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Abstract. We report on a systematic study of the implantation of size-selected Ag'}\} clusters on a graphite
sample, for different cluster sizes (N =1, 3,7,9, 13) and different impact energies (E = 1—30 keV). Results
show that the implantation depth scales linearly with the momentum of the cluster, with a stopping power
which depends on cluster size. We have particularly investigated the effects of the size and the geometry
of the cluster on the implantation into the graphite substrate. A sort of universal behavior, which unifies
different elements and different cluster geometries, can be recognized by scaling the momentum with the
cluster projected surface. The stopping power of the cluster while penetrating the HOPG surface has been
investigated for each cluster size, and a “molecular effect” is recognized, meaning that the stopping power

is not additive in the number of atoms of the cluster.

PACS. 61.46.4+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals — 68.55.Ln De-
fects and impurities: doping, implantation, distribution, concentration, etc. — 79.20.Rf Atomic, molecular,
and ion beam impact and interactions with surfaces — 81.05.Uw Carbon, diamond, graphite

1 Introduction

The deposition of clusters preformed in the gas phase is
an alternative route to the fabrication of controlled nanos-
tructures. Size selection in these experiments is essential
as has been shown for example in the recent progress on
nanocatalysis [1,2]. This type of experiments is typically
performed in the “soft landing” regime, i.e. the clusters
are deposited on the surface at very low energy in order
to conserve the initial selected size. The cluster surface
morphology generated in this way is generally quite un-
stable with temperature [3]. Exploitation of the control-
lable kinetic energy of the ionized cluster beam permits to
pin the clusters to their impact point yielding much more
stable structures. Creation of well-defined vertical nanos-
tructures via implantation of clusters into a substrate [4]
becomes possible.

The graphite surface is a model in the field of clus-
ter physics [4-19]. Due to its unique layered structure it
could be easily cleaned by cleavage and it is chemically
inert. In particular, the impact of fullerenes [21,22] and
different ions [13,23-27] on HOPG has been extensively
studied, both by experiments and by molecular dynamics
simulations.

In the last few years, the more complicated system of
metal clusters on HOPG has also been modelled (by us-
ing quite different types of potentials describing the metal
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cluster and the covalently bonded graphite substrate) and
experimentally analyzed.

In particular we are interested in the Agy/graphite
system, for which significant progress has recently been
reported [4-6,8-10, 16, 17, 20]. For low deposition ener-
gies (i.e. <leV/atom), size-selected Ag clusters can dif-
fuse and aggregate to create three-dimensional structures
on the graphite substrate [11]. At intermediate deposi-
tion energies (i.e. ~#1—100eV/atom), above a threshold
energy which scales with cluster size, deposited Agy clus-
ters (N = 50—200) are pinned to their point of impact on
the graphite surface [10]. Finally, for high deposition en-
ergies the Ag clusters implant into the graphite and rest
at the bottom of a short tunnel [8]. The controlled cre-
ation of these well-defined nanostructured systems require
a precise understanding of the scaling relations which
define implantation. In particular, by molecular dynam-
ics simulations the implantation of large Agy clusters
(N = 20—200) is found to scale linearly [8] as E/N3. On
the other hand, recent results on the impact of smaller
Ag7 clusters on graphite indicate an implantation depth
which scales with the momentum of the clusters. This scal-
ing relation applies also to Au; and Si7, suggesting an uni-
versal scaling behavior of the implantation depth for small
clusters.

Moreover, in the case of small clusters, the cluster ori-
entation and the impact site could be important parame-
ters that affect the depth of cluster penetration.
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In this paper we present a systematic STM study of
the implantation depth of (small) Agy clusters (N =
1,3,7,9,13) into graphite, for incoming kinetic energies
ranging from 1 to 30 keV. For measurements of the im-
plantation depth of the clusters, since the well-diameter
is typically smaller than the STM tip, the sample is ox-
idized. Oxidation is used to obtain much wider etch pits
of the same depth as the implanted cluster.

2 Experimental
2.1 Implantation of silver clusters into HOPG

The production of silver clusters has been performed with
a CORDIS-type cluster source, based on sputtering of the
Ag target with 20 keV Ar-ions [28]. Cations are extracted
with a series of electrostatic lenses and filtered in energy
by a Bessel-box (energy window of +7.5 eV). The sil-
ver ions Ag} are then injected into a quadrupole, and
mass-selected (in this experiment N = 1,3,7,9, 13). Mass-
selected clusters are projected at normal incidence onto
the graphite surface, which has been prepared by cleaving
with Scotch tape immediately prior to insertion into vac-
uum. The profile of clusters impacts on the HOPG surface
has approximately the form of a Gaussian distribution.
The FWHM of the distribution depends on the distance
between the quadrupole and the surface (~1 cm), and
on the bias voltage applied to the sample. The clusters
impact energy is controlled by the voltage on the sam-
ple, and coverage is determined by the beam current den-
sity and the deposition time. Typical values of the beam
current and of the deposition time are ~10pA and ~5s
respectively, which yield a mean coverage of the order
of 100 impacts/um?.

2.2 Oxidation

The cluster implantation depths are obtained by the etch-
ing method [4,13,18,21,29,30]. The sample is treated in
an oven, evacuated to a pressure of ~107° mbar, and
heated to a temperature of 650 °C. A first annealing is
performed in order to clean the sample (it is heated in
vacuum at 650 °C for approximately 2 minutes). Oxida-
tive etching is then achieved by heating the sample at the
same temperature for approximately 25 minutes in a con-
trolled atmosphere of oxygen (partial oxygen pressure is
~100 mbar).

Different etch times, temperatures and oxygen pres-
sures control the pit growth rates and the activation ener-
gies [31]. In particular, the average diameter of the etched
pits at a fixed temperature and oxygen pressure, increases
linearly with reaction time [29].

2.3 STM

After oxidative etching, the sample is cooled down at am-
bient temperature, and examined by a “home-built” STM
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Fig. 1. (a) Etch pits generated on a pure HOPG sample heated
at 650 °C in a 100 mbar atmosphere of oxygen for 40 min;
(b) line scan on two different 1ML pits.

in air, which is based on the Pan design [32,33]. Shear
piezos allow the sample to move on the z-y plane, making
displacements of the order of a few millimeters. The STM
works in the “constant current mode”, at ambient con-
ditions of temperature and pressure. Images are taken at
typical currents of the order of 1—2nA and bias voltages
of approximately 1—2V (the sample is positively biased
respect to the tip).

3 Results
3.1 Oxidative etching of pure HOPG

The results of the oxidation of the pure graphite substrate
in a controlled atmosphere of approximately 100 mbar of
oxygen, at 650 °C, is studied by scanning tunneling mi-
€roscopy.

Figure 1 is a representative STM image showing etch
pits of uniform size and monolayer depth formed on pre-
existing defects in the HOPG basal plane. The density of
pits in different samples varies from 80 to 100 ym~2. Most
of the defects are circular in shape, and their average di-
ameter ranges about 40—50nm. In a few cases, new etch
pits are formed at the center of other pits. This possibly
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Fig. 2. (a) STM images of hillock defects on bombarded
and still not oxidized HOPG surface; (b) zoom on implanted
clusters.

happens where defects in the second layer are exposed to
oxygen during the expansion of etch pits in the first layer.

These naturally occurring defects on the graphite
surface, form a background of monolayer pits which is
to be subtracted from the defects formed by cluster
bombardment.

3.2 Implantation of Ag clusters into HOPG
3.2.1 Before oxidation

Figure 2 is a typical example of the graphite substrate
after the implantation of Ag;' clusters at a deposition en-
ergy of 2keV. As such hillocks have never been observed
on the pure HOPG surface, they constitute a mark of the
presence of clusters on the substrate. Due to the small
size of the protrusions, STM measurements before oxida-
tion require a much higher impacts density than the usual
one for the analysis of oxidized surfaces. In Figure 2 the
coverage is approximately 20000 impacts/um?.

The mean hillocks diameter measures ~20—30 A and
their mean height is approximately 3—4 A. The size of the
protrusions is the same as the one measured by the group
of Palmer [14] for the implantation of Ag; (N =1,3,5,7)

clusters on graphite, at similar impact energies. Protru-
sions of similar size are also observed in the case of differ-
ent atomic ions impacting on graphite [34,35].

3.2.2 After oxidation

After oxidation of the samples, hillocks are no longer vis-
ible but they are replaced by etch pits of various depths.

We have made a systematic study of the implantation
depths of different Agj\', clusters (N = 1,3,7,9,13) im-
pacting on HOPG at energies ranging from 1 to 30 keV.

Figure 3 shows examples of the oxidized graphite sur-
face after implantation of silver clusters of different sizes
and different impact energies. All the images have been
systematically analyzed by measuring the depth and the
diameter of the etch pits. Each image contains two dis-
tributions: the first one due to clusters impacts on the
surface, and the second one related to the one-monolayer
natural defects. The etch pits associated to the naturally
occurring defects are smaller and shallower than the pits
originated from clusters impacts.

To obtain significant statistics, at least 80 pits have
been measured, for each cluster size at a specific kinetic
energy. Some of the results are shown in Figure 4. Almost
all the depth distributions have a Gaussian form, once
the background of monolayer pits coming from the natu-
ral graphite defects has been subtracted. Only the height-
distribution associated to the implantation of monomers
presents some differences, which will be described in Sec-
tion 4.1.

By fitting the measured histograms with Gaussian dis-
tributions, we have determined the mean implantation
depth for each cluster size at each incoming energy. In the
case of the monomer, as the distribution is not Gaussian,
the mean implantation depth is taken to correspond to the
small peak appearing in the upper part of the distribution
(for more details see Sect. 4.1).

Figure 5 contains the plots of the mean implantation
depth (for each cluster size) as a function of the clus-
ter incoming energy. If we consider the low energy range
(Fig. 5b), the different curves are not easily distinguish-
able, even if error bars have been suppressed for more clar-
ity. But when considering the whole energy range for Agr
and Agis, a “square-root” behavior of the mean depth as
a function of energy can be recognized and possibly ex-
tended to the other sizes (Fig. 5a).

In the following sections, starting from this observed
relation between the mean implantation depth and the
cluster kinetic energy, the appropriate scaling relations
connecting the depth to other dynamical parameters of
the incident cluster will be explored.

4 Discussion of the results
4.1 Implantation of monomers

The monomer depth distribution does not take a Gaus-
sian form, and the main peak corresponds to a pit depth
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Fig. 3. Different examples of oxidized graphite surfaces, after
the impact of Agy clusters at various kinetic energies.

which is much shallower than the expected one. The pos-
sible reason is that, in the case of monomers, the distri-
bution of etch pits depths doesn’t reflect the implantation
depth of the ions [27,36]. This is related to the fact that the
monomer, due to its small size, can be trapped in-between
graphite layers, forming interstitial defects. Both vacancy
defects (VD) created by permanent displacement of sur-
face carbon atom and interstitial defects (ID) are etched to
pits, but their etching efficiencies are different [13]. Hahn
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Fig. 4. Histograms of etch pit depths after implantation of
Agn clusters at various kinetic energies, as measured by STM.

and Kang have shown (for rare gases) that at all energies
there is only a portion of the ID which is transformed into
pits, while the rest of the ID defects vanishes without un-
dergoing oxidative etching during the heating period [37].
On the other hand, nearly all carbon VD are converted
to pits by thermal oxidation, for all the energies that we
have considered.
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Fig. 5. Mean penetration depth as a function of the cluster in-
coming energy, for each cluster size. Filled and open marks are
used, to better distinguish the different curves. In the follow-
ing, our results will be characterized by filled marks. (a) The
square-root fits of the Agl and the Ag]; curves are shown.
Error bars have been added to the data points. (b) Zoom on
the low-energy part of (a). Error bars have been suppressed for
more clarity.

The low etching efficiency of interstitial defects can
be explained by the following considerations. Energetic
ions penetrate into HOPG producing line defects that cut
through many layers. If there are no in-line defects in the
upper layers just above the trapped ions, these buried de-
fect sites are not accessible to the thermal oxidation by
oxygen [27].

As in the case of the monomer implantation the pro-
portion of interstitial defects can be important, the real
penetration depth of the monomer ion is much higher than
the peak of the measured pit-depths distribution. It is then
reasonable to assume that the “real” mean implantation
depth corresponds to the upper edge of the experimental
pit-depths distribution.

4.2 Scaling relations

As cited in the introduction, recent results on the impact
of Agz, Au7 and Si7 clusters on graphite, indicate an im-
plantation depth which scales with the momentum of the
clusters, suggesting an universal scaling behavior of the
implantation depth for small clusters of different species.
The linear relationship between the implantation depth
and the cluster momentum is consistent with a retarding
force proportional to the cluster velocity [17].

Interesting results come also from the study of
fullerene cluster ion induced damage on HOPG, for im-
pact energies ranging from 0.5 to 23 keV [22]. They fit their
measured implantation depth with both a linear function
of the incident velocity and the incident energy, and found
a better description of the data with the first model [36].

Looking for a refined investigation of these recently
proposed scaling relations, we made a systematic study
on different silver cluster sizes (N = 1,3,7,9, 13) impact-
ing on HOPG over an extended energy range (from 1
to 30keV).

Starting from the observed “square-root” behavior of
the implantation depth vs. energy, we have found a good
linear relation between the mean implantation depth and
the cluster momentum (Fig. 6a). The results are presented
for all cluster sizes and over the full energy range.

Trying to find a sort of “universal” behavior consist-
ing in straight lines of same slope for each cluster size, we
have tried to divide the momentum of the incoming clus-
ter with the cluster projected surface. This momentum
scaling was motivated by the fact that when we consider
the outcome of cluster deposition, it is not only the energy
or the momentum of the cluster which are important, but
also the local area of the substrate with which the cluster
interacts.

4.2.1 Scaled momentum in the approximation of spherical
particles

We started by approximating clusters with spheres. The
cluster volume is filled by N-atoms, which are treated like
spheres. The atomic radius is the “Wigner Seitz radius”,

defined by the equation:
M,
P
4 po

in which pg is the density of the bulk, and M,; the mass
of an element atom. For silver, . is approximately 1.6 A.
In this approximation the cross-sectional area is equal
to TN %rfus. In the case of the monomer ion, we consider
that it is neutralized before the impact on the graphite
surface. It is then treated like a neutral atom.

Dividing the momentum of the N-atoms cluster
by N grfus, we obtain a momentum scaled by the clus-
ter projected surface. In Figure 6b the mean implantation
depth is plotted as a function of this scaled momentum.
The curves are presented only up to an energy of 4 keV,
in order to consider the same energy range for all cluster
sizes, and to have higher visibility on the different curves.
Results on Cf; [22] are added for comparison.

C{y is taken with its own real structure, a sphere of
radius 5.6 A. The Cgo projected surface is then the section
of the sphere.

Observing the graph, we can conclude that this ap-
proximation is already quite good. All the curves group
together (except for Cgo), and there is a good accordance
between the slopes of the different straight lines.

4 .
V:Ngm’fus = Tws =
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Fig. 6. (a) Mean penectration depth vs. momentum, for the
different cluster sizes over the full energy range (filled marks).
Results on Cgy [22] and on Ag; [17] are added for comparison
(open marks). For the data on Ag}*‘ by the Palmer group, the
plotted implantation depth corresponds to the upper edge of
the experimental distribution. (b) The momentum is scaled
with the cluster projected surface, in the approximation of
spherical particles. Results on Cg [22] are added for compar-
ison. (¢) The momentum is scaled with the projected surface
calculated from the real cluster geometry. Results on Cgy are
added for comparison [22].

4.2.2 Scaled momentum starting from the calculated
geometry of the cluster

Trying to obtain an even better description of the problem,
we have calculated the cluster projected surface starting
from the geometrical structure of the clusters (Fig. 7). The
monomer is still treated like a sphere whose radius is the
Wigner-Seitz radius.
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Fig. 7. (a) Geometry of Agl, (N = 3,7,9) clusters as calcu-
lated by Bonacié¢-Koutecky [41]; (b) geometry of Agf, as cal-
culated with a DFT scheme by Dr. Fortunelli, CNR of Pisa,
Ttaly [42]. In its ground structure, Agf; is a distorted “Jahn-
Teller” cuboctahedron.

Except for Agl and for Agd (whose case will be dis-
cussed later), the size of the atoms is considered to be
negligible for the calculation of projected surfaces, and
atoms are treated like points. Obviously, this approxima-
tion is reasonable only for large sizes (cluster projected
surface > “atom projected surface”). Still in the case of
“large” clusters, the projected surface is calculated as the
arithmetical mean between the maximal and minimal sec-
tions. This approximation improves as higher the symme-
try of the clusters is, and it takes into account all the possi-
ble orientations into which the cluster can hit the surface.
In the case of large clusters we neglect (as first approx-
imation) the deformation of the cluster when it impacts
on the HOPG substrate.

We shall now discuss the case of the trimer ion, which
has a planar structure (Fig. 7a). As the atomic dimensions
are of the same order of the triangular surface calculated
from the interatomic distances, atoms cannot be consid-
ered as points. In a good approximation, we can assume
that atoms are arranged in the plane in order to fill the
triangular structure. If at the impact on the HOPG sub-
strate the Ag§r plane and the graphite surface are parallel,
the cluster is not deformed and the projected surface is
simply equal to three times the “atomic section”, 7r2 .
In the case of all the other orientations of the impinging
cluster respect to the graphite plane, we imagine that the
rear atom feels the repulsive potential of the other two,
the cluster rotates and hits the surface in the same con-
figuration than before. Agg' “mean” projected surface is
then equal to three times the “atomic section”.

Results obtained with this more accurate momentum
scaling are shown in Figure 6¢c. We can observe that all
curves group together, and the slope is almost identi-
cal to the Cd, one (the curve associated to Cg, doesn’t
change with respect to the previous model, as it is in both
cases taken with its own real spherical structure). The
good agreement obtained proves that, independently on
the considered element and on the cluster geometry, im-
plantation depth is a linear function of a momentum “per
unit surface”.
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4.3 Stopping power

Fitting the linear behavior of the implantation depth as
a function of cluster wvelocity, we found different straight
lines for different cluster sizes (we have shown the linear
dependence between implantation depth and cluster mo-
mentum in Sect. 4.2):

(2)

where h is the mean implantation depth expressed in me-
ters ([m]), an and by are the fit parameters of the straight
lines(expressed in [m] and [s], respectively), and vg is the
initial velocity of the cluster.

As Pratontep et al. [17] pointed out, the latter equation
is consistent with a linear dependence of cluster velocity v
on distance x from the surface, arising from the applica-
tion of Newton’s Law with a Stoke’s type resistance force.

We can then derive the initial cluster kinetic energy Ey
in terms of the initial cluster velocity, vg, to find:

h = any +byvg

mh?
2 2,

2

mays
5 -

2b%;

may
2
by

Ey = h+

We can assume that the latter quantity, with h = x, equals
the loss of energy undergone by the cluster at a distance x
from the surface. In other words, we can express the energy
of the cluster at “distance z” in the form:

E= Eo(h) - Eo(x)

The stopping power is defined by dE/dx, the energy loss
per unit distance, which means:

dE m

—(ﬂ?) _ T:L’ _ man
dx b3

7 (3)
by

Significant is the trend of the stopping power as a function

of cluster velocity, for each cluster size. In equation (3) we

can insert the mentioned linear behavior of x vs. v using

equation (2), and obtain:

dFE m man m
— = — b - —— = —1p.
e (l‘) b?\, (aN + NUQ) b?\, b U0

(4)
This equation shows that the stopping power varies lin-
early with the incident velocity, with a slope which
changes with the cluster size.

A consequence of the linear behavior of the implan-
tation depth as a function of the cluster momentum is
that the stopping power S shows a so-called molecular
effect, i.e.:

S(N) «x N*S(1) (5)
with a < 1.

All the “stopping power vs. velocity” curves have
been scaled with the stopping power associated to the
monomer, S(1). The resulting curve (S(N)/S(1)) is shown
in Figure 8, together with the fitting curve 5 N 3, with
£ = 0.73 + 0.03. Analyzing our data yields a good agree-
ment with the fit N3, which relates the term N (Eq. (5))
to the projected surface in the sphere model.
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Fig. 8. Stopping power normalized with the curve associated
to the monomer. Two different N* curves are shown (o = 1:
no molecular effect, « = 2/3: projected surface in the sphere
model).

This “molecular behavior” is consistent with previ-
ously reported results [38—40], obtained both in the case
of heavy ions incident on a light target and in the case of
a mass ratio equal to one. This phenomenon is explained
by assuming that the earlier arriving cluster atoms knock
out the target atoms and clear the way for the late-coming
cluster atoms [38].

5 Conclusions

In summary, we have reported a systematic study on the
implantation of silver clusters into a graphite substrate,
for different cluster sizes and over an extended energy
range.

First we have found a linear dependence between the
penetration depth and the momentum of the cluster, for
each cluster size. This result is in good accordance with
previous results for the impact of Cgy, Agi and Auj on
the same substrate.

In particular we have investigated the effects of the
cluster geometry on the implantation into the graphite
substrate. The step from the simple liquid drop model
to the actual calculated geometry of the cluster improved
considerably the model.

Finally we have investigated the stopping power “felt”
by the Ag clusters of different sizes, while penetrating
the HOPG substrate. An important question is whether
the stopping power is simply linear with the number of
atoms N in the cluster. Data clearly show a molecular be-
havior, meaning that the stopping power per cluster atom
is smaller than the stopping power for atomic projectiles
moving at the same velocity. In particular, we were able
to quantify this molecular effect.

The authors would like to thank Dr. H. Hovel for helpful dis-
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A. Fortunelli for the calculation of the geometric structure
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