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Molecular-dynamics simulations of slow copper cluster deposition
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In this paper, the dynamic process @u),3 cluster deposition on copper substrate is investigated by
molecular-dynamics simulations, in which a many-body hybrid potential by combining the relplagential
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 shortsdome tenth picoseconds
by providing energies for the migration and reconstruction.

I. INTRODUCTION potential with tight-binding (TB) potentiaf is used to de-
scribe the interactions among copper atoms. Section Il
. ) briefly describes the MD simulation model used in our study.
Recently, the cluster-substrate interaction has attracteﬂhe results and discussion are presented in Sec. Ill.
much attention as a promising method for growing high-

quality films at low substrate temperatufes.in contrast to IIl. SIMULATION MODEL
the conventional ion-beam deposition, the ionized-cluster A. Interaction potential and geometric structure
beam has higher effective beam density because of its higher of (Cu)y3 cluster

ratio of mass to charge. 'I_'h_e ionized—clqster beam dep_osition In this study, the atomic energy concered ranges from
(ICBD) could provide sufficient localization energy to stimu- ynder a tenth of an eV to more than tens of eV per atom. It is
late the surface atoms to form high-quality films with lessknown that TB potential is able to reproduce the structure,
surface damage. Yamamf(rstudied the collision phase of the bulk and the surface properties of transition and noble
ICBD using the binary collision approximation simulations metals, and the calculated variances of atomic mean-square

and the molecular-dynami¢®D) simulations with the pair- ~ displacements within the normal temperature scope are also
wise potential. Kwonet al® studied the growth of Si on consistent with the experimental resiitsThus TB potential

Si(111) by means of MD simulations with a many-body po- is suitable at the lower-energy regime, while the pairwise

: . gotential, such as the Molie potential, is applicable at the
tential. However, many aspects of the ICBD mechanism ar igher-energy regime. To span the entire energy regime of

still not well understood. In this paper, we investigate therelevant interactions, a hybrid potenfias adopted to de-
dynamic process of copper cluster deposition on copper sulscribe the interactions among copper atoms. The potential
strate using MD simulations. Particular attention is paid toenergy of an atomi in the hybrid potential contains two

the microscopic characteristics of the deposition process, tieomponents written &, andE,, respectively, wherg&j, is

energy effect on the quality of growing films and the rear-2" attractive energy, which is the same as that in TB poten-

rangement of the cluster atoms. In order to understand thte'al’ €.,

whole ICBD process, which includes both the collision and ' 112

the relaxation phases, a hybrid potefitidmbining Molige EL=—|> e 2Cijldo-b| (1
i

TABLE |. Potential parameters.

3 do A ra ra Bm ay
(eV) q A) (eVv) p A) A) (ev) A)

1.2291 2.282 0.254 66 0.0869 10.83 2.1 14 0.0001211 0.0738

0163-1829/96/5F)/41566)/$06.00 53 4156 © 1996 The American Physical Society



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

However, the repulsive pair potentiﬁlir is a combination of ,
the repulsive part in the TB potential with the Makepo- E=2, Vi(ry) 2

tential, smoothly connecting these two components at the
intermediate distance with a cubic spline, given as follows: and

*

Ag P(r/do—1) r=r,
V,(r)=4 Ao+ Air +Asr?+Aqr?, r>r>r, (3)
Bm(0.3%0%/a14 0,55~ 1231+ 0,10~ 6-072r)/r r<r,,

wherer;; is the interdistance between the atorand atomj cohesive energy is 2.48 eV/atom, whereas in our calculated
andd, is the nearest-neighbor distance. The paramétags  icosahedral structure of(&u),5 cluster, the mean number of

do, A, andp are adjusted to fit the cohesive energy and thehe nearest atoms is 6.5 and the mean cohesive energy is 2.60
elastic constants of the bulk coppég, A, A,, andAz are  eV/atom. As generally believed, a greater average number of
the fit coefficients. The choice of the fitting distanecgsand  neighbor atoms and a higher cohesive energy correspond to a
r, is made carefully to get a reasonable curvature in thenore stable structure. Thus it is appropriate for us to adopt
region betweemn, andr,. The parameters in the hybrid po- the icosahedral structure f¢€u);5. In Figs. Xa) and 1b),
tential are given in Table I. To examine the hybrid potential,the fcc and the icosahedral structure4®©fi),; are presented,

we calculate the lattice constant and the cohesive energy oéspectively.
copper metal and find that the results are consistent with the
experimental data.

The structure and the cohesive energy d€a),5 cluster ] o )
must be considered since what we are concerned with is the The computational model used is similar to that in Ref.
cluster impact at relatively low energié2—20 eV/atom To 15. The copper subst_rate has f(_;c structure with d|rr_1e_n3|ons of
do that, we must first verify whether the hybrid potential 1080 1085X 62, (2, is the lattice constantThe origin of
used is suitable for describing the cluster atomic interactiondhe coordinate system is put at the center of the substrate. At
First, we calculate the bond length and the bond energy dih€ beginning of each event, the icosahedi@u),; Cluster is
the diatomic copper molecule and get 2.22 A and 1.30 evinitially located at a _sqfﬁm_ent dlst_ance_above the substrate
respectively, while the experimental data are 2.22Rff. surface to h_ave negligible interaction with the substrat_e sur-
10) and 1.02 eVt respectively, which shows that this poten- face, and aims at the center of the substrate to avoid any
tial gives the bond length correctly but overestimates the?0ssible rotation of the simulated system in the direction
bond energy slightly. Second, through optimizing the totalWith & polar anglef=10° and an azimuthal angt¢=8° im-
cluster energy in its nuclear configuration space, we get thBacting on C(001) surface. We simulate the events with
icosahedral and the double icosahedral structures of thgpact energies oEy=2, 5, 10, 15, and 20 eV per atom,
stable 13- and 19-atom clusters using this potential. Theséespectively. Each simulated event lasts 10 ps, which covers
structures are consistent with both the experimental and thRoth the collision and the relaxation phases.
theoretical results for transition-metal clust&r$® The
above shows that this hybrid potential can be used to de- Ill. RESULTS AND DISCUSSION
scribe the copper clusters. Some previous researches usually
employea’14an approximate'y Spherical fCC structure inc'ud_ We begin with Studying the cluster-substrate interaction of
ing a center atom and its nearest neighbori@u)ls, where a 5'eV/at0m(CU)13 cluster with Cu substrate to eXplore the

the mean number of the nearest atoms is 5.5 and the me#yhole deposition process. Figure 2 exhibits the side views of
the atomic locations in the-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

B. Computational model

Y 2 7 through collective collisions and the original structures of
N/ both the cluster and the substrate surface are distfFigd
g ¥ 2(c)]. At about 0.35 pqdFig. 2(d)], the dissociation of the
~ cluster and the local disruption of the substrate surface be-
come pronounced. Subsequently, the cluster atoms rebound
(a) together with the substrate atoms in the impact regfégs.

2(e) and Zf)]. After about 1 ps, atoms in the collision zone
FIG. 1. The structure ofCu);3. (a) fcc structure,(b) icosahe-  oscillate and migrate towards their equilibrium stetegs.
dral structure. 2(g) and Zh)]. At about 4 pqFig. 2(i)], an epitaxial layer is
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FIG. 3. The pair correlation functiog(r) for atoms of the im-
pact region for an event of 5- eV/ato(@u),5 cluster impact on a
Cu substrate. (a) t=0 ps(with standard fcc structure and no con-
sideration of thermal vibration(b) t=0.35 ps, andc) t=4 ps.

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 enerdfy eV/atom, which
show the energy deposition and partition characteristics dur-
ing the cluster impact process. The orientation and the im-

FIG. 2. Sequential snapshots of locations of the cluster atom act position of the cluster with resp_ect_ to the subsrate sur-
(small circles and the substrate atonfdots in x-z plane for an  1aC€ are randomly chosen at the beginning of each event. The

event of a 5-eV/atonfCu), cluster impact on a Cu substrate. simulation of each event covers 1 ps, since the major energy
change in each event occurs at the stage of the collision

formed, which has the same fcc structure as that of the Onglcachade l’l\’h'ﬁh ge{\herally IaSt?[ Iess} than 1 ps. ¢ the o
nal Cu substrate. At the end of the simulation, we find no, " '9Uré & SNOWs the energy transier process from the clus-

point defect in either the substrate or the epilayer, no clust gerto the substrate. In Fig. 4E, andAE,, denote the total
atom migrating a significant distance over the substrate, a nergy changes of the substrate and the cluster, respectively.
no substrate atom sputtered ' e can see that the cluster transfers most of its energy to the

In order to investigate the evolution of the system surfaceSUIbStrat? Awéthm g‘zgm %4 as tﬁftte;ho 4 Ips tthe tvery smgll
structure during the deposition process, the pair correlatlo ajues olaky an o INAiCate that the cluster atoms an
function g(r) of the atoms within a small box of e substrate impact zone atoms are nearly in the state of
day X dayX 2a, in the surface around the collision center isthermal equilibrium. 1t is wor.th .ment|on|ng thaf[ the energy
calculated, angy(r) is defined as transfer takes place almost within the same period of time for

' all simulated events with various impact energies.

N N
g(r)=6V(4m)~ {2 21 8(rij—r) } 80 ————————————————— 10
= +
70 0
X[(r+6r)g o= 1%, @

80 -10
whereV is the crystal volume concerneld,denotes the atom 50 -20
number withinV, andr;; is the interdistance between atoms
i andj. Obviously,g(r) represents the probability density = 40 -30
function versus atomic interdistanceThus, the areas under L
the peaks of thg(r) curve give the coordination numbers,  &f 3° 40
and hence the sharpness and the separation of the peaks < 20 —50
present the ordering extent of atomic arrangement. Figures
3(a), 3(b), and 3c) depict the pair-correlation functions of 10 —~60
the atoms in the surface impact region at the time before the 0 -0
impact(t=0 p9, the time when the maximum depression of
the substrate surface occuits=0.35 p3g and the time after -10 — -80
the full relaxation(t~4 p9, respectively. Att=0 ps, the 60 02z 04 06 08 10
surface impact region has a standard fcc structure with no t (ps)
thermal vibration. In Fig. @) (t=~0.35 p3, only the first
peak is distinguishable. But in Fig(@ (t~4 p9 significant FIG. 4. The total energy changes of the subst(AtE,) and the

peaks appear again, although they are not as clear as thosecioster (AE,) vs time for an event of a 5-eV/atofCu),5 cluster
Fig. 3@ because of the impact-induced atomic thermal vi-impact on a Cu substrafdAE;; (t=0)=AE (t=0)=0].
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20 B — strate potential-energy changé, (see Fig. 6, and the am-
5eV/atom (Cu),4—> Cu plitudes of the qscnlatlons decllne_ Wlt_h time. Because of the
energy conversion between the kinetic energy and the poten-
tial energy, the energy oscillations reflect the surface vibra-
______ Eun tion caused by the bombardment of the cluster. With the
T - system approaching the equilibrium state, the surface vibra-
tion becomes weaker.
~ \ Figure 6 shows the configuration changes of both the
i ‘ ' cluster and the substrate. In Fig.[6F, andAE., denote the
.7 total potential energy changes of the substrate and the cluster,
' respectively. Initially, when the cluster reaches the substrate
surface, botAE, and AE_, decrease slightly because the
interaction between the cluster and the substrate is mainly
attractive. Then the cluster begins to depress the substrate,
and AE, and AE, increase because the surface repulsive
barrier plays a major role. At about 0.35 ps, when the maxi-
mum depression of the substrate surface odalse see Fig.
t (ps) 2(d)], AE,, reaches its maximum value. Then the system
enters the relaxation phase, whek&, oscillates, but the
FIG. 5. The translational energ¥.,) and the internal energy total energy is conserved.
(Eg) of the Cu cluster and the internal energy of the substrate It is interesting to examine the potential-energy change of
(Egin) Vs time for an event of a 5-eV/atofiCu);5 cluster impact on  the cluster atomgAE ) in Fig. 6. FirstAE, increases when
a Cu substrate. the cluster deformation occurs, then it decreases and oscil-
lates around a value much lower than that when the cluster
Figure 5 exhibits the kinetic energies of both the clusterfrontier just reaches the substrate surface. This means that
and the substrate versus time. It shows the energy partitiopfter the dissociation of the cluster, the cluster atoms rear-
during the impact process. In Fig. B, is the kinetic energy ~ange according to fcc structure, which has a higher cohesive
of the cluster center of mass, aBg,, andE,, are the inter- energy(3.35 eV/atomthan that of the cluster original icosa-
nal energies of the cluster and the substrate, respectively. fiedral structuré¢2.60 eV/atom. To further the investigation
can be seen that most of the initial cluster translational enof the rearrangement phenomenon, we also explore the
ergy converts into the internal energies of the cluster and th€CU)13 deposition at the impact energy of 0.5 eV/atom, which
substrate atoms at the early stage of collision casdade iS much lower than the cluster mean cohesive energy 2.60
~0.15 p3, when all cluster atoms reach the surface and £V/atom. We find that the cluster seems to melt on the sub-
local high-density collision cascade zone is formed. Thestrate surface, and form two typical epitaxial layers of fcc
cluster dissociation usually occurs at the same time. Then thglructure with no atom penetration at such impact energy.
internal energy of the atoms in the Compressed zone is re-[his means that the rearrangement of cluster atoms takes
leased. We can see that there are temporal oscillations ®lace automatically in the deposition process because of the
E.n» Which correspond to the reverse oscillations of the subdifference 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
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FIG. 6. The potential-energy changes of the substakg,) and
the clustefAE) vs time for an event of a 5-eV/ato(€u), 5 clus- FIG. 7. The same as in Fig. 2, but for an impact energy of 20
ter impact on a Cu substrafA E, (t=0)=AE, (t=0)=0]. eV/atom.
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TABLE II. The depth distributions of the cluster atoms, vacancies, and interstitials at the end of several simulation evei@s)iar a
cluster impacting on a Cu substrate. In the tahlé, c, d, e, andf denote the impact events with energies of 0.5, 2, 5, 10, 15, and 20 eV
per atom, respectively.S; is theith substrate layer below the surfa@e=1 is the surface laygmande; is theith epilayer aboves, .

Cluster atoms Vacancies Interstitials

a b c d e f a b [ d e f a b c d e f
e 3 1
e, 10 10 8 4 4
S; 2 4 5 3 2 2
S, 1 4 4 6
S3 1 4
Sa 1 1 2
Sg 3

The 5-eV/atom cluster deposition discussed above is different from those of the single-particle-solid interaction.
typical example where high-quality films could be grown. In the former case the collective collisions play a dominant
With the increase of incident energy, the disordered collisiorrole. The cluster depresses the substrate surface through the
region (crater and so gnbecomes even wider and deeper. collective interactions and rapidly transfers most of its trans-
Figure 7 presents the side views of the atomic locations fofational energy to the substrate within a few tenth picosec-
Eo=20 eV/atom. A pronounced transient crater with a diam-pngs. In the meantime the cluster dissociates and disrupts the
eter up to~8ay, which is much larger than the size of a gypstrate impact zone where a transient crater appears, and
(Cu)yz cluster, is produced due to the higher impact energy. Ithe atoms in the impact zone are stimulated and get the mi-

is worthwhile to note that the cluster atoms are almost fullyy ation energies that are important for their reconstruction
embedded into the substrate surface, replacing the substragﬁd helpful for growing high-quality epitaxial layers.

atom positions in the layers beneath the surface, and some

ongma] sqbstrate atoms are forped onto the surfgce to forrPorm high-quality epitaxial layers without any point defect
the epitaxial layers after relaxation. Although the impact "€aft after relaxation at low impact energgbout 5 eViatom

ion reconstructs at the end of the simulation, the dama . . .
g glilhe penetration depths of the cluster atoms increase with the

cannot be completely eliminated: a few substrate atoms be- Th b p diation d h
come interstitial atoms and some vacancies appear on tpact energy. The substrate suffers radiation damage when

surface layer. This means that the cluster-substrate collisiof?® impact energy of the cluster increases over a value
begins to create radiation damage when the cluster energfound 20 eV/atom. This is the threshold phenomenon of the
goes over a value around 20 eV/atom. Cluster deposition.

The effect of the C|uster impact energy on the deposition (3) We have observed the reconstruction of the cluster
can be seen in Table I, which gives the depth distributions ofitoms during the deposition process. The reconstruction is
the cluster atoms, vacancies, and interstitials at the end ofery important for growing high-quality thin film, especially
several simulation events for(&€u),5 cluster impacting on a for the film growth with multicomponents and more compli-
Cu substrate. In this table, b, c, d, e, andf denote the cated structure, which we plan to study in the future. It also
impact events with energies of 0.5, 2, 5, 10, 15, and 20 e\shows that the potential and the physical model used here are
per atom, respectively.s; is theith substrate layer below correct.
the surfacei =1 is the surface laygmande, is theith epil-
ayer aboves;. 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.

(2) The deposition ofCu);5 on a C001) surface could
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