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Abstract. The results of a systematic study of surface defect formation after energetic Ar+n (n =
12, 22, 32, 54) and Xe+

n (n = 4, 16) cluster ion implantation into silicon and sapphire are presented. Im-
plantation energies vary from 3 to 18 keV/ion. Two cases of comparative studies are carried out: the same
cluster species are implanted into two different substrates, i.e. Ar+n cluster ions into silicon and sapphire
and two different cluster species Ar+n and Xe+

n are implanted into the same kind of substrate (silicon).
Atomic force, scanning electron and transmission electron microscopies (AFM, SEM and TEM) are used
to study the implanted samples. The analysis reveals the formation of two types of surface erosion de-
fects: simple and complex (with centrally positioned hillock) craters. It is found that the ratio of simple
to complex crater formation as well as the hillock dimensions depend strongly on the cluster species, size
and impact energy as well as on the type of substrate material. Qualitative models describing the two
comparative cases of cluster implantation, the case of different cluster species and the case of different
substrate materials, are proposed.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals – 61.80.Lj
Atom and molecule irradiation effects – 68.37.-d Microscopy of surfaces, interfaces, and thin films

1 Introduction

Clusters of atoms and molecules have been intensively
studied during the last twenty years in different fields of
science and technology because of their unique properties.
For example, beams of clusters are considered to be pow-
erful and versatile tools for modification of solids. Depo-
sition of clusters, thin film growth, cluster implantation,
surface smoothing and etching by cluster beams are the
main application oriented directions stimulating research
in this field [1–7]. Such a broad interest in cluster beams is
due to the possibility of transporting matter in a control-
lable fashion which allows the synthesis and processing of
structures on the nm-scale.

Cluster-surface impact is fundamentally different from
that of monomer ion impact. Clusters generate multiple-
collision effects and their interaction with the substrate is
non-linear. Non-linearity arises from the fact that many-
particle interactions have to be taken into account and
the simple binary collision theory doesn’t work properly
in most of the cases when describing the stopping of clus-
ters in solids. It is therefore of interest to study the effect
of single cluster-surface impact in both experiment and
theory. Through understanding such fundamental aspects
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one can hope to develop more applied research and make
use of the full power of cluster beams for producing novel
nanostructured materials.

Energetic cluster impact with low ion fluences typically
produces two main types of defects on the surface: craters
and hillocks. Both of these features have been known be-
fore for conventional monomer ion implantation. One of
the first observations of crater formation after heavy ion
sputtering was published in the beginning of the 1980s [8].
A thermal spike model [9, 10] was used to explain the
crater formation associated with individual displacement
cascades originated by the penetrating particles. Along
with craters, bumps with heights of a few nm, called
hillocks, were also found in experiments on ion-surface
collisions [11, 12]. The ion impact energies at which this
effect was observed were in the keV range. Later on, the
same features were also revealed in different experiments
involving low energy multiply charged ions [13] as well
as swift heavy ions [14–16]. In most cases the origin of
the hillocks is explained in terms of the above mentioned
thermal spike model. Thus, for low energy implantation,
when nuclear stopping of the projectile ion is dominant,
the spike is thought to result from the energy deposited
by ion-atom and atom-atom collisions during the ballis-
tic phase of the collision cascade in the target. With an
increase of implantation energy (MeV and higher), the
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role of energy loss due to electronic excitation along the
track increases and the contribution from the electronic
stopping to the spike energy dominates over the nuclear
stopping. In this case the hillock height is an increasing
function of the implantation energy [17].

During the last ten years some experimental stud-
ies were performed on crater formation by cluster ions
for different energy regimes, cluster sizes and substrate
materials [18, 19]. This research was accompanied by
MD simulations where various empirical potentials were
employed [18, 20, 21]. In the case of cluster implantation,
MD simulations treat all the cluster atoms simultaneously,
in this way accounting for non-linear effects to some ex-
tent. For impact normal to the surface, craters are typi-
cally observed in MD simulations to be hemispherical in
shape. In some cases the crystallographic structure can
be reflected in the asymmetry of the crater wall [18] and
with a change of impact angle the crater shape follows
the direction of the beam in which direction also the max-
imum sputtering occurs [1, 22]. Because of the effective
material excavation by impacting clusters, the formation
of crater rims with heights that can reach ca. one nm was
observed [18, 23].

It was shown by both experiment and theory that stop-
ping of a cluster ion consisting of n atoms is not neces-
sarily the same as n times the stopping of one individual
ion, or more precisely, the nuclear stopping power of an
atom in a cluster is less than the stopping of a single atom.
The idea that the front atoms in a cluster penetrate the
target and clear the way for the rest of the atoms mov-
ing behind was used to explain this effect, also called the
“clearing-the-way effect” [24, 25]. This effect was exper-
imentally observed for small boron (20 keV/atom) and
silver (up to 30 keV/cluster) clusters implanted into sili-
con and graphite, respectively [26–28]. On the other hand,
it was also predicted that the correlated motion of clus-
ter atoms can cause high-yield electronic excitations in
the target thus enhancing the stopping of a cluster un-
der certain conditions [29]. This behaviour was originally
called the “vicinage effect” and found playing important
role mainly for high-energy implantation.

The surface structures in the form of hillocks, produced
due to cluster-surface impacts, have not been extensively
studied. To our knowledge, there have not yet been any
successful results of MD simulations revealing formation
of such surface defects published in the literature. Hillocks
were experimentally observed in the case of different im-
pact energies (from keV to GeV) with sizes up to 20 nm
in height and with different probabilities compared to the
simple crater formation [30–34]. Various attempts to ex-
plain the formation of such nanometer sized surface bumps
involve thermal spike as well as shock wave, pressure pulse
and Coulomb explosion models [32, 35].

Very recently we have also experimentally observed
the formation of so-called “complex craters” when hillocks
were found to be surrounded by rims of crater walls [36].
In this paper we present the results of systematic studies
of these complex structures formed on two different sub-
strate materials, silicon and sapphire, after implantation

with low-energy Ar+n and Xe+
n cluster ions. Emphasis is

placed on the investigation of the effects of different ma-
terial properties and different cluster species on the mech-
anism of complex crater formation. After analysis of the
collected data, the proposed earlier qualitative model of
complex crater formation is developed. Finally, the com-
parison between our results and the results of different
theoretical and experimental studies on similar systems
obtained by other groups is presented.

2 Experimental

Samples of Si(111) with a natural oxide layer and
Al2O3(1-102) were implanted by Ar+n and Xe+

n cluster
ions obtained using the Pulsed Cluster Source (PUCLUS)
setup. The detailed description of PUCLUS can be found
elsewhere [37, 38]. Here we only briefly mention the main
features of the experimental setup that are relevant to the
present studies.

The cluster source is based on a high pressure pulsed
valve for supersonic expansion (Even-Lavie-5-2000)
mounted on a source chamber with a 3D translator. The
typical gas stagnation pressures for Ar and Xe feed gases
were 90 and 30 bars, respectively. The pulse repetition
rate was 10 Hz. Positively charged cluster ions are effi-
ciently generated by supersonic expansion of gas through
the nozzle and its subsequent electron impact ionisation
from a hot tungsten filament located on the outlet of the
valve. A conical skimmer (orifice diameter 1.9 mm) sepa-
rates the production and acceleration stages of PUCLUS.
The subsequent acceleration, focusing, deflection and mass
selection of the cluster ion beam produced by the source
take place in the acceleration chamber. An MCP detec-
tor for primary cluster ion beam detection and charac-
terisation is mounted in a third (collision) chamber. The
samples for implantation are loaded in the collision cham-
ber. The background pressure in the collision chamber was
2 × 10−7 mbar, which rose to 1 × 10−6 mbar after the in-
troduction of the cluster beam. The estimated ion beam
fluences during the experiments were around 109 cm−2

ensuring isolated single cluster impact with the surfaces.
In the first series of experiments, two different types of

substrate, Si and Al2O3, were both bombarded with Ar+n
clusters (n = 12± 1, 22± 1, 32± 1, 54± 1). The substrate
materials were obtained from CrysTec and Crystal com-
mercial suppliers [39, 40]. The Si samples had a natural
oxide layer with a thickness of ∼ 2.5 nm as determined
from TEM measurements. The main properties of the two
materials are listed in Table 1.

The aim of the second series of experiments discussed
here was to investigate the influence of the mass of the
cluster monomer units on the surface defect formation. In
this case two different sets of rare-gas clusters were chosen
to be implanted into one kind of substrate: Ar+n (n =
12± 1, 22± 1, 32± 1, 54± 1) and Xe+

n (n = 4, 16) into Si.
The cluster sizes were chosen in such a way that clusters
made of Ar and Xe atoms had similar total masses, e.g.
Ar+12±1 and Xe+

4 . The cluster energy (implantation energy)
was varied within the range of 3–18 keV/ion.
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Table 1. Material properties data for silicon and sapphire samples.

SiO2 / Si Al2O3

Surface orientation Amorph. / (111) [39] (1-102) [40]

Density, g/cm3 2.19 / 2.33 [41] 3.98 [40]

Melting point, K 1986 / 1685 [41] 2325 [40]

Enthalpy of fusion, kJ/mol - / 50.21 [41] 111.4 [41]

Thermal conductivity (300 K), W/mK 1.4 / 148 [41] 23.1–25.2 [40]

Displacement energy, eV 15 (Si), 20 (O) / 15 (Si) [42] 16 (Al), 75 (O) [43]

(a) (b)

Fig. 1. (a) AFM image of complex craters formed on the surface of silicon after 18 keV Ar+12±1 cluster ion implantation;
(b) cross-sectional view of one of the complex structures.

AFM was used for analysis of the surface morphol-
ogy of the implanted samples. The instrument used was
a DI Dimension 3000 Scanning Probe Microscope and it
was run in the tapping mode. Two cantilevers (both pur-
chased from MikroMasch) were used: a standard Si can-
tilever with a tip curvature radius of less than 10 nm and
a Si cantilever with a diamond-like extra tip having a cur-
vature radius of 1 nm. Due to the finite radius of curvature
of the tip, nanometer-sized structures are typically imaged
with distortion in the lateral dimensions. A relative error
of up to 30% can be expected for the measurements of
lateral dimensions of features with 10–20 nm in size. The
height of the surface defects was measured more precisely
with an absolute error ≤0.2 nm.

A few selected samples were also studied by SEM and
TEM. For SEM analysis a Leo Ultra 55 FEG machine was
used with 1 keV electron beam energy, in the secondary
electron detection mode. The TEM used was a Philips
EM 400 electron microscope equipped with a LaB6 fila-
ment operated at 120 keV for optimum imaging contrast.
The samples for TEM were prepared by mechanical thin-
ning, polishing and ion milling from the back side to make
the samples electron transparent.

3 Results

3.1 Complex craters

The presence of structures called “complex craters” was
observed on the surface of implanted materials in prelim-
inary experiments on implantation of Si by Ar+n clusters

and Ar+ ions as well as other cluster-substrate combina-
tions [36, 44]. A typical AFM image of such a defect is
shown in Figure 1a. The cross-sectional view is presented
in Figure 1b.

On the basis of various theoretical studies and exper-
imental data on cluster-surface impact [18, 20, 21] the fol-
lowing scheme was proposed for the mechanism of com-
plex crater formation: an impacting cluster ion generates
multiple collision cascades overlapping with each other in
a very narrow surface region of the solid material. The
kinetic energy of the cluster constituents is transferred
to the substrate atoms mainly via the nuclear stopping
mechanism (low-energy cluster implantation). Other ef-
fects such as shock-waves as well as efficient ionisation in
the material also play an important role in the evolution
of defects during the very first picoseconds following the
impact. A high density of energy deposition results in a
local melting of a shallow layer of the material around the
impact spot. Because of the difference in densities of the
hot fluidised material and the surrounding crystalline ma-
terial and also due to local tensions and elastic rebound
of the bulk, the liquid melt is pushed away (expulsed)
from the surface. The subsequent rapid quenching of the
melted material results in the formation of a hillock which
is surrounded by the rim of the crater wall. Due to sig-
nificant material intermixing in the collision spot there is
a probability for some of the cluster atoms to get stuck
in the target during its re-solidification. Therefore, one
can expect that the hillock interior contains cluster atoms
alongside small cavities, as indicated by recent MD simu-
lations for Ar12 and Ar54 cluster implantation into Si(111)
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(a) (b)

Fig. 2. (a) AFM image of complex craters formed on the surface of silicon after 15 keV Ar+54±1 cluster ion implantation; (b)
cross-sectional view of the marked crater.

and SiO2/Si(111) [45]. The simulations showed that a vol-
umetric ratio of the embedded argon atoms is negligible
compared to the volume of the collisional cascades formed
in SiO2 and Si.

Here we report the results of systematic studies that
show that the height of the central hillock is strongly de-
pendent on the cluster implantation energy, cluster size,
type of cluster and type of sample material used for im-
plantation. In the following two sections the experimental
results on complex crater formation due to cluster-surface
collisions are presented and related to the expectations of
the above scenario.

3.2 Defect formation on SiO2/Si and Al2O3 surfaces
bombarded with Ar+n clusters

The initial surface roughness of the silicon samples before
irradiation was found to be below 0.2 nm. The rough-
ness is obtained by AFM on a few randomly chosen areas
of 2 × 2 µm. After bombardment of the silicon samples
with 3 keV Ar+12±1 clusters, conically shaped hillocks were
formed as a result of single cluster-surface impacts. The
detailed AFM studies revealed also the presence of rims
centered around the hillocks. The mean hillock height and
mean basal diameter for this cluster size and implanta-
tion energy were estimated from the AFM data to be
2.5 ± 1 nm and 20 ± 5 nm, correspondingly. The sur-
rounding rims were found to be significantly lower with
a maximum height of approximately 0.5 nm and a mean
diameter of 35 nm. As mentioned above, the lateral di-
mensions of the hillocks can be enlarged and shapes can
be distorted due to tip convolution. The height distribu-
tion of hillocks in the range of ±1 nm found in our case
can presumably be explained by the statistical longitu-
dinal range straggling of the cluster constituents in the
target and effects of energy transfer related to this. It is
also possible that variations of the SiO2 layer thickness
can partly contribute to deviations in hillock heights. The
presence of simple craters, i.e. ones that do not contain
central hillocks, was not found on these samples.

When increasing the implantation energy of Ar+12±1
clusters into silicon the following changes in the result-

ing complex structures were observed: the hillocks were
found to be lower in height and narrower in diameter while
the crater rim-to-rim diameter stayed approximately the
same. At the same time a significant number of simple
craters was found. The mean diameter of these craters
was 15 nm. A similar effect of hillock disappearance was
observed for heavier cluster ions (Ar+22±1, Ar+32±1, Ar+54±1)
while increasing the implantation energy. For constant im-
plantation energy a decrease in hillock height with in-
creasing cluster size takes place. The rim-to-rim diame-
ter of complex craters is nevertheless comparable to the
one mentioned before. The rate of the simple to the com-
plex crater formation increases with increase of the cluster
size. It might also be that the hillocks inside the craters
become too small to be resolved by the AFM. In Fig-
ure 2 an AFM image of silicon implanted with 15 keV/ion
Ar+54±1 clusters is shown where the complex structure of
the craters has almost vanished. The summary of these
studies is presented in Table 2a. The mean values and
the standard deviations of the data in the table were ob-
tained from AFM image analysis with data sets of up to
100 measurements per value.

The complex craters were also observed on silicon sam-
ples implanted by monomer Ar+ ions with an energy of
1.5 keV [36, 44]. In this case, hillocks were found to be
approximately 1 nm in height and with basal diameters of
15 nm. If one compares these data with those obtained
in the case of 18 keV/ion (1.5 keV per atom) Ar+12±1
cluster ion bombardment of silicon, one can find that
there is a small difference in hillock height for these two
cases. It could be accounted for by the clearing-the-way
effect. Thus, cluster constituents are expected to pene-
trate deeper, compared to single monomer ions, produc-
ing smaller hillocks. The ratio of simple-to-complex craters
was hight for the monomer Ar+ implantation. Mostly sim-
ple craters were also observed by AFM with an increase
of the monomer implantation energy (up to 6 keV).

In addition to the extensive AFM studies of the silicon
samples implanted by Ar+n clusters, several selected sam-
ples from this set were also examined by TEM and SEM.
In Figure 3 a TEM image (in-plain view) of a single de-
fect produced on silicon by 15 keV Ar+54±1 cluster impact
is shown. We believe that the circular contrast originates
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Table 2. The hillock and crater dimensions obtained from AFM measurements of the samples of (a) silicon bombarded by Ar+n
clusters, (b) sapphire bombarded by Ar+n clusters and (c) silicon bombarded by Xe+

n clusters.

cluster size, cluster energy, hillock height, hillock diameter, crater rim-to-rim diameter, simple crater diameter,

n keV nm nm nm nm

(a)

12 ± 1

3 2.5 ± 1.0 20 ± 5 35 ± 5 not found

6 2.5 ± 1.0 18 ± 5 35 ± 5 not found

9 2.2 ± 0.8 18 ± 5 35 ± 5 not found

12 1.5 ± 0.5 18 ± 5 30 ± 5 15 ± 5

15 0.7 ± 0.3 15 ± 5 30 ± 5 13 ± 3

18 0.7 ± 0.3 10 ± 5 20 ± 5 15 ± 5

22 ± 1

3 1.5 ± 0.5 20 ± 5 35 ± 5 not found

6 1.5 ± 0.5 unresolved 40 ± 10 30 ± 5

9 2.0 ± 0.5 15 ± 5 40 ± 10 20 ± 5

12 0.5 ± 0.2 13 ± 3 25 ± 5 15 ± 5

15 0.5 ± 0.2 13 ± 3 25 ± 5 15 ± 5

32 ± 1

3 0.7 ± 0.3 13 ± 3 35 ± 5 12 ± 2

6 0.7 ± 0.3 unresolved 35 ± 5 12 ± 2

9 0.7 ± 0.3 15 ± 5 35 ± 5 13 ± 3

12 0.7 ± 0.3 15 ± 5 30 ± 5 13 ± 3

15 0.5 ± 0.2 13 ± 3 25 ± 5 12 ± 2

54 ± 1

4 0.5 ± 0.2 13 ± 3 30 ± 5 12 ± 2

15 0.5 ± 0.2 12 ± 2 20 ± 5 15 ± 5

(b)

12 ± 1

3 not found not found not found 19 ± 3

6 1.2 ± 0.4 18 ± 8 unresolved 18 ± 3

9 1.3 ± 0.6 26 ± 6 30 ± 6 not found

12 1.3 ± 0.8 23 ± 7 38 ± 4 28 ± 4

18 0.9 ± 0.3 26 ± 7 32 ± 4 23 ± 5

54 ± 1

3 0.5 ± 0.2 18 ± 2 32 ± 2 26 ± 3

9 1.7 ± 0.5 22 ± 2 28 ± 2 not found

12 1.2 ± 0.5 22 ± 5 41 ± 6 28 ± 3

15 0.9 ± 0.5 19 ± 3 unresolved 30 ± 5

(c)

4

3 1.0 ± 0.4 34 ± 8 42 ± 10 25 ± 3

6 0.9 ± 0.3 30 ± 9 39 ± 10 26 ± 3

9 0.9 ± 0.3 31 ± 4 41 ± 7 27 ± 4

12 0.7 ± 0.2 38 ± 5 50 ± 7 28 ± 4

15 0.4 ± 0.2 22 ± 5 33 ± 6 28 ± 7

16

3 0.9 ± 0.4 36 ± 6 52 ± 6 not found

6 0.8 ± 0.3 21 ± 3 26 ± 4 23 ± 6

9 0.8 ± 0.2 20 ± 2 30 ± 2 21 ± 6

12 0.7 ± 0.2 23 ± 3 42 ± 4 26 ± 6

15 unresolved unresolved 29 ± 3 26 ± 6
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Fig. 3. In-plane TEM image of individual defect formed on the
silicon surface after 15 keV Ar+54±1 cluster ion implantation.

from the strain and compaction of amorphous material
at the border of the region damaged by cluster impact.
The contrast appears to be slightly elliptical due to the
fact that the crater is viewed at an angle. The diameter
of such structures on this particular silicon sample was
measured to be approximately 35 nm. No other structural
defects extending from the crater walls (like cracks, dis-
locations, etc.) were found using TEM. It confirms that
low-energy cluster implantation can produce very shallow
surface damage localised around the point of impact. The
result of SEM analysis of silicon samples implanted un-
der similar conditions is illustrated by a typical image in
Figure 4. The histogram to the right represents the spot

(a) (b)

Fig. 4. (a) SEM image of silicon surface after 15 keV Ar+54±1 cluster ion implantation and (b) diameter distribution of the
contrast spots.

diameter distribution with an average value of 42 nm. The
surface density of the observed contrast spots is in good
agreement with the density of craters found by AFM. Sim-
ilar to the TEM studies, no evidence for complex struc-
ture of the erosions could be found in the SEM images.
The extracted mean diameter of the contrast spots from
both the TEM and SEM is slightly larger than the mean
rim-to-rim diameter of the complex craters observed on
the AFM images (≈30 nm). This difference can presum-
ably be due to different imaging features of the microscopy
techniques used and the way the samples were prepared for
analysis. The dark spots in SEM and dark rims with faint
contrast in TEM presumably correspond to the maximum
damaged area due to single cluster impact with no par-
ticular details resolved, whereas in AFM we measured the
rim-to-rim diameters of the resolved simple and complex
craters. The relatively good agreement in the diameter of
the craters indicates that the AFM measurements give a
realistic indication of the lateral dimensions.

In order to investigate the importance of the prop-
erties of the substrate material for understanding the
mechanism of complex crater formation, complementary
experiments were performed where sapphire samples
were bombarded by Ar+n cluster ions under identical
experimental conditions to the silicon ones. The complex
structure of craters was also observed on sapphire by
means of AFM (Fig. 5a). Rim-to-rim diameters of the
complex and simple craters on sapphire were found to
be 30–40 nm and 20–30 nm, correspondingly. While
taking into account the uncertainty of the AFM mea-
surements, these data are close to those found for silicon.
After analysis of all the irradiated sapphire samples,
the complete data set including the data on hillock
heights, hillock basal diameters, rim-to-rim diameters
of complex as well as simple craters was collected in
the Table 2b. Alternatively, the data on hillock height was
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(a) (b)

Fig. 5. AFM image of craters formed on the surface of sapphire after (a) 3 keV Ar+54±1 and (b) Ar+12±1 cluster ion implantation.
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Fig. 6. Hillock height plotted against Ar+n cluster ion implan-
tation energies for silicon and sapphire.

plotted against cluster implantation energy for different
cluster sizes and for the two substrates used (Fig. 6). The
following tendencies for crater and hillock formation were
found when comparing the results for both investigated
substrates: (1) complex craters appear at higher implan-
tation energies on sapphire than on silicon; (2) for implan-
tation of light clusters (Ar+12±1) the hillocks are higher on
silicon than on sapphire until the hillocks become compa-
rable in height with the surrounding rims at implantation
energies of 15 and 18 keV/ion; (3) there is, in general,
a higher rate of formation of simple craters compared to
complex craters for sapphire compared to silicon. For ex-
ample, there were no simple craters found at all on silicon
implanted by 3 keV Ar+12±1 cluster ions, while for sapphire
implanted by the same cluster ions at the same energy,
there were no complex craters observed, only simple ones
(Fig. 5b).

3.3 Defect formation on SiO2/Si bombarded
with Ar+n and Xe+

n clusters

The importance of the cluster species in the dynamics of
cluster collisions with solids was stressed earlier in publica-
tions on both experimental and theoretical studies [46,47].
Depending on the size and mass of the individual atom or
molecule in the cluster, the binding energy between the
cluster constituents and their reactive properties, one can
tune the cluster beam to achieve the desired effect during
material processing. The cluster species to a large extent
define how multi-collisional cascades will develop from the
impact spot and whether chemical reaction will take place
or not. In the experiment discussed in this section we used
two kinds of clusters to investigate the effect of different
cluster species on the mechanism of complex crater forma-
tion. In both cases clusters were composed of chemically
inert elements Ar and Xe and therefore no enhanced chem-
ical surface erosion or other kinds of chemical reactions
were expected after cluster impact on silicon. Under other
similar implantation conditions (cluster energy, total clus-
ter momentum) the only difference was in the momentum
per atom of the cluster.

For Xe-implanted silicon, the same tendency in crater
formation as for the Ar-implanted case was found. At
the lowest implantation energy of 3 keV/ion mostly com-
plex craters were formed. The rate of formation of simple
craters gradually increased with the implantation energy
and these types of defects dominated for the heavier clus-
ters (Xe+

16). The mean diameters of simple and complex
craters measured from the AFM images for the case of
Xe+

n clusters were found to be 22–28 and 26–52 nm re-
spectively. The complete data set obtained from the AFM
measurements is presented in Table 2c and one of the
typical AFM images is shown in Figure 7. The data on
hillock height are plotted against the cluster energy to-
gether with the data on Ar+n cluster ion implantation of
silicon (Fig. 8). The energy window and the high energy
threshold for hillock formation in both cases is quite sim-
ilar. However, the hillocks produced by Xe+

4 clusters are
found to be almost 2.5 times lower than the ones formed
by Ar+12±1 clusters.
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(a) (b)

Fig. 7. (a) AFM image of craters formed on the surface of silicon after 6 keV Xe+
16 cluster ion implantation; (b) cross-sectional

view of the marked crater.
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4 Discussions

As was mentioned in the Introduction, despite numerous
MD simulations of cluster-surface collisions with keV en-
ergies, there has been no prediction for the formation of
significant hillocks. The MD simulations predict a high
pressure (∼10 GPa) and temperature (104−105 K) [18]
at the point of the cluster impact that can lead to local
melting of the target material. However, the nature of the
hillocks presumably resulting from the “expulsion” effect
and fast melt quenching is still not well understood.

In terms of radiation damage and energy transfer from
a projectile to the material, Al2O3 has a higher displace-
ment energy (for both Al and O atoms) compared to SiO2

and Si (Tab. 1). Sapphire also has a higher melting point
and enthalpy of fusion than both crystalline silicon and
amorphous silicon oxide materials. Therefore, one would
expect that at identical implantation conditions argon
cluster ions should produce less locally melted volume at
the point of collision on Al2O3 than on SiO2/Si. It might

be also important that thermal conductivity of amorphous
SiO2 layer (where major part of the cluster energy is trans-
ferred to) is much lower (see Tab. 1) compared to both
Si and Al2O3. It means that it takes longer for the melt
in SiO2 to cool down and the surface tensions between
the molten and solis phase as well as local stress on the
boundary SiO2/Si can lead to significant viscous flows and
pushing out the molten material. According to the above
described qualitative picture of complex crater formation,
the hillocks resulting from molten material quenched af-
ter the collision should, in general, be more pronounced on
SiO2/Si compared to Al2O3. Such a tendency is seen for
implantation energies of argon clusters up to 15 keV/ion in
our experiments (Fig. 6). Moreover, from the same figure
one can see that the energy window for hillock formation
on Al2O3 is shifted towards larger values of cluster ener-
gies compared to the case of SiO2/Si. The disappearance
of hillocks at higher energies indicates the surface nature
of their formation processes, i.e. the cluster-to-target en-
ergy transfer processes are shifted deeper into the bulk as
the implantation energy increases. It should be also noted
that in the case of lowest implantation energy of 3 keV/ion
and SiO2/Si target used in the experiments, the hillocks
are probably resulted due to expulsion of the oxide layer.
For higher implantation energies, melting of crystalline
silicon should be taken into account.

According to the MD calculations presented in [46]
(20 keV Nen, Arn and Xen clusters impacting on Si(100)),
higher material damage is produced by clusters that carry
a larger total momentum at the same cluster energy and
cluster size (from tens to a few thousands). Furthermore,
in this cluster size range, the effect can be normalised by
the total cluster momenta independently of the cluster
species. However, in our experiments on hillock formation
we clearly see an effect of the cluster species, which means
that the momentum of a separate cluster constituent is an
important parameter. While analysing the impact of Ar+n
and Xe+

n clusters with close total mass and the same im-
plantation energy, one can expect higher projected ranges
for the xenon constituents due to the higher momentum
per cluster atom [26, 27, 42]. Hence, the cluster-to-target
energy transfer due to nuclear stopping is shifted slightly
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deeper into the substrate for the case of xenon that can
lead to a decrease of the surface melting. As mentioned
in [47], upon cluster break up, atoms of heavier elements
damp the motion of target atoms more efficiently than
those of lighter ones. Thus, smaller hillocks by Xe+

n cluster
ion bombardment can be explained (i) by higher projected
ranges of the xenon cluster constituents decreasing surface
melting and (ii) by a suppression in the “expulsion” effect
due to the damping of the motion of silicon atoms (also
oxygen atoms in the oxide layer) by heavy xenon atoms.

5 Conclusions

Results of systematic studies of surface defect formation
under various conditions of energetic cluster-surface im-
pact were presented. The formation of simple and complex
craters was observed by AFM on the surfaces of silicon and
sapphire samples implanted by Ar+n and Xe+

n cluster ions.
The effect of the substrate properties on the complex

crater formation mechanism was investigated by compar-
ison of the AFM data obtained on SiO2/Si and Al2O3

samples both implanted with the Ar+n cluster ions under
identical conditions. More prominent complex craters with
higher hillocks were found on silicon substrates that have
lower material density, melting temperature and smaller
atomic displacement energies compared to sapphire. It
was also found that the energy window where hillocks are
formed is shifted towards higher implantation energies in
the case of sapphire. Cluster implantation into sapphire
also leads to a higher rate of simple crater formation com-
pared to silicon.

In addition to the AFM investigations, SEM and TEM
analysis was performed on several selected samples of
SiO2/Si implanted by Ar+n clusters. There were no com-
plex structures observed in these studies, however the sur-
face density and diameters of the features were found to
be comparable with the ones obtained by AFM on the
same samples.

In order to understand the importance of the clusters
species for the process of complex crater formation, an-
other comparative study was performed where clusters
of different chemical elements, namely argon and xenon,
were implanted under similar conditions into SiO2/Si sub-
strates. In the case of xenon cluster implantation, the
produced hillocks were observed to be lower than for the
argon cluster implantation. It was suggested that the dif-
ference in the projected ranges of argon and xenon cluster
constituents and, connected to this, the difference in the
total energy losses on the cluster stopping powers leads
to a decrease of the energy transfer at the surface layer
and therefore also a decrease of the surface melting in the
case of xenon cluster implantation. The effect can also be
explained in the way that after cluster breakup on impact
the more than three times heavier xenon atoms damp the
motion of target atoms more efficiently than the argon
atoms do, thus decreasing the effect of ”expulsion” of the
melted material. Such qualitative explanations also agree
with the fact that a much higher rate of simple craters was

observed for the case of xenon compared to argon cluster
implantation.
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Research Council (VR) and are grateful to Prof. L.
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