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SURFACE EROSION UNDER CLUSTER ION IMPLANTATION: 
CRATER AND HILLOCK FORMATION
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Silicon samples implanted by small mass-selected A rn* and (N2)1/  cluster ions with energies in the range of 3-18 keV/cluster 
are studied using atomic force microscopy. Control samples implanted by Ar* ions with the energies of 1.5-5.0 keV are used for 
comparison. The images show surface erosion appearing as simple and complex crater formation in the cases of both mono
mer and cluster bombardment. The complex craters with centre-positioned cone-shaped hillocks are surrounded by low-height 
rims (-0.5 nm). The hillock height varies on a few nm scale depending on the implantation energy, cluster size and species. A  
simple model explaining the hillock formation with relation to the thermal-transfer effect at the collision spot is proposed.

Introduction
Ion beam technologies have attained an ad

vanced stage of development. However, nowadays 
fabrication of nanometre-scale structures needs 
much more controllable and versatile tools on an 
atomistic scale. In the last decade there has been a 
growing interest in using cluster ion beams as an 
alternative to beams of monomer ions [1]. Since the 
middle of the 90’s a number of research groups have 
been involved in the study of cluster ion beams.

Specific phenomena at cluster-surface impact 
allow one to divide the use of clusters into two con
ditional cases: low-energy and high-energy regimes. 
There is no precise dividing line on the energy scale 
for those two cases. However, one can consider a 
process as low-energy when the energy per atom of 
the accelerated cluster is below or the same as the 
binding energy of constituents in the cluster. It is so- 
called soft landing of clusters. In this paper we 
mainly discuss the other regime, i.e. when the en
ergy of a cluster constituent atom is over both the 
constituents binding energy (the cluster breaks down 
under the energetic impact) and the penetration 
threshold energy of a target material.

Due to the large size and weak bonding of atoms 
the cluster-surface impact is fundamentally different 
from that of monomers [2]. The cluster size usually 
exceeds a target unit cell size. Hence, nuclear stop
ping (direct collisions with target atoms) dominates 
for clusters from the first atomic layer of the sub
strate. Clusters generate multiple-collision effects 
with lower energies. An acceleration of, for example, 
100 atoms cluster to 10 keV provides 100 eV energy 
to each constituent atom. However, multiplication of 
this relatively low energy by the number of atoms 
and dividing by very small surface collision area 
leads to high density of energy deposited by the 
cluster.

It is generally recognised that the cluster-solid 
interaction is non-linear which gradually increases 
with cluster size. The nonlinearity arises from the 
fact that the cluster atoms influence each other dur
ing the penetration into the target. Since the cluster 
breaks down into single atoms quite rapidly under 
impact, one can expect an overlapping of the colli
sion cascades originating from individual cluster at
oms. Thus, the difference between the stopping of 
an atom in a cluster and a single atom can make 
some difference in the projected range of cluster 
constituents and produced radiation damage com
pared to monomer ion implantation. Molecular dy
namic (MD) and Monte Carlo simulations show that

the penetration depth of clusters is larger than for 
the corresponding ions at the same incident velocity
[3]. It was suggested that a so-called clearing-the- 
way effect, where the “front” atoms of the cluster 
push target atoms out of the way, could take place. 
Recent MD simulations, confirmed by experiments 
on A u7 , Ag7 and Siz cluster implantation into graph
ite, report a linear dependence of the implantation 
range with the momentum of the clusters [4].

Energetic impact of a large cluster creates a vio
lent interaction between atoms in the central zone 
where equivalent temperature and pressure may 
reach 10s K and 106 bar, respectively [5], leading to 
a number of additional effects: thermal spike, shock 
wave, elastic rebound etc. By both MD simulations 
and experiments it was shown that cluster impact 
could cause surface erosion or crater formation [5
7]. Along with craters, hillocks (nm-size protrusions) 
are found [5, 8-10]. For low-energy cluster implanta
tion (tens keV), surface erosion effects are only be
ginning to be studied experimentally and present 
great interest to provide successful material modifi
cation using cluster implantation.

Experimental
An assembly called PUCLUS (PUIsed CLUster 

Source) allowing cluster production from gaseous 
precursors and subsequent cluster ion beam accel
eration, focussing and steering was used [10]. Si 
samples were bombarded by size-selected (кІ2)п+ 
and Arn+ cluster ions (n from 12 to 55) with energies 
of 3-18 keV at normal impact angle to the surface. 
Control samples were implanted by Ar* ions with 
energies of 1.5-6.0 keV. The fluences in all cases 
were low (108-1010 cm'2) and this can be considered 
as single impact conditions. Implantation was per
formed in residual vacuum of (1-2)x10^ mbar. Im
ages of the surfaces after cluster and monomer col
lisions were obtained using atomic force microscopy 
(AFM) in the tapping mode.

Results and discussion
Bombardment by 1.5 keV Ar* monomer ions 

leads to crater and hillock formation on the surface 
as shown in Fig. 1. The hillocks are found to be lo
cated in the centre of the craters. These structures 
are called complex craters by analogy with those 
formed by meteorite impact on a planet surface and 
have the same complexity. The appearance of sim
ple craters and hillocks in the case of ion-surface 
impact is a known phenomenon [11, 12], Craters are
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Fig. 1. AFM image of Si surface implanted by 1.5 keV 
Ar+ ions

formed as a result of local excavation of the target 
material (sputtering) on impact. The hillock form a
tion was explained by a thermal spike effect. The 
spike is initiated by energy deposited in ion-atom 
and atom-atom impact during the ballistic phase of 
the collision cascade in the target.

However, complex craters consisting of central 
cone-shaped hillock and surrounding rim are ob
served here for the first time. The simple crater d i
ameter and hillock basal diameter is of the same 
value, about 10-15 nm. Wall to wall diameter of the 
rims in the complex craters is about 20-40 nm. Un
fortunately, the observed lateral dimensions of the 
hillocks are probably enlarged and the shape is 
slightly distorted because of their convolution with 
the shape and curvature radius (about 10 nm) of the 
AFM tips used. However, the height of the hillocks is 
estimated with high precision, it varies from 0.5 to
1.5 nm. The increase of implantation energy leads 
to the hillocks gradual disappearance, their height 
becomes comparable with the rim height (ca. 0.5 
nm) At an energy of 6 keV hillocks are not found.

In the case of Ariz+ cluster ion bombardment simple 
and complex craters similar to those found for the con
trol samples are observed. Complex craters (with hill
ocks) are prevailing on the AFM images. The mean 
crater diameter is not changed significantly compared 
to the control samples. However, the hillocks are found 
to be higher, from 1,5 to 3.0 nm for the implantation 
energies of 3-9 keV. Unfortunately, any systematic de
pendence of the hillock height on the energy for this 
range is not found With further implantation energy 
increase the hillocks start gradually disappearing within 
the craters, their height becomes comparable with the 
rim height (Fig. 2a). Complex craters in this case are 
very similar to those formed by meteorite impact (Fig. 
2b). Implantation of Аггг cluster ions shows the same 
tendency in complex crater formation and hillock height 
decrease with energy. However the maximal hillock 
height does not exceed 1.5 nm for this cluster size. The 
simple craters and complex craters with hillocks just 
slightly towered inside are preferably formed by the 
implantation of larger clusters Агзг and Arss (Fig 3).

Nitrogen cluster ion implantation also leads to 
complex crater formation on the Si surface. Crater
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and hillock diameters are comparable with those 
above-reported. But, at the same implantation en
ergy and close cluster mass (in a.m.u ), the hillocks 
are higher (up to 5 nm) after the nitrogen cluster ion 
implantation compared to the case of argon.

Modelling for a 2-layered target consisting of 
2 nm thick native SiOz and bulk Si using TRIM-2003 
[13] gives us the ion projected range of Яр = 4.7±1.8 
nm for 1,5 keV Ar+ ions. The simulation shows that 
about 70 % and 25 % of total ion energy are lost on 
phonon formation and ionisation, respectively. 
Those two effects lead to effective heat transfer to 
the matrix. Although the ions stop in the bulk Si, the 
maxima of energy lose on the phonon formation and 
ionisation are located in the surface БЮг layer and 
at the ЭіОг/Зі boundary. In the case of cluster im
plantation, the SRIM simulated data corresponds 
only approximately to the real processes due to 
multi-collisional and other non-linear effects. How
ever, the result of simulation on efficient phonon 
formation and ionisation explains a considerable 
heat-transfer effect. MD simulations of cluster- 
surface impact for various species and target mate
rials also show that the local temperatures in the 
collision area can significantly exceed the melting 
point of the target material [5, 14, 15].

Hence, one can assume that the hillocks are a re
sult of a local thermal effect causing shallow-layer 
melting at the collision spot with subsequent liquid melt 
out and quenching. The shock wave phenomenon can 
also play an important role in the hillock and crater for
mation especially for impact of large clusters. The hill
ock disappearance with the implantation energy in
crease can be explained by an inward shift

Fig. 2. AFM image of complex crater with diameter of 18 
nm on Si surface implanted by 18 keV A ris clusters (a) and 
Yuti crater on Mars with diameter of 18 km as imaged by Vi

king Orbiter (b) (16]
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Fig. 3. AFM image of Si surface implanted by 15 keV Ar5S+ 
cluster ions

of the “phonon and ionisation maxima" eliminating 
the melting and “pushing away” effects in the sur
face layer. In the case of large Ar clusters compared 
to the smaller ones implanted with the same energy, 
the cluster energy dissipates in a larger volume de
creasing the melting effect. That is why the hillocks 
are just slightly pronounced in the craters (see 
Fig. 3). The observed difference in the hillock height 
for the argon and nitrogen cluster implantation allow 
us to suggest a difference in the cluster-to-target 
energy-transfer processes, i.e. in stopping of the 
cluster constituents, fo r the various cluster species.

Conclusion
Results on impact of cluster and monomer ions 

with silicon surfaces are studied using the AFM 
technique. Formation of complex craters consisting 
of a centre-positioned hillock and surrounding rim is 
observed in the both cases. Crater and hillock pa
rameters are studied depending on cluster species, 
size and implantation energy. The hillock formation 
is explained by a kinetic energy transfer from the ion 
or cluster constituents to the target causing shallow- 
layer melting at the collision spot with subsequent 
liquid melt out and quenching. A simple phenome

n o lo g ica l m o d e l ta k in g  in to  a c c o u n t in te n s iv e  p h o 
non  fo rm a tio n  an d  io n isa tio n  p ro c e s s e s  in th e  s u r
fa c e  la ye r u n d e r m o n o m e r an d  c lu s te r  ion  b o m 
b a rd m e n t is  su g g e s te d  to  exp la in  th e  p o s s ib le  ch a n 
ne ls  fo r  e ne rgy  tra n s fe r  an d  loca l ta rg e t hea ting .

A u th o rs  a c k n o w le d g e  s u p p o rt fro m  th e  G o ra n  
G u s ta fs s o n  F o u n d a tio n  fo r  R esea rch  in N a tu ra l S c i
e nce  an d  M e d ic in e  and  T h e  S w e d ish  R esearch  
C o u n c il (g ra n t No. 6 2 1 -2 0 0 2 -5 3 8 7 ).
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