear stress o by o ~F/mr’. Supposing
that during the impact the stress rises to a critical value
and then remains approximately constant: we find, by el-
iminating F, the results s =E /7r 20 =Er /o NQ, in which
Q is the volume per atom. The fractional deformation
now becomes

s/r=E/NoQ=fe/ocQ, s<r. (A4)

Here we have expressed the cluster kinetic energy
E =Nfe as a fraction f of the cohesive energy € per par-
ticle. Rather good approximations to other relevant
quantities for typical crystals in these same terms are

e=~10cQ=30kT,, ,

in which ¢ is a mean shear modulus.

A phase diagram describing the impact in terms of N
and f can thus be conceived in which, for example, melt-
ing occurs for f=0.2 independent of N < if cooling is
neglected. Similarly N =~200 when s/r=1 is the condi-
tion for the cooling time to fall below one Debye period.
The fractional deformation becomes s/r =(10c/Q)f.
Consequently. the boundary for deep cratering of the sur-
face, corresponding to s /r = 1, occurs for

f=o/10c . (A5)
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FIG. 15. Schematic phase diagram of the cluster-surface in-
teraction.

In microscopic systems, the critical yield stress may ap-
proach ¢, and this limit may be reached at N ~10°. For
larger systems, the ratios s /c is much reduced by disloca-
tion processes. The several deductions are included in
the schematic phase diagram of Fig. 15, including the
fact that deep cratering for smaller clusters almost coin-
cides with the melting criterion for D=0. The approxi-
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mate regime of elastic collisions is also indicated.

Two main points become clear when these results are
assessed. First, the actual cluster beam behavior, in the
interesting regime where a tendency to smooth growth
may arise, is quite complex, because the impact, the heat
transfer, and the atomic vibrations all occur on similar
time scales. Macroscopic modeling cannot provide de-
tails of these processes, for which molecular-dynamics
computations are very well suited. Second, what the
present modeling does provide is a conceptual framework
in which recognizable regimes of behavior are identified,
as in Fig. 15. In turn, these point to “phase boundaries,”
at which the behavior changes, as regions of particular
interest for detailed dynamical simulations. To illustrate
this further, we note that interesting complications occur
when the cluster and surface materials differ. The asym-
metry introduced by significant differences of melting
point or of yield stress for the two materials necessarily
give rise to new behavior in the form of liquid splattering
of the cluster or of added deep penetration by the cluster
in the two limits of soft or hard clusters. These
differences are sketched in the top part of Fig. 15.

We note, in conclusion, that the heat flow of critical in-
terest here occurs in the regime near T, of small-phonon
mean-free paths, where the macroscopic model can
reasonably be applied to phenomena on a nm length
scale. Similarly, the mechanical phenomena of forces and
pressures are reasonably well defined over the areas of 10
atoms. For these reasons, there is no reason to suppose
that the macroscopic analogy used here is qualitatively
misleading.

*Present address: General Physics International, 6700 Alex-
ander Bell Drive, Columbia, Maryland 21046.
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