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Abstract: Highly charged ions are a well-known tool for the nanostructuring of surfaces. We report
on the thickness dependence of nanostructures produced by single 260 keV Xe38+ ions on ultra-
thin poly(methyl methacrylate) (PMMA) films (1 nm to 60 nm) deposited onto Si substrates. The
nanostructures induced by slow highly charged ions are rimless craters with a diameter of around
15 nm, which are roughly independent of the thickness of the films down to layers of about 2 nm.
The crater depth and thus the overall crater volume are, however, thickness-dependent, decreasing in
size in films thinner than ~25 nm. Our findings indicate that although the potential energy of the
highly charged ions is the predominant source of deposited energy, the depth of the excited material
contributing to crater formation is much larger than the neutralization depth of the ions, which occurs
in the first nanometer of the solid at the projectile velocity employed here. This suggests synergism
between kinetic and potential-driven processes in nanostructure formation in PMMA.

Keywords: slow highly charged ions; nanostructures; radiation effects; single-ion impacts; polymer
thin films; PMMA

1. Introduction

The bombardment of solids by individual energetic ions at sufficiently high deposited
energy densities may lead to the ejection or flow of a large volume of atoms near the
surface, leading to the formation of nano-sized features such as craters or hillocks. This
phenomenon is observed in a broad range of ion energies and charge states, including
the keV regime where nuclear stopping dominates [1–4], the electronic stopping regime
of fast MeV-GeV ions [5–11], or the regime where the potential energy of the projectile
is preponderant [12–16]. This last regime occurs when slow highly charged ions (HCIs)
are used. The potential energy of an HCI in a charge state Q is the sum of the ionization
energies of all released electrons. For slow highly charged ions, the creation of surface
nanostructures in different materials has been unequivocally correlated to the potential
energy of the ions, with little influence of their kinetic energy [16]. In fact, increasing the
ion velocity may increase the threshold potential energy for hillock formation and result in
smaller surface features as compared to slower ions [12]. While the effectivity of HCIs for
nanostructuring the surfaces of materials is undisputed, a quantitative understanding of the
mechanism involved is still lacking, despite recent progress obtained from experiments with
ultrathin samples [12,16–21]. Powerful simulation techniques such as molecular dynamics,
which could help to at least predict structural changes due to HCI impacts, face the problem
that it is currently not clear how to treat charge-dependent contributions during energy
dissipation [21]. For instance, the fraction of energy that is deposited on the surface, as well
as the spatial extent of the affected volume in the target material, is not precisely known.

Atoms 2022, 10, 96. https://doi.org/10.3390/atoms10040096 https://www.mdpi.com/journal/atoms

https://doi.org/10.3390/atoms10040096
https://doi.org/10.3390/atoms10040096
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atoms
https://www.mdpi.com
https://orcid.org/0000-0003-0199-0520
https://orcid.org/0000-0002-5785-1186
https://orcid.org/0000-0003-3726-8951
https://doi.org/10.3390/atoms10040096
https://www.mdpi.com/journal/atoms
https://www.mdpi.com/article/10.3390/atoms10040096?type=check_update&version=2


Atoms 2022, 10, 96 2 of 7

Experimental data on these aspects are key to deepening our understanding and pushing
forward the development of theoretical concepts.

The experimental determination of the affected volume is not an easy task, as probing
methods are typically very surface-sensitive. Some materials, however, such as polymers,
exhibit pits or craters after HCI impacts and are therefore well suited to explore this
aspect. Ritter et al. investigated pit formation on the surface of 45 nm-thick poly(methyl
methacrylate) films after irradiation with Xeq+ (q = 12–48) with kinetic energies between 0.3
and 4 keV/u [14]. The individual HCI impacts resulted in the formation of pits, i.e., rimless
craters, with volumes that increased with the potential energy of the impinging ions after a
threshold of around ~7 keV for Xe24+ ions. The kinetic energy of Xe ions with a fixed initial
charge state had only a minor effect on the total crater volume but affected the pit shape: i.e.,
faster ions produced deeper and narrower pits [14]. At the highest charge state of q = 48,
crater volumes in PMMA films reached values of around 400 nm3. While, in this case,
the directly affected volume could be quantified, the question remains whether (and how)
spatial confinement in increasingly thinner layers may affect nanostructure production.

In this respect, polymer films are useful systems, because their thickness can be easily
controlled, and they may thus be used to investigate the depth of origin of cratering
(i.e., to determine the depth of excited material contributing to the formation of surface
nanostructures). This has been previously explored using swift heavy ions as projectiles [9].
Apart from being fundamental aspects, this information is also important for applications
of defect engineering of two-dimensional materials such as graphene [17,22–25], hBN [26],
MoS2 [21,27], and WS2 [28] by ion irradiation [29].

In this paper, we address the issues of the effective energy deposition and depth of
origin of nanostructures induced by HCIs (260 keV Xe38+) on PMMA surfaces following
the evolution of crater dimensions as a function of the polymer thickness (from about
60 nm to ~1 nm). We show that the crater diameter remains nearly the same even in
ultrathin films and is thus largely independent of the underlying material. The crater
volume (and depth), on the other hand, is thickness-dependent and starts to decrease for
films thinner than ~25 nm. This indicates that the depth of origin of crater formation is
much larger than the presumed region of potential energy deposition, which is only of the
order of a few nanometers.

2. Results

Figure 1 shows AFM images of PMMA films of different thicknesses irradiated with
260 keV Xe38+ ions. Nanostructures are clearly seen on the polymer surface as a result of ion
impacts. The features are nano-sized craters without hillocks, as seen previously for PMMA
irradiated with Xe HCIs [14]. The morphology of the observed structures is similar for all
thicknesses, down to very thin layers of about 2 nm. The efficiency of HCIs in producing
craters (the ratio between the number of impact features per unit area and the ion fluence)
is also similar for all film thicknesses (70–90%, Figure 2), apart from the case of h = 1 nm.
For 1 nm-thick PMMA films, cavities could not be clearly identified. It is noteworthy
that individual Xeq+ ions (above a threshold q of +24) can produce pores in 1 nm-thick
self-supported carbon membranes, which have polymer-like characteristics [19]. Thus, it is
somewhat surprising that holes are not seen in the supported 1 nm-thick films, especially
considering that the presence of a substrate may amplify material removal, as seen recently
in 2D materials [30]. Of course, the lack of holes in our case could be a visibility issue. The
surface topography of the 1 nm PMMA films is characterized by peak-to-peak fluctuations
with amplitudes of around 0.5 nm. Thus, even if shallow craters are present, they may be
easily obscured by the surface roughness. In addition, the presence of the substrate may
allow the relaxation of material from the hot crater walls, which may flow at the polymer/Si
interface, diminishing the observed hole depth.
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Figure 1. Representative AFM images of impact features produced by 260 keV Xe38+ highly charged
ions on PMMA films. The thickness of the films is given in each image.

Figure 2. Ion efficiency as a function of film thickness h. The dashed line is the nominal fluence.

We also analyzed the surface of PMMA films irradiated with singly charged Xe ions
(260 keV Xe+, Figure 3). At normal incidence, no craters are seen; i.e., kinetic energy
deposition alone does not produce craters, as expected (the threshold charge state in 45 nm-
thick PMMA is 24+ [14]). On the other hand, impacts of 260 keV Xe+ at 70◦ incidence
(Figure 3c) produce craters on the films due to kinetic sputtering. The cavities seen on the
surface in this case are much wider and irregular than those produced by HCIs. Directing
collision cascades toward the surface is an efficient way to promote nanostructure formation
below the potential energy threshold. In fact, the sputtering yield of PMMA predicted by
SRIM 2013 [31] increases by a factor of about 8 when the impact angle changes from 0◦ to
70◦ with respect to the surface normal.
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Figure 3. AFM images of (a) 50 nm- and (b) 28 nm-thick films of PMMA bombarded by 260 keV Xe+

(~1010 ions/cm2) at normal incidence. No evidence of impact craters induced by the ions is seen.
(c) Irradiation of a 23 nm-thick film with 260 keV Xe+ at grazing incidence (70◦ with respect to the
surface normal) results in irregular cavities on the surface.

The results of a quantitative analysis of crater dimensions as a function of film thickness
are displayed in Figure 4 for two different AFM tip sets. Figure 4a shows that the crater
diameter Dcrater is about 15 nm, independent of the film thickness, even for layers as thin
as ∼2 nm. On the other hand, the crater depth Zcrater, which is ∼3 nm in 60 nm-thick films,
decreases continuously in thinner films (Figure 4b). Figure 4c shows the crater volume
Vcrater as a function of thickness. For the 60 nm-thick film, Vcrater is about 200 nm3. This
is similar to the volume found by Ritter et al. [14] for 45 nm PMMA thin films using
comparable beam conditions. The crater volume becomes smaller as the film thickness
diminishes because craters are shallower. For the 2 nm-thick film, the mean crater volume
reaches ~80 nm3. It is important to note that the crater depth never reaches the condition
Zcrater = h (dashed line in Figure 4b), which is the maximum crater depth allowed by the
physical size of the layer.

Figure 4. Average crater dimensions produced by single highly charged ion impacts on PMMA as a
function of film thickness h for normal incidence: (a) crater diameter Dcrater, (b) crater depth Zcrater,
and (c) crater volume Vcrater.

3. Discussion

The potential energy of an HCI is believed to be deposited in a shallow region, which
extends only a few nanometers below the surface [10]. Although there is no accurate
determination of the neutralization depth of HCIs in polymers, calculations performed for
calcium fluoride bombarded by highly charged Xe30+ ions with kinetic energy comparable
to that used here point to a neutralization depth of about 4 nm [12]. Thus, considering the
prominent effect of potential energy on crater formation by the HCI, the depth of origin of
processes leading to cratering would also be expected to be limited to the first nanometers
below the surface region. Based on that, only in films thinner than about 5 nm, when the
deposition of potential energy is not complete inside the films, would a change in crater
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volume be expected. Our data, on the other hand, indicate a trend of decreasing crater
volume due to much larger thicknesses (~25 nm), suggesting that the depth of origin of the
surface nanostructure is significantly larger than what is typically predicted for potential
energy deposition. We attribute this “long range” effect to kinetic energy deposition.

Although craters are not produced by the kinetic energy of 260 keV Xe ions alone
under normal incidence, collisional events induced by the ions may act synergistically with
dense electronic excitations arising from potential energy deposition. Many recoils are
produced by the nuclear stopping, but these atoms are either preferentially pushed toward
the substrate or become trapped inside the films, as cascades occur with a larger probability
in deeper regions. When highly charged ions are used, the topmost layers of the material
are removed, allowing the release of atoms from deep layers, which are set into motion
by collisional spikes. In this way, craters may eventually become deeper and have larger
volumes in thicker films.

We next compare the present results for HCIs to previous data of impact features pro-
duced by 923 MeV Pb (electronic energy loss of ~15 keV/nm and equilibrium charge state
of ~+45) in ultrathin PMMA films [9]. This offers an opportunity to identify specificities in
the mechanism of nanostructure formation in both regimes, considering that the two are
associated with high densities of electronic excitation. Clear differences are seen in surface
nanostructures induced by swift and slow highly charged ions and their dependence on the
thickness of the layer. First, surface features produced by HCIs in PMMA are always rim-
less cavities, independent of the film thickness (Figure 1). For SHIs, holes are surrounded
by well-developed protrusions or rims in thick films. Rim size decreases strongly with
decreasing film thickness, but nanostructures produced by SHIs are rimless craters only
in ultrathin films [9]. In addition, the crater depth is much larger for SHIs, especially in
thick films. On the other hand, the crater diameter for SHIs is, similarly to HCI, almost
unaffected by the film thickness, although for sufficiently thin layers below ~10 nm, craters
become significantly narrower (by 20–30%). Taken together, such differences indicate
that long-range processes are much more relevant for nanostructure formation with SHIs
than with HCIs. Excitation from deep layers is especially important for the appearance of
hillocks (crater rims) in swift heavy ion impacts.

4. Materials and Methods

Thin films of poly(methyl methacrylate) (PMMA, Polymer Standards, Mw~370,000 u)
of thicknesses h varying from ~1 nm up to 60 nm were spin-coated from anisole solutions
onto Si substrates (with a ∼2 nm native oxide layer). After deposition, samples were
baked at 60 ◦C for 1 h. The films uniformly covered the Si wafers and depicted a root
mean square roughness of around 0.25–0.3 nm for all different thicknesses. Irradiations
with 260 keV Xe38+ were performed at the University of Duisburg-Essen using the HICS
beamline [32] using fluences of around 1010 ions/cm2. The ion incidence was perpendicular
to the surface. For comparison, irradiations with 260 keV Xe+ were also performed in a
500 kV High Voltage Engineering Europe (HVEE) ion implanter at Porto Alegre, Brazil,
using angles of incidence of 0◦ and 70◦ to the surface normal and fluences of 1010 ions/cm2.
The total stopping power of 260 keV Xe ions in PMMA is ~1.85 keV/nm (1.44 keV/nm of
nuclear stopping), according to SRIM 2013 [31]. The projected range was close to 160 nm
and much larger than the thickness of the thickest film used (60 nm). The potential energy
of Xe38+ is about 30 keV.

The size and shape of single-ion impact features and the thicknesses of the samples
were characterized by means of scanning probe microscopy with Dimension Icon equip-
ment (Bruker) operated in peak force tapping and standard tapping modes under ambient
conditions. Three types of cantilevers were used in the measurements: MPP-12120 (Bruker),
with a spring constant of 5 N/m, resonance frequency of 150 kHz, and nominal tip radius of
<10 nm; SNL 10 supersharp tips (Bruker), with a spring constant of 0.175 N/m, resonance
frequency of 50 kHz, and nominal tip radius of ~2 nm; and RTESPA 300. Images were
collected at 1 Hz and 256 scan lines per frame. Special care was taken to use the same tip
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(or tips of similar quality) to image a set of samples covering all different thicknesses. The
tip quality was also checked by scanning a reference sample.

5. Conclusions

Nanostructure production due to individual slow highly charged ion impacts was
systematically investigated on PMMA films of various thicknesses to shed light on its depth
of origin. The nanostructures induced by Xe38+ ions were rimless craters with a diameter
of around 15 nm and a thickness-dependent depth that slightly decreased in films thinner
than about 25 nm. This means that excited material lying deeper than 20 nm in the solid
seems to contribute to crater production. Thus, our findings indicate that although potential
energy is the predominant source of crater formation for HCIs, the depth of excited material
contributing to cratering in PMMA is much larger than the expected depth of potential
energy deposition at the projectile velocities employed here, most likely due to synergism
with kinetic processes triggered by nuclear cascade collisions.
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