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PACS 68.49.Sf – Ion scattering from surfaces (charge transfer, sputtering, SIMS)

Abstract – We report the formation of nano-sized pits on poly(methyl methacrylate) after
exposure to slow highly charged ion beams. The pits are formed on the polymer surface as a
direct result of individual ion impacts. Intermittent contact mode atomic-force microscopy was
employed to study the size evolution of the pits in dependence of potential and kinetic energies
of the incident ions. A potential energy threshold value of approximately 7 keV was found for pit
formation. Above this value an increase in potential energy results in an increasing pit volume,
while the pit shape can be tuned by varying the kinetic energy.
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Introduction. – Controlled and reproducible creation
and manipulation of nano-sized objects in all three spatial
directions are prominent goals in modern nanotechnology.
Recently it has been demonstrated, that individual slow
(keV) highly charged ions (HCI) are able to produce
nano-sized structural modifications on various substrate
surfaces by ion impact (see [1,2] and references therein).
As the main reason for nanostructure formation, the
localized deposition of their large amount of potential
energy (i.e. sum of binding energy of all missing electrons)
was identified [1]. The nature and appearance of such
HCI-induced nanostructures depend heavily on the target
material properties and the involved interaction processes
and can range from hillocks (CaF2 [1], SrTiO3 [3]) and
pits or craters (KBr [4], Si [5]) to caldera-type structures
(TiO2 [6]) and erasable regions of enhanced friction
(HOPG [7], mica [8]). Similar surface modifications
have been reported earlier as a result of individual-swift
(MeV–GeV) heavy-ion impact [9–12]. However, these
nanostructures on the surface are always coupled with
radiation damage deep inside the bulk material (ion
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tracks). This is not the case for slow HCI impact due
to the extremely local nature of their potential energy
deposition, thus making HCI a promising tool for more
gentle nanostructuring in future applications.
In this letter we present studies of nano-sized surface

modifications induced by the impact of individual
slow highly charged ions on poly(methyl methacrylate)
(PMMA), a polymer material commonly used in the
semiconductor industry due to its role as a positive resist
material under UV-light, X-ray, electron and ion irradia-
tion. PMMA has been subject to a multitude of studies
probing the materials response to ion beam treatment.
MeV proton beam writing has been used to fabricate
sub-surface cavities [13] and three-dimensional nanostruc-
tures [14] after the development of the exposed damage
zone in a chemical bath. Features of (8–10) nm in size
have been milled into thin films by means of a 50 keV Ga+

focused ion beam [15]. Individual-swift heavy ions [16]
and C60 clusters [17] have been shown to produce etchable
tracks tens of nanometers in diameter in the material,
while direct cratering and ridge formation with a strong
dependence on the initial charge state has been reported
for the impact of single 3MeV/amu Au ions [18]. Plasma
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Fig. 1: (Color online) Intermittent contact mode AFM images of pits induced by individual impacts of Xe36+ (Ekin = 360 keV,
left) and Xe48+ (Ekin = 480 keV, right) ions on PMMA. The insets show one individual pit for both cases at triple magnification.

treatment has been successfully employed to tune optical
properties such as reflectivity [19], refractive index and
extinction coefficient [20], or to induce a transition from
hydrophilic to super-hydrophobic surfaces [19,21]. The
only study with slow (keV) highly charged ions, to our
knowledge, was conducted by Gillaspy et al. [22]. PMMA
samples were irradiated with Xe44+ (Ekin = 210 keV) ions
under normal incidence through a nickel stencil mask
at varying doses corresponding to complete exposure of
the unmasked areas or single-ion impacts. In both cases,
contrary to our findings, ion-induced structures could
only be found after etching with a chemical developer.

Materials and methods. – For our studies PMMA
targets were prepared at IMS Nanofabrication AG in
Vienna by spin coating films of 45 nm thickness onto
polished Si wafer substrates. Samples were irradiated
with highly charged Xe and Bi ions extracted from
electron beam ion traps (EBITs) at Helmholtz-Zentrum
Dresden-Rossendorf and at Max Planck Instiute for
Nuclear Physics in Heidelberg. Xeq+ ions in charge states
q= 12–40 were delivered from a Dresden EBIT [23].
After charge state separation the ions could be deceler-
ated by means of a two-stage deceleration lens system,
the final impact energies on the surface ranging from
70–1400 eV/amu. The beam spot was scanned under
normal incidence over an area of 4× 4mm2 on the target
at typical fluences of 5× 109 cm−2. Xe36+, Xe48+ and
Bi62+ ions were extracted from the Heidelberg EBIT [24],
also equipped with a deceleration system [25]. Samples
were irradiated under normal incidence with beam spots
of 1.5–2mm diameter at typical fluences of 2× 109 cm−2

in a kinetic energy range of 300–3720 eV/amu. After

irradiation the surface topology of the samples was
investigated without any further treatment at TU Wien
with an MFP-3D atomic-force microscope (AFM) from
Asylum Research operated with commercially available
silicon cantilevers (Olympus, 7 nm nominal tip radius) in
intermittent contact mode under ambient conditions. The
samples were transported from the irradiation facilities
to the AFM in regular sample holders (no vacuum
conditions), as preliminary investigations had shown that
exposure to air does not affect the appearance of the
surface topology and the defects in AFM imaging, even
after long storage times. The WSXM software [26] was
used to display and analyse the obtained AFM images.

Experimental results. – In fig. 1, two examples for
typical intermittent contact mode images of the PMMA
surface after ion bombardment are depicted for compar-
ison. Nano-sized pits or craters are clearly visible as a
result of HCI impact. The respective number densities
of pits in the AFM images are in good agreement with
the applied ion fluences, i.e. basically every individual ion
produces one single pit. Pits on the left-hand side induced
by Xe36+ ions (Epot = 27.8 keV, Ekin = 360 keV) are visi-
bly slimmer and less deep than pits induced by Xe48+

ions (Epot = 83.2 keV, Ekin = 480 keV). It is well known
that PMMA behaves as a positive resist under energetic
photon and particle bombardment [27] at low fluences
due to the high yield of scissions created in the polymer
chains. As our samples were not treated with a chemi-
cal developer prior to AFM imaging, we therefore suspect
that the observed pits are the result of direct ablation
of volatile reaction products formed after the initial ion-
induced chain scissioning [13–18].
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Fig. 2: (Color online) Evolution of the pit volume on PMMA
as a function of the potential energy (charge state) of the
incident ions. Multiple data points at a fixed potential energy
correspond to measurements performed at different kinetic
energies.

For each combination of potential and kinetic energy a
minimum of 80 pits was analysed. Summarized data are
displayed in fig. 2. Above a threshold value of approxi-
mately 7 keV (Xe24+), a linear increase in pit volume with
increasing potential energy is found, whereas for charge
states below this threshold (Xe12+–Xe22+) no visible pits
are formed on the surface (or are no longer resolvable by
our AFM). For a number of charge states, irradiations were
performed at different kinetic energies (typically in the
range of 300 eV× q–10 keV× q), shown as multiple data
points in fig. 2 at fixed potential energy and resulting
in pits of comparable average volume. The error bars in
fig. 2 display the fluctuations in pit size due to the statis-
tical nature of the energy dissipation and the subsequent
ablation process and not the errors of our AFM evalua-
tion, which are lower. Such fluctuations are visible in every
single AFM image (see fig. 1) and thus cannot result from
using tips of varying shape and quality. To minimize vari-
ations indeed caused by differing AFM tip quality, every
new tip was scanned over a reference sample with the deep-
est pits found and rejected if unable to adequately resolve
these pits. In fig. 3, the influence of a variation in kinetic
energy for a fixed ion species (Xe48+) is shown. While
such a variation has very little impact on the total volume
removed due to the ion impact for the three cases shown,
an influence on the individual pit dimensions is appar-
ent. In the high-energy case (480 keV, right inset) a much
narrower and deeper pit is formed than in the low-energy
case (43.2 keV, left inset). Simulations, which calculate the
energy density deposited into a CaF2 surface by Xe

33+

ions of largely different impact energies (5 keV vs. 330 keV;
see fig. 4 in ref. [1]), show a remarkable similarity to the
pit profiles found in our case (fig. 3). This behaviour with
kinetic energy is not limited to Xe48+ but was also found

Fig. 3: (Color online) Evolution of the pit volume on PMMA
for Xe48+ impact at varying kinetic energies. The insets show
AFM images and depth profiles of one individual pit for the
lowest energy (43.2 keV, left) and the highest energy (480 keV,
right).

for other projectile charge states. Due to the fact that a
feature of considerably smaller diameter (20 nm vs. 28 nm)
shows a depth almost twice as large (3.9 nm vs. 2.0 nm) in
the AFM measurement, we are confident that the depth
measurement is not strongly influenced by the shape of the
employed AFM tips. In our measurements the sharpest pit
has an aspect ratio (depth/diameter) of about 1/5. Assum-
ing a spherical tip, we should be able to resolve any pit
structure, whose aspect ratio is smaller than that of our
tip, i.e. r/2r= 12 , as long as the tip diameter is smaller
than the diameter of the pit.

Discussion and conclusions. – From our data it
becomes clear that (a) the nano-sized pits can unambigu-
ously be associated to individual ion impact events, while
many impacts of singly charged ions or electrons would be
required to achieve the same; (b) in contrast to conven-
tional electron or ion beam lithography, with HCI as
projectiles there is no need of etching the damage zone by
a chemical developer; (c) these pits occur above a certain
potential energy threshold (i.e. minimum HCI charge
state); (d) the volume of these pits increases linearly with
the potential energy of the incident ions, while a variation
in kinetic energy shows little influence on the overall pit
volume; and (e) the pit shape can be tuned by varying the
kinetic energy, i.e. a faster ion leaves behind a slimmer
and deeper crater as compared to a slower ion of the same
charge state.
To explain our findings we start with the well-known

interaction scenario for the impact of slow HCI on surfaces
(see, e.g., [28–31] and references therein). The approaching
HCI undergoes a large number of neutralization and de-
excitation processes, by which many electrons from the
target are transferred into highly excited states of the
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projectile (“hollow-atom” formation), and subsequently
emitted via auto-ionisation and other Auger processes [30].
Transfer of electrons to the projectile leaves unbalanced
holes in the surface, thus structurally weakening the
target. The Auger decay of the hollow atom leads to the
emission of electrons with low to intermediate energies
up to a few hundred eV [28]. For a HCI with q= 40
we estimate about 250 holes created in the course of
the interaction of a single ion, accompanied by the very
localized emission of more than 200 primary electrons
followed by secondary-electron multiplication close to the
impact point [32,33]. The potential energy stored in the
incoming HCI will thus be deposited in the form of many
holes and electron-hole pairs along the first few nm of its
trajectory below the target surface. The kinetic energy
of the projectile determines the depth within which the
de-excitation of the projectile is completed. Quantitative
simulations carried out for a CaF2 single crystal show
that this depth corresponds to ∼ 1 nm for 150 q eV and
to ∼ 4 nm for 10 q keVXeq+ projectiles (see fig. 4 of [1]).
In regions where the ionisation density responsible for
polymer bond scission surpasses a certain critical value
(threshold), polymer molecules or fragments are no longer
bound and can be ejected or desorbed from the target
surface. The proportionality of the average crater volume
with HCI potential energy, the change in shape of the
craters with kinetic energy, and even the existence of a
threshold as seen in fig. 2 can thus be understood at least
qualitatively. Below the threshold the number of broken
bonds is not sufficient for the target material to be fully
removed from the surface. The impact region is, however,
structurally weakened and should be attackable by a
suitable etchant [34]. Preliminary etching investigations
indeed show that, for ions below the observed threshold
(we have, e.g., tried Xe22+ and Xe20+), the individual
impact regions can be revealed by etching the samples
in isopropyl alcohol. Systematic etching investigations are
therefore currently in progress.
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