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In this paper, the dynamic process of~Cu!13 cluster deposition on copper substrate is investigated by
molecular-dynamics simulations, in which a many-body hybrid potential by combining the Molie`re potential
with the tight-binding potential is used to describe the interactions among copper atoms. The initial energy of
the cluster ranges from 2 to 20 eV per atom. By taking ‘‘snapshots’’ and analyzing the energy partition during
the deposition process, we find that the cluster atoms could rearrange from the original icosahedral structure to
the fcc structure and form epitaxial layers at the end of the simulations. The penetration depths of the cluster
atoms increase with the impact energy. The substrate suffers radiation damage when the impact energy of the
cluster increases over a value around 20 eV/atom. The energy analyses show that the cluster atoms activate the
substrate atoms in the impact region through collective collisions in a very short time~some tenth picoseconds!
by providing energies for the migration and reconstruction.

I. INTRODUCTION

Recently, the cluster-substrate interaction has attracted
much attention as a promising method for growing high-
quality films at low substrate temperatures.1–3 In contrast to
the conventional ion-beam deposition, the ionized-cluster
beam has higher effective beam density because of its higher
ratio of mass to charge. The ionized-cluster beam deposition
~ICBD! could provide sufficient localization energy to stimu-
late the surface atoms to form high-quality films with less
surface damage. Yamamura4 studied the collision phase of
ICBD using the binary collision approximation simulations
and the molecular-dynamics~MD! simulations with the pair-
wise potential. Kwonet al.5 studied the growth of Si on
Si~111! by means of MD simulations with a many-body po-
tential. However, many aspects of the ICBD mechanism are
still not well understood. In this paper, we investigate the
dynamic process of copper cluster deposition on copper sub-
strate using MD simulations. Particular attention is paid to
the microscopic characteristics of the deposition process, the
energy effect on the quality of growing films and the rear-
rangement of the cluster atoms. In order to understand the
whole ICBD process, which includes both the collision and
the relaxation phases, a hybrid potential6 combining Molière

potential7 with tight-binding ~TB! potential8 is used to de-
scribe the interactions among copper atoms. Section II
briefly describes the MD simulation model used in our study.
The results and discussion are presented in Sec. III.

II. SIMULATION MODEL

A. Interaction potential and geometric structure
of „Cu…13 cluster

In this study, the atomic energy concerned ranges from
under a tenth of an eV to more than tens of eV per atom. It is
known that TB potential is able to reproduce the structure,
the bulk and the surface properties of transition and noble
metals, and the calculated variances of atomic mean-square
displacements within the normal temperature scope are also
consistent with the experimental results.8,9 Thus TB potential
is suitable at the lower-energy regime, while the pairwise
potential, such as the Molie`re potential, is applicable at the
higher-energy regime. To span the entire energy regime of
relevant interactions, a hybrid potential6 is adopted to de-
scribe the interactions among copper atoms. The potential
energy of an atomi in the hybrid potential contains two
components written asEb

i andE r
i , respectively, whereEb

i is
an attractive energy, which is the same as that in TB poten-
tial, i.e.,

Eb
i 52F(

jÞ i
j2e22q~r i j /d021!G1/2. ~1!

TABLE I. Potential parameters.

j d0 A r1 r 2 Bm af
~eV! q ~Å! ~eV! p ~Å! ~Å! ~eV! ~Å!

1.2291 2.282 0.254 66 0.0869 10.83 2.1 1.4 0.000 121 1 0.0738
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However, the repulsive pair potentialE r
i is a combination of

the repulsive part in the TB potential with the Molie`re po-
tential, smoothly connecting these two components at the
intermediate distance with a cubic spline, given as follows:

Er
i 5(

jÞ i
Vr~r i j ! ~2!

and

Vr~r !5H Ae2p~r /d021!,
A01A1r1A2r

21A3r
3,

Bm~0.35e20.3r /af10.55e21.2r /af10.10e26.0r /af !/r ,

r>r 1
r 1.r.r 2

r<r 2 ,
~3!

wherer i j is the interdistance between the atomi and atomj
andd0 is the nearest-neighbor distance. The parametersj, q,
d0, A, andp are adjusted to fit the cohesive energy and the
elastic constants of the bulk copper,A0, A1, A2, andA3 are
the fit coefficients. The choice of the fitting distancesr 1 and
r 2 is made carefully to get a reasonable curvature in the
region betweenr 1 and r 2. The parameters in the hybrid po-
tential are given in Table I. To examine the hybrid potential,
we calculate the lattice constant and the cohesive energy of
copper metal and find that the results are consistent with the
experimental data.

The structure and the cohesive energy of a~Cu!13 cluster
must be considered since what we are concerned with is the
cluster impact at relatively low energies~2–20 eV/atom!. To
do that, we must first verify whether the hybrid potential
used is suitable for describing the cluster atomic interactions.
First, we calculate the bond length and the bond energy of
the diatomic copper molecule and get 2.22 Å and 1.30 eV,
respectively, while the experimental data are 2.22 Å~Ref.
10! and 1.02 eV,11 respectively, which shows that this poten-
tial gives the bond length correctly but overestimates the
bond energy slightly. Second, through optimizing the total
cluster energy in its nuclear configuration space, we get the
icosahedral and the double icosahedral structures of the
stable 13- and 19-atom clusters using this potential. These
structures are consistent with both the experimental and the
theoretical results for transition-metal clusters.12,13 The
above shows that this hybrid potential can be used to de-
scribe the copper clusters. Some previous researches usually
employed6,14an approximately spherical fcc structure includ-
ing a center atom and its nearest neighbors for~Cu!13, where
the mean number of the nearest atoms is 5.5 and the mean

cohesive energy is 2.48 eV/atom, whereas in our calculated
icosahedral structure of a~Cu!13 cluster, the mean number of
the nearest atoms is 6.5 and the mean cohesive energy is 2.60
eV/atom. As generally believed, a greater average number of
neighbor atoms and a higher cohesive energy correspond to a
more stable structure. Thus it is appropriate for us to adopt
the icosahedral structure for~Cu!13. In Figs. 1~a! and 1~b!,
the fcc and the icosahedral structures of~Cu!13 are presented,
respectively.

B. Computational model

The computational model used is similar to that in Ref.
15. The copper substrate has fcc structure with dimensions of
10a0310a036a0 ~a0 is the lattice constant!. The origin of
the coordinate system is put at the center of the substrate. At
the beginning of each event, the icosahedron~Cu!13 cluster is
initially located at a sufficient distance above the substrate
surface to have negligible interaction with the substrate sur-
face, and aims at the center of the substrate to avoid any
possible rotation of the simulated system in the direction
with a polar angleu510° and an azimuthal anglef58° im-
pacting on Cu~001̄! surface. We simulate the events with
impact energies ofE052, 5, 10, 15, and 20 eV per atom,
respectively. Each simulated event lasts 10 ps, which covers
both the collision and the relaxation phases.

III. RESULTS AND DISCUSSION

We begin with studying the cluster-substrate interaction of
a 5-eV/atom~Cu!13 cluster with Cu substrate to explore the
whole deposition process. Figure 2 exhibits the side views of
the atomic locations in thex-z plane at several instants dur-
ing the impact event. For clarity, only atoms within a slab
containing four atomic layers around the substrate center are
included in that figure, in which a cluster atom is shown as a
small circle and a substrate atom as a dot. It is seen in Fig.
2~b! that the cluster frontier arrives at the substrate surface at
about 0.05 ps. Then the cluster depresses the substrate
through collective collisions and the original structures of
both the cluster and the substrate surface are distorted@Fig.
2~c!#. At about 0.35 ps@Fig. 2~d!#, the dissociation of the
cluster and the local disruption of the substrate surface be-
come pronounced. Subsequently, the cluster atoms rebound
together with the substrate atoms in the impact region@Figs.
2~e! and 2~f!#. After about 1 ps, atoms in the collision zone
oscillate and migrate towards their equilibrium states@Figs.
2~g! and 2~h!#. At about 4 ps@Fig. 2~i!#, an epitaxial layer is

FIG. 1. The structure of~Cu!13. ~a! fcc structure,~b! icosahe-
dral structure.

53 4157MOLECULAR-DYNAMICS SIMULATIONS OF SLOW COPPER . . .



formed, which has the same fcc structure as that of the origi-
nal Cu substrate. At the end of the simulation, we find no
point defect in either the substrate or the epilayer, no cluster
atom migrating a significant distance over the substrate, and
no substrate atom sputtered.

In order to investigate the evolution of the system surface
structure during the deposition process, the pair correlation
function g(r ) of the atoms within a small box of
4a034a032a0 in the surface around the collision center is
calculated, andg(r ) is defined as

g~r !56V~4p!21N22F(
i51

N

(
j5 i11

N

d~r i j2r !G
3@~r1dr !dr→0

3 2r 3#21, ~4!

whereV is the crystal volume concerned,N denotes the atom
number withinV, andr i j is the interdistance between atoms
i and j . Obviously,g(r ) represents the probability density
function versus atomic interdistancer . Thus, the areas under
the peaks of theg(r ) curve give the coordination numbers,
and hence the sharpness and the separation of the peaks
present the ordering extent of atomic arrangement. Figures
3~a!, 3~b!, and 3~c! depict the pair-correlation functions of
the atoms in the surface impact region at the time before the
impact~t50 ps!, the time when the maximum depression of
the substrate surface occurs~t'0.35 ps! and the time after
the full relaxation ~t'4 ps!, respectively. Att50 ps, the
surface impact region has a standard fcc structure with no
thermal vibration. In Fig. 3~b! ~t'0.35 ps!, only the first
peak is distinguishable. But in Fig. 3~c! ~t'4 ps! significant
peaks appear again, although they are not as clear as those in
Fig. 3~a! because of the impact-induced atomic thermal vi-

bration. Figure 3 clearly shows the disruption and the recon-
struction of the substrate surface during the deposition pro-
cess.

Figures 4–6 present the various energies of the substrate
and the cluster versus time. These are statistical results for 10
events with the same impact energy~5 eV/atom!, which
show the energy deposition and partition characteristics dur-
ing the cluster impact process. The orientation and the im-
pact position of the cluster with respect to the substrate sur-
face are randomly chosen at the beginning of each event. The
simulation of each event covers 1 ps, since the major energy
change in each event occurs at the stage of the collision
cascade, which generally lasts less than 1 ps.

Figure 4 shows the energy transfer process from the clus-
ter to the substrate. In Fig. 4,DEtt andDEct denote the total
energy changes of the substrate and the cluster, respectively.
We can see that the cluster transfers most of its energy to the
substrate within the first 0.4 ps. After 0.4 ps, the very small
values ofDEtt andDEct indicate that the cluster atoms and
the substrate impact zone atoms are nearly in the state of
thermal equilibrium. It is worth mentioning that the energy
transfer takes place almost within the same period of time for
all simulated events with various impact energies.

FIG. 2. Sequential snapshots of locations of the cluster atoms
~small circles! and the substrate atoms~dots! in x-z plane for an
event of a 5-eV/atom~Cu!13 cluster impact on a Cu substrate.

FIG. 3. The pair correlation functiong(r ) for atoms of the im-
pact region for an event of 5- eV/atom~Cu!13 cluster impact on a
Cu substrate. ~a! t50 ps ~with standard fcc structure and no con-
sideration of thermal vibration!, ~b! t50.35 ps, and~c! t54 ps.

FIG. 4. The total energy changes of the substrate~DEtt! and the
cluster ~DEct! vs time for an event of a 5-eV/atom~Cu!13 cluster
impact on a Cu substrate@DEtt (t50)5DEct ~t50!50#.

4158 53LEE RONGWU, PAN ZHENGYING, AND HO YUKUN



Figure 5 exhibits the kinetic energies of both the cluster
and the substrate versus time. It shows the energy partition
during the impact process. In Fig. 5,Ectr is the kinetic energy
of the cluster center of mass, andEcin andEtin are the inter-
nal energies of the cluster and the substrate, respectively. It
can be seen that most of the initial cluster translational en-
ergy converts into the internal energies of the cluster and the
substrate atoms at the early stage of collision cascade~t
'0.15 ps!, when all cluster atoms reach the surface and a
local high-density collision cascade zone is formed. The
cluster dissociation usually occurs at the same time. Then the
internal energy of the atoms in the compressed zone is re-
leased. We can see that there are temporal oscillations of
Etin , which correspond to the reverse oscillations of the sub-

strate potential-energy changeDEtp ~see Fig. 6!, and the am-
plitudes of the oscillations decline with time. Because of the
energy conversion between the kinetic energy and the poten-
tial energy, the energy oscillations reflect the surface vibra-
tion caused by the bombardment of the cluster. With the
system approaching the equilibrium state, the surface vibra-
tion becomes weaker.

Figure 6 shows the configuration changes of both the
cluster and the substrate. In Fig. 6,DEtp andDEcp denote the
total potential energy changes of the substrate and the cluster,
respectively. Initially, when the cluster reaches the substrate
surface, bothDEtp andDEcp decrease slightly because the
interaction between the cluster and the substrate is mainly
attractive. Then the cluster begins to depress the substrate,
and DEtp and DEcp increase because the surface repulsive
barrier plays a major role. At about 0.35 ps, when the maxi-
mum depression of the substrate surface occurs@also see Fig.
2~d!#, DEtp reaches its maximum value. Then the system
enters the relaxation phase, whereDEtp oscillates, but the
total energy is conserved.

It is interesting to examine the potential-energy change of
the cluster atoms~DEcp! in Fig. 6. FirstDEcp increases when
the cluster deformation occurs, then it decreases and oscil-
lates around a value much lower than that when the cluster
frontier just reaches the substrate surface. This means that
after the dissociation of the cluster, the cluster atoms rear-
range according to fcc structure, which has a higher cohesive
energy~3.35 eV/atom! than that of the cluster original icosa-
hedral structure~2.60 eV/atom!. To further the investigation
of the rearrangement phenomenon, we also explore the
~Cu!13 deposition at the impact energy of 0.5 eV/atom, which
is much lower than the cluster mean cohesive energy 2.60
eV/atom. We find that the cluster seems to melt on the sub-
strate surface, and form two typical epitaxial layers of fcc
structure with no atom penetration at such impact energy.
This means that the rearrangement of cluster atoms takes
place automatically in the deposition process because of the
difference between the mean cohesive energy of the cluster
and that of the substrate. The existing experiments also sup-
port our results that the cluster atoms rearrange themselves
on substrate surface to form a fcc structure.16

FIG. 5. The translational energy~Ectr! and the internal energy
~Ecin! of the Cu cluster and the internal energy of the substrate
(Etin! vs time for an event of a 5-eV/atom~Cu!13 cluster impact on
a Cu substrate.

FIG. 6. The potential-energy changes of the substrate~DEtp! and
the cluster~DEcp! vs time for an event of a 5-eV/atom~Cu!13 clus-
ter impact on a Cu substrate@DEtp (t50)5DEcp ~t50!50#.

FIG. 7. The same as in Fig. 2, but for an impact energy of 20
eV/atom.
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The 5-eV/atom cluster deposition discussed above is a
typical example where high-quality films could be grown.
With the increase of incident energy, the disordered collision
region ~crater and so on! becomes even wider and deeper.
Figure 7 presents the side views of the atomic locations for
E0520 eV/atom. A pronounced transient crater with a diam-
eter up to;8a0, which is much larger than the size of a
~Cu!13 cluster, is produced due to the higher impact energy. It
is worthwhile to note that the cluster atoms are almost fully
embedded into the substrate surface, replacing the substrate
atom positions in the layers beneath the surface, and some
original substrate atoms are forced onto the surface to form
the epitaxial layers after relaxation. Although the impact re-
gion reconstructs at the end of the simulation, the damage
cannot be completely eliminated: a few substrate atoms be-
come interstitial atoms and some vacancies appear on the
surface layer. This means that the cluster-substrate collision
begins to create radiation damage when the cluster energy
goes over a value around 20 eV/atom.

The effect of the cluster impact energy on the deposition
can be seen in Table II, which gives the depth distributions of
the cluster atoms, vacancies, and interstitials at the end of
several simulation events for a~Cu!13 cluster impacting on a
Cu substrate. In this table,a, b, c, d, e, and f denote the
impact events with energies of 0.5, 2, 5, 10, 15, and 20 eV
per atom, respectively.si is the i th substrate layer below
the surface~i51 is the surface layer! andei is the i th epil-
ayer aboves1. This table clearly illustrates the threshold ef-
fect of deposition, which is that high-quality films are
formed at lower impact energies while radiation damage ap-
pears at higher impact energies.

IV. CONCLUSION

Our main results can be summarized as the following.
~1! The features of the cluster-solid interaction are far

different from those of the single-particle-solid interaction.
In the former case the collective collisions play a dominant
role. The cluster depresses the substrate surface through the
collective interactions and rapidly transfers most of its trans-
lational energy to the substrate within a few tenth picosec-
onds. In the meantime the cluster dissociates and disrupts the
substrate impact zone where a transient crater appears, and
the atoms in the impact zone are stimulated and get the mi-
gration energies that are important for their reconstruction
and helpful for growing high-quality epitaxial layers.

~2! The deposition of~Cu!13 on a Cu~001̄! surface could
form high-quality epitaxial layers without any point defect
left after relaxation at low impact energy~about 5 eV/atom!.
The penetration depths of the cluster atoms increase with the
impact energy. The substrate suffers radiation damage when
the impact energy of the cluster increases over a value
around 20 eV/atom. This is the threshold phenomenon of the
cluster deposition.

~3! We have observed the reconstruction of the cluster
atoms during the deposition process. The reconstruction is
very important for growing high-quality thin film, especially
for the film growth with multicomponents and more compli-
cated structure, which we plan to study in the future. It also
shows that the potential and the physical model used here are
correct.
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