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Sputtering of a Au surface covered with large spherical clusters
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Abstract

Using molecular-dynamics simulation, we study the effect of 100 keV Au atom bombardment of a Au (111) surface, which
is covered with large spherical Au clusters (radRis= 40 A). Only a limited number of atom impact locations could be
studied, all of which were focused with2 A of thecenter of the cluster. Depending on the exact atom impact point on the
cluster surface, strong fluctuations in the sputter yield are found; in the most dramatic cases, the cluster completel
disintegrates. The EP-energy distribution of sputtered atoms is in agreement with a collisional emission mechanism. Large
fragment clusters are emitted during sputtering.

Further, in order to study the possibility of intact cluster desorption, we performed a model study, in which a hemispherical
part of the substrate immediately below the cluster is heated up to high temperatures, corresponding to an initia), @eergy
atom. Such a scenario may be relevant for fast heavy-ion bombardment, where the substrate is heated by strong electrol
stopping. Intact desorption of the cluster is observed above a threshég =f 3 eV/atom. Then the kinetic translational
energy of the desorbed cluster is more than around 20% of its internal energy. (Int J Mass Spectrom 208 (2001) 29-35) © 20C
Elsevier Science B.V.
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1. Introduction clusters from the surface was observed [4-9]. These
latter experiments were performed in the electronic-

| The sEuttermg of A'_“' sqrfaﬁes by Au atoms andl stopping regime using fission fragments as projectiles.
clusters has been studied in the recent past intense yExperiments in the nuclear-stopping regime are

both experimentally and by computer simulation. planned [10].

Huge s_putter yields [1,2] as well as pronounced crat(_er Here we present molecular-dynamics simulation
formation [3] have been observed. Even more drastic results of the sputtering of a Au surface covered with
phenomena can be expected for a roughened Au large spherical Au clusters. Bombardment is per-
surfac.e.. Such a surface may be prepared by theformed with 100 keV Au atoms, i.e. in the nuclear-
deposfltlon of Iargg clusters on aflaF surface. In fact, stopping regime. In view of the large number of
experimental studies of fast heavy-ion bombardment parameters relevant for this system—besides the sub-

::T :‘ u—cIuster-_c?(;/e.reddsurfacehs Znund d_rama;tlcal_ly strate material, orientation, and atomic location of the
Igh sputter yields; and even the desorption of entire cluster on the surface, as well as the impact point of

the projectile on the cluster—no systematic study
* Corresponding author. E-mail: urbassek@rhrk.uni-kl.de could be performed. Rather, an overview of the
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phenomena occurring for atom impact centrally on the
cluster is presented. In this case, no intact desorption
of the cluster could be observed, since either energy is
only deposited in the substrate, leaving the cluster
intact, or so much energy is deposited within the

cluster that it more or less disintegrates.

In order to obtain insight into the possibility of
intact cluster desorption, we performed an additional
model study, in which a hemispherical part of the
substrate beneath the cluster is heated up. This sce-
nario is meant to model a situation, in which a fast
heavy ion deposits only little energy in the cluster
itself, but produces a large amount of electronic
excitation in the substrate below it. We then assume
that this electronic excitation is swiftly converted to
atomic motion; this sets the starting point for our

simulation. Although the excited zone will be of
Fig. 1. Perspective view of the system studied before bombardment,

cylindrical symmetry in reality, we chose a hemi- _
. . . t = 0. The Au (111) surface is covered by a 15784 atom Au
spherical zone for computational convenience. We gypere.

note further that also in the nuclear-stopping regime

such an energy deposition may be relevant, e.g. for gyerview of what may occur after such impact phe-
noncentral atom impacts at the periphery of the cluster, nomena. The simulation was run until 20 ps after
where a subcascade deposits a high fraction of the 310m impact. An embedded-atom potential [13-15]
projectile energy in the substrate immediately below the \y45 employed to model the many-body interaction
cluster. We shall show in Sec. 3.3 that from such a heat 3mong Au atoms. It is known [16] to reproduce well

spike we indeed observe intact desorption of the cluster. py ik (and also surface) properties of Au, such as the

melting temperature, bulk modulus and cohesive en-

ergy, which may be of importance for the present

2. Method study. We mention that it has not been optimized for
describing small clusters; thus, e.g. the dimer binding

As substrate we use a 240 000 atom Au crystal energy is 4.8 eV in comparison to the experimental
with a (111) surface. On top of it, a spherical Au yaiye of 2.3 eV. Toward high energies, the potential
cluster, containing 15 784 atoms (radiis= 40 A) has been splined to the Ziegler-Biersack-Littmark

is laid, cf. Fig. 1. Damping boundary conditions areé potential [17]. Electronic stopping has been disre-
used on the lateral and bottom sides of the crystallite, the garded in this study.

surface is of course left free. The cluster is oriented such
that its top part forms again a (111) facet.
A 100 keV Au atom impinges centrally on the 3. Results
cluster. Fourteen different impacts have been simu-
lated, where the exact impact point has been varied 3.1. Scenarios
randomly within a small irreducible surface impact
triangle [11,12], deviating at mo& A from the ideal Three different scenarios could be observed. Fig. 2
central impact point. Although the statistical weight displays these by giving both a perspective and a
of this impact area is small, we nevertheless find here cross-sectional view at = 1 ps and at = 20 ps
a variety of results which we think gives us a good after ion impact:
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Fig. 2. Three different bombardment scenarios. (a) Energy deposition deep in the bulk. The cluster remains essentially intact. (b) Energ
deposition within the cluster, which consequently disintegrates. The substrate is only little affected. (c) Intermediate case of energy depositio
both in the cluster and in the substrate. Large clusters are sputtered off the sphere, a crater develops on the substrate. Each part sh
perspective and cross-sectional views of the system=atl ps after atom impingement, when the size and location of the collision cascade
and hence the energy deposition zone are determined, and &0 ps, which shows a late stage in the development of sputtering and surface
features. Gray shade code: local temperature in units of the melting temperature of Au. Animation available at

www.physik.uni-kl.de/urbassek/english.html
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As visualised in the event displayed in Fig. 2(a), 1000 fr-———r———r———y
the projectile can penetrate deeply into the sub- h
strate, delivering only little energy into the cluster
or the surface part of the substrate. This leads to - ok R ]
only little sputtering. Here and in the following py - * ]
we shall quantify the results of impact by the L g ]
sputtering yieldy which denotes the total number [ Pty o+ ]
of atoms emitted from the cluster or the gold 01f o . \Ji*w.ﬂw?
surface. To this purpose, all atoms are counted, 1 10 100
irrespective of whether they are sputtered as !

monatomics or bound in clusters. The sputtering Fig. 3. Cluster mass distributio¥i(n) vs. cluster sizen. Dashed
yield for the event shown in Fig. 2(a) is on¥y/= line: fit to a polynomial decay, Eq. (1), with = 2.6.

12. However, the albeit small amount of energy

deposited at the cluster/surface interface leads to | ] )
partial melting there and improves adhesion of the bution has a very large variance. A high percentage of

cluster to the surface in this case, comparable to atoms are sputtered bound in clusters. Fig. 3 shows

sintering. Note that our substrate was not thick the cluster distribution as a function of cluster size
enough to fully contain the projectile trajectory. &t t = 20 ps after ion impact. The distribution
In some cases the projectile energy is deposited "0Ughly follows a polynomial decay

mainly within the cluster, see Fig. 2(b). This leads Y(n) o« n~ (1)
to the more or less complete disintegration (ex- . _
plosion) of the cluster on top of the substrate. The With a« = 2.6. Large clusters witm exceeding 100

sputter yield in this case was hugé,= 6409, ion bombardment of metals [18,19]. The exception-
i.e. almost half the cluster was sputtered. ally high yields of dimers and trimers (cf. Fig. 3) are
Intermediate states, in which energy is deposited an artifact of the potential which overbinds the small

both within the cluster and in the substrate, exist clusters. It is known from other studies that the

the example shown in Fig. 2(c), we see that such further in time due to unimolecular fragmentation of
a case may lead to sputtering of large clusters, the large clusters possessing a high internal energy
which are formed of coherent parts of the original [20,21]. This will lead to a steepening of the distri-
cluster sphere. Further, a crater remains on the Pution; further, the number of monomers, and possi-
surface. The sputter yield in this case amounted to Ply also of dimers, will increase beyond the present,
Y = 8810. rather low, value, due to atom evaporation.

In the following we study the characteristics of

100 F £

We note that our statistics is not sufficient to emitted monomers. Fig. 4 gives the energy distribu-

quantify the probabilities with which scenarios (1) or  ion of monomers,Y,(E), and compares them with

(2) and the various intermediate stages pertaining t0 the sum of a Thompson distribution [22] and a
(3) occur. thermal evaporation component,

3.2. Sputter characteristi Y,(E) = aE ( E>+b = 2
.2. Sputter characteristics 1(E) =aEexp| — < E+ U2 (2)

On the average, a number ¥f= 2454 atoms are  The fit value of the effective evaporation temperature

sputtered; as mentioned previously, the sputter distri- is T = 1500 K, slightly above the melting tempera-
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Fig. 4. Angular distributionY,(cos 9) of emitted monomersy =
0° denotes the direction normal to the surface.

ture of Au. Only four atoms originate on average from
this thermal contribution. The best-fit value of the
effective surface binding enerdy amount to 3.56 eV

and is close to the cohesive energy of Au, 3.93 eV.
This demonstrates that monomers are mainly emitted

due to a collisional sputter mechanism.
The angular distribution, Fig. 5, shows a rather

isotropic emission in the outward half-space. This is
evidently due to the curved surface of the bombarded
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3.3. Intact desorption

In this section, instead of bombarding the cluster/
substrate system (Fig. 1) with an energetic atom, we
want to study under which conditions the intact
desorption of the spherical cluster is possible. To this
end, we model at timé = 0 a heat spike in the
substrate beneath the cluster by giving each atom in a
hemisphere below the cluster (of radius equal to the
cluster radiusR) a kinetic energyE, with random
velocity direction. The hemisphere contains 7892
atoms. We then let the system evolve in time for 20 ps
and monitor whether the cluster sphere desorbs. We
note that although our initial conditions at= 0
certainly do not correspond to the exact conditions
obtained after any ion bombardment situation, this
simulation may be used to represent a situation of
strong electronic energy deposition in the substrate
below the cluster, or alternatively to model a subcas-
cade, in which a sizable fraction of the projectile
energy is deposited in the surface-near part of the
substrate without damaging much of the cluster. The
latter situation may occur for projectile impact at the
cluster periphery, or for cluster/substrate orientation

cluster, and has been observed also for sputtering of Amisfits, in which the projectile may channel deeply in

spherical target [23]. The few “backwards” emission

events are mainly due to monomers evaporated with

slow velocities from larger clusters toward the sur-
face, and will disappear at later times.

100 g — —
| _+__
T TS e E
z T =
— T+
e
&) +
Ny 1 %&i 3
E T 3
0.1 sl el e
0.1 1 10 100
E (eV)

Fig. 5. Energy distributiorY,(E) of emitted monomers, including
fit to a two-component distribution, Eg. (2), with best-fit surface
binding energyU = 3.56 eV andeffective evaporation tempera-
tureT = 1500 K.

the cluster but not in the substrate.

Fig. 6 shows the result of such a simulatiort at
20 ps after the initiation of the heat spike for an initial
energy ofE, = 4 eV/atom. The cluster has desorbed
from the surface. This was the consequence of the
ablation pressure of the atoms evaporating from the
heat spike into the substrate below. The cluster grew
in size by almost 9% in the process by condensation
of substrate atoms on its bottom part. Its kinetic
translational energy amounts ., = 324 eV cor
responding to a velocity of 1.36 A/ps. This may be
considered a low effectivity since it corresponds to
only 1% of the initial heat content of the spike, 31.6
keV. The cluster was also heated up; it contains an
internal energy ok, = 1894 eV, corresponding to
roughly 850 K.

We examined cluster desorption as a function of
the energyE, given initially per atom to the heat
spike. Fig. 7 summarizes the results by presenting the
resulting translational energy of the clusigy,,,cand
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- - . . heat spike, aftet = 23 ps, the cluster has desorbed.
;" Thus the threshold energy to cluster desorption lies
betweerE, = 2.5 and 3 eV/atom, and hence slightly
below the cohesive energy of Au. The linear depen-
dence indicated as dashed lines in Fig. 7 does not hold
down to threshold values.

Fig. 7 shows that the desorption process becomes
more and more efficient with increasing energy dep-
osition E,. Thus forEy, = 15 eV/atom, the transla
tional energy of the cluster is more than 50% of the
internal energy of the cluster, and 1.4% of the
heat-spike energy was used for desorption. The clus-
ter still contained 95% of its initial number of atoms.
Of course, this case must be considered as an extreme,
since the spike contained initially 118 keV, and the
final temperature of the desorbed cluster is 1600 K
and hence further mass and energy loss by evapora-
tion must be assumed.

=
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Fig. 6. Perspective view showing lift-off of the cluster from the
surface at = 20 ps due to a heat spike at= 0 in the substrate
below the cluster. The heat spike was modeled by giving each
substrate atom in a hemispherical zone below the cluster an initial
energy ofE, = 4 eV.

4, Conclusions
its internal energyE;,, for each simulation. We
observe an almost linear increase of both quantities  Using 100 keV Au bombardment of a Au (111)
with E,. We note, however, that the cluster did not syrface covered with 15 874 atom spherical Au clus-
desorb for thdE, = 2 eV/atom and even 2.5 eV/atom  ters, we could show the existence of different bom-
heat spikes, even when we prolonged our simulations pargment regimes. As a consequence of the fluctua-
until t = 50 ps; after this time, the temperatures in jons in the projectile slowing and energy deposition,
the cluster and also in the bulk have settled to below , some events, the cluster was completely disinte-
the melting temperature so that no further emission grated, giving rise to huge sputter yields, whereas the
processes can be expected. Forige= 3 eV/atom g a6 remained more or less intact. In other events,

the projectile penetrated deeply, leaving the surface

Zggg_' rrrrTTTTTTTTT 'E’%HL ';'_ and cluster virtually intact. Intermediate cases of all
4000 | " forms exist, where the cluster is heavily damaged,
8500 - o] emitting large clusters and also craters remain on the
Z ool o x XX ] surface. No intact desorption of a cluster could be
Qo000 f xS T observed; we think this is due to the fact that in this
1500 |- T T study we could sample only a small part of the
“;332 Lt ¥t i relevant parameter space.
th ]' ;‘; "1 5 ('3 ; é 51'01'1 1'2 1'3 1'4 1'5 1'6 1'71'8 1‘920 Intact desorption was observed, however, in a

By (eV) situation, where a heat spike developed in the sub-
. 7 Internal . 4 vanslational . i strate immediately below the cluster. This was mod-
ig. 7. Internal energy;,, and translational energk,, .. of the . . .
desorbed cluster as a function of the enegygiven initially per eled in _a separate S'mUIat'_On’ and the threshold to
atom to the heat spike. Dashed lines are to guide the eye. desorption could be determined.
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