
Nanotechnology

PAPER • OPEN ACCESS

Nano-hillock formation on CaF2 due to individual slow Au-cluster impacts

To cite this article: Gabriel L Szabo et al 2021 Nanotechnology 32 355701

 

View the article online for updates and enhancements.

This content was downloaded from IP address 128.131.52.222 on 08/06/2021 at 10:08

https://doi.org/10.1088/1361-6528/ac037e
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvGTKVyx5UsIHFQuTLX1tHWMawrwS2E-dZhnU9A_oN31a4Y5XPAkjcqk0JychlmSuTeVPD2kVMH3ROnT14xH16ewtHu2gFoHuokOzEy0BAgGV7PaV76xAq-EE4WFBg1ParPHFXZU5ZTPges8q88x9Q-2S4t9EgzEbceJv1CaXm1fTxU1V3W2F-U5Ly1D0Bl6E7hoPDoK-GauWJY7Ye0S9d7vpLPnJORfYG7cKI2A5ha5NwgBRen8VGGpJlbtLTfU1hYODnmyJa43JbCINh1WQ&sig=Cg0ArKJSzEPModYJX8Kb&fbs_aeid=[gw_fbsaeid]&adurl=https://www.edinst.com/types/raman-microscopes/


Nano-hillock formation on CaF2 due to
individual slow Au-cluster impacts

Gabriel L Szabo1 , Markus Lehner1, Lothar Bischoff2 , Wolfgang Pilz2,
Helmut Muckenhuber1, Ulrich Kentsch2, Friedrich Aumayr1 ,
Nico Klingner2 and Richard A Wilhelm1,∗

1 TU Wien, Institute of Applied Physics, A-1040 Vienna, Austria
2Helmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and Materials Research, D-01328
Dresden, Germany

E-mail: gszabo@iap.tuwien.ac.at and wilhelm@iap.tuwien.ac.at

Received 9 March 2021, revised 3 May 2021
Accepted for publication 20 May 2021
Published 7 June 2021

Abstract
We present a direct way to generate hillock-like nanostructures on CaF2(111) ionic crystals by
kinetic energy deposition upon Au-cluster irradiation. In the past, the formation of similar
nanostructures has been observed for both slow highly charged ions and swift heavy ions.
However, in these cases, potential energy deposition of highly charged ions or the electronic
energy loss of fast heavy ions, respectively, first leads to strong electronic excitation of the target
material before the excitation energy is transferred to the lattice by efficient electron-phonon
coupling. We now show that the kinetic energy deposited by slow single Au-clusters directly in
the lattice of CaF2(111) leads to the production of nano-hillocks very similar to those found with
slow highly charged and swift heavy ions, with heights between 1 and 2 nm. Our results are in
good agreement with previous cluster irradiation studies regarding energy deposition and hence
nano-structuring of surfaces, and we present Au-cluster irradiation as novel tool to fine-tune
nanostructure formation.

Supplementary material for this article is available online
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1. Introduction

Nanostructuring, a fabrication of surface nano-structures on
different materials, is one of the most important applications
of ion beam technology and has gained great attention over
the last two decades [1–4]. With increasing demand for
nanoscale engineering of surfaces, innovative methods such
as cluster irradiation, irradiations with slow highly charged
ions (HCIs) and swift heavy ions (SHIs) are considered for

material alteration in addition to commonly applied low-
energy ion beam techniques.

The processes that induce changes of the surface struc-
ture differ and depend on the impinging particle and its
properties (like charge-state, kinetic energy, size and species)
on the one hand [2, 3] and on the irradiated material/surface
on the other hand [1, 4]. While for a low-energy cluster ions,
i.e. those were the kinetic energy lies below its binding
energy, cluster-solid interaction is confined solely to pro-
jectile deposition on the surface [5]. High-energy cluster
impact on the contrary can lead to a deformation of the tar-
get’s atomic lattice and enhanced surface sputtering [6]. For
the latter, the energy deposition is primarily dominated by
nuclear stopping [7] which corresponds to a direct knock-on
impact on target nuclei, leading to a displacement of atoms
and lattice vibrations (phonons), respectively. Individual
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heavy ions (monomeres) already create collisional cascades in
the surface. Atomic clusters made from few atoms, however,
may lead to the melting of a larger volume and the damage
cannot completely anneal subsequently. The interaction can
be seen as an overlap of several energetic cascades at the
same time, leading to a high-energy spike on the nanoscale.
This results in the formation of nano-structures such as hil-
lock-like protrusions on the surface [8–11] or the formation of
craters [12, 13].

Comparable hillock-like structures were also found on
various surfaces irradiated with HCIs and SHIs [3]. Unlike the
prior mentioned process leading to the formation of nano-
structures, the prevailing process here is based on electronic
rather than nuclear effects and is called electronic stopping:
The energy deposition leads to an excitement of the target’s
electrons. Subsequently, electron-phonon-coupling leads to
nano-melting, rapid thermal expansion and quenching around
the impact area and finally to the formation of nano-hillocks.
However, metallic surfaces are not susceptible to HCI mod-
ification using the potential energy [14, 15], only a mod-
ification of metallic surfaces induced by kinetic energy effects
was observed by Pomeroy et al [16]. Surface modifications
were mostly observed on insulating materials (e.g. CaF2,
Al2O3, SrTiO3, BaF2, LaF3, LiF and others [16–30]) as they
are more sensitive to structural modifications induced by
electronic excitations due to their large bandgap [31]. While
the energy deposition for irradiation with HCIs is surface
sensitive and only affects the topmost layers, an irradiation
with SHIs, due to the large penetration depth [32], is not
desirable for e.g. thin film nanoelectronics.

CaF2, an earth-alkaline halide, was repeatedly investi-
gated regarding nanostructuring with ion beams. Besides the
large set of available data for comparison of nano-hillock
creation, CaF2 is particularly convincing for different appli-
cations in microelectronic and optoelectronic devices
[33, 34]. Therefore, we selected CaF2 for our experiments in
order to draw a direct comparison with HCIs and with
existing data on nano-hillock creation with cluster beams in
general.

In this contribution we present experimental results with
individual slow (∼15 eV/amu) Au-clusters creating nano-
hillocks on a CaF2(111) surface. Using an atomic force
microscopy (AFM) instrument, we are able not only to
observe the creation of nano-hillocks, but also to determine a
correlation between the cluster size and the height of the
hillocks protruding from the surface.

2. Experimental setup

The experiments were performed on CaF2(111) surfaces
(commercially acquired from MaTeck GmbH, Germany), that
were freshly cleaved in air. After cleavage of samples with a
thickness of roughly 0.5 mm, they were heated up to 400 °C
in UHV for at least 3 hours to remove surface contaminants
and to improve the already known stability (in air) of the
fluorine-terminated surface [24]. The pressure of our UHV
system was in the range of 5× 10−7 mbar during heating.

Measurements using a tapping-mode AFM (Asylum research
cypher scanning probe microscope) were performed under
ambient conditions on pristine samples, revealing an atom-
ically flat surface with mono-atomic steps and terrace widths
in the order of several hundred nm, that are a result of the
cleaving process. Additionally, some areas have shown small
clustered islands that appeared to be remaining or re-adhered
contaminations of the surface.

The irradiations of the CaF2 samples were performed at
the Ion Beam Center of the Helmholtz-Zentrum Dresden-
Rossendorf using a focused ion beam (FIB) equipped with a
mass-separated ion column CANION 31M+ (Orsay Physics).
Gold clusters Aua

+ (a= 1–10) were extracted from a liquid
metal alloy ion source [35] working with Au82Si18 as source
material. All clusters were accelerated to the same final
energy of 30 keV. A Faraday cup (FC) spectrum of the
extracted ion-cluster beam recorded using an E× B filter in
the FIB colum is shown in figure 1. The total FC current as a
function of the cluster-mass is fit with multiple Gaussian
peaks, each representing one specific cluster mass (which is
widened in the E× B filter). To determine the width-to-mass
ratio without using it as a free parameter, the first 5 peaks
were fit separately. These peaks correspond to Si+, Au+,
Si2+, Au2+, and Au2

+. They are well distinguishable (note the
log scale) and enable the determination of the individual peak
widths. The peak widths are shown in the inset in figure 1 and
follow a linear dependence on the cluster-mass. This linear fit
is further extrapolated for larger clusters. Using the software
fityk [36], the total FC current is fit with multiple Gaussians,
in a way that only the peak heights are free fit parameters,
whereas the mean mass per peak is given by the Au-cluster-
size and the width follows from the extrapolation explained
above.

For our experiment, CaF2 was irradiated with different
fluences ranging from 1× 1010 to 1.3× 1012 ions cm−2 of
cluster-sizes Au1

+, Au2
+, Au3

+, Au5−7
+ and Au9−10

+ . The

Figure 1. Faraday cup spectrum fit with multiple Gaussian peaks,
each representing a different cluster mass. Only the first 5 peaks of
the Faraday cup (FC) current were fit to determine the width-versus-
mass ratio. The resulting graph is inserted at the top right, where a
linear dependence is visible which is used to extrapolate for larger
clusters. The fit is applied for the masses up to 2700 amu. As it is
shown in figure 4, the full width half maximum (FWHM) broadens
with increasing cluster-mass. The error bars represent 10%
uncertainty.
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irradiations and fluence series were performed on two sam-
ples on different areas on the surface. This makes an analysis
of the different irradiated areas more reproducable, since the
pristine surfaces for each irradiated area are comparable. After
irradiation, the samples were inspected with AFM under
ambient conditions at TU Wien. For the measurements, the
AFM was again operated in tapping mode, using Olympus
Micro Cantilever OMCL-AC240TS-R3 tips, with a spring
constant of about 2 N m−1.

3. Results and discussion

As it was already observed in [17, 18], hillock-like nano-struc-
tures were found to be protruding from the CaF2(111) surface.
Figure 2 shows topographic AFM images of a CaF2(111) surface
after irradiation with Au5−7

+ -cluster, where the creation of mostly
round and randomly distributed nano-structures on the surface is
observed. To make sure that the nano-hillocks are induced by
cluster-irradiation (i.e. they are not contamination residues), the
sample was irradiated with different fluences at different posi-
tions on the surface. The applied fluences in figure 2 are as
follows: (a) 2.6× 1010 ions cm−2, (b) 6.5× 1010 ions cm−2, (c)
1.3× 1111 ions cm−2 and (d) 1.3× 1212 ions cm−2. With
increasing fluence, it can be seen that also the number of hillocks
increases. This indicates that the nano-hillocks originate from a
process induced by the ion cluster irradiation. For the analysis,
only the samples irradiated with fluences below ∼1011 ions cm−2

were used, where a clear distinction of each individual hillock is
possible. For higher fluences the probability for double and
multiple hits increases significantly and nano-hillocks start to
overlap, which can be seen in figure 2(d). For fluences in the
range of 1× 1012 ions cm−2 and above, a quantitative analysis of
individual features is not possible, but nevertheless those

measurements are helpful to link the origin of these structures to
the cluster-irradiation. The islands connected to step edges seen
in figure 2(b) were already observed in measurements on pristine
CaF2 and are hence not ion-induced features. The AFM images
were analyzed with respect to the hillock density (see figure 3),
hillock height (see figure 4), and volume (see supplementary
information figure 1 (available online at stacks.iop.org/NANO/
32/355701/mmedia)). For sufficient statistics, about 100−150
hillocks per measurement were analyzed. A systematical error
occurs in the process of measuring the hillock-volume in the
order of 100−200 nm3, which is caused by the convolution and
tip shape, which depends on the type of tip used. Contrary to the
volume, the height of the hillocks is less affected by this fact or
by the tip geometry. The surface roughness of the pristine surface
is well below 0.5 nm. The areal density of the hillocks was found
to be only about 20%–30% of the applied cluster fluence,
meaning that only about every fifth cluster creates a nano-hillock
(see figure 3). Please note, that there exists a large uncertainty of
the applied (nominal) fluence in the experiment (not shown in
figure 3). Since the irradiation was performed in a FIB and
comparatively low fluences were used with respect to typical FIB
experiments, the sample may not be homogeneously irradiated as
a consequence of beam blanking and sweeping procedures. The
FIB irradiation was made in 400× 400μm2 scan fields with only
one sweep. The fluence was adjusted varying the pixel dwell
time. To define a fluence as low as 1010 ions cm−2 in a
4096× 4096 pixel field, only every fifth pixel was irradiated
using an ion current of 300 fA for the Au10

+ cluster beam for
instance (further information can be found in the supplementary
information figure 2). We therefore assume an unknown offset to
the nominal fluence, which makes a definitive evaluation of the
hillock production efficiency difficult.

Figure 2. AFM tapping-mode images of a CaF2(111) surface after
irradiation with 30 keV Au5−7

+ -clusters. Panel (a)–(d) show the
sample irradiated with different fluences: (a) 2.6× 1010 ions cm−2,
(b) 6.5× 1010 ions cm−2, (c) 1.3× 1111 ions cm−2 and (d)
1.3× 1212 ions cm−2. It can be seen that the number of hillocks
increases with increasing fluence, indicating that they originate from
ion cluster irradiation.

Figure 3. Hillock density compared to the applied cluster fluence,
here as an example for Au5−7

+ and Au9−10
+ . The incline of the graphs

marks the efficiency (hillock/cluster), which was found to be in the
range of 20−30%, meaning only about every 5th cluster creates a
nano-hillock. For the fit, only fluences below 10× 1010 cm−2 were
taken into account, to exclude any overlapping double hits. The error
bars for the hillock density represent the error of the mean value (in
this case N ; N: number of hillocks), whereas the error bar for the
fluence determined from the ion current in a Faraday cup represents
an error of 10%. The error of irradiation area is expected to be
negligible in a FIB setup.
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The hillock height distribution for the different cluster-
sizes is shown in figure 4. The mean hillock height was
determined by fitting a Gaussian function to the abundance.
Noticeable in this graph is the full width at half maximum of
the distributions, which broadens with increasing cluster-sizes.
As mentioned before, this broadening is a result of a decreasing
mass-resolution in the E× B filter for increasing mass.

From the data in figure 1 a cluster-size spectrum is
extracted and shown in figure 5 for Au5

+ and Au10
+ . When

selecting Au5-clusters, not only Au5
+ (36%) contributes to the

FC current, but also Au4
+ (∼8%), Au6

+ (∼28%) and Au7
+

(∼10%). Comparing the Au5
+ with the Au10

+ peak reveals also
an increase of contributing cluster sizes for larger clusters.

Besides the broadening of the hillock height distribution,
figure 4 also shows an increase of the mean value of the
hillocks height with increasing cluster size. This is shown in
figure 6(a) with the mean height linearly decreasing as a
function of the projectile energy in keV/atom which
decreases with the number of atoms per cluster. The stopping
power, conversely, increases with cluster size and thus the
inset shows an increase of mean height versus stopping
power. For the stopping power Sn in the inset, the nuclear
stopping was calculated for Au1

+ at different energies.

Considering that the kinetic energy is distributed equally to
the atoms of the cluster, each atom has a certain stopping
power dependent on its initial energy Ekin(Au1)/a where a is
the corresponding cluster-size. Thus by multiplying stopping

Figure 4. Frequency distributions of hillock heights for different
cluster sizes of the CaF2(111) crystal irradiated with 30 keV Au1

+,
Au2

+, Au3
+, Au5-7

+ and Au9−10
+ . The mean values mAua

(a indicating

the cluster size) are obtained by fitting a Gaussian to the data. One
can see, that the widths (FWHM) of the distributions broadens with
increasing cluster size. This is due to extraction from the LMAIS,
where the separation of different cluster sizes gets weaker with
increasing cluster mass. For details, please see the text and figures 1
and 6.

Figure 5. Cluster size spectrum for nominal sizes of Au5
+- and Au10

+ -
clusters. For the Au5

+ peak, it is shown that not only Au5
+ contribute

to the ion current, but also Au4
+ (∼8%), Au6

+ (∼28%), and Au7
+

(∼10%). For the Au10
+ peak even more different cluster-sizes

contribute to this distribution. The data is extracted from the fit in
figure 1.

Figure 6. (a) Mean height of hillocks as a function of the projectile
energy. Inserted graph shows the mean height as a function of the sum
of the stopping powers for each cluster. The sum was calculated by
multiplying the stopping power at Ekin/a with a, where a is the cluster-
size. (b) shows the hillock height vs. scaled momentum, calculated as
suggested in [37]. The blue lines represent the width of the distribution
(FWHM), whereas the red error bars represent the error of the mean
value (in this case s ;

N

3· N: number of hillocks; σ: standard deviation).

4
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power of Au1
+ for the respective kinetic energies with a, the

stopping power of each cluster is calculated (see also sup-
plementary figure 3).

Hence, in figure 6, we find that with decreasing energy
per atom, the energy deposition takes place closer to the
surface, which increases the height of the nano-hillocks. This
is comparable to estimations using TRIM [38] for monomere
Au atoms, where the ion range into the target is also con-
nected to the projectile energy (16.4 nm for 30 keV/179 amu
compared to 6.6 nm for 5 keV/179 amu). Applying the scal-
ing relation proposed by Seminara et al [37], one can see in
figure 6(b) that a there is a correlation of hillock height and
scaled momentum. To calculate the scaled momentum, the
clusters are approximated with spheres. The volume of the
cluster is filled with N-spheres, where the atomic radius of
each individual sphere is the ‘Wigner Seitz radius’. This
radius is defined by:

pr
=r

M3

4
, 1ws

at

0

3 ( )

where Mat is the mass of the atom and ρ0 the density of the
bulk. By dividing the momentum of the cluster ion by N

2
3 r pws

2

the scaled momentum, which is scaled by the cluster projected
surface, can be obtained. In contrast to (a) where the height is
discussed solely in regard to the energy per atom, the scaled
momentum combines mass and energy in one parameter. This
proves to be a promising parameter to relate to the hillock
height on CaF2 by Au-cluster irradiation in dependence of the
acceleration potential, regardless of the cluster size.

For a better understanding of the results presented above, the
processes taking place and creating the hillocks are put into
context with existing results [9, 17, 18, 21]. We first discuss the
mechanism of nano-hillock-formation induced by slow HCIs
(5 keV kinetic energy, i.e. 150× q eVXe33+ [17], where q is the
charge state of the HCI). The energy deposition of an impinging
ion in a target is composed by the sum of the nuclear stopping
power Sn, the electronic stopping power Se and the deposition of
potential energy. While the nuclear stopping can be seen as the
direct transfer of kinetic energy into the lattice, e.g. direct knock-
on impact on target atoms leading to an excitation of phonons
and quasi-free recoils along the projectile trajectory, the electronic
stopping and potential energy release can be seen as a measure of
excitation of the electronic subsystem of the target. Slow HCIs
possess a potential energy, composed by the sum of the ioniz-
ation energies of the ‘missing’ electrons. Since the contribution of
electronic stopping to nano-hillock formation is found to be
negligible for slow HCIs (only about 5% [17]) and the total
stopping power only amounts to about 1.3 keV nm−1, the
potential energy stored in the HCI is here responsible for the
creation of nano-hillock on CaF2 [17]. The creation process takes
place as follows: the HCI approaches the surface and an electron
transfer from the target into highly excited states of the projectile
is initiated. This leads to a strong electronic excitation in the
impact region, where subsequently lattice heating takes place via
electron-phonon coupling and the material in a nano-sized area
around the impact melts, often referred to as nano-melting. The
nano-hillock creation is explained within the thermal spike model

[39, 40], where the molten volume thermally expands and rapidly
quenches, forming small nano-hillocks.

For irradiation with Au-clusters, we propose that the
creation of the nano-hillocks is induced (due to the negligible
potential energy of Aua

+) by direct knock-on processes, which
is schematically shown in figure 7. When the projectile hits
the target, the cluster cracks up and a dens overlap of indi-
vidual collisional cascades of several heavy Au atoms pro-
ceeds (which is shown in figure 7 as a change of colour).
Subsequently, phonons are excited and recoils set in motion
along the trajectory of the particles, where the impinging
particle collides elastically with the targets atoms. Similar to
the process found for slow HCIs, a thermal expansion and
rapid quenching takes place, leading to a change of material
structure in a nano-sized area. This process takes place close
to the surface (few nm) where visible and non-erasable nano-
hillocks are formed. As it is shown in figures 6(a) and (b),
cluster ions with a higher cluster size form higher nano-hil-
locks compared to smaller ones. This is due to the higher
energy per atom and a higher scaled momentum for smaller
clusters, since all irradiations were performed with the same
acceleration voltage, implying that the energy deposition
occurs closer to the target surface the heavier the cluster is.
The total deposited energy is always the same and amounts to
30 keV. Therefore, we see in figures 6(a) and (b), that
Au9-10

+ -clusters create higher nano-hillocks than Au5-7
+ , Au3

+,
Au2

+ and Au1
+, because the total stopping power is the highest

for Au10
+ . In other words, with increasing cluster size and

hence increasing nuclear stopping power and decreasing
scaled momentum, the height of created hillocks was found to
increase as well, which can be seen in the inset in figures 6(a)
and (b). The height ranges from 1 nm (Au1

+) up to 2 nm
(Au10

+ ). These values are in good agreement to the ones found
after irradiation with slow HCIs (0.5–1.5 nm [18, 19]), where
the potential energy and hence the charge state of the HCIs
was used to tune the fabrication of nano-structures. This also
agrees well with the results found in [1, 2], and references

Figure 7. Schematic of direct knock-on processes. Irradiation with
Au1

+ and Au3
+ is shown to draw a better comparison to the change of

surface sensitivity with change of cluster size. Here, the energy
deposition is shown as change of colour of the CaF2 atoms. The
larger the impinging particle, the more surface sensitive the energy
deposition gets and hence the higher the nano-hillocks are.
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therein, where an increasing penetration depth is observed
with increasing scaled momentum, highlighting the observed
connection between surface sensitivity and energy deposition.
Figure 8 shows the comparison of a CaF2(111) surfaces
irradiated Xe33+ (a) and with Au5-7

+ -clusters (b). It should be
mentioned here, that also 30 keV Au monomeres create hil-
locks efficiently. Comparing the energy needed to melt CaF2
(0.55 eV/atom), the energy per recoil already exceeds this
threshold for Au1

+ with roughly 38.7 eV/atom (mean value of
energy per recoil at the mean projectile range, simulated with
TRIM [38]). In contrast to hillocks induced by HCIs, the
interaction volume of the impinging cluster with the surface
material is more localized, since no electron-phonon coupling
(and hence energy-dissipation throughout a larger volume)
takes place with cluster irradiation. We did not observe crater
formation induced by cluster irradiation, which was observed
by Popok et al [2] for 18keV Ar12

+ cluster irradiation on Si.
Contrary to the thermal conductivity of Si (148Wm−1 K−1),
the one of CaF2 (9.71Wm−1 K−1) is significantly smaller,
hence leading to a more local melting and therefore to a
hillock formation rather than a crater formation. We did not
observe a threshold in cluster size for hillock creation,
because the energetic heavy monomere projectiles induce an
energetic cascade in CaF2. The picture may change at lower
total energy or energy per atom.

4. Conclusion

Our results show the possibility to create nano-hillocks on
CaF2(111) surfaces with Au-cluster-irradiation. The resulting
structures are very similar to the ones observed previously
with slow HCIs. Most importantly, we have shown for the
first time that we can fine-tune the height of the hillocks by

changing the cluster size or energy of the impinging pro-
jectile, which is essential for further studies regarding nano-
fabrication of structures on different surfaces.
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